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SUMMARY 

Electron drift velocities have been measured in CH 4'  CD  41 S±Hk,  31'k' 

C2Hk, C2H21  C2H61  C3H8, (CH 3)20, CH3C]., CH3OH and PH3  at 2930K.  within the range 

0.05 E/p < 25 volt cm 	torr using an apparatus based on the electron 

shutter method of Bradbury and Nielsen. 

In conjunction with previously determined Townsend diffusion coefficients 

mean total cross-sections and fractional energy losses are calculated 

assuming a :xwellian energy distribution. The results are discussed qualitatively 

for each gas in terms of elastic and various types of inelastic processes (vib-

rational, rotational and electronic excitation). 

The Boltzmann transport equation is solved for the case of a large 

number of electrons diffusing through a molecular as under the influence of a 

D.C. electric field at low energies. The theory is then aplied to evaluate 

realistic momentum transfer and vibrational crosssections in CH 49  CD and SiH 

which give agreement with the experimentally determined drift velocity and 

Townsend energy coefficients. The energy distribution of the electrons is also 

evaluated at several E/p values in each of these gases. 
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1. 
CHAPTER I 

SLOW ELECTRON - MOLECULE SCATTERING. 

1. INTRODUCTION AND DEFINITIONS 

Much of the work in the elucidation of molecular structure is based on 

the results of electron scattering experiments. At high energies (kv. to Mv.), 

both electron microscopy and electron diffraction have equalled or even super-

ceded their optical counterparts as tools in structure analysis. At lower 

energies (0 to kv.), electron impact experiments in the gas phase have not only 

led to a fingerprint method for the identification of molecules through the medium 

of mass spectrometry, but also to a new theory of spectroscopy which has resulted 

in the discovery of many new excited molecular states. The uniqueness of elec-

tron spectroscopy can be attributed to the necessity for co-ordinating both the 

particle and wave nature of the electron. One therefore has to combine both the 

laws of gas kinetics and the concepts of optical spectroscopy to obtain a sat-

isfactory theory of electron scattering. 

The most fundamental process is the collision of an electron with a 

molecule and the definition of such an event must be phrased so that it can be 

applied to both the particle and wave nature of the electron. A collision is 

therefore defined as having taken place if any physical change can be detected in 

either of the two particles after the distance between them has first decreased 

and then increased. Prom this definition the classical description is seen to 

break down as the impact parameter (closest distance between the two particles) 

tends to infinity. The force between the two particles takes a finite value 

except when the distance between them is infinite, hence the classical descrip-

tion predicts a change should always be observed. On the other hand, the 
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quantum mechanical description, through the nature of the Heisenberg uncertainty 

principle, predicts a minimum resolution at which a minute change can be experi-

mentally observed, i.e. the uncertainty in the spread of the electron wave pocket 

becomes sufficiently large to mask the deflection encountered in the collision. 

The nature of the energy exchange between an electron and molecule 

provides a basis for defining various types of collision. 

An elastic collision is said to occur when both momentum and energy are 

conserved, the electron transferring a fraction i— (1 - cos e) of its energy to 

the molecule, where m and M are the electron and molecule masses respectively and 

0 is the angle through which the electron is deflected. For isotropic scattering, 

. 
the mean value of e is 90 o and the electron energy loss becomes 2in = 10-4. 

When an electron loses energy to the internal motion of the molecule 

(e.g. rotation, Tibration, electronic excitation, ionization), an inelastic 

collision is said to have occurred. The energy loss may be considerable and the 

magnitude provides an important clue to the type of excitation occurring. 

Superelastic collisions, in which the molecule imparts energy to the 

electron, are much less common since most molecules are in the ground state at 

normal temperatures. They do occur in some molecules at near thermal energies 

where the first few rotational levels of the ground state of the molecule are 

filled, and due to the small energy losses involved, the electron sometimes gains 

energy in a collision. 

The negative charge on the electron causes interactions with the dipole, 

quadrupole or induced dipole of molecules at varying distances from the centre of 

mass of the molecule. If these interactions are long range, the electron 

effectively views a large molecule as it a)proaches to make a collision. Con-

versely,! 



3. 
versely, the electron sees a small molecule if the interactions between the two 

particles are short range. Moreover, quantum mechanical effects (see Section 

I 4.) cause the apparent size of the molecule, as seen by the electron, to vary 

with the energy of the electron. The normal laws of dynamics must therefore 

be modified to account for this energy dependent mean free path, so that the 

concept of collision cross-section, which effectively measures the area of the 

target seen by an electron, is introduced. 

Consider now a beam of mono-energetic electrons passing through a gas 

of density N molecules/0-00 In traversing a distance SX.,  the probability that 

an electron makes a collision is Q tot.  N.6x where  Qt,the  total collision cross-

section, is the proportionality constant and has the dimensions of area (usually 

2 cm ). Every electron undergoing a collision is scattered out of the beam so that 

the amount of electron current load after travelling a distance (Sx is 

61 = i Qt0t.N 

The beam current after traversing a distance x therefore decreases from 10  to 

i = i 	tot.'' 
	

I 1. 

Knowing I, 	x and the gas pressure p, the total cross-section can be calculated. 

This is the theoretical basis of the first total cross-section measurements made 

by Ramsauer1. 	The experimental details of this experiment are presented in 

Section I 2b). 

The total collision cross-section can be divided into components viz -

elastic and inelastic cross-sections. The inelastic cross-section can be sub-

divided further into *otational, vibrational, electronic and ionization cross-

sections, This process of subdivision is repeated until a cross-section for each 

individual excitation process is obtained (e.g. J = 0-91 rotational excitation). 

All/ 
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All types of cross-sections described so far are additive: 

tot. = Q0],  + 'V 	ine].. 	 I 2. 
l. 

where Q el. 	mel. 
and Q 	are the elastic and inelastic cross-sections. 

No account has yet been taken of the angular distribution of scattering. 

The differential cross-section is therefore defined to be the probability that an 

electron is deflected through angle e into a small solid angle dw i.e. p(e) Q 
0. 

dw 

where Q 	is the proportionally constant and p(e)dtA) is the probability of 

the cictron being scattered as described. 

p(e) Q 
tot, 

dul= 	
tot. 

p(e) Q 	sin 9 d0 d $ where 0 is the azimuthal angle 

=tot. 
(e) sin 0 d 0 ci 0 	 I 3. 

where I 	(0) = p(e) Q 	and is the differential cross-section. 
tot. 

As above, the total differential cross-section can be subdivided into elastic and 

inelastic parts. 

I tot  (e) sin e ci e ci 0 = 1 el.  (e) sin 0 d e ci 0 + 	I• ei(0) 
mel* 

sinededØ 	 i. 

Integrating over 8 and 0 gives: 
IT .alT 

= 	Li i  tot.  (e) sin e ci e ci 0 	 I 5. 
fl 2T 

el.. Q 	= 	Jf 	el, (e) sin eaedØ 	 16. 

When scattering is non-isotropic, it is convenients to use another form of cross-

section. Assuming elastic scattering only, the fractional energy loss/collision 

for scattering through angle 0 i.4 (i - cos e). Since p(G)dIw is the probability 

of an electron being scattered through angle 8 into solid angle dt/ the mean energy 

loss/collision = 	J 	(1 - cos e) p(@) i! e ci 0 ci 0 
TT 

1 	
ff 	i 1 (e)(i - cos e) sin 0 ci 0 d. 0 - M 

2m 
=-j/ 
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2m: QM 

M Q 81. 
17 31T 

where Q 
= f f 

i()(1 - 008 9) sin 9 d 9 d 

and is called the momentum transfer cross-sectione 

QM  measures the effect of 
non-isotropic scattering on the elastic 

cross-section, and only when the scattering becomes isotropic does Q = 

The present study is confined to the study of free electron - molecule 

interactions chiefly in the energy range 0 to 5ev. As a guide to the type of 

excitation processes occurring, 5ev.. corresponds to a wavelenth of 2500.. 

This is well into the ultra-violet region of the optical spectrum where electronic 

excitation is predominent. Therefore processes involving rotation around thermal 

energies (I 0.03ev), vibration (0.1<<1ev.) and electronic (>3eVe)  are expected 

to occur in the relevant regions of the energy spectrum. 

Two general methods exist for the study of electron-molecule inter-

actions. Electron beam experiments involve single electron - molecule collisions 

and the results are therefore easy to interpret. In electron swarm experiments, 

however, the electrons drift through a gas at a few torr pressure under the 

influence of a uniform electric field and hence make many collisions with the gas 

molecules. The quantities measured are the speed of drift (electron drift velocity) 

and the rate of diffusion (Townsend energy c&efficient) of the dectrons through 

the gas. Whereas electron beam experiments provide direct results, all the values 

obtained in swarm experiments must be averaged to give mean results. 

After discussing the various electron swarm and beam methods in Section 

I 2., the qualitative and semi-quantitative aseots of swarm theory are outlined 

in Section I 3.,  while the more elaborate swarm theory is delayed until Chapter II. 

The/ 
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The present chapter is terminated by an outline of the quantum mechanical aspects 

of scattering leading on to a brief qualitative discussion of temporary negative 

ion resonance states. 

2. EXPERIMENTAL METHODS 

Until recently, few accurate experimental measurements had been made on 

electron - molecule collision processes. With the advent of new electronic and 

technological advances, much progress is now being made in electron swarm as well 

as the more direct electron beam experiments. Unfortunately electron beam 

experiments only provide information down to energies l* 2 ev. and for lower 

energies, the older and more established method of electron swarm experiments must 

be used. 

a) ELECTRON SWARM EXPERIMENTS 

Swarm experiments involve large numbers of electrons making many collisions 

with-::the gas molecules. Since the present work involves the motion of free elec-

trons in gases at low energy, methods dealing with direct electron attachment and 

ionization will not be dealt with. 

Electron Drift Velocity Measurements 

(i) 	The shutter method for measuring electron drift velocities was introduced 

by Bradbury and Nielson 2, and later adapted. by Lowke 6  et. al., Pack and Phelps7'9  

and wancer10. The arparatus used by Bradbury is similar to the present apparatus 

shown in Pig. III 1 and described in detail in Chapter III. 

Pack and. Phelps7  incorporated small rectangula' potentials on their grid 

wires instead of the sinusoidal voitages used by Bradbury. The resulting pulsed 

electron/ 
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7. 
electron swarm is much more sharply defined. In another series of experiments, 

end effects are reduced by the pulsing the ultra-violet (tJ.V.) light, which in 

turn produces electron pulses at the cathode. A constant direct current (D.C.) 

bias voltage is applied at the grid except at the moment of arrival of the elec-

tron pulse when a small rectangular voltage is arp1ied to let the electrons 

through (see Fig. I la.). A current maximum is obtained by altering the time 

lag between the instant when the electron pulse is created and when the rectangular 

voltage is applied. By repeating the procedure at a second grid and subtracting, 

the drift velocity between the two grids is calculated. Alternatively, the grids 

can be given a zero bias voltage, and a small rectangular pulsed voltage applied 

at a given time after the formation of the electron pulse. The time lag in this 

case is altered to give a current minimum (see Fig I lb.). 

Lowke et. al. 3-6  have measured electron drift velocities in several 

molecular gases to an accuracy of 1% using the conventional Bradbury method. His 

work also includes a critical analysis 11-13  of the errors which are encountered 

in such measurements. 

(ii) 	Recent advances in electronic techniques have allowed direct time of 

flight measurements of electrons in gases to be made in the past few years. 

First attempts were made using an -particle source of electrons and the drift 

time measured by the time lag registered by two gas discharge tube detector counters 

placed at each end of the drift space. Later developments 16-18 incorporated 

the release of photoelectrons at the cathode using a pulsed U.V. source, a photo-

diode being used to mark the time at which the U.V. (and hence the electron pulse) 

is formed. 0.5%  accuracy has been claimed 17  in some drift velocity measurements 

using this technique. 
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(iii) 	At energies below ionization in gases where electrons excite the 

molecules electronically, the emitted U.V. light provides, a method for measuring 

19,20 the electron drift velocity 	. A continouos source of electrons is supplied 

using a gas discharge. The electrons are then pulsed and guided through a uniform 

electric field to the anode. A photomultiplier, which could be placed in various 

positions between the anode and cathode detects the pulsed swarm as it passes. 

In certain cases it is possible to measure the velocity in different parts of the 

electron pulse, hence giving valuable information about the diffusion within the 

pulsed electron swarm. This method has only been applied in H2  but could be used 

in other gases, where electronic excitation occurs, to obtain drift velocities in 

an energy region which has so far been fairly inaccessible to the experimentor. 

(iv) 	Townsend 
21 
 introduced a method in which the electron drift velocity is 

deduced from the deflexion of a stream of electrons in a magnetic field. The 

apparatus is shown schematically in Fig 1 2a. with electrodes B and C2  joined 

together. Electrons from source A are allowed to diffuse under the influence of 

a uniform electric field E, and the currents at B 	C2  and C1  measured. A 

magnetic field H is aoplied parallel to the length of the centre electrode B and 

its magnitude altered until the cuiTents at B + C,., and. C. are equal. This car-

responds to the centre of the Swarm passing through the gap C. The drift velocity 

is calculated from the relation w o( tan 9 where tan 0 = 	, w being the corn- 
WE 

ponent of the drift velocity parallel to E and w the component at right angles 

to E and H. 

The method was later adapted by Huxley and Zaazou22  and others 23-25 

using a similar aparaths (see Fig. I 2b.). The space C- is now aligned vertically 

beneath the source A so-:':that the currents received at B and C are equal when the 

magnetic field is zero. The drift velocity is then calculated from the ratio: 

of current arriving at B and C when the magnetic field is turned on. 
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Diffusion Coefficient Measurements. 

Despite its discovery many years ago, Townsend's diffusion experiment 

is still regarded as the most accurate method for measuring the Townsend energy 

factor k1. Improvements in the initial design have, however, been incorporated 

22 	26 	 27-.38 
by Huxley , Crompton and later workers 	• The anparatus is fairly similar 

to method (iv) described above and is shown diagrammatically in Fig. I 3. Elec-

trons pass through a small hole A and diffuse outward under the influence of a 

uniform electric field according to the equation: 

2 w dn 
vn= ; 

where n is the electron concentration, z is the electric field direction, w is 

the drift velocity and D is the diffusion coefficient. 

When equation I 8 is solved putting in the correct boundary conditions, 

the ratio of currents arriving at electrodes B, C and D can be expressed as a 

function R(, h, a, b, c, d) where a, b, o, d and h are the dimensions of the 

B aparatus indicated in Fig. 13, and R= 4+4 	 19. 
C D 

A solution of equation I 8 is possible by rr:Ltingh, a, b, c, d) 
Do  

in the form of R = f(, ) whore = 
Eh b 	11.59 x 1 	(see equation I 21.) 

For fixed values of b and h ( i.e. constant apparatus dimensions), a curve relating 

R and 21  is plotted (see Fig. I i.) and values of Ic1  obtained. 

An interesting adaption of this method has been attempted by Hurst et. 

al. 1,17,  who pulsed his electrons at the cathodeand counted the number arriving 

at various parts of the anode with a Geiger Mueller counter. The time of flight 

distribution of the electron pulses are recorded at the anode using a device which 

allowed electrons into the counter at a fixed time after each yXils4 was formed at 

the/ 
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the cathode. The results using this method have not so far proved as accurate 

as the direct Townsend method. 

b) ELECTRON BEAM EXFERIMEWS 

The excitation ;rocosses taking place in electron beam experiments are 

largely determined by the ini1iL energy of the bombarding electrons. Three energy 

ranges are considered. 

(1) 	Bombarding electrons with energies of around 100ev or greater cause the 

molecules to undergo optically allowed transitions to excited states. 

In the approximate energy range 30<< 100ev the optical selection 

rules for excitation break down and optically forbidden transitions are observed. 

At electron energies around the first and second ionization potential 

(i.p.) and lower (usually less than 30ev), experiments have indicated the presence 

of short lived negative ion states. The various types of resonance states which 

have been shown to exist are classified and described in Section I 5. 
This classification is not exact, but gives a fair indication of the 

processes occurring and where to find, them. Both the inability to detect elec-

trons scattered through high angles, due to low electron current, and the diffic-

ulties involved in achieving a high resolution of both the beam and scattered 

currents, have so far prevented many interesting experiments from being performed. 

Despite these drawbacks, six general methods, two of which were used in the 1920's, 

have all been used with a certain amount of success. 

(i) Ramsa'uer Experiment 

The first direct measurements of the total collision cross-section were 

made by Ramsa'ir' in 1920, and whose method was later adapted by Golden and 

Band,e], 39_356 
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By applying a uniform magnetic field (see Fig. 1 5.)  electrons 

emitted from a cathode C pass in a circular orbit through slits S 1 to The 

scattering chamber is filled with gas at a low pressure, and all electrons which 

undergo collisions are scattered out of the beam and do not pass through slits 

_NQt0t x 
S5  or S6  to the collector. Applying equation I 3..:- I = 1 0  e 	

0 , the 

total cross-section is obtained directly. 

Crossed Electron - Atom Beam Experiments 

Owing to difficulties around 1930  in measuring small electron currents, 

the emission of light from an electron and atomic beam crossing at 900  was studied 

to gain information about the excitation processes. The restriction, however, 

curtailed the method to the study of optically allowed transitions. More recent 

develo;-'ments have allowed measurement of the scattered electron current, which 

gives additional information concerning both the electric and the inelatic processes. 

Electrostatic Analysers 

Electrostatic analysers were developed in electron beam experiments to 

obtain stable, continuous monoenergetic electron beams. The inital electron beam 

is p'ided in a current path, usually through 127°  or 1800  by applying a suitable 

etedric field (see Fig. I 6,). The beam is focussed before entering the 

scattering chamber by passing through a series of electrostatic lenses. The 

energy spread of the beam may be as sharp as 0.05ev.  A similar analyser may be 

positioned in the scattering chamber to collect electrons scattered through a 

particular angle. This analyser can selectively choose electrons of a givem 

energy, so that electrons, which have lost various amounts of energy (through 

elastic or various types of inelastic collisions), can be &tudied. 

The/ 
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The chief disadvantage of electrostatic analysers involves the 

reduction in current caused by obtaining a high resolution electron beam. Then 

two are incorporated in an apparatus, one before and one after the scattering 

chamber, it becomes very tifficult to observe scattered current at any angle 

except 00. 

It should be noted that the Ramsauer experiment, described in (1), can 

be performed using electrostatic analysers by merely collecting all the electrons 

which have no deflection or energy loss in passage through the gas. 

A large number of experiments by Sohulz 447, Simpson 8' 9, Lassettre552' 

Golden 6, Hasted53, Chamberlain51455,92093  and others57  have been done at all 

energies using either one or two electrostatic analysers. The most important 

measurements which have been made are:- 

detection of resonances, optical and optically forbidden transitions. 

scattering in the forward and non-forward directions. 

(o) measurement of elastic, inelastic and total cross-sections. 

(iv) Electron Trap Method 

The electron trap method is based on an early swarm method devised by 

Maier and. Leibnitz58  in which a retarding potential prevents inelastically 

scattered electrons from reaching a collector plate. In the present method599  

a similar mechanism is used to collect and measure the inelastically scattered 

electrons. From Fig. I 7., electrons are emitted from a heated filament F and 

collimated into a mono-energetic beam by a magnetic field. After scattering in 

the collision chamber, the high energy electrons pass through to the electron 

beam collector E. In the scatteting chamber a cylindrical electron collector M 
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is surrounded by a grid, G. The potential on the grid is zero and a positive 

potential is placed on the collector M with respect to G. The resulting field 

penetrates to the centre of the tube, and if the energy of the electrons is less 

than the potential well formed, the electrons spiral towards the collector M. 

This method, has been used to study N260,  H20 
61 

 , N2062  and a number of hydro-

carbons 63  in the ener• region 0 to 2Ov. 

('v) Total Ionization Tube Method 

Dissociative attachment 66-73  experiments have been prominent in proving 

the existance of temporary negative ion resonances. The apparatus designed 

initially by Tate and Smith 61+,,65,,  essentially traps and measures the ion and elec-

tron currents (see Fig. I 8.). The electrons, produced from an electron gun or 

heated filament, are accelerated through the apertures, the potential difference 

(P.D.) between the last two determining the energy of the electrons as they enter 

the collision chamber. The collector plate T measures the electron current 

which is collimated out of the scattering chamber by a magnetic field B. The 

apparatus may be used at low energies to study the formation of temporary negative 

ions, e.g. H + e 	> H 	) H + Ir + 

By applying a negative potential to P1  with respect to P2, the negative ions 

must move against a retarding field and only those with initial kinetic energy 

can be collected. 

(vi) 	An electron spectrometer was devised by Kuppermaim and Raff7 , and later 

adapted by Read and Ferguson75, to detect electronic energy levels of molecules 

by the inelastic scattering of low-energy electrons. Resonance states are not 

not observed because the incident energy of the electrons ( 50v) greatly 

exceeds! 



exceeds the threshold energy of the processes being observed and also because 

the resolution of the electron beam is not high enough. Electrons from a 

filament P (see Fig. I 9.) pass electrodes E1  to E5  into the collision chamber 

and the resulting unscattered electrons pass to the beam collector BC. Grids 

and C are held at the same potential as E5  to maintain a field free space. inside 

the collision chamber. Grid C2  is held at a low positive potential to repel any 

positive ions which may be formed in the collisions. Initially the grid. C3  
potential is negative with respect to the cathodç and, as this P.D. d.ecrease3, 

first the elastic and then the inelastic scattered electrons penetrate through to 

the scattered beam collector where they are measured. Both optically allowed and 

forbidden transitions have been measured using this method. 

3. QUALITATIVE AND SEMI-QUANTITATIVE ASPECTS OF ELECTRON SWARM THEORY 

In electron swarm experiments, electrons drift through a gas at a 

pressure (p) of a few trr under the influence of a constant electric field E. 

Owing to their much lighter mass, the electrons require much greater speeds than 

the molecules, which are therefore regarded as remaining stationary. At thermal 

energies, the electron velocity is approximately 100 times greater than the molecule 

velocity. The electrons gain energy from the electric field and loso energy by 

either elastic or inelastic collisions with the molecules, so that after a large 

number of collisions, a steady state is set up in which the electrons have a mean 

velocity v. Assuming that the scattering is isotropic, the mean velocity v does 

not contribute to the general drift of electrons in the field direction. This 

e drift'/ 
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'drift' velocity' w in the field direction is around 10 times smaller than the 

mean random velocity v. 

For any given molecular gas, both v and w are proportional to the 

electric field/gas pressure (E/p), but for constant E/p, gases with high drift 

velocity w have a low mean velocity v, and vice versa, i.e. VO( . This apparent 

anomaly can be readily explained if one considers the energy loss processes 

occurring in a collision. When an electron collides inelastically with a molecule, 

it loses most of its energy, and consequently its random velocity is reduced. 

The time elapsing before the next collision is thereby increased, allowing the 

electron to move further in the field direction i.e. w is increased. In general 

terms, inelastic processes produce high drift velocities and low mean energies, 

while elastic collisions produce low drift velocities and high mean energies. 

This inverse relationship for v and w can be derived' theoretically using 

a very simple model for the progress of an electron in a typical swarm experiment58. 

Assume that 1 is the mean free path, X is the fractional energy loss, 

2 i E = 1/2 my s the mean energy of the electron and m and M are the electron and 

molecule masses respectively. 

Since v >> w, v determines the collision rate, therefore the time 

between collisions = 1/v. 

For an electron to go distance x in the field direction, the time 

taken = x/w. 

Number of collisions encountered by electron in going distance x = Owv- 

Energy/ 
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Energy lost in 1 collision = X . = 1/2 X mv 2 

Energy lost in going distance x in field direction = 1/2 X mv3x 
wi 

Energy gained from field in going distance x = Eex 

In the steady state (i.e. after a large number of collisions), 

)'mv3x 
Eex = 2w1 

2wlEe or = 
3 	

110. 

Ee 
The acceleration in the field direction = - a 

For isotropic scattering, the mean velocity in the field direction 

after each collision is zero, hence if t IS the time between collisions*  

wt=1/2 Ee t2 

orw= 	 Ill. 

Equations I 10. and I 11. can be rewritten in terms of cross-sections 

if it is assumed that the total cross-section. = , where n is the number tot 

of molecules/c.o., or in the appropriate units1 

Q = 	where p is the pressure in torr and L is expressed as tot, pL 

the mean free path at 1 torr pressure: 

= 2— X 	1e 	1 	1 (E/)w 	 I 12. 
in Q .  

and w = 1/2 () 	. E/p 	 I 13. 
tot. 

Multiplying top and bottom of equation I 12. by w gives 
2 

I]4. 

The derivation of equations I 12, I 13 and I 11. is far from rigorous, 

but the results are sufficiently accurate to indicate qualitatively the processes 

occurring. 

Equation/ 
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Equation I 13.  shows the inverse relationship between w and v, and the 

linear relationship of w and v with E/p. Equation I ill, indicates that for 

elastic scattering only, the drift velocity is approximately 100 times smaller 

than the random velocity, but for inelastic scattering the difference becomes 

very much less. 

Note from equation I 13. that if the total cross-section is small and 

inelastic collisions are occurring, a large drift velocity will occur. These 

conditions have been found to occur in CH   and a number of other hydrocarbons. 

The inert gases at low energies undergo elastic collisions only, resulting in a 

high mean velocity, but even if the cross-section is low, the drift velocity will 

still not be large (e.g. Argon). 

In the case of polar gases at thermal energies, the effect of the 

dipole can be felt at large distances from the molecule resulting in very high 

total cross-sections. The mean free path of the electron is considerably shorter 

(mean free path in polar gases at unit pressure, 300°K. and thermal energies is 

about 0.01 mm compared to around 1 mm in non-polar gases), hence both the mean 

energy andthe drift velocity have low values. 

The above theory is a gross over-simplification of the experimental 

conditions found in swarm experiments. Each electron in the electron swarm under-

goes a large number of collisions and a statistical analysis, taking into account 

the motion of all the electrons, must be done to obtain accurate results. Also, 

the mean free path of the electron has been found to vary with electron energy, 

resulting in a wide velocity spread of the electrons about the mean velocity. 

In the steady state, the electron velocity distribution becomes constant, and 

the/ 
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the difficulties encountered in establishing a precise knowledge of the dis.-

tri'bution so that accurate cross-sections can be calculated, has proved to be one 

of the major drawbacks of the swarm method. In Chapter II statistical methods 

are applied to solve this problem so that more accurate cross-sections can be 

derived. For the present, a known electron velocity distribution, which aprox-

imates fairly closely to the actual distribution, will be used to calculate 

approximate total cross-sections. At thermal energies, the velocity distribution 

of electrons in a gas is known to correspond to a Maxwellian distribution which 

is described mathematically:.  

f(v)dv = A 2 -By
2  

e 	dv I 14.. 

where A and B are constants and f(v) is the velocity distribution function. 

A similar distribution called the Dru3rv'esteyn distribution is thoughtto apply in 

some gases at high energies e.g. He, Ne, and is written: 

B 4  
f(v)dv 	A V2  e 	dv 	 I 15. 

where A'  and B'  are constants. Both are shown in Fig. I 10. The mean velocity 

in the Maxwellian distribution is slightly lower than the Druyvesteyn distribution 

despite the greater number of high velocity electrons in the former. Due to 

rotational and/or vibrational losses in molecular gases at low B/p values, the 

mean energy of the electron swarm is close to thermal energies. Calculations using 

a Maxwellian distribution should therefore give a realistic set of total collision 

cross-sections. At higher B/p values, the mean energy becomes much greater than 

thermal energies and a much larger departure of the distribution from Maxwellian 

is expected. It is still worthwhile evaluating cross-sections for a Maxwellian 

distribution, however, as it is known that the transport coefficients are 

reasonably! 
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reasonably insensitive to changes in the distribution function, provided the 

total cross-section does not change rapidly with energy. 

The deriviation of equations I 13.  and I 14 must therefore be repeated 

considering all the electrons in The swarm and allowing for an electron energy 

variant cross-section. This has been doen by Hux1ey 6'77   and described in detail 

by Wa].ker78, but since the derivation is similar to, but somewhat lengthier than, 

the analysis presented above, only the relevant intermediate steps are noted. 

Equation I 13. for the drift velocity becomes, by including the velocity 

distribution and isotropic scattering: 

	

- 	21 
w = 1/3 (-) E/plv - 

e 	2d v 
M) 
 L 

dv Qtot.j 	
116. 

Equation I 14. for the fractional ener loss becomes: 

117. 

tot. 

The rate at which the electrons spread perpendicular to the field is 

proportional to the diffusion coefficient D. Both the electron velocity v and 

the mean free path 1 are dependent on the magnitude of this diffusion, and Healy 

and. Read79  have shown that B = 1/3 1 v where 1 and v are the mean values of 1. 

and v averaged over the a:propriate velocity distribution. Since is the 

parameter measured in electron swarm experiments, ap)lication of Huxley's theory 

V 
2 

	

d 2 	 f Ee 	- 
gives: 	

- 
in W 	 tot. 	 1 18. 

- 

	

iv 	1 
L  

tot.J 
Assuming that Q 

tot.  does not change much with energy, and a Maxwellian 

distribution/ 
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distribution holds, equations I 16., I 17. and I 18. become with rearrangement: 

tot. = 2.464. x 10-10  	p T1'2 	2 1/2 cm 119. 
Pi 

= 	5.19 x 1o_12 	w 2 
	 I 20. 

kT 

cm tor. 121. 
D 	= 11.59x1O3jT 	

r-1 

mean electron energy 
where k1  for a Maxwellian distribution = mean energy of agitation of molecules 

and replaces the terms in v since k1  is the experimentally measured parameter. 

The relation between k1  and the mean electron velocity is easily derived from 

equation I 21.: 

= 	45.5x10 
10 kT 	 I 22. 

In the above equation, the mean total cross-section Q 	is measured 

in cm2, the field E in volts/cm, the pressure p in torr, the drift velocity w in 

cm/sec., the temperature T in °K, the electronic charge e is taken to be unity, 

and if the energy E of the Leotron is measured iv ev,the mass in of the electron 

must take the value 9.108 x 1o 28  x 300 	 -2 	2 
and has units of evcm sec 

4.803 x 10 -10 

In terms of electron energy, k. = 27E for a Maxwellian distribution, 

where_E is the mean energy of the swarm in ev. Note that E i lifferent from 

the characteristic energy of the swarm eD/p where p is the mobility (w/E). 

Equation I 21. relates k1  to eD/p giving: 
T 

eD!/,, = 11.59 x  10 
1c1  ev 	I 23. 

It must be pointed out that for a mon-Maxwellian distribution, 

/ mean electron energy 
mean gas molecule energy 	but becomes related to another term kT by k.

,  = 
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mean electron ener 
and. A is a constant which where 	

is the ratio- mean gas molecule enerr 

varies with the distribution (A = 1 for a Maxwellian distribution). Equations 

I 19.9  1 20. and I 21. can be retLerived for other distributions, the only difference 

lying in the constant terms. 

The above equations give no information about the angular dependence 

of the scattered electrons. The results for Q 	and obtained from equations 

I 19.  and. I 20, are generally interpreted assuming isotropic scattering. If, 

however, scttering is non-isotropic, the values of w and kl  obtained from experiment 

give t 	and )\ values which might be wrongly interpreted. It is therefore 0. 

instructive to work out how various types of non-isotropic scattering would affect 

calculated Q 	and values from swarm experiments. 

In isotropic scattering, elastic collisions tend to randomise the 

direction of motion of the electron, while in inelastic collisions, the electron 

loses most of its energy and consequently moves in the field direction. It is 

therefore expected that non-isotropic scattering would affect elastic collisions 

much more than inelastic collisions. If superelastio collisions, which are 

known to occur in some molecules near thermal energies, show non-isotropic behaviour, 

then the effect, should be oven greater than for elastic scattering. Three cases 

are discussed: 

a) 	Preferential Forward Scattering 

If every collision produced a tendency to move even slightly in the 

forward (field) direction, the measured drift velocity would be increased when 

compared with isotro4e scattering. To obtain the variation in kig reference 

must/ 
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must be made to Fig. I . viz. R = 	+ 	+ 	plotted against 	i 4. 	 .e. 

method in which Ic1  values are calculated in the Townsend diffusion method. A 

high value of R indicates low sideways diffusion and a low value of R indicates 

high sideways diffusion. If preferential forward scattering :OCCUrS, less 

sideways diffusion will occur, which from Fig. I 4. results in a smaller k,1  value 

being measured. 

Equations I 19.  and I 20. indicate that changes in w and k, 	will 

cancel to a certain extent in the evaluation of 	but changes in w2  and 

will add to give a higher value of 	. This means that forward scattering 

might lead to a false interpretation oflinelasticity. 

Preferential Backward Scattering 

Applying the same principles as in (a), preferential backward scattering 

will cause both w and Ic1  to be reduced (as in forward scattering, the diffusion 

sideways is curtailed, resulting in a higher value of R. therefore giving a 

smaller value for 1c2). The reduction in Ic1  will, however, be less in this case 

than for forward scattering - the electrons, being scattered fractionally backwards 

in each collision, undergo more collisions while Zriftinj, -from. the cathode to the 

anode and consequently have a larger chance of reaching the outer 2 electrodes C 

and D. 

Equations I 19.  and I 20. therefore predict an increase in Q 	and 

possibly a decrease in X. 
Preferential Scattering at 900 

The decrease in scattering in both the forward and backward directions 

will cause the drift velocity to be unchanged compared with isotropic scattering.. 

The/ 
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The ratio R will decrease resulting in a higher value of k, being measured. 

The resulting Q 	and A values will therefore be smaller compared to isotropic 

scattering. This statement is in direct contradiction with quantum mechanical 

view of scattering (see Section I 4.) which predicts a maximum cross-section for 
scattering at 900.  Modification of the above theory must therefore be made by 

stating that both the averaging of the electron distribution and the change in 

values (as discussed in (c) above) will cause the calculated 	values in tot. 

swarm experiments to be smaller than the true values (i.e. the valued predicted 

by quantum theory for preferential scattering at 900). The crosssec tiorE in 

N2  provide a good example of this effect. As will be shown in Section I 4., 

scattering in N2  at energies of about 2ev may be predominantly at 90°. Ignoring the 

quantum mechanical aspects of scattering, the theory discussed above predicts a 

slight decrease in Q 	compared to isotropic scattering. In fact, a large 

increase 42  occurs (see Fig. I 11.), and this value is diminished in the results 

of swarm experiments through the averaging proceedure involved in the calculation 

of Qtot., and perhaps to a lesser extent by the enhance3k1  values. It should 

perhaps be noted that a peak in the inelastic cross-section occurs in N2  around 

2 ev, but its magnitude is several times smaller than the elastic cross-section 

and does not affect the abo#e discussion, 

4. 	QUANTUM MECHANICAL ASPECTS OF LOW ENERGY ELECTRON SCATTERING 
Treating the electron as a particle of mass m, classical dynamics 

predicts an energy independent collision cross-section. Experiments show that 

this is rarely the case, and the wave nature of the electron must be applied in 

collision theory to explain the apparent anomalies. 

The/ 
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The. wavelength of the electron is determined by its velocity,\ = 

where X is the wavelen,th, h isPlanok's constant, m is the electron mass and 
mv 

v is the electron velocity. On interaction with an electric field., such as would 

occur in the neighbourhood of an E.tom or molecule, the electron wave is distorted, 

the distortion being proportional to the strength of the field. The result of 

this distortion is that the scattered electron wave will, in general, experience 

a change of phase when compared with the original incident wave. This phase change 

is observed at a large distance from the scattering centre and provides the infor- 

mation required to study the nature of the scattering. 

This method becomes very useful if one divides the electron wave into 

a number of partial waves which, on assuming a spherically symmetric target atom 

or molecule, are defined by their orbital angular momentum 3 4- i(i + 1) about 

the scattering centre, ]. taking integer values 0, 12  2, etc. Each partial wave 

undergoes various degrees of distortion by the scattering source from which the 

phase shift 	for each wave is calculated. The 1 = 0, 12  2 ...., partial 

waves are termed 5, P, D, ..... respectively. 

The concept of partial waves arises naturally when the intensity of the 

scattered electron beam is evaluated theoretically for a simple elastic collision.. 

The basic postulates assume that the incident beam of electrons can be represented 

by a plane wave e3kz   proceeding in the z - direction, and the scattered wave by 

a spherical wave r f(e) e1kr   originating from the scattering centre, where f(e) 

is a measure of the angular distribution with k = 27Tnw 	
By assuming a suitable 

spherical potential U(r) which describes the field about the atom, the Schrdinger 

equation/ 
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equation can ho solved 
82

and a solution found such that at a large distance from 

the scattering centre, the wavefunction / represents an incident and a scattered 

wave. The value calculated for f(e) which makes r fulfil these requirements is: 
60 

f(e) = —i--> 	(21 + 
	

- i) p1(cos e) 	I 21.. 2ik 

where 2t  is the phase shift for the 11th partial wave, i = JT, and P1(cos e) 
is the 11th Legendre function. 

The differential cross-section i(8)du measures the proportion of electrons 

scattered through an angle 9 into a small solid angle d4), and is related to f(e) 

by 1(e) = If(&)J2. The differential cross-section is therefore obtained directly, 

and by integrating over 8 and the azimuthal angle 0, the total elastic cross-

section becomes, on smrning the contributions from each partial wave: 

00 

Q 	= 	Z( 21 + 1) sin 2 	I 25. el. 	
1=0 

Each partial wave cross-section is therefore s.-:en to disappear when the 

partial phase shift takes values of integral multiples of IT . Conversely, the 

partial cross-sectionstake maximum values when the partial phase shifts have values 

of integral multiples of 7T/2. 

The magnitude which each partial wave contributes to the cross-section 

depends upon the velocity of the electron, and the strength of the field with 

which the electron interacts as it approaches an atom or molecule. When the 

angular momentum (j = mvr = f ,,J 1(1. + 1) ) of the electron beam about the - 

target is high, a large number of partial waves can interact with the field of 

the atom, and measurable phase shifts 	(1 = 0, 1, 2, etc.) are obtained. Slow 

electrons/ 
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electrons hav. only enough angular momentum to cause an interaction with the 

1 = 0 or S wave, and only in cases where the target field has a very long range 

or deep potential, do higher partial waves become important. 

Ramsaer-Towns end Effect 

As the energy of an electron decreases to zero, scattering theory 

predicts that the phase shift of each partial wave will tend to O,]IT , 211 , etc., 

depending on the strength of the atomic field. In the inert gazes, for example, 

He distorts the S wave by 11, and the effct increases down the group, with Xe 

causing a distortion of 511. The higher partial waves are also distorted to 

lesser multiples of fl . Js the energy of the electron increases to approximately 

a few tenths of an ev the partial phase shifts of the weaker field atoms (He, Ne) 

decrease, but the effect of the stronger fields in Ar, Kr and Xe causes the phase 

shifts 9tfirst to increase and then decrease. Where the phase shifts recross 

the value nit(n = 39  4# 5)3, the partial cross-sections vanish, and the total 

elastic cross-section passes through a minimum. The cross-section does not 

vanish completely, however, as the higher order partial cross-sections do not all 

go to zero. This transparency effect is known as the Rams&rer Townsend effect. 

A similar effect is postulated in the spherically symmetric CH  molecule where 

the 1 0 wave  is distorted at very low energies by 211. 

Angular Scattering 

Equation I 21F.  for a spherically symmetric atom or molecule predicts 

that each partial wave has its own angular distribution of scattered currents, and 

characterized by the Legendre function P1(cos e). S-wave scattering is therefore 

isotropic, while P-wave scattering shows minimum scattering at 900  and maximum 

scattering! 
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scattering in the forward and backward directions. Higher order artial waves 

show an increasingly more complicated angular distribution pattern. 

The axially symmetric field used to describe the potential about a 

diatomic molecule predicts a comparable angular. ffect. In this case, the com-

ponent of angular momentum m in the direction between the two atoms is quantised, 

and the scatterinZ direction is dependent on partial waves, 1, m. The 1 = 09  

m = 0 partial wave, which is predominant at low Energies, predicts isotropic 

scattering. The angular dependence of higher order partial waves depends on the 

product of the internuclear distance and the electron velocity. Corresponding to 

P-wave scattering described above, maximum and. minimum scattering occurs at 900  

for the 1 = 0, m = 1 and. 1 = 1, m = 0 partial waves respectively. Scattering 

intensities at various angles are measured in electron beam experiments, both to 

check the theories already postulated, and to provide new insight into both the 

elastic and inelastic theories of electron scattering with diatomic and simple 

polyatomic molecules. 

In N258, for example, either the 1 = Is  m = 0 or the 1 = 0, m = 1 partial 

wave predominents over all the other partial waves in the energy region around 2ev. 

The corresponding equations to I 2Zi.. and I 25. predict a maximum elastic cross-

section around this energy, and this prediction has been confirmed from total 

cross-section measurements made in a Ramsauer experiment. 

The Q 	peak actually consists of a vibrational cross-section ma- 

imum superimposed on: a broad Q 	peak (see Fig. I U.) 
el. 

Two effects have not been mentioned so far and play important roles in 

both elastic and inelastic low energy electron scattering. 
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Electron Exchange  

Exchange of the incident electron with a target electron is known to 

be significant at low electron energies. Phase shifts for collisions with and 

without exchange are calculated so that theoretical cross-sections and variations 

of scattered beam intensity with angle can be evaluated. When compared with 

experiment, agreement is found with the theory which includes electron exchange, 

e.g. He at energies less than 15ev58. 

In inelastic collisions, electron exchange explains the occurrence of 

optically forbidden transitions: it is the total (electron + molecule) spin 

which is conserved during a collision, and not just the molecular spin, as occurs 

in spectroscopy. 

Polarisabiity 

The field produced by an electron in the neighbourhood of a molecule is 

about 108  volt/cm, and the resulting molecular distortion is dependent on the 

polarisability or even the hyper-polarisability of the molecule. In the same 

way as a beam of monochromatic light of the current frequency can interact with 

a molecule to produce vibrational excitation through the change in the polaris-

ability during vibration, a similar mechanism may be postulated to occur in elec-

tron - molecule interactions. Takayanagi83t&i. has already shown that the mag-

nitude of the polarisability must be considered when studying vibrational 

excitation of molecules by electron impact. 

5. RESONANCES IN ELECTRON SC.A!rTERING81,86  

Until about 1957,  the results of most electron - atom and electron - 

molecule experiments could be interpreted by assuming the classical and quantum 

mechanical/ 
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mechanical theories of direct scattering. The more refined electron beam 

experiments then began to indicate that inelastic processes were occurring at 

energies which could not be accounted for by normal vibration, electronic or 

ionization processes. Very short lived resonances were known to exist in nuclear 

108 physics8711  so applying similar theories to atoms and molecules, the estance of 

short lived negative ion states was pôtulated to explain the anomalous results. 

Both experimental and theorètical evidence for the existance of these negative 

ion states has been accumulating for elastic and all types of inelastic orocesses 

in the range 0. to 100ev. 

The mechanism by which temporary negative ions are formed and their 

subsequent lifetime varies with the atom or molecule and with the energy which 

the electron imparts to the target. In all cases, however, the atom or molecule 

suffers severe distortion both when the electron is captured, and when it moves 

in the subsequent field of the compound state. It is not surprising therefore 

that the lifetime of the resonance state is very short, 10_13 to 10 	seconds, 

depending on the type of resonance formed. 

From the considerable quantitiy of experimental data now available, 

four distinct types of resonances have been shown to exist, of which the first 

two discussed have the same origin, and are named core-excited resonances. The 

energy at which these core-excited resonances exist, lies above the energy range 

in which the present work is primarly concerned, but to give a complete picture 

of the rather new topic, a brief description of all types of negative ion res-

onances will be given. A pictorial representation of core-excited resonances 

can be visualised by considering the incident electron to knock one of the target 

electrons/ 
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electrons out of position, thus letting the incident electron 'feel' a greater 

effective positive change from the nucleus. 	This increased attraction results 

in the formation of the distorted negative ion resonance state. 

The most common type of resonance state observed in electron beam 

experiments occur a few tenths of an ev  below a known excited state of the target 

atom or molecule. 	The resonance state then decays with a characteristic lifetime, 

either to the ground state of the target with release of an electron, 

e 	 A+ e 
	

I 26. 

or to the known parent excited state and an electron (in the case of the parent 

excited state being ionized, more than one electron will be released): 

A + e—.---.M 	. A + e 	 I 27. 

In+ 	- 
A +e +ne 	 128. ionization 

This type of core resonance favours reaction I 26. since calculations 

show that the resonance state is much more closely coupled to the ground state of 

the target. 	Consequently this type of resonance should show up in experiments 

which measure the elastic and total cross-section. 	Lifetimes of these resonances 

-1 are estimatedto be of the order of 10-13  to 10 	seconds. which is slithtiv 

longer than some of the other resonances discussed. 	Examples of this type of 

resonance are common in atomicexcitation, but less commbn in molecular excitation. 

A fair number of core resonances have been found to exist at energies 

just exceeding (few tenths of ane a parent excited state. 	Because the over- 

lap of the resonance state and the parent excited state is high, the resulting 

coupling causes decay by either reaction I 27.  or I 28. postulated above. 	Con- 

sequently, this type of resonance is observed through experiments measuring the 
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inelastic or total cross-section. This coupling to the inelastic channel causes 

the resonance ion to be less stable, and lifetimes are estimate.to  be about 10714  

seconds. In contrast to type 1. resonances, there are few atomic resonances 

of this type, but many more molecular resonances have been found. Since the 

energy of the resonance state lies above the parent excited state, the incoming 

electron cannot be bound in the field f the target atom, and consequently, the 

resonance state must exist in a virtual level of the parent excited state (compare 

type 1. where the resonance state enters a bound level of the target atom). 

3. Temporary negative ions have been found to exist at energies considerably 

below the threshold for ionization and electronic excitation. These 'single 

particle' resonances have been explained by stating that the incoming electron 

moves in the field of the ground state of the target, and hence the short lived 

negative ion exists in a virtual level of the ground state of the target. The 

tra)ped electron does not see such a large positive charge as the core resonances 

and Yerefore has a shorter lifetime (around ].O' 14  seconds). Pew cases of this 

type of resonance have been reported for atoms which decay to the ground state, 

but in the case of molecules, the single particle resonances can decay to the 

ground state as well as vibrationally excited levels of the ground state. 

Dissociative Attachment 

In molecular scattering, all 3 types of resonances mentioned so far play 

a part in explaining dissociative attachment processes. The ir 'chanism can be 

simply explained by considering the incident electron to make a large number of 

collisions with the target molecule while in the resonance state, thus increasing 

the probability for transfer of its energy to the molecule causing it to break up. 

To/ 
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To exemplify the three types of resonances mentioned above, the case 

of H2  is discussed in some detail. 

Shown in Fig. I 12. is a potential energy diagram for H2 88 . The 

existance and behaviour of short lived resonance states in diatomic molecules can 

be qualitatively described on such a diagram. Dissociative attachment has been 

seen in H2  at a threshold of 3.7evric.: to a. sharp peak in the cross-section at 

3.75e 9. Since the dissociative energy of the ground state of H2  is .48ev and 

there are no excited state; of H near this value, a single particle resonance 

state H2 27+( 	is)2  ( c7- 1s) is postulated to explain the dissociative 

attachment process. A possible potential energy curve for this state isthown 

in the diagram. 

A broad peak in the dissociative attachment cross-section is observed 

in the 8 to 12evregion in which the H ion appears with a considerable amount of 

66,72 energy at the threshold 	• A core-excited resonance associated with the 

state of 112  is the obvious choice, since this repulsive triplet state, once 
_ 

44 

formed, dissociates with the release of severalev energywhich appears as kinetic 

energy in the H ion. The structure 11, 2
jg 

(c'-ls)( cr- la)2  has been 

suggested for this resonance state 86 	If the resonance :tate is imagined 

to collapse together, the equivalent He ion formed has the structure He (is 2p ) D 

and is known to lie above the parent state He(is 2p). Conversely, if the reson-

ance state is pulled apart to leave H and an H atom, the H reonant state is 

known to lie below the parent H(2p) excited. state. One is therefore led to 

believe that the potential energy curves for the resonance and parent states cross. 

The position of crossing has not been definitely established, but evidence has been 

accumulating in favour of theFranck-Condon region991. 
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In the ener&e,  region 11 to 15v., four parent excited states of H2  

exist, namely the 1ff, Y g' 'T-J,'and 1>1 states. They are all fai±ly 

Close together, and if resonance states do exist, it is unlikely that an experiment 

could differentiate between resonances of different parent states. This is just 

the situation observed by Heideman, Kuyatt and Ch:.mberlain9203  in the electron 

impact spectrum of H2. For excitation in this region using incident electrons 

TT 
of 50ev, 	

i 
resonances were s,,-,en arising from the two singlet levels 	I and ic- 

while at low incident energies of 16ev, resonances arising from the triplet levels 

were seen. Dissociative attachment experiments 66,73 reveal a sharp peak at 

14. 2ev in which the H7 ion is liberated at the threshold with zero kinetic energy. 

A resonance state H2 
2y  (0-1s)( H 1 2p) (T- 2p) has been postulated 94- 

in which the vibrational level spacings coincide fairly closely with the parent 

3T1state. A possible representation of this resonance state is given in Fig. 

I 12. 

Before proceeding further, a work of caution must be added. The lit-

erature at present seems to be full of papers which claim identification of new 

excitation processes. In quite a number of cases, workers dealing with the same 

gas and in the same energy region do not obtain the same results.'Where no obvious 

explanation is apparent, the assumption that a resonance process is occurring must 

be considered with perhaps just a little caution. 

4.. 	Evidence of a fourth type of temporary negative ion resonance has been 

identified at near thermal energies in highly polar molecules. Altshuler95  pre-

dicted for direct electron scattering from a polar molecule that the momentum 

transfer cross-section O(  (dipole moment) * In this derivation, the quantum. 

mechanical/ 
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mechanical prooeedure involved the 1st Born approximation. A later analysis 
96 

which used a more exact method of solution, gave a correction term which only 

became significant at high dipole strengths. 

Temporary negative ion states were first nredicted by Hurst, O'KeUy 

97 
and Stockdale and. were later proved quantum mechanically to exist by Turner98, 

who showed that the probability of electron capture is proportional to (D/I)2, 

where D is tb.e dipole moment and I is the moment of inertia of the molecule. 

By studying the angular part of the Schrodinger equation 99, and by other inethods °0"°1  

bound states were seen to exist only if D exceeded 1.63 x 10 18ecu cm • If the 

spacing of the rotational levels is of the order of kT (thermal energies), a 

large number of electrons are captured and released, thus enhancing the momentum 

transfer cross-section. This argument lends itself to explaining the anomalous 

cross-sections obtained in some polar molecules whose dipole moments are greater 

than 1.63 x 10 8  ecu cm e.g. 1120,  D20. Some molecules with dipole moments less 

than 1.63 x 107 18 ecu cm have cross-sections much higher than expected and, con- 

sequently, some other theory must be postulated to explain the anomalies. Life- 

times of these temporary negative ions have been calculated to be around lO 713 

99  seconds. 
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CHAPTER II 

SOLUTION OF THE BOLTZMPINN TRANSPORT EQUATION. 

ThTRODUCTION 

The analysis of electron swarm experiments in terms of the individual 

processes occurring (e.g. elastic, rotational, vibrational, electronic excitation) 

is difficult because the experimental results obtained are average values over a 

large number of collisions. To understand the processes occurring, the energy 

spread about the mean energy (i.e. the electron energy distribution) must be known. 

To find the correct form of the electron energy distribution, the Boltz-

mann Transport Equation must be solved for the case of electrons drifting through 

a moLcular gas. Essentially all types of energy loss and gain experienced by 

the electrons are equated and the mean values of the transport properties evaluated 

by averaging over the resulting distribution. 

The general theory for deriving the Boltzmann equation is presented to 

include both elastic and inelastic collisions. The case of elastic scattering 

is then solved as a special case of the general theory, and semi-quantitative 

relationships derived between the experimental transport properties and cross-

sections. Finally the general theory is applied to show how inelastic cross-sections 

can be derived from the experimental uata. 

DERIVATION OF TEE BOLTZMANN EQUATION FOR ELASTIC AND INRLIiIC ELECTRON 
SCATTERING. (102) 

The derivation of the Boltzmann equation for the diffusion of free elec-

trons by a constant D.C. electric field through a molecular gas is very similar 

for both elastic and inelastic collisions. 

Let/ 
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Let the number of electrons in a volume element dx.dy.dz. and whose 

velocities lie in a range dv .dv .dv • be f(x.y.z.v .v .v •t)dx.dy.dz.dv •dv .dv x y z 	 x y  z 	 x y z 
= f(r,v,t)dr.d1 	 II 1. 

22 21/2 	2 2 21/2 
where r = (x + y + z ) 	v = (v + v. + v ),' 	dr = dx.dy.z,d9 = 

dvx. dv • dv Z. 

If the electric field E is a:plied along the x-direction, then the 

Boltzmann equation can be ritten'03. 

eE 	'bft'bfI = - v 	- 	- - 	i- 	
+ 	

II 2. 
x 

v:here e and rn are the electronic charge and mass respectively. The first two 

terms of the R.H.S. of equation II 2. give the change in the distribution function 

caused by the drift in the field direction, and the last term indicates how various 

types of collisions affect f(r,v,t)dr.dy 	In the following discussion, the 

electric fields considered are so low thet the distribution function is constant 

in aLi nerts of the drift snace, i.e. 	 = 	 II 3. 

Derivation ofcollisions 

The increase in the number of electrons appearing in the volume element 

in time dt. (i.e.[ ) f] collisions) = (number scattered into) - (numbered 

scattered out of) this volume element. 

The number of electrons scattered out of dr.d y through an angle .// into solid 

angle a'in time dt. = P(v, Ydt, d w) f(v, v, v, t) dr. J(. 

where P(v, D, at, d w') is the probability of such a transition. This probability 

is proportional to the initial speed of the electron v and also the gas density 

N, hence/ 
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hence, 

P(v, t/,dt, dt ') = N 	1(v, ' )cividt. where 	
el.' 

is the differential cross-section for eleastic scattering (we shall deal with 

inelastic scattering shortly). The total number of electrons scattered out of 

volume element dr. ci into all solid angles dW tin time at. is therefore: 

f N v CT—el (v, ¼/I) f(v,t) di'. ci 5. dw.dt. 	II 11, 

To obtain the numbur of clectrons scattured into dr. ci X the robability 

that an electron of velocity v'  will be scattered from other volume elements dr. 

dthrough an angle t1frmnto solid angle d  in time at. is seen to be 

P(v', ') cit, di...' ) = Nv' ç1  (v', t/' ) a u'.d.t. 

The position of the electron in velocity space before the collision 

and the nature of the scattering will determine whether the electron enters dr.da' 

after the collision. Since the electron will or will not enter the space dr. 

its behaviour can be represented by a 6 -function: S (v - g(v', yi))  where 

g(v'L') in the case of elastic scattering is 	- 	(1 - cor:.(/)) 	II 5. 

The total number of electrons scattered into d 51 di'. in time at from 

all outside elements d1. di' is therefore: 

J
P(v, ,dtdw)f(v'  , v, v, , tj &(v - g(v st')) dv. dr. d1 

= f 
IT v Q 1 (vt/I)1v', V 1 	v1  , t) 6(v - g(v1L')) dv.dr.didu.dt. e* 	x

116. 
I 	 I 	I 

The volume elements d. ' and d' are related to v,W, v W a follows: 

dX
2 	2 	 2 I = v dv. du.) and d1' 	= v' dv. dt.&) 

For each value of v'  there is an unique change v' 	- cos /) which will place 

the/ 



38. 

the electron in the element d fr. This can be expressed by replacing 

	

- g(vçq')d.v. by 	j. 

Equation II 6. now becomes 

LN v'  C(v /1  )f(v ', Y , v1  , t) 'OV (V) 
dr.d. dvJdt. el. 	x 

 II 7. 
Noting from equation II 5. thatt 	v v - 	 the total number of electrons 

scattered into d.dr. in t:: (It, i: 

JI'T V1 	(- ¼J/ )f( v' , v'  , 	, t)() dr,' dtdt. 	II 8, 

Subtracting equations II )+ from II 8 gives the change in electron con-

-b  centration in dr. d in time dt. i.e. [f J 	dr.d '. dt. elastic co'.lisions 

Changing to polar co-ordinate with V 	v, v. replaced by e, 0 and v( similarly 

for v etc.) rhere v is now in the field direction (v before), 	elastic 
collisions 

becomes: 

bf] = Nv 

	

	Ff(8, 0, v 1 , t)() 	(,v') - 

	

elastic 	I ,i 	 v 	el. 
J4A) 

collisions 
f(8, Ø,v,t) Q el. (q/,v)] dt*)' II 9. 

I 
Since v v

I 
 for elastic collisions, v can be approximated to v by a Taylor 

expansion: 

	

I 	1 
,v') 	f(v)(1) 	,v) -I- (V - v ) 

V 	el. 

	

—vf(v) cn( fr, v)) + higher t 	which are 
neglected 	II 10. 

Substitution in II 9. gives for elastic scattering: 

IJ N v
L,lf(p-',

Øv,t)f(e, Ø,v,t)] v) ä'b telastic  
collisions 

N V 	m 
'by LO 

vf(e, 0, V, t) 0j(',v)(1-cos1') duJ 
V

3 	14 
 11 U. 
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The calculation for inelastic scattering proceeds identically to 

,2 	2 	2 
equation II 8. In th case v - v = v. j.nel. , where v. mel. is the threshold 

1)  f  velocity for the inelastic rocess, and [ljfle1 	
dr. d dt. becomes on 

collisions 

summing over all inelastic processes: 

r11 
ti mel. 	= 	>J N vf[ f(e Øv',t)() 	(, v') mel. 

collisions mel. 

- f(e, ø,v,t)T nei. "'l dw'  II 12. 

where 07 	',v) is the differential cross—section for an inelastic excitation. 

In this case v is not close to v' and. Taylor's expansion cannot be used. Summing 

equations II 11. and II 12. and sub8tl.ttting in equation II 2. gives: 

=- 	- 	
+ ii vf [ f(e, 0 	v,t) - f(e,9c,v,t)] C 1 i,v)k" 

+ - 	f, v f(,0 ,v,t) Q( ty v) (1-cos t/ )d 
 el 

'4" 

i 	' 	2  + 

	

	f 	,v') - f(e,Ø,v,t)— 
mel. 

 

0—inel. ( V/, V) ] dw' 
	

II 13. 

The solution of this equation is very difficult in its present form, and 

an approximation for function f. must be made. 

Let f(v,90t) = > f(v,t) P(cos 0) where P(cos e) is the n'th 

Legendre polynomial in cos e 

= f0(v,t) + cos 9 f1(v,t) + higher order terms 	II 14. 

The series can be reduced to the first two terms provided (a) the 

momentum/ 
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momentum transfer cross-section?> total inelastic differential cross-section and. 

(b) mean free path of electrons( container of diffusion tube. 

The 1st term on the R.H.S. of equation II 13. now becomes where cos e = 
V 
.1. 
V . 

-.eE 	 X) - 	 Vx ~v (f + 	 - — b 	+ 	-) .— m 	o lv m 
x 	 x 

-eE 1v l) cX 'by 

	

= - 	+ v 	 .-) 	II 15. 
x 

2 	2 	2 - 2 	V x 
From  +V +V V 	 i becomes x y z x 

eE 	 V - 	 x . 	-eE 	 0 
Z5 f 	

V 	Ic) 
+ - ) 

0 	-.V 	 in 
f + f — ) = — (cos 6 	

+ 	
'.. 
V 	V 

where v x 2 = 1/3 v2 
-eE -eE, 	 II 16. e 0 1 

M 	 + — 	(vç) ) — — (' + f1 cos e) = — (Cos — 
x 	 3v 

In the 2nd term on the R.H.S. of equation II 13., the f0 terms cancel 

leaving only 

N 
 vf

[ f1(v,t) C 1( q1 ,v)(oos 0' - cos e)} du)' 	II 17. 
4', 

If assumption (a) is valid, the f1 parts of the 3rd. and 4.th terms on 

the R.H.S. of equation II 13. can be neglected leaving: 

N rn
el L, 

4. 
M 	v 	v f0(v,t) c7 . ( p 

V 	 J-jj 

+ 	NVr f0(v',t)(!_' 

	

v / 	inel.1 ,v') - f(v,t) a 11(p ')J dW
/ 

mel. 
11 18. 



4. 

Collecting terms, equation II 13. becomes: 

bf 
(f0(v,t) + cos e f1(v,t) 	-eE 	o 1 	2 

) = - cos m 	e - - --+—-- (v f1) ) 3v 

+ N 	r I f, (v" t) c7
el 

(w .v)(Cos e' - cos 
u p), 

N 	ur 
L 
vf,(v,t) d1(p,v)(l_cosJ1)d

2 T1 '5v
W' 

V 

+ 	N vf[ f(v',t)(-) 	Q 	( 9.1 ,v') - f(v,t) CT 
mel. 

(j, ,v)ldt.u' 1 me].. mel. 	AU 

II 19. 

Integration over the solid angle dW' and equating terms with and without 

cos 9 gives two equations '°2: 

= 	 (v2 	
+m 	2 
	~L<vk 

0 	 [ 	f(v',t) 
3v 	 v 	 mel. 

N 0. 	 (v') - v f (v,t)NQ. 	(v) 	= 0 
mel. 	o mel. i 

 

fl -eL o and 	= - 	 - f1 v N Qmm 7v 
 

where Q m is the momentum transfer cross-section defined by 

21T iT 

=11 (1-cosV') sin' - 1(qJ,v)ddY 

and. Q. mel. is the total inelastic cross-section defined by 

211 ii 

Q.mel. (v) =f j sin 91 	nel.,v)ds// d  where Y is the azimuthal 

angle. 

In the steady state, the distribution function does not change with time 
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i.e. 	= 	0. With this condition and neglecting the inelastic term, 

equations II 20. and II 21. are identical to equations 7 and. 8 derived by 

Morse, Allis and Lamar' for elastic collisions only (except for the- term 

which we assumed to be zero for lowelectric fields). 

Converting from units of velocity v to units of energyE, and assuming 

a steady state, equations II 20. and II 21. become 

-eE 	 2m b , 
- 	( 	

f
3  4e1(E.) ) + - 	E f(€.) N 	+ • 	[ ( +E±) 

ml. 

f 0  (E +€. ins].. 	. )NQ mel, (e + E mel. ) - €.f () I  Q. mel. (E)] = 0 	II 22. 

with a common factor 	concelling, 
MV 

eE • 1  
and f () = - j- Q() 
	be 	 II 23. 

where £ = 1/2 my2 E 1/2 my' 2 and p 6 = 
mel. 

The units employed are 	B in volts/cm. 

Q in 10-16   cm.2 

N in number of molecules/c.c. at T°K, 1 torr pressure 

e is the electron charge 	unity. 

is the energy in ev. 

v is the velocity in cm./sec. 

m is the electron mass and to be consistant wih th above 

00 	in units of ev sec cm units must take the value 9.108 x 10-28  x 	
- 

	

' . 	
(Similarly for M,the 

x .Wmolecular mass) 

Substituting 11 23. into 11 22. gives: 
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kL) 	
(

- 	 2m 	(2 f N Q () 3 	b 	 + -i •31 	0 	m 

+ 	
l 	

(a 
+ inel.) f0( a + £.melm ) N Q. el. 	mel. ( + 	) 

me 

- 	Ef(€) N Q inei.l = o 	 II i.. 

An additional terra appears in equation II 24. when the thermal motion 

of the molecules is included105, which becomes, on replacing the partial derivatives 

by full derivatives: 

(eE)2 d 	
df 

	

0 2md 	2 
NQ(E) i- 	+ -i 	f 

0 m 	
in 3 	 d  

+ T QeA 	(E. +inei) 	
+ £ mel) Ninei. £ ~ 	:ioi) 

- 	Ef(a) N Q inei.J = 0 	 II 25. 

where k is the Boltzmann constant in ev/°K. 

This is the standard form of the Boltzmann equation for the diffusion 

of electrons through a gas in a low D.C. electric field considering both elastic 

and inelastic losses. The equation is the same as equation 2 derived by 

Engelhardt and Phe1psl6 except that collisions in which an excited molecule imparts 

energy to the electron have been neglected. This type of collision is important 

	

in rotational but not in vibrational excitatmn. 	is not considered at present 

(at near thermal energies most molecules populate the first few rotational levels 

of the ground state of the molecule and hence may do-excite to a lower rotational 

level on collision with an electron). 



The electron drift velocity w is the average mean velocity in the 

direction of the field., hence averaging over the velocity distribution, where 

the bar - signifies a vector 

x f(v,r)dv d 	 Jv 	f1(v) dv 
W 	 becomes: w = 

J f f(v,r)dv dr 	 f f(v) dv 
Substituting v = 4/3 'IT v3  and v 2  = 1/3 

1 1/3  v3  fl  (v)dv 
CME 

f 2 f(v) dv 

Converting to units of energy E = 3/2 nw.2, 

1/3 (2)1/2 	r 
m 	J 

1126. 

I E
1/

f(E) d 

or from equation II 23. 

S 

- 	
(2)3/2 E,' 	

df 
0 f Qm(E) dE 	dE II 27. 

fE 
 1/2 f

0(E) d  

The diffusion coefficient D can be evaluated in a similar manner: Healey 

and Reed have shown that the diffusion coefficient is proportional to both the 

electron speed and mean free path through the relation D = 1/3 lv where the bar 

signifies that the product lv is averaged over the velocity distribution of the 

electrons. This expression can be rewritten: 
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113 
D 
- 	If 11 f(v) dv d 

ff f(v) dv dr 

1/3 j lv3  f(v) dv 

fv2  f(v) dv 

1/2 
1  1 (€)ae. CA 

f E. 	f(E.)dE. 

Substituting i() = 	
1 N Q() , the expression for 1) finally becomes: 

1/3 (2)1/2 r 	 () de m J NQ() ° 

f 
1/2 () d6 	 II 28, 

0 

The general method of substituting the correct distributioi function 

in equations II 27.  and II 28. is discussed in Section 4. The special case of 

elastic scattering only is now discussed. 

3, 	COI1PJTATIONAL TREATMENT AND DEDUCTIONS CONCERNING ELASTIC SCATTERING OLY 

For elastic scattering, equation II 25.  is taken directly and becomes 

by neglecting the inelastic term: 
df  eE d

(ef 	
= n 	£2 N Q (E) (r + 	—a 	II 29. - 	1(€) 	

d. 
 M dE M 	o 

The L.H.S. of equation II 29. represents the gain in energy from the 

field while the R.H.S. indicates the enr&  I 	.c'.&gh elastic collisions. 

Calculations have shown that the term m  ._ ( E N Q(E) kT jf )),caused by 
the/ 
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the motion of the molecules, gives rise to a correction of about ], and hence 

will be neglected in the following discussion. Integrating equation II 294 over 

all energies gives eE  E f1(:.) = 	 , (integration constant = 0 

since in the steady state, energy gained = energy lost) 

6m  N or 	fi 	= 	E.Qj) f0 Q) II  30. 
Substituting for f1() in equation II 23. and integrating gives: 

rdf 0  () 	2 I 
J fo() 	= 	M eE I 

or 	f0( E) = G exp [ - 	
2 

 f Q( ) E d 	11 31. 

where G is the normalisation constant and is calculated from j E1'2 f 
0  (OdE 	1 

II 32. 

Equation II 31. is identical to equation 14. derived by Morse, Allis and 

Lamar 104 (this equation has a misprint). 

The equation for the drift velocity w follows directly by combining 

equations II 31. and II 30. with equation II 26. 

1-6m w 	1/3 (2)]12 6m N 	
f 2 Q(E) exp - (

N 2 r 
) 	2(€)E d ] d M eE 

 

the diffusion coefficient.becomes, combining equations II 28. and II 31. 

D = 1/3 
(2)1/2 

 G I 
j 

exp 	[ NQ(J 
- ! (L)2 

M 	eE f 2(E) 	€ 	d 	J 	d€. 
 

Momentum transfer cross-sections Qm(E) are fed into equations II 33. and 
II 34. which are then solved numerically to obtain values of D and w. If the values 
of w and eD/fr do not agree with the experimentally determined values, the cross-

sections are altered until agreement is reached. 
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The variation of D and w with E/p is highly dependant on the change 

of momentum transfer cross-section with energy, as can be seen by substituting 

= aE!' and replacing E/p by ]Jk in equations II 33. and II 34., where a and 

n are constants: 

wo( kf E2 	(22fl+2) 
dE 

f E1' exp(-k: E 
2n+2) 

d 	D 	
f6i_n e(-k2. 2n~2 dE an 	° 

J ],/2 exp(-k2. E 2n+2) d € 

II 35. 

II %. 
(except in the case n = -1) 

-1 	 1 

olving the integrals give w o4. k 2n+2 fl±2_)
/ 2fl+2 i.e. wo.(E,p) 	II 37, 2n+2 

2n.-]. L-2n 

and 	
fl 2_n 

2n+2 	i.e. D o< (Vp)2'2 II 38. 

7377 

The quantities measured experimentally are b/ and eD/r , hence 

2 

of, .E 
2n+2/p) 	 II 39- 

TABLE II 1.! 
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TABLE II 1. 

Variation in 	 W. 	 D 	 eD/jj 

Cl (E/p)°°  (E/p)°  (E/p) 

_ 	-i/2 E/p sonst. (E/p) 

Q = const, (E/0 2  (4/0'2 (E/) h/2 E/p 

C-  (Wp)13  const. 

(W r)115  WO —4/ (;/ 
(E/pY''5 

Table II 1. shows the variation of w , D, f.J and eL/r with E/p for 

various analytical forms of Q(.) assuming elastic scattering only. Note that the 

atceper Q(E .:creases with eny, the smaller the increase of both w. and eD/p 

with E/p. In general eD/r  increases faster than w with E/p for the same cross-

section, but no analytical form of the cross-section can make either w or eD4 

dec'-'e with E/p. The mobility does decrease with /p and becomes constant when 

oc 	 Only when the cross-section decreases faster than 	 does 

increase with E/p. As will be seen later, the effect of inelast collisions 

can also make r increase rapidly with E/p, even 	 or less steep 

(see CH  dri: velocity results in Chapter III). 

Some particular cases are now discussed: 

a) 	n = -112: from equation Ii 37. and II 39., woE/p, eD/jj°((E/p)2  and 

the distribution function becomes: 



½9, 

f(f)dE - G exp(- 6m 	2 —(—) a 
2
E ME which is .th well-known 

M eE 

Maxwellian distribution. By evaluating the constant G, £ 
0 
(E) can be expressed 

in an alternative form: 

E 
1/2 

f (E)dE. = A 	r exe (-B.-1'-L) 	II 4c).0   

where i is the mean energy of the swarm, and A and h are con.bants. 

When the electrons are in thermal equilibrium with the gas molecules 

the distribution is again Maxwellian and the drift velocity 	:/p. This can 

be seen from the elementary theory described in section I 3. - see equation 113: 

W = 3/2 () 4E/p. In this case 1/2 2 = kT and w  

In many molecular gases where the inelastic cross-section << the momentum transfer 

cross-section, the linear relationship w o( b/p is used to show that the electron 

distribution is Maxwellian near thermal energies. 

P 	n = C): when the cros'-section becomes energy independant, 

eD/pJ o E/p and a Druyvesteyn distribution results: 

r(e)a 	 .) 

	

= G exp C 	( 2a22) d€.  or 

1/2 (€.)dE = / _____ 
1/2 	

/ •€2 
) dE 	II 1f1. 

	

A 	
()3/2 

exp (-B 

where A and 13 are constants. 

A bruyvesteyn distribution generally appears in gases at energies above 

thermal. The rate of power input from the electric field exceeds the energy loss 

through collisions, consequently the random energy increases to restore the power 

balance. 
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Extending the elementary theory of Section 1 
3107 

let this new random 

energy be v', where v'> v, then the new drift velocity is fromequation:I 13: 

/ 	eli w = V2 - E/p 	 11 42. 
V 

The power gained from the electric field i is 	= w'e 
l'dt]E 	 !_L E/p.eE 	II 43. 

= l/2  
M 

The power lost due to collisions = average energy lost/collision x collision rate 

=(MV 2)  V 	 II 44. 

where X the average energy lost/collision. 

In the steady state, and assuming L 	a constant, equations.II 43. and 

II 14.4,  can be equated giving: 

= 	(V2 (e)2 1 (E/p)2 

/ 

Substituting in equation II 42. gives for w 
/ 	1/2 

w 	ui/p) 	- this is the same result as the complex theory predicts. 

In the inert gas He, only elastic scattering can occur and a Druyvesteyn 

distribution is seen to hold over the range where Q(E) is constant . 	Above 

theri4 energies the mean energy in molecular gases such as 112  and '2 
 is not raised 

as much as the inerts due to inelastic collisions, and a distribution between 

cwellian and Druyvesteyn is found109. Argon and the higher inert gases show a 

Lamsauer minimum in the cross-sec ion
110' 	At ocisies below the minimum, 

can be approximate by 	
-112 	l, the drift velocity therefore 

increases by around w o -'/p—P(E/p)2  and eD/jj a'. (1/)2_J1/)k 	Above the 

Ranisauer minimum, QM(E) a' 	w 	(/p) '4  and eD/jj 0<. 
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4. 	COMPUTATIONAL TREATMENT FOR ELASTIC AND INELASTIC 	
1099112 

The distribution function as defined in equation II 25.  cannot be 

used in its present form for evaluating values for w. and D. and a certain amount 

of rearrangement must be performed. To make the numerical calculations easier 

a set of normalised variables z = 7. are used (note that z is dimensionless). 
Making the substitutions: 

ME 2 	 MQ. 
8 = 
	

, o( = 	N 0  kT ' 
	7inel. = 

2m eL where 8 and 

1) 	are the normalised momentum transfer and inelastic cross-sections, Q 
/ inc.-.. 	 0 

is some reference cross-section, and integratin6 once, equation II 25 becomes: 

2 - df(z) 
O(Z + 	e ) + 	e f(z) + 	

f 	
f(x)d U dz 	• 	

mel. z 
II 45. 

with a const+; term j kT N Q cancelling throughout. (z. 	is the normalised o 	 mel, 

energy loss for a given inelastic I)rocess). 

____ 	 z_e_(z) 
8(z) 

Defining h(z) 	( 	+ 8(z) ) and g(z) = 
	2 

= 
Z  

+ z 8 2(z)
.* 

equ. on II 45. becomes: 

h(z) 	
° 	/ 

df 

dz  + g(z) f(z)] + >11 f 
x y mel. (x) f o  (x)dx= 0 	II 46. 

mel. 	/ 

Assuming that f(z) can be split into two parts: 

f(z) = v(z) exp(_j g(x)dx ) : v(z)è'(z)  
we/ 

11  47. 
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we now have: 

h(z)E
!.  
dz 

+ v(z)— 
a 

(exp (_j g(dx ) ) 

+ v(z) g(z) exp(-
JOZ 

g(x)dX)]+ 

	

	I 2inel.@'(x) v(x)dX 	0 
tflel.1 1  

The 2nd. and. 3rd terms cancel leaving: 

z+Z;nl 
V(X) dx _ 9.1(x) ( ( x) 

Zel.=11z '(z) h(z) 	 = 0 	II 48. 

This difference differnetial equation can be solved numerically by a 

double integration technique using Simpson's rule. The value at the i'th point 

in the integral arising from the 2nd term in equation II 48. can be written: 

2. •t. x 
s(z.) 	

ei.=iL x±nei. 

	V(x) 
e (_ f (y)dy) th 	11 49. h(z ) :1. ± 	 Jz 

These points s(z.) are then used. in Simpson's rule to obtain values for v(z): 

v(z. ) = v(z 	) + h (s(zj + 4.s(z) + s(z) ) 	II 50. :1.-i 	i+l 	. 1 	. 	1  

where h is the step length between the points. 

The procedure in making an actual calculation is to choose a sufficiently 

high energy where £l"2  f(s) 	is very small ( < iO') and work backwards to 

zero energy. This ensures that the full distribution function is being considered 

in evaluating the transport coefficients (w and. eD/f.) ). A simple test is to 

evaluate 	and eD/1J with a different number of points at the same spacing h 

apart and check that the values obtained are the same. 
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Since we must fix arbitary values for v( z) to start the backward 

prolongations proceure, and since normalised variables are being used, it is con-

venient to put v(z.) = 1 for the first few points. When all the values v(z) 

have been evaluated, the f(z) from equation II I7., and hence w and eD/jJ are 

Calculated. In terms of the normalised variable 9. equations II 27. and II 28. 

for w and D become: 

	

e,2]./2 	 r z df 
W =-• 	 EIN — 

'o I 	

dz 	 1151. 

D = 31N 	
()1h/'2 	 f(z)dz 	II 52. 

where the normalisation condition is now f 
z1'2f(z)az = 1 

Changes in the cross-section will cause both w, and eD/p to alter, 

and it is sometimes difficult to evaluate the best correction to the cross-sections 

which will improve the transport coefficients. Two new parameters called the 

momentum transfer and energy exchange collision frequency ( 'I'm/N and Y1 ) are 

defined which separate the elastic and inelastic processes: 

	

= e EIN 	
cm3/sec. 	 II 53. 

VuAN = eD/i) - 	cm3/sec. 	 II 54. 

Y'm/'I is dependant only in changes Q(), and 'Y'i4/N , except at low energies 

where eD/1J -kT becomes very small, is dependant only in changes in 

Finally, the overall accuracy of the calculations can be estimated by 

evaluating the power gain from the field and the power loss in collisions. By 

- 	 -- -- - 	.21/2 
multiplying equation II 25.  by (f)' €. dE and integrating ovr all energies, 

the/ 
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the 1st term for the power gain becomes w. e .E and can be equated to the other 

terms: 

w e E = 
( 2)1/2 2m

f 
 2 N Qm )I f(€) + kT 

df  
dE 

+ 

(2)1/2> 
	 E f(E) N Q. 	(E)d. 	II 55. inel.J 	 mel. me].. 

The two terms of the R.H.S. of equation II 55. represent the power loss to elastic 

and inelastic collisions respectively. Converting to normalised units z, equation 

II 55. becomes: 

(2)1/2 () ()3/2 . 	2 
[ f 	e(z) (f(s) + 

df )dz 

+ 

	

	Z.1 f z f(z) 	7. 1 (z)dzJ 	 1156. 
mel. 

Where I
z 1/2 f(z)dz = 1. 
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CHAPTER III 

EXPERIMENTAL 

1, INTRODUCTION 

The present method for measuring electron drift velocities is modelled 

on the electrical shutter technique first used by Bradbury and Nielsen in 19362. 

The apparatus has since been adapted by a number of workers 9, the present design 

built to improve upon a model used by Walker 10,78 

Her assembly was built in an all-glass pot in which the lid of the 

envelope was cemented on with a heat resistant .Araldite cement thus making the 

apparatus non-demountable. U.V. light was shone through a quartz window on to 

a gold plated cathode where photoelectrons were emitted and led up through a central 

drift space to the anode by a>plying voltages on a series of guard rings up the 

tube. The wires from the anode, cathode and guard rings were taken out through 

the side of the pot using glass-metal seals. The electrons were pulsed and their 

speeds subsequently measured using 2 grids which consisted of 0.004 in. diameter 

gold wire strung across a mica frame at regular intervals of 1.5 nun. 	The whole 

of the inner assembly was built in glass with teflon supports allowing the pot to 

be baked to 180°C. Pressure measurements were made using a mercury manometer 

constructed from 10mm precision ore tubing, the mercury levels being read using 

a travelling microscope. 

The present experiments were carried out with an improved model of 

Walker's drift tube to extend her results and to make the method generally more 

flexible. The major changes incorporated were: 

a) 	The pot was made demountable. 
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The grid wires were placed closer together to give a. more efficient 

shutter system. This change allowed measurements to be made at higher E/p 

(electric field/gas pressure) values where the grid efficiencies were poor. 

All the electrical leads were taken through the base of the pot. The 

wires pased very close to the walls of the drift tube, so shield rings were 

incorporated to minimise the effects of stray potentia]sin the drift space. 

This adaptation was a consequence of making the pot demountable. 

A Bourdon gauge was built so that pressures of a few torr could be 

measured accurately. Presure measurement was the chief source of error in 

Walker's experiments. 

2. APPARATUS 

A scale diagram and photograph of the drift tube are shown in Fig. III 1. 

and Plate 1. respectively. Ultra-violet light from a Hanovia  Are Tube No. 504/4 

was focussed on to a gold nlated cathode through a 3 c4L diameter quartz window. 

Emitted photoeIocLrons passed upward through the gas by means of a uniform D.C. 

electric field which was maintained by putting apropriate voltages on the guard 

rings G1  to G8. The swarm of electrons was pulsed by applying a high frequency 

(100 kc/sec. —p 2 me/see.) square wave potential across the first shutter S1  

which consisted of a plane grid of parallel wires with alternate wires connected. 

When the potential difference (P.D.) between neighbouring wires was zero, the 

electrons passed through uninhibited, otherwise the electrons were swept aside to 

the/ 
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the grid wires. The square wave potential was superimposed on the field potential 

so that distortion of the uniform drift field did not occur. The electron pulses 

then passed through an identical shutter S2  which was pulsed in phase and at the 

same voltage magnitude and frequency as S1. 

A fundamental frequency exists at which an electron pulse formed at S1  

arrives at S2  and finds this shutter having shut and open exactly once. If the 

frequency is doubled, an electron pulse then arrives at S2  having found this 

shutter shut and open exactly twice during transit from S1. A series of current 

maxima were therefore obtained at the anode at integral multiples of the fundamental 

frequency, and a series of current minima obtained at half integral multiples of 

the fundamental frequency. 

If f1  is the fundamental frequency of the square waves and h is the 

distance between the two shutters, then the drift velocity W is given by 

W = h x f ( = h x f/n for the n'th current maximum). 

3. DETAILS u-`RIFT TUBE 

The glass envelope was constructed from a thin walled (0.25 cm thick-

ness) dome cylinder (11.0 cm o.d.), so that a side arm could be joined about 

10 :cm. from the base of the pot. A 3 cm diareter quartz window was sealed 

over the side arm with .Araldite cement. When the pot was sealed to the metal 

base, the flange exerted great pressures on the walls of the glass envelope. 

To prevent shattering of the glass, the lower 5 	of the envelope as there- 

fore constructed from a size L Q.1..F. pipe section and glass-blown on to the dome 

cylinder. 
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The stainless steel base was 19.35 cm in diameter, 1.75 cm thick and 

is shown in cross-section in Fig. III 2. A viton 196 - 0 - ring was placed in 

the circular aperture (i.d. 5.67 cm, thickness 0.7.3 cm) on top of which the base 

of the glass envelope was rlaced. The six outer holes (diameter 0.80 cm) mark 

the position of the bolts, the four inner holes (diameter 0.72 cm) mark the 

position of the glass sup ort rods, the two large holes diameter 2.15 cm) represent 

the position of the multiple glass to metal seal 8 - pin lead-ins (see Fi. III 3.) 
and the remaining hole represents the anode current lead-in K.M. 12 (see Fig. III 4.) 

The flange (vertical thickness 2.8 cm, horizontal thickness 2.8 cm) 

was separate iom the base plate by six metal spacers (o.d. 1.3 cm) and was fixed 

to the glass envelope by a rim (0.7 cm thick) of syndano. 

The whole of the stainless steel base was placed on a metal plate which 

served as a heater. This base heater (see Fig. III 5.) had a central hole to 
allow the leads from the base of the pot to be taken away. A variac was used 

to ensure that the temperature in the drift tube never exceeded 1000C. 

The contents of the pot were built vertically from the base plate, the 

assembly being built around four Cuide rods (25 cm long, 6.5 mm diameter) rhiab 
fitted into the steel base. The anode, cathode, grids and guard rings were 

all separated by piston fit snacers (o.cI. 9.25 mm). The length of the first 

space from the base plate to the cathode was adjusted until the U.V. light was 

focussed properly on to the cathode. 

Shield rings were constructed on the anode ana all the guard rings so 

that. 
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that any field effects arising from the wires (10 thou Au plated Ni wires) 

coming down the outside of the guard rings would not affect the central drift 

space. These rings were 1 mm thick and gave at least 1.5 to 2 •mm overlap 

between neighbouring guard rings. Prevention of stray currents penetrating down 

the outside of the assembly was achieved by placing a thin metal foil between 

guard ring G2  and. grid S1. Small holes were made in the foil so that small 

glass spacers could be inserted to allow the wires from the upper guard rings and 

grid to pass down. 

The whole assembly of guard rings, foil, anode and cathode were gold 

lated before assembly. Table III 1. gives complete details of the components 

in the pot from the base plate to the anode. The accurate distance between 

guard rings were measured from the centre of each guard ring. This assumption 

is permissab].e since all the guard rings except the ones adjacent to the grids 

were tapered at an angle of 110  towards the centre of the drift space. Details 

of how these distances and the corresponding resistances were evaluated are shown 

in Table III 2. 

It was later found that due to the anode wire coming down through the 

base of the pot, all the photoelectrons leaving the cathode passed straight to 

the anode wire instead of proceeding up the drift tube. The anode wire was con-

sequently taken out by means of a side arm at the top of the pot using a glass 

metal seal and a cone and socket joint so that the assembly could still be made 

demountable. 



TABLE III 1. Details of Dimensions of Components in Pot from Base Plate 
to Anode. 

Object 
	 Ht. in inches I 	Ht. I) cni 

Nut: 0.119 0.302 

Spacer (0): 2.163 5.494 

Cathode: 0.090 0.229 

Spacer (1): 1.530 3.886 

0.082 0.208 

Spacer (2): 0.610 1.54.9 

O.(;72 0.183 

Au p1 ted foil: 0.002 0.005 

Lower glass plate of S1: 0.059 0.150 

Cement + Au wire: 0.013 0.033 

Upper- glass plate of S1: 0.059 0.150 

Distance from upner glass plate to G-3: 0.044 0.112 

G3: 0.082 0.208 

Spacer (4.): 0.609 1.54.7 

C.4.: 0.080 0,203 

Spacer (5): 0.708 1.798 

 0.079 0.201 

Spacer (6): 0.708 1.798 

 0.078 0.198 

Spacer (7): 0.610 1.54.9 

C7  0.078 0.198 
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Object 

Lower glass plate of 37: 

Cement + Au ;Are: 

Upoer glass plate of 32: 

Distance from upper glass plate to G8: 

Spacer (9): 

Total height of assembly: 

Ht. in inches I lit. ii. cm  

0.059 0.150 

0.013 0.033 

0.059 0.150 

O.044 0.112 

0.082 0.208 

0.255 0.64.8 

0. C130 0.203 

I 	21.505 

Anode - Cathode distance: 	 I 	6.015 	I 	15.277 
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TABLE III 2. Calculation of Distance and Resistance between Guard Rings 
and Grids 

Resistance 
(ohms) 

Cathode - C1: 1.530 + 	0.04.]. 1.571 inches. 13,060 
(spacer) (G.3•) 

C.1  - G2. 0.04.1 	+ 0.610 	+ 0.072 	+ 0.001 	= 	0.724. 6,018 
(G) (spacer) (a.2) (foil) 

C 	- S 1 0.059 + 	0.001 + 	0.002 = 	0.062 515 
(lower (foil) (wire) 
Plate) 

- C.3: 0.002 	+ 0.009 	+ 0.059 	+ 0.044 	0.134 948 
(wire) (cement) (upper (space. 

plate) to a-3) 

C.3  - C4: 0.082 	+ 0.609 	+ 0.040 	= 0.731 69 077 
(a.3  ) (spacer) C. () 

- C5. 0.040 	+ 0.708 	+ 0.039(5) = 	0.787(5) 6,546 
(C.4) (spacer) (a.5) 

a-5  - a.6: 0.039(5) + 	0.708 + 	0.039 = 	0.786(5) 69538 
(a-5) (spacer) (a.6) 

C6  - C-7: 0.039 + 0.610 	+ 0.078 	= 0.727 6,044 
(C.6) (spacer) (a-7) 

C7 - S: 0.059 	+ 0.002 0.061 507 
(lower (wire) 
plate) 

- C-8: 0.002 	+ 0.CC9 	+ 0.059 	+ 0.044 	= 	0.114 948 
(wire) (cement) (upper (space 

plate) to C-8) 

Anode: 0.082 	+ 0.255 	= 0.337 . 2,801 
(C.8) (spacer) 
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4.. CONSTRUCTION OF THE GRIDS 

Both grids S1  and S2  were constructed identically using 4. thou gold 
lated nickel wire which was cemented between 2 optically polished Pyrex discs, 

the larger one having dimensions 8 cm diameter, 1.5 mm thick with a 3 Cfll 

central hole and the smaller one 4..6 cm diameter, 1.5 mm thick with a 3 cm 

central hole. 

The construction of the grids was a most taxing operation and took 

several months to complete. To enable precision spacing between the wires, two 

brass rods were Ni plated and an accurate 0.5 mm thread bored. The gold plated 

4. thou Ni wire was wound round the rods with the small Pyrex discs clamped in 
position (Fig. III 6.). The discs were then placed horizontally and Fortafix 

cement applied to one of the small discs as shown in Fig. III 7. Both the res-

istivity and the vapour pressure of the cement were previously tested and shown to 

be satisfactory: zero vapour pressure at 160°C. and a resistivity of approximately 

10 ohms. Care was taken to build up the cement on the outside rim of the small 

disc so that wI'cn the large disc was placed on top and the wires cut, no lateral 

movement of the wires between the two discs was possible. When the c"nt in the 

first grid hd set the frame s inverted and the second grid cemented. 

After leaving the grids for 10 days to allow the cement to harden, all 

the wires were cut to free the grids from the frame. Every alternate wire was 

then cut back close to the cement. Another layer of cement was applied to cover 

up the short ends (see Fig. III 8.), the grids left:for another 10 days and then 

heated under strict temperature control for 15 hours to cure the cement. Each 
wire was then tested to ensure that no two wires were touching and also to check 

the resistivity of the cement. 
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When the long wires were joined up, a complete circuit was obtained 

on each side of the grid. The effective circuit is shown in Fig. III 9. To 

ensure contact at all the joined ends, the following proceedure was adopted; the 

wires were embedded in another thin layer of cement and the excess cement scraped 

away leaving the wires on the surface. After hardening over the space of a few 

days, the cement surface was gold oattorod for 30 minutes. The. end ires were 

lengthened by soft soldering the thou wire to 	ieee of 10 thou iL -.,:ire and then 
Cu and Au plated (see Fig. III 10.). 

It was later found after assembly that the top grid S2  was not functioning 

properly and the trouble was traced to the flaking of the sMttered Au at the 

junction of the end wire and the cement (see Fig. III 10.). A conducting cement 

consisting of a mixture of gold leaf and the Fortafix cement was applied across 

the full length of both grids, left for 2 days and finally heated. 100106 con-

duction was then reported. 

5. GAS 	 STEM 

The essential details of the gas line are shown in Fig. III T.T. No 

experiments we commenced unless the backing pressure in the gas line Was at a 

pressure of 2 x 1075 torr or less. After baking to 100°C. the outgazsin: rate 

in the pot, as determined by a Pirani gauge, was found to be less than ii pe r 

hour. This was achieved by using a combination of a 'Speedivac' rotary oil pump, 

a mercury diffusion pump and a liquid N2  cold trap. Very low pressu-cs in the 

gas line were measured using Pirani and ionization gauges. Gases were stored in 

a series of five 3-litre globes and prepared using a demountable purification chain 

and/ 
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afldl-]-itre drying globe. A gold. plated Pt. gauze was placed between the storage 

bulbs and the pot to remove mercury vapour from he system. 

Gas pressure measurements were made jointly on a Hg mnometer con, 

structed from 10 mm. :recision bore Veridia tubing and on a sensitive Bourdon 

gauge. The meniscus levels of the manometer were measured using a telescope plo-

vided Ath an accato vernier scale, the whole of which was mounted on an in&ep- 

,irnt stand thus reducing stray vibrations which could alter the meniscus readings. 

Both the outer and inner parts of the Bourdon gauge were made demountable by 

use of cone and socket and ball and socket joints, thus facilitating interchange 

of the thin glass diaphragm. 

A pressure difference between the inner and outer envelopes of the 

Bourdon caused a movement of the long pointer which was measured using a low power 

microscope with a 100 division eye-piece scale. A gauge was chosen which 've a 

full-scale deflection of 1.3 torr thus giving an accuracy of 0.013 torr/division. 

Calibration of the Bourdon was carried out over the range 0 to 10 torr by direct 

comparision 	he mercury manometer and this wasrcated every few weeks to check 

that the caliration was still accurite. Every reading on the Bourdo -'- 1d be 

read to an accuracy of - + 0.01 torr. Since the pressure range used with the Bourdon 

was usually 1.6 to 3.5 trr, 2 admissions of gas or 4. Bourdon readings were required 

to obtain a pressure measurement. This lead to a total error of 0.04 torr and 

for a total pressure of around 2 torr an error of 2Y resulted. 

The manometer readings could be made at best to 1 0.01 torr 6iving a 

total error of ± 0.04. torr. In most experiments done at less than 3.5 torr 

independent/ 
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independent manometer and. Bourdon readings were taken and the pressure was not 

deemed reliable unless both results agreed to within 0.01I  torr. 

6. ELECTRONICS 

A Solaritron power supply provided a D.C. voltage supply of 0 to 750 volts 

between the anode and cathode. Guard ring voltages were taDped from a resistor 

oin which was accurate to at least 2'. The total resistance in this chain was 

reduced from 500,000  ohms 78  to 50,000 ohms to minimise the effects of electrical 

leakage which were initially suspected. To counteract the increased current which 

passed through the grids a high resistance 47,000 ohms was placed between the 

resistor chain and the grids. The anode current was measured on a 33B Vibron 

electrometer connected to a high resistance which allowed currents down to 10_13 amps 

to be detected. The remainder of the electronics involving the switching r'rcuit 

was identical to that used by aiker78, and is shown in Fig. III 12. 

An oscillator driven b a variable speed motor provided a stabilised out-

put of 0.5 volt over a frequency range of 200 ko/sec. to 2 me/see. The oscillator 

output was fed to a wide-band transformer which drove two similar bistlo circuits 

each suppli& h;-  its own battcr3r. Tr.. 1 acted as a clipping amplifier driving 

the bitable formed by r7r. 2 and Tr. 3, dividing the input by two, and providing 

a square wave across the collector load of Ti. 3 at a frequency of 100 kc/sec. to 

2 me./see. The maximum amplitude of this square wave was 6 volt nominal, but it 

could be reduced in steps of 1 volt to give a range of 3. —k 6 volts by means of 

switches Si and S2. The centre point of the collector loads of Ti. 3 was con-

nected to a drift tube divider chain to maintain the grids at the correct potential 

with/ 
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with respect to the cathode. Small pulse transformers in the emitters of Tr. 3 

provided monitors to ensure that the two wave trains were in correct phase as 

observed in an oscilloscope. Phasing would be set my momentarily disconnecting 

and reconnecting the input. The circuit could be modified to give switching up 

to 12 volts in 2 volt steps as noted in Fig. III 12. 

During the measurement of a drift velocity the followingproceedure was 

adopted for measuring the current maxima: a suitable motor speed was chosen such 

that the current maximum could be approached from both lower and higher fre4L:1icies. 

The motor was switched off when the current maximum was reached. By the time the 

motor had stopped the frequency had passed the current maximum and its value determined 

accurately by connecting to a frquency meter. The frequency range was scanned 

again to check that the blip from the frequency meter coincided with the current 
f +f 

maximum. The true current maximum f n 	 n is given by f = ' 2 
	where f is 

the frequency obtained by a.proaching from one side of the current maximum and 

is the frequency obtained by approaching from the other side. 

7. MATERIALS 

Methane: Sample was obtained from the National Physical Laboratory who claimed 99.6CY3 

purity. The most probable impurities were stated to be N2, CO2  aM C2H6. A mass 

spec. and I.R. showed no detectable impurities. 

Tetradeuteromethane: The sample was obtained initially from 20th Century Electronics 

Ltd. who stated 99% purity. This was the same sample dti which Walker 8  made 

earlier drift velocity measurements. Both mass spec. and I.R. showed no detectable 

impurities. 
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Silane: The SiH was prepared by the reduction of SiC].4  with LiA1H and was 

the same sample which Walker78  used in earlier experiments. The gas was dried 

over P 2  0 5 
and both mass spec. and I.R. analysis showed no signs of impurities. 

Tetradeuterosilane: The SiD4  was prepared by reduction of SiC].4  with LiA1D4, 

and was the same sample which Walker78  used in earlier experiments. The gas was 

dried over P 2  0 5 
and the I.R. showed only trace quantities of the hydride or the 

mixed hydride-deuteride ( < 1%). 

Ethane: Ethane obtained from a Matheson cylinder was passed through a purification 

train of 3  jars of fuming 112504,  2 columns of KOH and 2 columns of P205. The gas 

was then frozen down in liquid N2  and the excess air pumped away. Impurities 

such as C2H4, CO2  were finally removed by fractionally distilling the ethane at 

a pressure of 18 torr and a temperature of -160°C. using an isopentane - liquid N2  

slush bath, the middle fraction being retained. An I.R. confirmed the absence 

of C 2  H  4  and a mass spec, showed no detectable impurities. 

Propane: The gas obtained from a Matheson cylinder was passed over Sofnolite to 

remove CO2  and P 2  0 5 to remove traces of 1120. Pumping at liquid N2  temperature 

removed last traces of 02  and N2. Both a mass spec. and I.R. showed no signs 

of impurity. 

Ethylene: The sample which was obtained from Walker78  had already been passed 

over sputtered sodium to remove traces of 020  After passing over P 2 0 5 
a mass 

spec. showed only trace quantities of 02 and CO2. 

Acetylene: (1) Acetylene obtained from a Matheson cylinder was passed through a 

purification train of 50% NaOH, aqueous chromic acid, HgC12/'HC1 solution, Nal-1803  

and KOH. Empty wash bottles were placed between each of the purifying reagents 

to/ 
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to prevent one reagent from being sucked into its neighbour thuse setting up side 

reactions. Air was first displaced from the pizrification train by 112  and the 

C 
2  H  2  was trapped down in liquid N2. The gas was passed over Sofnolite, Cad 2  and. 

P 
2 
 0 

5 
and finally pumped at liquid N2  temperature. 

(2) Acetylene from a Matheson cylinder was purified through hydrazine, conc. 

H2SO, NaOH and. then as in (1) through Sofnolite and P205. I.R. aM  mass spec. 

analysis of both samples showed no detectable impurities. 

Methyl Chloride: The gas, obtained from a cylinder was passed through 3 jars of cone. 

H2S0 to remove traces of (CH 3)20, 3 jars of NaOH, Sofnolite and P205•  A mass 

spec, and I.R. showed no detectle traces of impurities. 

Dimethyl Ether: (1) This sample was obtained from Walker78   and was passed over 

P205. 

(2) 	Dimethyl Ether from a Matheson cylinder was passed over Sofnolite and P 
2 
 0 
5 

and then pumped at liquid N2  temperature. 

I.R. analysis of both samples showed no trace of impurities. 

Methanol: (1) .Analor methanol was passed over Sofnolite and anhydrous CaSO 

and then pumped at liquid. N2  temperature. A mass spec. showed traces of 1120 

present. 

(2) Analar methanol was pumped at -800C. to remove. CO2  and then fractionally 

distilled at -55°C.  to -600C. where the vapour pressure of CH3OH is 100 to 200 

microns and the vapour pressure of 1120  is only 10 microns. The middle fraction 

was collected and a mass spec, showed less 1120  than in (1). Repeated fractional 

distillation failed to purify the CM3OH further. 

Phosphine: The gas was prepared by the action of potassium hydroxide and phos-

phonium iodide in an inert atmosphere. The apparatus used is shown in Fig. 111  13. 



FIG lit 13 	-PREPARATION OF PH3  

To pump 

-q 
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N2  was passed through the whole system and the PHI quickly transferred into the 

reaction vessel. Tap 1 was then closed to evacuate the section of the gas line 

containing the KOH, P 
2 
 0 
5 
and cold trap. When the KOH was allowed to react a 

vigorous reaction took place so tap 1 was reopened to prevent the pressure from 

building up. After collecting the PH3  in the cold trap the gas was dried over 

P 205  for several hours, The CuS0 solution was used to absorb any PH3  that might 

have escaped down the manometer tube. An I.R. showed no signs of impurities. 

PH4I + KOH 	o PH + KI + H 2  0 

Nitromethane: Analar nitromethane was passed through columns of Sofnolite and 

anhydrous CaS0 and pumped at liquid N2  temperature. H 2  0 impurity in the sample 

is suspected (cf GH3OH, prep. 1). 

8. RESULTS 

The apparatus was tested initially using N2  over a few E/p values where 

the drift velocity has been measured accurately. The results are shown in Table 

III 3, and agree with Lowke3  exactly. 

TABLE III 3. Drift Velcoity of N2  

1 	1 
Drift Velocity (cm / 	j sec.) 

E/p (volt 	cm. 	torr 	) 
Lowke's value 

p=9torr 	p=lOtorr 

2.0 1.28 	 1.28 

3.0 1.72 	 1.72 
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Methane: Results for 
CH  

are tabulated in Table III 4. and compared with other 

workers78"13  in Fig. III 14.  Below E/p = 5 the results are estimated to be 

accurate to 1 - 1.5%, but above E/p = 5 the accuracy decreases to around 3 - 4% 

athe highest E/p values. Comparision with WaLke 8showsgeneral agreement within 

the error limits specified above. Her results have been extended from E/p = 2 

to E/p = 17. 
Deuteromethane: Results for CD  are tabulated in Table III 5. and compared with 

Walker78  in Fig. III 15.  Her results have been extended from E/p = 2 to E/p = U. 

Results above this value could not be obtained because of the inefficiency of the 

grids. Both sets of results agree to within 1.5%  and the estimated error at high 

E/p values is estimated to be at maximum 3%. 
Si lane: Results for Sill  are tabulated in Table III 6. and compared with alker78  
in Fig. III 16. Her results have been extended from E/p = 8 to E/p = 22. 

Below E/p = 3 both sets of results ar c to within 1% but above this value the 
present values become considerably greater - in range 4 < E/p < 8 the difference 

is 7%. Below E/p = 10 the results are estimated to be accurate to 1.5%  increasing 

to 3% at the highest E/p values. 

Tetradeuterosilane: Results for 5±1)4  are tabulated in Table III 7. and compared 
with 1-Yalker78  in Fig. III 17.  Her results have been extended for B/p = 10 to 

B/p = 25. Below E/p = 5 both sets of results agree to within 1.5% but above this 

value differenoesof up to 5% appear. The error limits are identical to thosein 

Si_H4. 
Ethane: Results for C 2  H  6  are tabulated. in Table 111 8. and compared with other 

workers78  in Fig. III 18. Walker's results have been extended from B/p = 5 to 

'5/ 
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159 and both sets of results agree to within 1.5%.  Below E/p = 5 the error 

limits are 1 to 1.510o increasing to 3114 at E/p = 15. 

Propane: Results for C3!!8  are tabulated in Table III 9. and compared with other 

workers78  in Fig. III 19.  Walker's results have been extended from E/p = 5 to 

E/p = 15, and agreement is excellent, the maximum difference being only 1%.  From 

the reliability of the results the error is estimated to be 1% at low E/p rising 

to 23 at E/p = 15. 

Ethylene: Results for C 2  H are tabulated in Table III 10. and compared with other 

workers in Fig. III 20. Below E/p = 6 the results can be compared with Valker78  

and below E/p = 1 with Hurst and Parks17 	All three sets of results agree to 

within 1% below E/p = 1, but Hurst and Parks claim an accuracy of 0.50/0 and it is 

rckoned that in this range their results are the most accurate. Over the range 

1 < /p < 6 Va1ker and the present results agree to within 1.5%.  The accuracy 

of the present results decreases to Lrr)und 3% at B/p = 18.5 

At low E/p values the apparent efficiency of the grids was found to be 

greater than 100. This effect was found to a much greater extent by Walker and 

was partly removed by removing 	of 02  from the C 2  H which were forming negative 

ions. As the drift velocity altered very little it was considered unnecessary to 

try and purify the C 
2  H further. 

Acetylene: Results for both samples (i) and (2) were identical and are tabulated 

in Table III 11. and compared with other workers in Fig. III 21. Comparison 

with Walker78   shows agreement within 1 and her results are extended from B/p = 9 

to E/p = 19. Error limits are 1% at low E/p values increasing to 21%'at the 

highest E/p. 
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Methyl Chloride: Results for CH3C]. are shown in Table III 12. and compared with 

other worker 8in Fig. III 22. Consistent drift velocities in this gas were 

difficult to obtain and the present results are 10 to 15% lower than Walker's 

values. The error limits at E/p = 1 were therefore estimated to be 215  rising to 

5% at E/p = 34. The low electron photo-emission obtained in the drift tube at the 

time of these measurements may have led to some of the inaccuracies. 

Dimethyl Ether: Results for samples (i) and (2) were identical and are tabulated 

in Table III 13.  Fig. III 23.  shows a comparison with Walker's values78  which 

are 25% higher than the present results. Error limits are estimated to be 1% at 

low E/p rising to 2) at E/p = 17.5. 

Methanol: Results for samples (1) and (2) are tab lated in Table III 34.  and Fig. 

III 24. shows a comparison of results with those made in Walker's drift tube.(sampie 1) 

The results obtained from the old drift tube are 1 higher than those in sample ( 2) 

which are now estimated as being the Lt values. The difference was due to the 

presence of impurities in the CH3OH which were not removed in the experiments 

carried out in the old drift tube. Sample (1) showed traces of 1120  and this may 

explain why the results of sample (2) are 3% lower than sample (i). The results 

are estimated to be accurate to 1.5%  at low E/p rising to 31116 at E/p = 15. 

Phosphine: Results for PH3  are tabulated in Fig. III 15.  and compared with results 

measured in Walker's drift tube in Fig. III 25. Both sets of results agree to 

within 1%,  hence the error limits at low E/p are estimated to be 1% rising to 

at E/p = 20. 

Nitromethane: No results obtained. Electron attachment in this gas is suspected. 
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TABLE III 4.. 	Drift Velocities in C 

p 	orr) 	I.' ;;aikex's 
best 	25,86 
values. 	tori' 	17.97 13.99 

PRESENT RESULTS T =20°C. 

7.4.2 	4.19 	2.63 	1.63 
Best 
values 

0.056 cm/ 1j  sec. 0.65 0.65 

0.061 0.71 

0.062 0.72 0.72 

0.069 0.81 0.86 

0.070 0.83 

0.084. 1.08 1.08 

0.10 1.1 1.23 1.21 1.22 

0.14 1.88 1.88 

0.15 2.00 2.00 

0.2 2.9 2.90 3.01 2.95 

0.3 4.6 5.16 4,68 

0.33 5.22 5.22 

0.4. 6.6 6.40 6.40 

0.5 8.0 7.88 7.88 

0.6 8.9 8.78 8.78 

0.7 9.7 9.46 9.54 

0.8 10.0 10.06 10.05 

0.9 10.4 10.10 10.38 

1.0 10.4 10.58 10.50 10.64. 10.55 

1.1 10.61 10.4.6 10.60 
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TABLE III /. 	(Cont'd.) 

P( torr) .ai1cer 

p 
best 25.86 Best 

values tori' 	17,97 13.99 	7.52 4..19  2.63 1.63 values 

1.2 10.5 10.62 10.62 

1.3 10.56 

1.4 10.5 10.4.5 

1.5 10.32 10.25 

1.6 9.8 0.15 

1.8 9.7 9.85 

2.0 9.6 9.54. 9.514. 

2.5 8.70 8.57 8.70 

3.0 8.11 8.11 

3.5 7.4.7 

4.0 7.17 7.17 

4.5 6.76 6.77 6.76 

5.0 6.51 6.51 

5.5 6.30 

6.0 6.16 6.16 

6.5 6.01 6.01 

7.0 5.84. 5.84. 

7.5 5.83 

8.0 .72 5.77 5.75 
8.5 5.66 
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TABLE III 14., (Cont'd) 

p(torr) I I.Walkex?S 
I best 25.86 	 Best 

values tori' 17,97 13.99 7.52 4.19 	2.63 1.63 values 

9.0 5.60 5.62 

10,0 5.53 

10.5 5.54  5.514. 

11.0 5.14.5 

11.5 5.14.6 

12.0 5,4.2 5.14.2 

13.0 5.4.2 5.42 

15.0 5.14.7 5,47 

17.0 5.54 5.54. 
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TABLE III 5. Drift Velocities in CD 
	

PRESNT RESULTS T = 20°C. 

tori,) I.Valker's 
p  

best 
values 16.4.9 5.02 

0.067 crn/i sec. 0.87 

0.079 1.01 

0.092 1.18 

0.10 1.26 

0.20 2.8 2.90 

0.30 

0.35 5.56 

0.4.0 6.2 

0.4.5 7.11 

0.50 7.5 7.52 
I_ 
J.UU 0 	7 U.) 

0.65 8.4.3 

0.70 8.6 

0.80 8.7 

0.85 8.68 

0.90 8.7 

1.0 8.6 

1.2 8.1 8.1]. 

1.4. 7.7 

Best 
3.3E. 	2.65 	1.71 	values 

0.87 

1.01 

1.18 

1.26 

2.62 	 2.87 

4.314. 	 (.6) 

5.56 

5.97 

7.11 

7.67 	 7.55 

8.20 

8.51 	 8.53 

8.67 

8.64. 	 8.67 

8.4.6 	8.57 
8.22 	 8.15 

7.65 

1,5 	1 	 7.54 
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TTTY, III 5. ( Cont 'c]) 

p(1.orr) I. 	.a1kor 
beat Best 

values 	16.4.9 5.02 3.31*. 2.65 1,71 values 

1.6 7.2 7.17 

1.8 6.7 6.76 

2.0 6.3 6.44 6.58 6.44 

2.5 5.87 5.85 

3.0 5.4.2 

3.5 4.91 

4.0 4.62 4.77 4.62 

4.5 4.55 
5.0 4.33 4.33 
5.5 1 .24. 

6.0 4.09 4.I,24 4.11 

6.5 4.09 

7.0 4.02 

7,5 4.05 4.05 

8.0 3.99 

8.5 3.99 3.99 

9.0 3.95 3.95 

10.0 3.92 3.92 
11.0 .91 3.91 
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3.32 

5.22 

1.16 

1.29 

1.55 

1,85 

1.95 

2.55 

2.70 

2.91 

3.32 

3.59 

3.89 

4..52 

4..80 

5.22 

5.75 

79 

PRESENT R3ULTS T = 22°C. TABLE III 6. Drift Velocities in Si!!4. 

p(torr) I. va1ker's 
best 

E/p values 24.26 8.30 

0.135 cm/ JU 	sec. 0.34.8 

0.17 0.44.0 

0.20 0.4.5 0.515 

0.30 0.771 0.768 

0.4.0 1.0 

0.4.5 1.16 

0.50 1.29 

c.60 1.55 1.55 

0.70 1.85 

0.75 1.95 

0.90 2.35 

1.0 2.7 2.70 

1.1 2.91 

1.2 3,35 

1.3 3.59 

1.4. 3.95 3.89 

1.6 4.5 4..52 

1.7 4..80 

1.8 

2.0 5.9 5.69 5.80 

Best 
5.02 	2.73 
	

2.03 	values 

0.34.8 

0.440 

0.515 

0.770 



TABLE III 6. (Cont'd 

p(torr) 

E/p 

I. Walkers 
best 

values. 24.26 	8.30 5.02 2.73 
Best 

2.03 	values 

2.5 7.5 7.38 7.38 

2.7 8.13 8.13 

3,0 8,80 8.86 8,83 

3.4. 9.6 

3.5 9.96 9.96 

3.6 10.1 

3,7 10.65 10.65 

3.8 10.3 

4,0 10.6 11.15 11.03 11.10 

)+.2 10.9 

4.4- 11.1 

4.5 11.69 11.69 

4.6 11.13 

4.8 11,3 

5.0 11.4 12.07 12.00 12.05 

5.5 11.5 12.28 12.28 

6.0 11.4. 12.24. 12.24 12.24. 

7.0 11.13 12.08 12.08 

7.5 11.1 11.95 11.95 



TABLE III 6. (Cont'd 

81. 

p(torr) I. 1v]j 'S 

E/p values 	24.26 

8.0 10.75 

9.0 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

16.0 

17.0 

18.0 

20.0 

22.0 

8.30 	5.02 	2.73 2.03 
Beat 

values 

11.66 11.62 11.64- 

11.32 	11.37 11.34. 

10.95 10.95 

10.63 10.63 

10.22 10.22 

9.97 9.97 

9.73 9.73 

9.51 9.51 

9.33 9,33 

9.20 9.20 

8.94. 8.94 

8.71 

8.51 8.5]. 
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TABLE III 7. Drift Velocities in SiD4  

p ( tori') I. V/alker's 
best 

E/p values 9.36 

0. 30 cn/ P 	sec. 0.809 

0.50 1.3 1.33 

0.70 

0.75 2.1 

0.90 2.43 

1.0 2.9 

1.25 3.7 

1.5 4.5 4.26 

1.75 5,14. 

2.0 6.3 

2.5 3.0 7.59 

3.0 9.2 8.89 

3,5 10.0 9.96 

4.0 10.2 10.31 

4.5 10.3 10.L0 

4.6 

5.0 10.1 10,31 

5.5 9.9 

6.o 9.6 

6.2 

6.5 9.3 

PRESENT RESULTS T = 22°C 

Best 
4.05 	2,16 	1.89 	values 

0.81 

1.33 

1.59 	 1.59 

2.43 

2.68 	 2.68 

4.26 

5.99 5.99 

7.59 

8.89 

9.82 9.90 

10.4 	10.47 10.44 

10.42 10.42 

10.3]. 

10.24. 10.24. 

9.95 9.95 

.89 
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TABLE III 7. (Cont'd) 

-p(torr) I. 	'alker's 
best Beat 

E/p values 	9.36 4.05 2.16 1.89 values 

7.0 9.0 

7.5 8.6 9.13 9.18 9.15 

8.0 8.4 

8.2 8.82 8.82 

9.0 7,9 8.35 8.35 

9.5 8.24  8.2 4. 

10.0 7.4- 

10.2 7.94 7.94. 

11.0 7.59 7,59 

11.5 7.60 

12.3 7.32 7.32 

13.5 7.10 7.10 

14.4. 6.91 6.91 

15.5 6.65 6.65 

16.4. 6.55 6.55 

17.5 6.4.2 6.42 

18.5 6.29 6.29 

19.5 6.19 6.19 

20.5 6.08 6.08 

21.5 6.07 

22.6 5.98 5.98 

24.6 5.87 5.87 
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TABLE III 8. 	Drift Velocities in C 2  H  6 

'-(torr) I. Walker's 
best 
values 20.48 8.03 

0.064 cnV P sec. 

0.077 1.01 

0.089 1.14 

0.10 1.3 1.23 

0,15 1.8 1,89 2,16 

0.20 2.2 2.46 

0.30 3.30 

0.40 3.8 3.89 

0.50 4.27 

0.60 4.5 

0.70 4.74. 4.74 

0.80 50 

0.90 5.00 

1.0 5.1 5.10 

1.2 5.2 5.22 

1.4 5.3 

1.5 5.37 

5.4  

1,7 5.414. 

1.8 5.4 

PRESENT RESULTS T = 22°C. 

3.10 	2.08 	1.98 
Best 
values 

0.84. 

1.01 

1.14. 

1.23 

1.94 

2.4.6 

3.30 

3.89 

4.27 

'.7' 

5.00 

5.10 

5.22 

5.37 

5.44 
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TABLE III 

p(torr) 

E/p 

8. (Cont'd) 

I. Walkers 
best 

values 20.4.8 	8.03 3.10 2.08 1.98 
Best 

values 

2.0 5.4. 5.50 5.4.6 5,49 

2.5 5.4.5 5.51 5.51 

3.0 5.4 5.4.6 5. 48 

4..0 5.4.3 5.4.3 5.24 3 

5.0 5.35 5.35 5.35 

6.0 5.26 5.26 
525 at 

7.0 54 E/p = 6.5 

8.0 5.13 5.13 5.13 

9,0 5.16 5.12 5.12 

10.0 5.05 5.15 5.09 5.11 

11.3 5.10 5.11 

12.0 5.13 5.13 

13.0 5.17 5.17 

14..0 5.15 5.23. 5.20 

15.0 5.28 5.28 
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TABLE III 9. 	Drift Velocities in C3H8 PRESENT RESULTS T = 22°C. 

p( torr) I • Wa ker's 
best best 

E/p values 20.60 8.90 4..76 	2.66 	2.02 	values 

0.10 cm/ 1J sec. 0.562 0.562 

0.15 0.867 0.867 

0.20 1.21 1.21 

0.25 1.44 1,41. 

0.30 1.6 

0.35 2.00 2.00 

0.40 2.0 2.19 2.19 

0.50 2,4. 2.61 2.61 

0.60 2.8 2.92 2.92 

0.65 .07 3.07 

0.70 3.1 

0.80 3.4. 3.38 3.44 3.4.1 

0.90 3.6 

1.0 3.7 3.72 3.88 	3.72 

1.1 3.89 3.89 

1.2 3.9 3.95 3,95 

1.21 1 • o 4.16 4..].8 4.17 

1.6 4.2 4.31 4.31 

1.7 4.38 4.08 

1.3 4.3 4.42 



TABLE III 9, (Contd.) 

-.p(torr) I. Talker 
best Best 

E/p values 25.60 	8.90 4.76 2.46 	2.02 values 

2.0 4.11. 4.55 4.55 

2.2 4,5 

2.14. 4.6 4.64. 4.64 

2.6 4,7 

2.8 4.7 4.75 4.75 

3.0 4.8 4.79 4.79 

32 4.8 4.81 4.81 

3.14,  4.8 

3.6 4.9 4.87 4.87 

4.0 5.0 4.93 4.91 4.92 

4.2 5.0 

4.4 5.0 

4.5 5.0 4.98 4.90 4.98 

4.6 5.0 

5,0 5.0 4.99 4.97 4.99 

5.5 4.96 

6.0 5.00 5.00 

5.00 

7.0 5.02 5.02 

7.5 5.02 



TABLE III 9,Jgont' dl 

p(torr) I. Walkers 
best 

li/p :ues 

8.0 

8e5 

9,0 

d 

10.0 

11.0 

12.0 

13.0 

:14. 0  

15.0 

Best 
25.60 8.90 4..76 246 2.02 values 

5.OZ. 	 5.014- 

5.04 

	

.04

5.04. 	 5.05 

5.10 

	

5.05 	 5.06 

5.09 	 5.08 

	

5.09 	5.09 

5,10 	 5.10 

5.16 	5.11 	5.11 

5.13 

	

5.16 	5.15 



7 

me 

cm 

2 

J  4 	6 	8 2, 
E/?'(volt 	torr14 	

16 	18 	20 	22 



TABLE III 

p(torr) 

E/p 

89. 

10. 	Drift Velocities in C2H4.PRESENT 

I. v:a1er's 	Hurst & 
1. 	 Parks 

values 	results 	25.21 

RESULTS T 

21,18 	7.34 

= 22°C. 

Best 
2.38 	values 

0.078 cnVj sec. 0.74. 0.69 0.71 

0.10 0.92 0.90 0.91 

0.15 1.26 1.28 1.27 

0.20 1.8 1.70 1,62 1.62 1.62 

0.25 1.95 1.95 

0.30 2.33 2.4. 2.28 

2.9 2.87 2.73 2.81 2.83 

0.50 3.33 3.18 3.25 

0.60 3.7 3.64 3.62 3.63 

0.70 3.90 3.88 3.83 3.88 

0.80 '..2 4.20 4.17 4.18 

0,90 4.32 4.31 4.31 

1.0 4,5 L.52 4.4.7 4.53 4.50 

1.1 4.57 4.57 

1.2 4,9 4,79 4.79 

1.4, 5.0 4.92 4.92 

1.5 4.95 4.91 

1.6 5.1 

1.7 5.07 5.07 

1.0 5.1 



5.11 	 5. U 

5.07 	5.07 

4.98 
	

4.98 

4.90 
	

4.90 

4.714. 	 4-74 

4.75 

4.68 4.68 

4.65 4.65 

4.70 

4.77 .4.77 

4..83 4.83 

4.94 4.94. 

!.05 5.05 

TABLE  III 10Lc9a 

90. 

p(torr) I I. 1'a1ke?s 
best 

E,/p r. 1es 

2.0 5.1 

2.3 

2,5 5.1 

2.6 

3.0 5.0 

.1.) 4.9 

4.0 4.8 

4.5 4.7 

5.0 2 f.65 

6.0 

7,0 

8.0 

9,0 

10.0 

11.0 

12.0 

Hurs t. ) 
Parks' 
results 25.21 21.18 7.314. 

5.08 5.12 

5.10 

Best 
2.38 values 

5-10 
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TABLE III 10. (Cont'd.) 

p(torr) 
	

I. Walker's 	Hurst & 
best 
	

Parks' 	 Best 
E/p 	 values results 21.18 7.34 2.38 1.82 values 

5.12 	5.12 

5.16 5.16 

5.29 5.29 

5.35 5.35 

5.4.0 5.4.0 

5.49 5.14.9 

5.52 5.52 

5.66 5.66 

5.82 5.82 

5.97 5.97 



Drift VeiocWes in CH2  

16 18 	20 	22 10 	12 	1 

E/P(volt cm-1  torrl) 
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TJULE III 11. 	Drift Velocities in C2H2  PRESET RESULTS T = 22°C. 

p(torr) I. Walker's 
best Best 

values 17.64* 10.69* 	4. 09 3.39* 2.56* 2.06* 	1.75  values 

0.15 cnVp sec. 0.58 0.58 

0.20 0.5 

0.923 0.923 

0.1.0 1.25 1.38 1.38 

0.60 1.8 1.93 1.93 

0.71 2.14. 2.14. 

0.0 2.3 2.4.0 	2.37 2.38 

2.7 2.79 2.66 2.73 2.73 

1.1; 2.85 2.85 

1.2 3.1 

1.4 3.4 3.36 3.42 3.40 3.4.0 

1.5 5.53 3.53 

3.7 3.70 3.70 

1.8 3.9 3.90 3.90 

2.0 4.1 4.12 4.04. 4.10 

2.1 4.18 4.18 

2.2 4.3 4.27 4.27 

2.4 4.5 4.4.8 4.48 

2.5 4.53 

2.6 4.6 
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TABLE III II. (Cont'd) 

p(torr) I. rra1kr's 
best Best 

values 	l7.64) 10.69* 	lf.09 3.39 2.56 2.06* 175k 	values 

2.8 4.75 4.69 4.71 4,70 

3.0 4.8 

32  493 493 

3.5 5.0 5,35 5.04 5.05 

4.0 5.2 

1') 5.23 5.23  

4.151 r .31 

5(: 535 539 539 

5.42 5.42 

6.o 5.4. 5.47 5.47 

6.5 5.51 

7.0 5.4 5.50 5.50 5.50 

8.0 5.4 5.53 5.53 

8.5 5.56 

9.0 5.5 5.55 5.55 

10.0 5.57 5.57 

10.5 5.58 	5.58 

11.0 5.61 5.61 

12.0 5.63 5.63 

13.0 5.68 5.68 
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¶BLE III U. (cont'j 

p ( tori') I • Jalkr's 
best 
	 Best 

E/n 	values 17.6 l0.69 i.09 3,39w 2.56* ,,06* 1.75"'values 

1; 
	

5.75 	5.75 

15.0 
	

5.81 	 5.81 

17.0 
	

5.89 5.89 

18.0 
	

5.98 	5.98 

19.0 
	

6.12 	6.12 

ample (i) 

+ Sample (2) 
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TABLE III 12, Drift Velocities in CH3C1 	EESENT RESULTS T = 22°C. 

Best 
( torr) I .v;aiker's 	 values 

	

best 	 Best from 
E/ 

 

	

value 	.25 5.22 2.80 2.51 2.19(5)  1.96 1.81 values graph 

LU 0.15 cnVjj sec. 0.10 

1.3 0.11+]. 0.141 0.141 

0.152 0.J" 0.152 

2.0 0.18 0.181 0.183 0.182 0.182 

2.5 0.214. 0.228 0.224. 0.225 0.225 .2[ 

3.0 0.30 0.284. 0.281 0.282 0.282 

3.5 0.36 0.333 0.325 0.330 0.330 

0.14.3 0.4.04. 0.383 0.395  0.395 

4. ,  0,51 0,4.76 0.4.59 0.4.65 

5.0 0.61 0.562 0.562 0.562 0.562 

5.5 0.72 0.633 0.633 

6.0 0.88 0.788 0.723 0.78 

6. 1.1 0.931 0.888 0.91 

7,0 1.24. 1.11 1.11 1.08 

7.5 1.5 1.24. 1.24. 1.35 

8.c 1,8 1.40 1.4.0 1.4.5 

8.5 2.1 1.78 1.70 1.74. 1.70 

9.0 2.3 2,03 2.03 1.97 

9.5 .12 2.12 2.18 

10.0 2.35 2.35 2.45 



TABLE III 12. (Cont') 

p(torr) 

E/p 

I.V;alker's 
best 

values 	9.25 	5.22 	2.80 	2.61 
Best 

2.19(5) 1.96 	1.81 	values 

Best 
values 
from 
graph 

10.5 2.77 	2.70 2.77 2.70 

11.0 2.99 	 2.99 2.93 

11.5 3.12 	3.12 3.12 

12.0 3.25 	3.25 3.30 

34.0 3.79 	3.79 3.83 



0 	2 	4 	6 	8 	10 	12 	14 
UP (volt cm-1 torr1) 16 

	18 	20 

7 

11 

2 
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TABLE III 13. Drift Velocities in (CH 3)2o 
	

PRESENT RESULTS T = 22°C. 

p( torr) 	I. Walker's 
best Best 

T/p values 21.1l 5.4-1k  5.36* 2.52* 2.07+1.85* values 

0.4.0 cnVp sec. 0.098 0.098 

0.60 0.138 T,138 

0.80 0.182 0.182 

1.0 0.24. 0.229 0.233 0.233 0.232 

1.3 0.297 0.297 

1.5 0.37 0.34-5 0.34.5 

1.6 0.381 0.381 

2.0 0.55 0.486 0.4.80 0.4.87 0.4.79 0.4.86 

2.5 0.68 0.606 0.606 

3.0 0.88 0.785 0.791 0.788 

3.5 1.2 0.937 0.937 0.937 

4.0 1.4 1.15 1.17 1.16 

4.5 1.33 1.33 

5.0 2.1 1.61 1.64. 1.59 1.61 

5.5 2.4 1.85 1.85 

6.0 2.8 2.17 2.22 2.20 

6.5 2.46 2.46 

7.0 3.7 2.97 3.00 2.79 2.80 

7.5 4,0 3.].]. 3.11 

8.5 3•73 3,73 



TABLE III 13. (Cont'd 
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p(torr) I. Wa1kers 
beat 

E/p N 	 values 

9.0 

9.5 

10.5 

11.0 

11,5 

12.5 

13.0 

13.5 

15.5 

17.5 

* Sample (i) 

+ Sample (2) 

Best 
21.11 	541k 	5.36* 	2.52* 2.07k  1.85* values 

4.06 4.06 

4.32 L..32 

4.70 4.70 

4.88 4.88 

5,03 5.03 

5.29 5.29 

5.40 

5.40 5.40 

5-56  5.57 5.57 

5.66 5.66 



L 	Ai L 

4 	6 	8 	10 	12 	14 	is 	is 
E/P(vott cmtorr) 

0 2 

Fl 
a, 
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TABLE III LI,., Drift Velocities in CH3OH 	PRESENT RESULTS T = 22°C. 

Np(torr) 
dOld 
rift 
tube best 

results 3.53 3,19k  2.93'  2.60* 2.4.9k  2,04. 	1.71k  values 

1.0 0.13 Cm/ JJ sec. 

2.0 0.26 0.247 0.247 

2.5 0.321 0.321 

3.0 0.4.1 0.378 0.357 0.357 

3.5 0.4.37 0.4.35 0.4.36 

4.0 0.55 0.506 0,506 

4.5 0.595 

5.0 0.69 0.652 0,620 0.62C 

5.5 0.716 0.716 

6.0 0.87 0.805 0.799 0.802 

7.0 1.01 0.986 0.927 0.927 

8.0 1.3 1.17 1,15 1.16 1.16 

8.5 1.32 

9,0 1.4.1 1.31 1.30 1.31 

9.5 1.51 1.51 

10.0 1.9 1.65 1.65 

10.5 1.77 1.77 

11.0 2.02 1.84 1.96 	1.84 
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TABLE III ]J. (Cont'd) 

Old 
Np(torr) at 

N. tube Best 
at/p results 	3.53 3.l9 	2.93k 	2.60* 	2.4.9k 	2.O4 	1.71 values 

12.0 2.8 2.32 2.32 

12.5 2.37 2.37 

14.0 4..0 3.25 

34.5 3.22 3.22 

16.5 4.15 4.15 

* Sample (i) 

+ Sample (2) 
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TABLE III 15. 	D1ft Velocities in PH 

Old 
p(torr) drift 

tube 
E/p results 19.4.6 4.90 

0.35 cm/p sec. 0.107 

0.4-0 0.122 

0.60 0.183 

0.70 0.222 

0.80 0.248 

1.0 0.28 0,313 0,02 -12  

1.2 0.385 

1.3 0.437 

1.5 0.4-9 0.501 

1.7 0.615 

2.0 0.81 0.760 

2.1 0.845 

2.5 1.12 1.07 

3.0 1.70 1.59 

3.5 2.19 

4.0 3.1 

4.5 3.57 

5.0 4.6 

6.0 5.8 

6.5 

PRESENT RESULTS T = 22°C. 

Best 
2.64 	 values 

0.107 

0.122 

0.183 

0.222 

0.24-8 

0.318 

0.385 

0.437 

0.501 

0.615 

0.760 

0.845 

1.07 

1.59 

2.19 

3.57 

4.67 	 4.67 

6.21 
	

6.21 



TABLE III 15. (Cont'd. 
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Old 
p(torr) 	drift 

tube 
E/p 	results 19.4.6 6.90 

7.0 	I 	6.6 

7.5 

8.5 

9.0 	7.5 

9.5 

10.0 	7.5 

10.5 

11 	7.6 

11.5 

12.0 

12.5 

13.0 

14.0 

15.0 

16.0 

17.0 

18.0 

19.0 

20.0 

Best 
2.64. 	2.04. 	values 

6.81 	 6.8]. 

7.19 	 7.19 

7.39 	 7.39 

7.52 7.52 

7.57 7.56 

7.59 7.59 

7. 7.61. 

7.66 7.67 

7.72 7.72 

7.78 7.78 

7.79 7.79 

7.82 7.82 

7.85 7.85 

7.89 7.89 

7.92 7.92 

7.99 7.99 
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9. DISCUSSION OF ERRORS 

Errors due to Diffusion 

Diffusion effects on the electron pulses are greatest when the pressure 

is small. Since no pressure dependence of the drift velocity was noticed (within 

the accuracy of the measurements), errors due to diffusion were considered to be 

small. 

Contact Potential Errors 

Since both golduttering and gold plating techniques were employed in 

the making of the guard rings and grids, it is reasonable to assume that contact 

potential differences of up to 200 my could exist between the gold surfaces. All 

results were taken with the electric field > 1.5 volt/cm. and these làwfields 

were only employed at the lowest E/p values ( < 0.1). From the moasureiients made 

no indication of spurious results Was suspected, 

Distortion of the Electric Field 

The voltage aplied to each guard ring was correct to at least Z and 

the values of the resistance governing these voltages checked period!c.". This 

accuracy was reckoned to be adequate as Lowke3  has carried out experiments in which 

he made large distortions in the electric field and found only small changes in the 

drift velocity. The maximum P.D. across adjacent grid wires was 12 volts, but no 

difference in the drift velocity was noted when this P.D. was varied to values 

between 12 and 2 volts. In all Casep however, the minimum P.D. which gave a 

reasonable grid efficiency was used. 

a) Temperature and. Pressure 

Absolute pressure measurements were made to 0.04 torr. All results 

were/ 
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were made at pressures greater than 1.63 torr hence the maximum error due to 

pressure measurements occurs at the highest E/p values and amounts to 2%.  At 

intermediate and. low E/p values errors due to pressure measurment are 1% or less. 

During a drift velocity run the temperature of the pot was maintained 

wi 	
0 	 0 	 i 	

0 thin 3 K. and very often within 1 K. A change n temperature of 3 K. alters 

the pressure in the pot and hence the E/p value by 1%.  A 1 change in E/p usually 

results in a change of less than 1% in the drift velocity. The error is therefore 

not serious and can be taken into account quite readily. 

Space Charge Repulsion 

Space charge effects take effect when electron currents of 10 9  amp 

or greater are used. In the present experiments the electron currei: t v ned. between 

10 	amps and 3 x 10710 amps and hence space, charge effectsre deemed negligible. 

Phase Errors in the Rectangular Voltages 

The electronics was designed so that the two grids either functioned 

exactl 	ha-se with one another or exactly 1800  out of phase. If the two grids 

did not function exactly in phase with one another, the frequency of U. current 

maximum would not always be simple 	multiples of the fundamental frequency. In 

most cases the frequency of the current maximum could be measured to < 0.5% and no 

variation in the fundamental frequency was noticed. 

In gases where the grid efficiences became poor at high E/p (e.g. CH4., 

CH3Cl) and where the drift velocity was quite high, difficulty was experiencelin 

determining the fundamental frequency accurE 'y. Since 4. mo/see, was the max-

imum obtainable frequency there was often only 1 current maximum available where 

the frequency could be measured and an error of 	was estimated to occur when 

the grid efficiency was poor. 



105. 

Sparking between the Guard Ring Wires and Base Plate 

At high E/p values the potential difference betwwen the anode and cathode 

varied from 500 to 750 volts. Because the wires carrying these high voltages came 

through the base of the pot which was at zero potential, large fields were set up 

in the neighbourhood of the two multiple current lead-ins • If the voltage was 

increased gradually a value was reached, which varied from gas to gas, at which 

sparking occurred between the wires and the base plate. 

On studying this effect with (CH 3)20 at a pressure of 2 torr, sparking 

commenced at E/p = 17.5 	After 10 sec. sparking,the gas pressure, as 

measured by the Bourdon gauge, had risen b' l'o,and after 1 minute sparldng,the 

pressure had risen by lC. The drift velocity also rose from 5.57 c.m./ fri sec. to 

5.94 c.rn./f) see. This sparking probably caused the (CH 3)2o to decompose into 

C21i6, CO, CH amongst other gases, thus resulting in a change of pressure and drift 

velocity. 

AU drift velocity readings were therefore terminated below the sparking 

voltage and no results were taken once sparking had commenced. No variation in 

pressure or drift velocity was noticed at voltages just below the sparking voltage. 

Covering the wires with small glass spacers around the current lead-ins raised the 

sparking voltage a little, but much better insulation will be required to remove 

the sparking  completely. 

Summary. 

The chief sources of error have been shown to be: 

absolute ressure:. measurement: 	0.5' at low E/p, around 211  at high E/p 

frequency errors in determining current maxima: 0.5% at low E/p, around 

at high E/p 
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3. 	temperature variations during a run:<zO.5% at low E/p0.5 

at high W 
Total error: 1 to 1.5% at low E/p, 3 to k% at high E/p 

The total error given above gives a rough guide how the errors given in 

Section III 8. were evaluated. However, each gas had to be taken independently, 

the error limits being also influenced by the reproducability of the drift velocity 

results with varying pressure. 
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CHAPTER IV. 

DISCUSSION. 

The similarity in behaviour of slow electron scattering with various 

types of simple polyatomic molecules provides a basis for subdivision into three 

general types of molecule: 

non-polar molecules. 

quadrupolar molecules. 

polar molecules. 

At low electron energies the electron can interact with the permanent 

moments in the quacirupolar and polar molecules exciting the internal. rotational 

motion of the molecule. No rotational excitation is therefore expected on this 

basis in non-polar molecules. At higher energies, all three types of molecule are 

subject to vibrational and electronic excitations either by direct orresonance 

mechanisms 

The present drift velocities (w) are combined with Townsend Energy 

Coefficients (k, values)over the whole range of E/p vales to obtain mean total 

cross-sections 	and fractional energy losses Oh). The trends in w, k1  , 

and 	values for each general type of molecule are then analysed in sections 

is  3 and ) to provide a basis for qualitatively discussing the tpes of inelastic 

processes taking place. In Section 2, the more refined analysis outlined in 

Chapter II. is applied to some of the non-polar gases to evaluate realistic momentum 

transfer and vibrational cross-sections which give agreement with the experimentally 

measured w and k1  values. 
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1. NON-POLAR MOLECULES 

a) Methane 

Electron drift velocities in the range 0.02 	E/p 	0.60 have been 

measured by several workers and are shown in Fig. IV 1. Although disagreeing 

with Bowman and Gordon 13; at higher E/p values, the present results 	ee very well 

below E/p = 0.08. A compar'n with other work indicates good agreement with 

Walker78  and fair agreement with Bortner, Hurst and Stone 5  and. Hurst, Stockdale 

and 0'Kel1y 113  . At higher E/p values, the present results agree with Walker 

within the limit :f experimental error over the range 0.6 < D/p < 3.0, but are 

arproximately 25% lower than those of Bortner, Hurst and Stone over the range 0.6 

E 80 see Pig. III 4. Evidence in favour of the present results is seen 

-g. IV 2. where a smooth curve can be extrapolated to fit the electron drift 

velocities of Frommhold117, Franke 118, Tho1l119  and Cookson 120  7: ho ;iade measurements 

in the region 30 < E/p < 45. Although it is perhaps premature to estimate which 

of the high E/p drift velocities fits most closely to the present values, it does 

appear that the measurement made by Frommhold. at E/p = 30 is fractionally too low. 

Townsend energy coefficients have been measured at low E/p values by 

Walker37  and Cochrane and Forrester28. The results of Cottrell and Walker are 

preferred since the k 1values measured by Cochrane and Forrester do not tend to 1 

at thermal energies. In the range 2.0 E/p 8.0, the results of both Maydan 38 

and Cochrane and Forrester overlap closely with those of Cottrell and Walker. 

Above E/p = 8, a curve can be extrapolated to coincide with the k1  values measured 

by Schlumbohz?21  at E/p 40 (see Fig. IV 3.) 

Approximate mean total cross-sections and fractional energy losses are 

calculated from equations I 19.  and I 20. assuming a Maxwellian energy distribution, 

and/ 
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and the values obtained are listed in Table IV 1. and shown in Figs. IV 10 and IV 4.. 
From drift velocity measurements at different temperatures, Bowman and Gordon 114 

calculated momentum transfer cross-sections in range 0 < E < 0.06 ev. which c 

in fair agreement with the present Q 
tot.  values. Although the present results 

show a Q tot. minimum at 0.2 ev., Ramsauer and Kcllath122  foun a 	minimum of 

the same magnitude as the prit results (1.3 x 10_16, cm2) but at twice the 

energy (0.4ey.) using a Ramsauer experimét. For electron energies shove 1 ev. 
the total cross-section measured by Bruche123, again using the Ramsauer experiment, 

rises much more steeply with energy when compared with the present Q 	values. 

The averaging proceedures involved in assuming a Maxweflian distribution may partly 

explain the large differences in the total cross-section. Heylen' has pointed 

out that the distribution in CH4  is less likely to be Maxwellian than for succeeding 

members in the paraffin ccs (cH6, C3H5  etc.) 

The fractional energy loss values indicate a sharp maximum at 0.14.8 ev., 

decreasing rapidly to a constant value around a mean energy of 3 to 4. ev. There 
are 1 fundamental vibrational modes in CH 4. in which the lowest two ('(4. and  y 2) 
- 
J.e 	rly close to the /\ 	value 125 max. 

Stretching modes: Y at 2914 cm -1 	0.361 ev. 

'(3 at 3020 cm -1 : 0.374. ev. 

Bending modes: 	Y2 at 1526 cm 	0.189 ev. 

'(4. at 1306 cm -1 	0.162 ev. 

Excitation of the Y bending mode apears to be the prime source for 

electron energy loss, although there is no real reason  why excitation of the ' 2 

mode/ 
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mode should not occur to a certain extent as well. It is unlikely, hovevcr, that 

a swarm experiment could distinguish the relative amounts which the V'2  and 

modes contribute to the total energy loss. The continual sharp fall in )\ at 

higher energies suggests that excitation to higher vibrational leve1s is of sec-

ondary importance and does not influence the transport coefficients w and k1  

appreciably. 
dk 

The rise in drift velocity and the decrease in 	for E/p> 12 is 
dt 

indicative of further inelastic processes (the inelastic processes lowering the 

mean energy of the swarm). At E/p = 12, the mean energy assuming a Maxwellian 

distribution is around l ev., hence high energy electrons in the tail of the 

distribution can be expected to have energies of approaching 10 ev. uitchburnh26 

has indicated two possible dissociation mechanisms for CH1f  at energies less than 

10 ev,: 

CH 	) C.113. + H. 	 Excitation energy = 4.4 ev, 

	

CH 2 • + H 2 
	 Excitaon energy = 7.9 ev. 

So far, however, neither optical or electron impact spectra ho indicated 

that GFi dissociates by either of these two mechanisms. 10.1 ev. is the energy of 

the lowest reported electronically excited state in CH51,63,127.  It only requires 

a few electrons to lose this amount of energy for the traizport coefficients w, 

and k1  to be affected. It does appear understandable that the electron drift 

velocities in CH should pass through a. minimum around E/p = 12. 



TABLE IV 1. Calculations in CH assuming a Maxwellian Energy Distribution 

T = 293°K. 

volt 	cm 	torr 

w 

( cm'pzec.) 

k E 

(ev.) Qt0t.0'6cm 2 A 

0.10 1.22 1.11 0.041 3.31 0.026 

0.20 2.95 1,4.3 0.053 2.39 0.107 

0,30 4..68 1.96 0.073 1.93 0.196 

0.4.0 6.4.0 2.60 0.096 1.64. 0.276 

0.50 7.88 3.24. 0.120 1.4.9 0.336 

0.6O 8.78 3.98 0.14.7 1.44 0.34.0 

0.70 9.54. 4..80 0.178 1.4.1 0.333 

0.80 10.05 5.72 0.212 1.4.0 0.310 

0.90 10.38 6.70 0.248 1.4.1 0.285 

1,0 10.55 7.70 0.285 1.44. 0.256 

1.2 10.62 9.70 U. 1.53 0.206 

1,4. 10.4.5 11.8 0.44 1.65 064. 

1.6 10.15 14.4. 0.53 1,75 0.127 

1.8 9.85 16.8 0.62 1.88 0.102 

2.0 9.54. 19.6 0,73 2.00 0.082 

3,0 8.11 33.8 1.25 2,68 0.034. 

4.J 7.17 46.3 1.72 3.48 0.0195 

6.0 6.16 73.2 2.71 4.79 0.0091 

8.0 91.0 3.37 6.15 0.0064. 

10.0 5.53 102.9 3.81 7.52 0.0052 

1.0 5,)+2 110,8 4.10 9.61 0.0047 

17.0 5.54. 121.5 4,50 11.7 0.0044 
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b) Deutfro-Methane 

Compared with Cu4., much less information is available concerning CD 4.. 

The pre •'4 'ieotron drift velocities agree closely with Walker 78 in the range 

0.2 E/p 2.0 (see Fig. III 15.)  Above E/p = 2, no measurements have been made 

with which the present values can be compared. 

values were measured by Cottrell and. Walker 37  in the range 0. 2 E/p 

2.0. As CD4. would be expected to behave similarly to CH4., the k1  values are 

	

extrapolateu. to E/p = 1+ to give a rough indication of how the Q 	and values 

tend at higher E/p (see Fig. IV 5.). The resulting Q 
tot 

 and X values, cal-

culated from equations I 19. and I 20. assuming a Maxwellian distribution, are shown 

in Figs. IV 15. and IV 4.. and Table IV 2. It will be shown in Section 2 how these 

tot. values provide a basis for evaluating momentum transfer and inelastic cross-

sections. 

The fractional energy loss values show a sharp maximum around 0.14. ev. 

The dij: ; e in mass between hydrogen and deuterium results in lower fundamental 

vibrational frequencies in CD 4. compared with CH 4 
125: 

Stretching modes: 	Y at 2085 crn. 	: 0.258 ev. 

	

at 2258 cm. 	: 0.280 ev. 

Bending modes: 	Y2 at 1054. CtL 1  : 0.131 ev. 

	

y. at 996 c cm 	: 0.127 ev. 

The electrons arrepr to lose energ y  -6o the bending modes 
2 
 and Y. in 

CD4.. As in 	the Y 2  anu Y4 modes are as close together that it is impossible 
to distinguish which onu,  is predominent. The continual deorease in X at higher 

energies suggests that excitation to higher vibrational modes is of secondary 

importance. 
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The ionization potential of CD lies at 12.9 ev.'28, but it is 

expected that an electronically excited state of CD exists around 10 ev. as 

in CH •  The constant values of the drift velocity around E/p = 11 indicate that 

electrons in the high energy tail of the distribution may be suffering large 

inelastic losses. Application of the Schulz electron trap experiment in this 

energy region should clarity the situation. 
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TABLE IV 2. Calculations in CD4. assuming a Maxweflian Energy DiEtribution 

T = 293°K. 

E/p 	 w. 	is1  

volt c.m,torr 	(c.m./p sec.) 	(ev.) Qt0t?0'60.m.2 

0.10 1.26 1.10 0.01,.1 3.19 0,025 

0.20 2.87 1.4.0 0.052 2.48 0.101,. 

0.30 4.65 2.2 0.081 1.81,. 0.174 

0,4.0 6.32 3,0 0.11]. 1.54 0.236 

0.50 7.55 3.9 0.11,1,. 1.41 0.259 

0.60 8.20 5.0 0.186 1.38 0.238 

0.70 8.53 6.0 0.222 1.4.1 0.215 

0.80 8.67 7.4. 0.274. 1.4.3 0.180 

0.90 8.67 8.8 0.326 1.4.8 0.151 

1.0 8.57 10.4 0.39 1.53 0.125 

1.2 8.15 13,5 0,50 1.69 0.087 

1.4. 7.65 16.9 0.63 1.88 0.061 

1.6 7.17 20.5 0.76 2.08 0.044 

1.8 6.76 21,..1 0.89 2.29 0.031,. 

2,0 6.44 28.5 1.06 2.4.5 0.026 

2.5 5,85 38.8* 1.44 2.89 0.0155 

3.0 5.42 50.5* 1.87 3.28 0.0102 

4.0 4.62 72.8* 2.70 4.28 0.0051 

5.0 4.33 

6.0 4.11 

7.5 4.05 

9.0 3.95 

11.0 3.91 

* Extrapolated k1  values 
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c) Silane and Deutilane 

Since few measurements have been made in SiH4. and BID . the results 

obtained for these gases are discussed together. 

The present relectron drift velocity measurements in both gases are 

compared with Walker78  over the range 0.5 E/p 10 in Pig. III 16 and III 17....  Agreement 

is good below E/p = 4., but above this value the present results are around 5% 
higher in both gases. No reason for the differences in results is apparent at 

present. As the same samples were used, impurity effects in the present results 

would tend to decrease rather than incr©.e the results obtained by Walker. 

Above E/p = 101, the present results are the only values in existance. 

Townsend energy coefficients have been measured in both gases at 2930K. 

by Cottrell and. Walker37  and Maydan38  over the ranges 1 < E/p 8 and 8 < E/p < 20 

respectively. At E/p = 8 where the two results overlap, agreement is excellent 

in SiH4. and fairly good in BID 4. (See Fig. IV 6.) 

Drift velocities and k1  values are combined to calculate Q 	and 

values using equations I 19.  and I 20. for a Maxwellian distribution at 2930K. 

(see TablesIV 3. and. IV 4..  and Fig. IV 7. and IV 8.). Pig. IV 7. indicates .a 
pronounced Q 	minimum around 0.3 ev. in both gases, but the magnitude ( 6.5 

- 	2 i x 10 	) s much greater than the coiresponding minimum value in CH. As 

will be seen later, this is partly due to inelastic processes and partly a quantum 

mechanical effect. It should be; noted that the lower drift velocity of Walker 

produces a steeper rise in Q tot. above the cross-section minimum. 

Calculation of the fractional energy losses indicate sharp maxima at 

0.14 ev. and 0.10 ev. in Sill4. and. SID 4. respectively. These values are in accordance 

with/ 
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with the isotope effect if vibrational excitation is assumed, viz, lower vibrational 

frequencies in SiDk  compared with SiHk : 

Vibrational fundamental modes in SiH41 25: 

Stretching modes: 	'1 at 2187 	0.271 ev, 

V'3 at 2183 CM 71 	0.271 ev. 

Bending modes: 	'V'2  at 978 cm 1 	0.121 ev. 

at 910 	0.113 ev. 

Vibrational fundamental modes in SiDk 129  

Stretching modes: 	Y at 1582 cm 	: 0.196 ev. 

at 1597 cm -1 
	

0.197 ev. 

Bending modes: 	
''2 at 689 cm 	: 0.085 ev, 

at 681 cm 	: 0.084 ev. 

In both gases, as in CH   and CD 49  excitation to the fundamental bending 

vibrational modes appears to be the Major inelastic process. The rapid fall in 

with increase in energy again indicates that excitation to higher order vib-

rational modes is of secondary importance, and does not affect the transport 

coefficients w and k 3.  appreciably. 

Neither SiHk  or  SiDk  have been studied thoroughly in the energy region 

1 to 11 ev. and no electronically excited states for these molecules have been 

reported. The ionization potential of S±H1  is 11.4 ev.130, but the 'levelling off' 

of the drift velocities around mean energies of 3 ev. seems to indicate that other 

inelastic processes are occurring below the ionization threshold. 



117. 

TABLE IV 3. Calculations in 31114  assuming a Maxwellian Distribution 

T = 293°K. 

E/p 	
1 volt o.m.' torr 

W, 

(c.m./sec.) ji 
Ic 

(ev.) Qtot. xl016 	2  a.m. A 

0.50 1.29 1.10 0.04.1 15.6 0.027 

1.0 2.70 1.2 0.044 14.3 0.108 

1.5 4.20 1.5 0.056 12.3 0.208 

2.0 5.75 1.7 o.c,,,',3 11.3 0.34.5 

2.5 7.38 2.3 0.086 9,4.2 0.420 

3.0 8.83 3.0 0.111 8.27 0.460 

3.5 9.96 3.8 0.14.0 7.60 0.462 

4.0 11.10 4.7 0.174. 7.01 0.464 

4.5 11.69 5.5 0.202 6.93 0.32 

5.0 12.05 6.6 0.244 6.81 0.390 

5.5 12.28 7.9 0.292 6.72 0.335 

6.0 12,24. 94. 0.35 6.74 0.282 

6.5 12.15 10.6 0.39 6.93 01244- 

7.0 12.08 

.244

7.0 11.8 0.44 7.12 0.219 

7.5 11.95 13.2 0.49 7.30 0.190 
8.0 11.64. 14.6 0.54. 7,59 0.164. 

9.0 11.34. 17.7 0.65 7.96 0.127 

10.0 10.95 20.8 0.77 8.45 0.102 

12.0 10.22 27.9 1.03 9.38 0.066 

14,0 9.73 35.1 1.30 10.24 0.04.8 

16.0 9.33 42.1 1.56 11.15 0.037 

18.0 8.94. 48,9 1.81 12.10 0.029 

20.0 8.71 55.4 2,05 13.01 0.024. 

22.0 8.51 61.8 2.29 13,87 0.021 
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TABLE IV 4. Calculations in Si]) assuming a Maxwellian Distribution 

T = 293°K. 

E/p 	w 
(cm/ fJ see) 

k 
(ev) 

Qtot.x10 16 c.m. 

0.5 1,33 1.07 0.04.0 15.3 0.029 

1.0 268 1.20 0.011. 11.1. 0.106 

1.5 4.26 1,70 0.063 11.4 0.189 

2.0 5.99 2.00 0.074. 9.96 0.318 

2.5 7.59 2.70 0.100 8.4.6 0.378 

3.0 8.89 3.90 0.144. 7.21 0.359 

3.5 9.90 5.10 0.189 6.60 0.34.0 

4.0 10.31 6.90 0.256 6.23 0.273 

4.5 10.44 8.60 0.319 6.20 0.225 

5.0 10.31 10.7 0.396 6.25 0.176 

5.5 10.24. 12.6 0.4. 6.38 0.147 

6.0 9.95 14.8 0.55 6.61 0.119 

7,0 9.4.2 19,2 0.71 7.15 0.082 

8.0 8.91 24..2 0.90 7.70 0.058 

9.0 8.35 29.7 1.10 8.34. 0.04.2 

11.0 7.59 41.2 1,53 9.52 0.025 

3.3.0 7.34 52.8 1.96 10.57 0.017 

15,0 0.71 61.2 2.38 11.77 0.0123 

17,0 6.4.5 75.1 2.78 12.8 0.0097 

19.0 6.21 85.2* 3.16 14.0 0.0079 

21.0 6.08 95.0* 3.52 34.9 0.0068 

23.0 5.97 105* 3.89 15.8 0.0060 

25.0 5.82 115* 4.26 16.9 0.0052 

* Extrapolated k 	values 
1 
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2. EVALUATION OF 1'-T(""!'NTUM TRANSFER AND VIBRATIONAL CROSS-SECTIOS IN THE 
NON-POLAR MOLECULES 

Methane 

The methods discussed in Chapter II are applied in this section to 

evaluate a realistic set of momentum transfer and inelastic cross-sections which 

give agreement with the exeprimentally measured drift velocities and Townsend energy 

coefficients. It is shown in Section IV 1. that excitation of the fundamental 

bending mode in 
CH  

is the prime source for electron energy loss in the energy 

range O.l 	1 ev. Approximate elastic and vibrational cross-sections can be 

evaluated from the mean total cross-sections, Q 	by assuming that the total 

fundainental energy loss is the sum of the fractional energy losses by elastic and 

inelastic collisions respectively78: 

tot. = M 
€vib. 

+ E  
IV 1. 

where E vib.15 the threshold energy of the inelastic process, which in this case is 

0.162 ev., the threshold energy of the Y vibrational mode in CH4. These trial 

cross-sections serve as a starting point for evaluating more exact momentum transfer 

and vibrational cross-sections. 

Momentum transfer and vibrational cross-sections are fed into a computer 

program (see apendix) which is built from the numerical solution of the Boltzmann 

equation outlined in Section II 4- to obtain values from the drift velocity and 

characteristic energy eD. J..' . The theoretical values of w and eD/1J are compared 

with the experimental results and the cross-sections altered until agreement with 

both parameters is achieved. Since the momentum transfer collision frequency (Y11/N) 

and/ 
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and the energy exchve collision frequency ( Y/N) are related :o w and eD/1J 

(see equations II 53. and II 	and since changes in 'c/N and. YIN only 

result from alterations in the momentum transfer and inelastic cross-sections 

respectively, the correlation of these two parameters, rather than w.. and eD/t) ' 

with the respective cross-sections facilitates the evaluation of a realistic set 

of cross-sections. 

An estimate of the accuracy of the calculations is o'ained by studying 

the total power loss (T.P.L.) and the total power gain (T.P.G..) (see equation II 56.). 

The agreement between T.P.L. and. TeP.G. is particularly sensitive to the step length 

at which the cross-sections are fed into the computer program. The program is 

evised such that there are 6 possible step lengths from which to choose: Evib. 

. vib. 	E vib, 	E. vib 	E vib, 	E vib. 
4 	' 	6 	8 	12 	and 	• 

24 	
The step length giving the most 

accurate results depends on the E/p value being studied. Fig. IV 9. shows how 

YJN and YU/N vary with step length while Table IV 5. indicates the % error in 

T.P.L. and 

TABLE IV 5. % Errors Arising from different _Step-Lengths n CH 
4 

Step 
Length 

~__W/p :~ 
E vib.112 E vib. 8 Evib./6 E vib./

11- 
 E vib./3 

2.0 0.27 0.58% 13% 

1.0 0.15% 0.32% 1.26% 2.4.9% 14% 

0.6 0.99% 3.27% 4.9 16% 

0.4 0,84% 2,12106 10.6% 21% 
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It is found that no tisfactory cross-sections can be found unless the % error 

is less than 1%.  Even accuracy of 116 can lead to errors of 10$ in the resulting 

Y;- and eD//) values calculated. As seen from Table IV 6. which lists the theor- 

etical ialües of w and eD/p obtained from the final cross-sections (see Fig. IV 10. 

and Table IV 7.) the T.P.G. and. T.P.L. values agree to less tn 0.5%  and often 

much better (the negative sign in the $ accuracy values indicates that the T.P.L. 

>T.P.G-.). Coniparision of experimental and theoretical values of w, eD/f) 

and YJN from the final set of cross-sections is shown in Figs. IV 11. and 

IV 12. 

a) Momentum transfer cross-section 

Above E/p = 2.5, a step length of 
kv
'b gives  accurate results, but 

at lower E/p values, smaller step lengths must be used. Below E/p = o.4, the 

best step length appears to lie between Evib.and  £vib. , and the accuracy of 12 	21+ 

the resulting YJN and Ye/N values becomes fairly sensitive to the step length 

used. Consequently the momentum transfer cross-section below the Ranzaauer min-

imum may not be quite accurate. The values are therefore chosen to lie between 

the results of Bowman and Gordon 114 for E< 0.5 ev. and the present Q tot. values 

at energies above thermal. 

Attempts were made by altering the magnitude and position of the 

Ramsauer minimum to fit the momentum transfer cross-section at higher energies by 

following (i) the present Q 	values. 

(±) Qtot.  values of Bxiiche123  above 1 ev. 

No satisfactory agreement was found for (i). It is therefore assumed that 

the energy distribution is non-Maxweflian at high energies. The final momentum 

transfer/ 
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transfer cross-section agrees with (ii). In the region of the Rainsauer minimum, 

the momentum transfer cross-section is less than the Q tote values calculated in 

Section IV 1. and the position of the Ramsauer minimum is altered to h,-.,;her 

energies, but not as high as equation IV 1. predicts. The final momentum transfer 

cross-section leads to YJN values which agree with the present drift velocity 

results and the eD/ps values of Cottrell and Walker10'37  for E/p < 2.0 and eD/JJ 

values of Cochrane and. Forrester 
28 
 for E/p > 2.0. Unsuccessful attempts were made 

to fit a realistic momentum transfer cross-section which agreed with the eD/f) 

results of Maydan38  at E/p > 2.0, and these are hence considered to be less accurate 

than those of Cochrane and Forrester. 

Extrapolation of the eD/,P..) values of Cochrane and Forrester above E/p = 5.0 

as shown in Fig. IV 3., leads to fair agreement with the theoretical 'i/N values, 

although small changes in eD/1J values in the extrapolation do lead to noticeable 

differences in YJN. As the calculations are nt taken above E/p = 8.0 at 

present, the errors are not considered serious. 

i,) Vibrational Cross-section 

The final vibrational cross-section is derived assuming excitation of only 

the fundamental Y vibretional mode. Fig. IV 12. indicates that 	excitation 

gives good agreement in the range 0.6 
	

E/p < 2.0 (o.i eD//J 0.5 ev.). 

Below E/p = 0.6 the theoretical 'i/N vlues fall below the experimental values and 

are outside the error limits connected with the step length discussed above. Two 

reasons are postulated: 

(i) 	Rotational excitation may be occurring at near thermal energies which 

are enhancing the YU/N values at E/p < 0.6. 
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(ii) 	The eD/J values measured by Cottrell and. Walker37   from which the 

experimental 'i/N values are calculated, may be too low in the range E/p< 0.6 

As the 'it/N. values are very sensitive to changes in eD/1J at low energies, only 

a small change in eD/f.) for each E/p value would bring the experimental and 

theoretical values into agreement (see Table 1118.) 

.LABILE IV 8. 

k1  values which give 

E/ 	Experimental k values 	agreement with theory 	
Cochrane and 

of Cottrell an. Walker 	assuming the present w 	Forrester's 

values to be correct. 	k1  values. 

0..1 
	

1.11 	 1.39 

0.2 
	

1.4.3 	 1.86 	 2.4.6 

0,4 
	

2.60 	 2.73 	 3.77 

More accurate k values at low E/p values are obviously required to 

solve this problem. 

The sharp maximum in the total vibration cross-section is probably the 

result of trying to force agreement of the VU/N experimental and theoretical results 

b low E/p = 0.6. Note that the corres..onding peak in CD 4. is uot so sharp. As 

the molecules are very similar and since no rotational excitation need be post-

ulated in CD4., it appears that (ii) above may be correct. 

The energy distribution of the electrons at E/p = () 4- is shown in Fig. 

IV. 13. The effect of the sharp maximum in the vibrational cross-sectin is 

reflected by the very non-Maxwellian distribution with a large peak at 0.017 ev. 

The distribution does, however, follow a Maxwellian distribution at 14ar energies. 
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This sharp peak in the distribution is not seen in CD at low /p and the results 

in this gas are very close to a Maxwellian distribution (see Fig. IV 19.  for the 

distribution in CD at E/p = 0,3). 

Fig. TV 1. compares with the theoretical drift velocities assuming 

elastic scattering only and the experimental values at very low E/p. Agreement 

occurs up to E/p = 0.02 when the experimental drift velocities become much greater 

than the theoretical values. This can only be explained by the occurrence of 

inelastic processes. At near thermal energies, electrons in the high energy tail 

of the energy distribution have enough 	rgy to vibrationally excite the molecule 

through the 'y'1  bending mode. Although rotational excitation may be occurring, 

the experimental results can be explained by assuming vibrational excitation only. 

Above E/p = 2 (eD/p = O.5w) the calculated eD/fri values rise more rapidly 

than the experimental values. Without introducing further inelastic processes, 

the mean energy can only be reduced by increasing the Y vibrational cross-section. 

This is unrealistic and it is postulated that higher vibrational modes must be intro-

duced to reduce the mean energy. No attempt has been made at present to incorporate 

higher vibrational modes. At E/p = 2, the distribution function E1"2  f(E) indicates 

that only 0.1% of the electrons have energies of 2.75  ev. thus ruling out the poss-

ibility of any known electronic excitation processes. The energy of the distribution 

maximum at E/p = 2.0 is now greater than for a Mqxwellian distribution, and appears 

to correspond more closely to a Druyvesteyn distribution at hgher energies. 

At E/p = 8.0, where the experimental Y  values pass through a minimum, 

the extraoolated distribution curve indicates about 0.05% of the electrons having 

mean energies of 10 ev. i.e. sufficient energy to undergo electronic excitation. 
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Although the present calculations may be a little misleading in the range 

3 < E/p < 8 since the absence of higher vibrational modes results in eD/ti values 

which are too high, the distribution of electrons does thow that at E/p> 8, the 

results can be explained by an electronic excitation process with a threshold of 

10.1 ev. The energy distribution at E/p = 6 and 8 are shown in Fig. IV lLf.  In 

both cases, the distribution falls off more sharply with energy than a Druyvesteyn 

distribution. 
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TABLE IV 6. RESUlTS IN CH4. T = 293°K 

E/p 	 E/N 	 w(expt) w(theory) eD/p(expt) eD,fs(th) 
Step 

volt cmtorr 1  volt cm.2 	length cn/psec cn4.isec. 	(ev.) 	(ev.) 

0.1 3.035l0_18/24. 1.22 1.33 0.028 0.037 
Evib./12 1.56 0.037 

0.2 6.071xl0 8  /24  
2,95 2.93 0.036 0.04.7 

£vib./12 3.27 

0.4. 1,214x107 Ev/2,. 6.4.0 6.15 0.066 0.070 
Evib.112 

6.57 0.069 

0.6 1.821x107 £vib./12 8.78 8.99 0.101 0.102 

1.0 3.035xl07 Evib.112 
10.55 10.71 0.195 0.193 

1.5 4.553x107 ft./12 
10.32 10.29 0.331 0.336 

2.0 6.O71x].O7 €vib./6 
954. 94.8 0.4.96 0.4.97 

2.5 7.538x10 17  /6 8.70 8.60 0.661 0.672 

3.0 9.106x107 Evib.14 8.1]. 7.90 0.854. 0.851 

4..0 1,214x10716 Evib, A7.17 6.77 1.17 1.23 

5.0 1.518x10_16 Ev./4 6.51 5.95 1.53 1.62 

6.0 1.821x106 Evib.14 6.16 5,33 1.85* 2.01 

8.0k  2.4.28x1016 Evib./4. 
5,75 4.4.2 2.30* 2.86 

Extrapolated k1  values 

+ Al]. of distribution not considered 
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TABLE IV 6. (Cont'd 

E/p 	Elastic 
Power 
Loss -1 -1 volt cm torr 	(ev./sec.) 

Vibrational Total 	Total 
Power 	Power 	Power 
Loss 	Loss 	Gain 
(ev./sec.) (ev./sec.) (ev./sec.) Accuracy 

0.1 3.58xl0 15  3.98x10'2  3.98x10 12 
 4.01

i,x10 12  

0.2 

0.4 

0.6 

1.0 

1.5 

2.0 

2.5 

3.0 

4.0 

5.0 

6.0 

8.0k  

5.12X10 -15  1.99x10 -11 

7. 28x10 5  1.94x10 11  

1. 65x10 7.74xl0 

1.66xlO-14  7.913107u 

3.0+xlO7l4  1.63x]. 0  

1.04xl0 3  3.24.xl0 10  

2.90x10 13 4.68xl6lo  

6. 05x10 13  5.72x10 °  

Z. 3iQ 6.50x10 0  

1. 69x].0 1  7.16x10 10  

31O12 8.16x101° 

5.84xl0 2  8.95x10'1°  

8.83x10 2  lo  9. 6lxicf' 

1. 52x1O 1. 06x10 

1.99x10 1  1.78x10 11  

1.94x10 1' 1.99x10 1  

7. 74xlO 11  7. 

7. 91x10 1  7. 97xl0_11  

1.63x10 1°  1.4.x10 0  

3.25x10710  25x10 

4. 68lO 0  69xlO 

5.73x3-0710  76xl0 1  

51z10 10  6.5-2-16-10  

7.17x10 0  2Cx10'0  

8.20x10 10  8.21x10 0  

9. 01xl0 lo  9, 03x10' 

9. 70x1O°  9. 71x10_1°  

1.08X10-9  1. 07x10 9  

1.5]. 

-10.6 

2.15 

-3-65  

0.72 

0.34 

0.11 

0.03 

0.48 

0.22 

0.31 

0.19 

0.14 

0.09 

-0.17 

* Extrapolated k1  values  

A.I.I. of distribution not considered 



expt) 

cn( /sec 
1. 35x10 9  

1.6li].0 9  

92xlcf 9  

13x10 9  

1,89x1cf9  

1. 54x10 9  

1. 23x:LO79  

1.04x10 9  

8.91xl0 °  

7.64.x10710  

6. 59xl0 °  

6.15x10710  

6. 13xl0 °  

Y1/N(th) 
cm3/sec 
34x].0' 

3.94x10 0  

28x10 0  

50x10 -10  

1. 67x10 9  

1. 82x10 9  

2.14x10 9  

1. 94x].0 79  

1. 51x10 9  

1. 22x10 

1.OIX1079  

8. 71x10_'°  

6. 83x1O °  

5 .67xlO °  

4.88xl0 0  

3. 79xl0 

TABLE IV 6. (Cont) 

128. 

E/p YJN(expt) 

om3/sec 

\IJN(th) 

o1113/sec 

0.1 4.36x10 9  14..0Ox10 79  

3.14.0x10 9  

0.2 3.61x10 9  3,63x10 9  
3. 25x10 

0.14. 3.33x10 9  3.46x10 9  

3. 24.x10 79  

0.6 3.64x10 9  3.55x10 9  

1.0 5.05z10 9  4,97x].0 9  

1.5 7.75x10 9  7.76x10 9  

2.0 1.12x10 1.12x10 8  

2.5 1.53x10 8  1.55o 

3.0 1.97x10 8  2,02x10 8  

4.0 2.97xl0 3.15x10 8  

5.0 4..09x10 8  4.48x10 8  

6.0 5.17xl0'8  5.99x10 8  

7.42x10 8  9.63x10 8  

* Extrapolated k1  values 

+ All of distribution not considered 
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TABLE IV 7. Final Momentum Transfer and Vibrational Cross-sections in CH  

nerr (ev.) 16 	2 Qm  x 3.0 	cm Q..  
16 	2 x 10 	cm 

0 500 0 

0.0219 14.2 0 

0.0537 2.70 0 

0.0806 1.95 0 

0.107 1.60 0 

0.134 1.39 0 

0.161 1.25 0 

0.188 1.14 1.051 

0.215 1.06 1.070 

0.242 1.03 0.999 

0.269 1.04 0.955 

0.295 1.07 0.930 

0.322 1.11 0.902 

0.349 1.17 0.885 

0,376 1.25 0.871 

0.403 1.35 o.861 

o.43o 1.44 0.854 

o.46 1.52 0.81+8 

0.483 1.60 0.81+3 

0.510 1.67 0.840 

0.537 1.73 0.838 

0.591 1.81+ 0.831+ 

0.61+1+ 1.93 0.832 
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TABLE IV 7.  (Cont'd) 

Energy (ev.) 	 Qm  x 1016  cm2. 	 Q. x 1016  cm - , 

0.698 2.02 0.830 

0,752 2.11 0.828 

0.806 2.20 0.826 

0.859 2.31 0.825 

0.913 2.1+2 0.821+ 

0.967 2.53 0.823 

1.02 2.611 0.822 

1.07 2.75 0.821 

1.13 2.86 0.820 

1.18 2.97 0.819 

1.21+ 3.08 0.818 

1.29 3.19 0.817 

1.31+ 3.30 0.816 

1.1+0 3.1+1 0.815 

1.1+5 3.52 0.811+ 

1.50 3.65 0.813 

1.56 3.79 0.812 

1.61 3.95 0.811 

1.67 4.14 0.810 

1.72 4.37 0.809 

1.77 4.61 o.8o8 

1.83 4.84 0.807 
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TABLE IV 7. (Cont'd) 

Energy (ev.) 	 x i06  cm2 . 	 Q 	x 10 16 
2 

v.,. 
1.88 5.07 0.806 

1.93 5.P-8 o.8o 

1.99 5.50 0.804 

2.04 5.72 0.803 

2.09 5.94 0.802 

2.15 6.17 o.8oi 

2.20 6.4o 0.800 

2.26 6.64 0.799 

2.31 6.89 0.798 

2.36 7.16 0.797 

2.42 7.44 0.796 

2.69 8.84 0.791 

2.95 10.24 0.786 

3.22 11.64 0.781 

3.49 13.04 0.776 

3.76 14.44 0.771 

4.03 15.84 0.766 

4.3o 17.24 0.761 

4.56 18.64 0.756 
4.83 20.04 0.751 

5.10 21.44 0.746 

5.37 22.84 0.741 
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Deuteromethane 

Momentum transfer and vibrational cross-sections are derived in CD  

which give agreement with the present w. values and Cottrell and Walker's 

values37  over the range 0.3 < E/p < 2.0 and are shown in Fig. IV 15. and tabulated 

in Table IV 9.). As in CIi, all the results are obtained with agreement of the 

T.P.G. and T.P.L. to less than 0.5% and often much better (see Table IV 10.). 

The experimental and theoretical values of w, eD/ti , YiN and '(a/N  are com-

pared in Figs. IV 16. and IV 17.  Only at characteristic energies less than 

0.06 eve do the 'ft/N values indicate that the momentum transfer cross-section 

may be fractionally too small at energies below the Ranisauer minimum. At higher 

eD/1J values, the good agreement between the theoretical and experimental Ym/N 
values indicates that the position and magnitude of the momentum transfer cross-

section minimum is fairly accurate. 

Extrapolation of Walker's k1  values from E/p = 2 to E/p = k allows com-

parison to be made with the theory to eD/jJ values of 2 eve As in CH 4"  the 

momentum transfer cross-section values above energies of 2 eve are greater than 

the 	values calculated assuming a Maxwellian distribution. Fig. IV 18. 

shows the energy distribution at E/p = k.o (eD/1k= 2 eve) in which the high 

energy tail of the distribution falls off more sharply than either a Maxwellian 

or Druyvesteyn distribution. 

YIN theoretical and experimental values agree closely in the range 

0.,045 < eD/1i < 1 eve indicating that excitation of the fundamental k  bending 

mode in CD   can explain the experimental w. and k1  values. Unlike CH 4. experimental 

and theoretical Y/N  values agree below 0.07 eve indicating that rotational 

excitation, 
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excitation, if any, is occurring, need not be considered at present, assuming, 

of course, that the k1  values which are used in the evaluation of '//N (ex.pt.) 

are correct. The much flatter vibrational cross-section 	is reflected in 

the energy distribution being very close to Maxwellian at low E/p, and havi:ag 

no very low energy maximum (see Fig. IV 19.) - compare CH   at E/r' = 0.4 in 

Fig. IV 13. 

Above eD/1J = 1 ev., both the low w. and high eD/f) values indicate 

that further inelastic processes are occurring. It would be unrealistic to 

increase the Y4 vibrational cross-section further at high energies, and it is 

postulated that the Y4 cross-section should decrease much more raLdly with 

energy than is shown in Fig. IV 15.  to give way for cross-sections from higher 

vibrational modes. No attemptat this stage has been made to do this. As the 

E/p values increase, the distribution gradually changes from Maxwellian around 

E/p = 0.3 to an approximate Druyvesteyn distribution around E/p = 2.0. In all 

cases, however, there are more low energy electrons than occurs in a Druyvesteyn 

distribution, as would be expected if the Y excitation process is the dominant 

mechanism for inelastic energy loss. 

Until k measurements are made at higher E/p values, it is difficult 

to say :ch about the threshold energy of any electronic processes, except that 

they do not occur below 5 ev. 
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TABLE IV 9. Final Momentum Transfer and Vibrational Cross-sections in CD  

Energy (ev.) 	 16 2 	 16 xiO cm 	 cm 2  

o 200 0 

0.0206 11.0 0 

o.okl]. 4.20 

0.0617 2.60 0 

0.0823 2.00 0 

0.103 1.60 0 

0.123 1.35 0 

o.ikk 1.16 0.575 

0.165 1.12 0.638 

0.185 1.10 0.677 

0.205 3.08 0.710 

0.226 1.09 0.731 

0.247 1.11 0.750 

0.267 1.15 0.765 

0.288 1.19 0.775 

0.309 1.23 0.782 

0.329 1.26 0.786 

0.350 1.30 0.788 

0.370 1.34 0.787 

0.391 1.37 0.784 

o.412 1.41 0.779 

0.453 1.49 0.767 

0.494 1.57 0.749 

0.535 1.65 0.722 

0.576 1.73 0.694 
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TABLE IV 9. (Cont'd) 

Energy (ev.) 	 Q x 10 cm 2 
m 	

16 	
vib. xio 6  cm 2 

0.617 1.81 0.6 

0.658 1.89 0.638 

0.700 1.96 0.620 

0.741 2.03 0.606 

0.782 2.10 0.595 

0.823 2.17 0.588 

0.864 2.23 0.583 

0.905 2.30 0.579 

0.946 2.36 0.576 

0.988 2.42 0.574 

1.03 2.48 0.572 

1.07 2.54 0.571 

1.11 2.60 0.570 

1.15 2.66 0.569 

1.19 2.72 0.568 

1.24 2.79 0.567 

1.28 2.86 o.66 

1.32 2.93 0,565 

1.36 3.00 0.564 

1.440 3.07 0.563 

1.44 3.13 0.561 

1.48 3.20 0.560 

1.52 3.27 0.559 
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TABLE IV 9.  (Cont'd) 

Energy (ev.) 
16 	2 x lu 	cm 

16 
 cm 2  

1.56 3.34 0.558 

1.61 3.40 ((357 

1.65 3.47 0.556 

1.69 3.54 0.555 

1.73 3.60 0.554 

1.77 3.67 0.553 

1.81 3.74 0.352 

1.85 3.80 0.551 

1.89 3.88 0.550 

1.93 3.95 0.549 

1.98 4.03 0.548 

2.02 4.11 0.547 

2.05 4.20 0.46 

2.26 4.6 0.541 

2.47 5.10 0.536 

2.67 5.55 0.531 

2.88 6.00 0.526 

3.09 6.4 0.521 

3.29 6.90 0.516 

3.50 7.35 0.511 

3.70 7.80 0.506 

3.91 8.25 0.501 

4.12 8.70 0.496 



TABLE IV 10. 	RESULTS IN CD1I- 

LVP I 
volt cm_ltJr  _1 	volt Cm 

137. 

T = 293°K. 

Step 
length 

ev.) 

w(expt) 

cnvJsec 

x(th) 

cnVj.,sec 

eD/1J(expt) 

(ev.) 

eD/J(th) 

(ev.) 

0.2 6.071x10_18  Vib./2k 2.87 3.18 0.035 0.043 

/12  338 0.043 

0.3 9.106xlO_18  1b./24 4.65 4.89 0.056 0.058 

EvibVIP  5.08 o.o8 

1,513x107 C.3 

 
€vib.112 

7.55 7.55 0.099 0.099 

0.9 2.732xl0'7 vib.112 8.67 8.68 0.222 0.221 

1.5 45533107 1:V:Lb.16 7.41 7.51 0.472 0.477 

2.0 6.071x10_17 Evib., 6.44 6.53 0.720 0.728 

2.5 + 7.5o_17 Ev±b,/, 5.78 0.98 1.00 

9.106x10_17  5.2 5.18 1.28 1.30 

35+ 
Evib.p 4.91 4.68 1.56 1.63 

4.o 1.214X10 6  4.62 4.25 1.84* 2.00 

rapo1ated k1  values 

+ All of distribution not considered 
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TABLE IV 10. (Cont'd) 

Elastic Vibrational Total Total 
Power Power Power Power 

1 	-1 	Loss Loss Loss Gain 
volt cm 	torr 	(ev./sec) (ev./sec) (ev./sec) (ev./sec) 	Accuracy 

0.2 5.5Oxl0 5 
 1,9lO-11   1.96x10 11  1.93x10'

11 
 -1.15 

6.09x10 15  2.04x10 11  2.04xl0 2.05xl0_ 0.62 

0.3 9.61xlO 5  4.46x10 11  4.46x10 1+.45x10 11  015 

i.00xio" 4.62x].0 .6c1O "  4.63x10 11  0.15 

0.5 2.4cl0 1  1.15x10-10  1.15x10 0  1.Lx10 0  0.03 

0.9 1.ux1o 3  2.37x10 °  2.37x1O 0 2.37x10_1°  -0.02 

1.5 .81xio 13  3.41xlO_10  3.4].xl0f 10  3.+2xl0 0  0.16 

2.0k  1.06x10-12   3.95x100  3.96x10 0  3.96x10 0  0.14 

2.5 1,85xl0 4,37x10 1°  4,x1O'0  4.39xl0 0  0.06 

3.0k  2.73x10 4.70xl0 0  473,Qçf 30  4.72x1cf 10  -o.io 

3• - 	c_i2  4.95x10 0  k.98x10'0  k.97x10 10  -0.3k 

4,24x10 5.15x100 5.19x10 1°  5.16x10 10  -0.63 

* Extrapolated Ic1  values 

+ All of the distribution not considered 
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TABLE IV 10. (cont'd) 

E/p 	Y/N(expt) Ym/N(th) 	expt) 1JN(th) 

volt crnitorrl 	cm3/sec. 	cm3/sec. 	crii3/sec. 	cm3/sec. 

0.2 3.71x10 9  4x10 9  1.72x109  1.08xl0"9  

3.15x10 9  1.16x10 9  

0.3 3.+x10 9  3.27x10 9  1,1+0x10 9  1,36x10 9  

3.1ix10 9  1.41x10' 

0.5 3,.53x10 9  3,52x10 9  1.56x10 1.55x10-9  

0.9 5.53x109  5.52x10 9  1.20x10 1.21x10 9  

1.5 l.08x10 8  755x10_10  7a57x1O 0 

20 1.65x1O 1.63x10 8  5.63x10 10  5.6kx10 °  

2.5 2.27x10 8  2.30x10 8  4.65x10 10  4.50x10_10  

3.0k  2.96x10 8  3.08x108 3930_10 3.71x100 

35+  ...Uxl 3.90x10 3.40x10_ 3.10x10 10  

4.0 4.61x10 8  501xl0 8  3.09x10 1°  2.61x10 10  

£xtraolated k, values 

+ All of the distribution not considered 
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Silaxie: 

The same principles are applied to SiH in the evaluation of momentum 

transfer and vibrational cross-sections in the range 1 < E/p 	25 (see Fig. 

IV 20. and Table IV Li.). Table IV 12 indicates that theoretical w., eD/7J , 

YJN and YU/N  values are calculated assuming that the T.P.G. and T.P.L. agree 

to less than 0.5% in most cases. The w, and eD/F  values are compared with 

experiment in Fig. IV 21. and YIN  and Y/N values compared in Fig. IV 22. 

Good agreement between theoretical and experimental values of YIN 

is obtained over the whole range (0.03 eD/J < 2 ev.). The resulting momentum 

transfer cross-sections at energies below the cross-section minimum rise more 

steeply than the Qtot.  values which are calculated assuming a Maxwellian energy 

distribution. Fig. IV 23.  shows the energy distribution at E/p = 3.0, eD/f.) = 0.076ev. 

where the low energy part of the cross-section (< 0.3 ev.) is important. 

Comparing with a Maxwellian distribution at the same eD/f) values, the present 

distribution indicates many more electrons at thermal energies. This effect 

is probably due to the large number of inelastic collisions which drastically 

increases the number of very low energy electrons (compare the magnitude of 

the vibrational cross-section in SiHk  with CH or CD). It is therefore expected 

that the Q 	values calculated assuming a Maxwellian distribution gives a poor 

approximation in SiHk  at low E/p values (the same effect is observed at E/p = 

7.0, but to a lesser extent). 

Comparison of theoretical and experimental YU/N  values show good 

agreement in the range 0.03 < eD/p < 1.0 ev. The small discrepancies at 

E/p = 1 and 2 are almost certainly due to small errors in the k values - Y1/N 

values become very sensitive to k values at near thermal energies. As in CH, 

the experimental k1  values at E/p = 1 and 2 are estimated to be fractionally low. 
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An attempt was made to find a realistic vibrational cross-section with 

a threshold at 0.271 eve corresponding to the Y7  stretch vibration in SiHk.  No 

agreement with experiment could be established without introducing some lower 

energy inelastic process, thus providing strong evidence in favour of the 

bending mode as the prime excitation process at low energies. 

Above E/p = 14 (eD/fJ = 0.9 ev.), theoretical Y/N  values become much 

lower than the experirnenta]. values (see Fig. IV 22.). It is unrealistic to 

increase the Y vibrational cross-section at high energies, hence it is post- 

ulated that higher vibrational modes are excited. This would result in the 

present Y vibrational cross-section being decreased much more rapidly to allow 

the introduction of higher vibrational cross-sections. No attempt has been 

made to do this at present. 

At E/p = 19, the high energy tail of the distribution lies close to 

the Druyvesteyn distribution (see Fig. IV 24), in which case, unless an electronically 

excited level exists below 8 ev., the discrepancy in Y/N(  theory) and lU/N(  expt) 

is solely due to the neglect of higher vibrational modes. Extrapolation of the 

distribution curve for E/p = 25 (eD/J = 2.4 eve) indicates that a small fraction 

of the electrons have energies of 10 ev., so if an electronically excited state 

exists in SiH4  around 10 ev., then the large energy losses will be reflected in 

the transport coefficients above this E/p values. 

All the results evaluated in this section are calculated using the theories 

outlined in Chapter II. An approximation in the distribution function 

£ = f + f1cos e is made which only holds when certain assumptions are made, 

one/ 
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one of which is that the momentum transfer cross-section is much greater than 

the inelastic cross-section. In CH and CD   this assumption holds at most 

energies, but in SiHk  the inelastic cross-section is the same order of magnitude 

as the momentum transfer cross-section. From equation II 23, 

= -e EIT 

it is seen that 
f1  is largest at energies corresponding to the momentum transfer 

cross-section minimum. At present, it is not known whether these largest values 

of f are still sufficiently small to make the next term (i.e. 	in equation 

still negligible. The fact that realistic cross-sections have been found which 

give agreement with experimental w and k1  values is good evidence for stating 

that théneg]atioñ of f2  is justified. Further calculations, however, are required 

to clear up this point. 

As in CH 41  the minimum momentum transfer cross-section in SiHk  can 

be interpreted quantum mechanically: the electron expe1. 	spherically 

symmetric potential as it approaches an SiHk molecule. The theory described 

in section I f. states that, as the energy of the electron tends to zero, the 

molecular field experienced by the electron distorts the phase of the partial 

waves by multiplesof IT • As the energy of the electron increases from zero, 

the field of the SiHk  molecule is sufficiently strong to cause the phase shift 

of the S-partial wave to increase above nil (n is an integer) and theidecrease back 

through nil around 0.3 ev. The phase shift of the P-partial wave, however, 

decreases from (n - 1)11 (or increases from zero if n = i,), and does not recross 

the (n - 1)11 level at 0.3 ev. Consequently, the S-wave contribution to the 

cross-section, which is predominant at low energies, vanishes at 0.3 ev., but all 

the other partial waves additively contribute to give a minimum value of the mom-

entum transfer cross-section of magnitude 5.7 x 10 6  lelqf2 
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TABLE IV 11. Final Momentum Transfer and. Vibrational Cross-sections in SiH4  

Energy (ev,) 	 Q m x 10 16  cm 2 
	

vib. x 10 16 2 cm 

0 500 0 

0.0188 7:3.0 0 

0.0376 28.1 0 

0.0564. 15.7 0 

0.0752 10.6 0 

0.0941 9.10 0 

0.113 8.30 0 

0.132 7.40 7,20 

0.150 6.88 7.58 

0.169 6.53 7.74. 

0.188 6.30 7.78 

0.207 6.13 7.78 

0.226 6.03 7.76 

0.21.5 5.94. 7.72 

0.263 5.86 7.63 

0.282 5.81 7.52 

0.301 5.77 7.40 

0.320 5.74. 7.27 

0.339 5.72 7.14 

0.357 5.73 7.03 

0.376 5.74 6.93 

0.395 5.76 6.84 

0.414. 5.80 6.75 



TABLE IV U. (Cont'd.) 

Energy (ev.) 	 Q x 10 
16 

cm 	 vib 	
1016  2 cm - 

0.433 5.814. 6.68 

0.451 5.89 6.61 

0.4.70 5.95 6.55 

0,14.89 6.03 6.50 

0.508 6.11 6.46 

0.527 6.19 6.43 

0.545 6.28 6.40 

0.564. 6.39 6.37 
0.583 6.53 6.34. 

0.602 6.67 6.31 

0.621 6.83 6.28 

0.639 6.98 6.26 

0.658 7.14. 6.23 

0.677 7.30 6.21 

0.696 7.14 6.19 

0.715 7.59 6.17 
0.734. 7.74 6.15 
0.752 7.88 6.34 
0.771 8,00 6.12 

0.790 8.11 6.11 
0.809 8.21 6.10 
0.828 8.31 6.09 
0.84.6 8.4.0 6.08 
0.865 8.48 6.07 
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TABLE Iv 11. (Cont'd) 

Energy (ev.) 	 Q x 10 16 cm 2 	
Q 	x 1016 CM  

0.884. 8.56 6.06 

0.903 8.64. 6.06 

0.922 8.71 6.05 

0.941 8.78 6.05 

0.978 8.93 6.014. 

1.02 9.08 6.03 

1.05 9.24 6.02 

1.09 9.39 6.01 

1.13 9.54. 6.00 

1.32 10.34 5.95 
1.50 11.14. 5.90 
1.69 11.94 5.85 
1.88 12.74. 5.80 

2.07 13.54. 5•75 
2.26 3.4.34 5.70 

2.45 15.14. 5.65 
2.63 15.94 5.60 
2.82 16.74 5.55 
3.01 17.514 5.50 
3.20 18.34. 5.45 
3.39 19.14 5.4.0 
3.57 19.94 5.35 
3.76 20.74. 5.30 



TABLE IV 12. 	RESULTS IN SiH4  

E/p 	IVN 

volt cm 1torr 	volt cm 

T 	2930K. 

Step 
length 
(ev.) (ev.) 

v.(expt) 

cnVJcec 

w.(th) 

cnec 

eD4J(expt) 

(ev.) 

eD4J(th) 

(ev.) 

1.0 3.035x107 j'0/2k 
2.70 2.64 0.02301 0.0317 

£vib./]2 2.83 0.0316 

2.0 6.071jclO_17 Evib/12 
5.75 6.00 0.043 0.049 

3.0 9.106xl07 1 P /l2 8.83 8.87 0.076 0.076 

vib./8 9.20 0.076 

5.0 1.513xlO6 1/l2 12.05 11.86 0.167 0,170 
Evib.,8 12.01 0.170 

7.0 2.125x10_16 Evib./6 12.08 12.12 0.298 0.302 

10.0 3.035x10_16 E'v14 10.95 10.99 0.525 0.543 

ik.o 4.2+9xl06 
d1/4 

9.73 9.51 0.887 0,917 

190k 5.767x1016 Iib.1' 8.82 7.95 1.32 1.50 

25.0k 7.588x10_16 vib./4 8.30 6.1y 1.79 2.41 

+ All of distribution not considered 
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TABLE IV 12. (Cont'd) 

Elastic Vibrational Total 
	

Total 
E/p 	 Power 
	Por 	Power 
	Power 
	

FA 
Loss 	Loss 	Loss 	Gain 

volt cm torr 	ev/sec 
	

(ev/sec) 	ev./sec. 	(ev/sec) 
	

Accuracy 

1.0 7.92x10 15  8.16x1O' 8.17x10 11  8.O1xl0 194 

7.74x1O 8.49x10 11  8.49x10 11  8.58x10 1' 1.00 

2.0 2.1+9x10_14  364x10710  3.64x10 0  3.65x1O 0  0.11 

3.0 5.28x16-14   8.09x10 1°  8.09x10 0  8.08xlO °  -0.15 

.4io 1'  8.28x10 10  8.28x1O 0  8.38x1O 0  1.16 

5.0 2.05x10 3  1.8ox1o 9  1.80x10 1.80x10 9  -0.06 

2.08x10-13   i.82x10 1.82x10 1.82x10 0.35 

7.0 5.59x10 13  2.56x10 2.56x10 2.57x10 0.37 

10.0 1.53x10-12   3.33x10 3.33x10 3.34x10 0.21 

ik.o 3.55x10 k.OkxlO Lf.OkxlO 4.04x1079 -0.02 

19.0k  5.99x10 4.61x10 9  4.61x10 t.;-?9x10 9  -0.57 

25.0k  7.86x10 4.96x10 4.97x10 4.91x10 -1.24 

+ All of distribution not considered. 
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TABLE IV 12. (Cont'd.) 

E/p -1  

volt cm 	torr 

Y/N(expt) 

cm /sec. 

Y"N(th) 

cm 	;ec. 

'i'JN(expt) 

cm /sc. 

'f/N(th) 

cm /sec. 

1.0 1.97X10 -8 2.02x]. 8  1.62x10 8  1.0+X107 8 

1.88x].O_8  1.35x10 8  

2.0 1.85x1078  1.77x10 8  1.97x10 8  1.56x10 8  

3.0 1.81x10 8  1.80x10 8  1.59x10 8  l.59xlO 8  

1. 74.x10 8  1. 

5,0 2.213c10 8  2.2Z.xlO'8  ..29x1O 8  1.24X1078  

2,22x10_8  1.26x10 8  

7.0 3.09x].8 308o_8 91ix]. 9  .9.29x10 9  

10.0 4.86x1084.%X,078 6.64x1O' 6.14x10 9  

14.0 +, 7.66x10 8  7.83x10 8  4.80x10'9  4.5x10'9  

19.0k  l.15x10 7  1.27x10 7  3.94x10 9  3.11x10 9  

25.0k  1.61x10 7  2.06x10 7  3.58x10 2.06x10 9  

+ All of distribution not considered. 
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3. QUADRUPOLPR MOLECULES 

Since a considerable number of swarm experiments have been carried out 

recently in C2H4., C2H2,C2H6and C3H8over various energy ranges, the various results 

for each gas are directly compared and mean total cross-sections and fractional 

energy losses calculated from the values which are considered to be the most 

accurate. 

a) Ethylene 

Electron drift velocities have been measured in the range 0.02 < E/p 1.0 

by a number of workers and are shown in Fig. IV 25. The present results agree 

with all the results to withi. 31,/o except those of Christophoron, Hurst and 

HadziantoniOul6, whose results above E/p = 0.2 are up to 2 lower. Hurst and. Parks 17 

claim 0.5aocuraoy,and at present their results are estimated to be the-most accurate 

drift velocity measurements existing below E/p = 1. The drift velcoty increases 

linearly with E/p up to E/p = 0.15 indicating that below this value the electron 

energy distribution is Maxwellian with a mean energy close to thermal values. Above 

E/p = 1, the present results are compared with those of Walker 78  and Hurst, Stookdale 

and 0'Kelly 3  in Fig. III 20. As in CH4., the drift velocities of Hurst, Stockdale 

O'Kel].y are much higher than the present results above E/p = 1. In the range 

5 < E/p < 18.5, no measurements have been made with which the present results 

cn be compared. 

Towisend diffusion coefficients in C 2 
4. 
H are showiin Fig. IV 26. from 

which it is seen that only the IC1  measurements of Cottrell and Walker37  tend to the 

limit k1  = 1 at thermal energies. The results of Cochrane and Forrester 8  Hurst and 

Parks17  tend to k1  values of 2.4 and 1.12 respectively at thermal energies. At 

high/ 
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high E/p values, the only existing k1  measurements were made by Bannon and Brose131. 

In the region of overlap they agree closely with Cottrell and Walker. 

Mean total cross-sections and fractional energy losses are evaluated 

assuming a Maxwellian distribution using equations I 19.  and I 20.0  (T = 2930K.). 

In the ranges 1.0. E/p 18.5 and 0.04. E/p 1.0, the present drift velocities 

and those of Hurst and. Parks are rr! respectively. Similarly, in the range 

o </p < 4.5 and E/p >4.5, the k1  values of Cottrell and. Walker and Bannon and 

Brose are used respectively. The Q 	X values are shown in i?igs. IV 27 and. ot.  

1ST 28., and all the values are tabulated in Table IV 13. 

Both Bowman and Gordon 	and Cbristophoon, Hurst and. Hendrick 18 have 

measured drift velocities at low E/p values and at different temperatures from which 

they have deduced momentum transfer cross-sections. Whereas Bowman and Gordon found 

w to increase with temperature (B/p = constant), resulting in a momentum transfer 

cross-section which rapidly increases with decreasing energ, Christophoron, Hurst 

and Hendrick found w to decrease with temperature (E/p = constant) resulting in a 

constant momentum transfer cross-section in the energy range 0.01 < E. < 0.2 ev. 

(see Fig. IV 27.).  The greater accuracy of the drift velocity values measured. by 

Chri8tohporon, Hurst and Hendrick compared with Bowman and Gordon and the absence 

of a Q 	minimum from the present results suggests that the C 
2  H  4 

 drift velocity 

results of Bowman at 3670K. and perhaps 2290K. are in error. Moreer, the drift 

velocity measurements of Bowman and Gordon at different temperatures were made in 

the range 0.08 E/p 8.0 whereas the measurements of Christophoron, Hurst and 

Hendrick were made at E/p < 0.08. The latter measurement thereore give a more 

accurate representation of the temperature variation under thermal energy conditions. 
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The present calculation of Q 	are only meaningful above thermal energies, 

hence the present results could be extrapolated below 0.05 07. to fit the constant 

momentum transfer cross-section of Christophoron, Hurst and. Hendrick at thermal 

energies. 

At energies greater than I ev., Bniche12  has measured the total cross-

section of C 
2  H using the direct i.wasauor method. His results agree fairly well 

with the present 	values when it is considered that an assumed Maxwellian 

distribution may cause some error in th: Q 
tot. 

 values at the highest E/p values 

measured. 

The fr'ctional energy loss passes through a sharp maximum around 0.1 ev. 

and also through a minimum around 1.2 ev. Interactions between the field of the 

electron and the quadrupole moment of the molecule should provide a mechanism 

for rotational excitation at low energies, but this, however, does not acoot for 

the sharp peak in the fractional energy loss at 0.1 ev. The lowest vibrational 

modes in C2 	
''4 	4 '" 	V' 	 '. H are 	' 8 and 

7  bending modes and have 	eholds of 0.102, 0.116 

and 0.117 ev. respectively 125. These modes cause the C - H bonds to be distorted 

out of the phase of the normal C
2  H4 molecule, the C = C bond not being affected. 

Other fundamental modes occur at energies above 0.13 ev., hence excitation of the 

V'1  vibrational mode, and perhaps also the Y 	and Y' 	modes, could account for 

the measured drift velocity and fractional energy loss values in ti.io energy range 

0 to 1 ev. 

Above E/p = 7, corresponding to mean energies of over 1 ev., the drift 

6z 
velocity again increases with E/p. Bowman and Miller have shown that inelastic 

processes occur in C2H at 1.7 ev. and several workers 63s74..133 have shown that 

electrons/ 
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electrons can excite C2   to the first electronically excited triplet level at 

4.6 ev. No excitation processes are known to exist around 1.7 ev, hence it is 

postulated that a single particle resonance state, which subsequently decays either 

to the ground state or excited vibrational levels of the ground state, could explain 

the drift velooit,-  increase above E/p = 7. The drift velcoties at the highest E/p 

values measured (E/p = 18.5) show no tendancy to level off. This may be due to 

the high energy tail of the electrons having energies of 1-.C,  ev. therefore causing 

excitation in the molecules to the first triplet 3u stateL3.  Application of 

the theory outlined in Chpter II would almost desively indicate whether inelastic 

processes at ]. ev. and .6 ev. could explain the experimental w and It1  values. 
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TABLE IV 13. Calculations in C2H1+  assuming a Maxwellian Distribution 

T-=  293°K. 

cm/ 
W 	 k, 

(v.) 	
xio16 Come  2 

1.35 1.06 0.039 4.42 0.030 

1.70 1.12 0.01+2 4.69 0.01+5 

2.33 1.25 0.01+6 4.86 0.076 

2.87 1.1+0 0.052 4.97 0.103 

3.61+ 1.71 0.063 5.32 0.136 

4.20 2.10 0.078 5.51+ 0.11+7 

4.52 2.1+0 0.089 6.03 0.11+9 

4.98 3.55 0.131 6.71+ 0.123 

5.10 4.8o 0.178 7.55 0.096 

5.11 6.30 0.233 8.22 0.073 

5.07 8.00 0.296, 8.82 0.057 

4.90 11.8 0.1+36 10.02 0.036 

4.71+ 13.7 0.51 10.8 0.029 

4.71 16.0 0.59 11.2 0.021+ 

4.68 19.3 0.71 12.3 0.020 

4.65 23.0 0.83 13.2 0.0167 

4.70 25.8 0.96 14.1 0.0152 

4.83 31.2 1.16 15.6 0.0132 

5.05 35.5 1.31 16.8 0.0127 

5.35 39.1 1.1+5 17.7 0.0130 

5.66 42.5 1.57 18.8 0.0131 

5.97 44.3 1.64 19.6 0.0143 
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b) Acetylene 

Bowman and Gordon 
114 
 and Walker 78  have measured electron drift velocities 

over the range 0.1 . E/p 2.5 and these are compared with the present results 

in Fig. III 21. Only at Jp < 0.9 do the results of Walker become several % 

Lower than the present values, while those of Bowman and Gordon are several 

times lower over the whole Vp  range considered. In the range 0.9 E/p 8.0, 

the present results agree with Walker within the limits of experimental error. 

No drift velocity measurements have been made above E/p = 9 with which the 

present results can be compared (see Fig. III 21.). 

Townsend energy coefficients have only been measured in C2H2  in the 

range 10 < E/p 20. If a Maxwellian distribution is assumed, approximate 

values of the mean total cross-sections and fractional energy loss can be cal- 

culated in this range. By extrapolating the k1  values to k1  = 1 at thermal 

energies, a rough indication of Qtot.  and X can be extiniated at lower energies 

so that comparisons can be made with other work. The extrapolation used is 

indicated in Fig. IV 26. and the resulting Q 	and X values shown in Fig. IV 29. 

and IV 28. and Table IV 14. 

Bowman and Gordon evaluated momentum transfer cross-sections from their 

drift velocity measurements at different temperatures in the energy range 

0.01.<, 	0.06 ev. and found the cross-sections to decrease rapidly with 

increase in energy. In this gas Bowman and Gordon indicate that the reproduc-

ibility of their drift velocity results was not good and they estimated error 

limits of 8%. Applying equation I 19.  for a Maxwellian distribution to the w 

values of Bowman and Gordon a .980K. and the extrapolated k values (see Table 

IV 	 values are obtained which correspond closely with the momentum 

transfer/ 
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transfer cross-section of Bowman and Gordon calculated from the temperature 

variation in w. On this basis it is postulated that more accurate measurements 

of the drift velocity at different temperatures will give momentum transfer 

cross-sections which,,:ill overlap more closely with the present 	at near 'tot. 

thermal energies. 

The only measurements of total cross-section at higher energies have 

been made by Bruche 132 using a Ramsauer experiment, and are seen to be very much 

lows:: 	:r the present cross-sections in the energy range 0.7 < f < 1.2 eve 

Measurement of k1  at low i/p values and a more precise knowledge of the energy 

distribution at higher E/p values is obviously required to obtain a better 

estimation of the correct total cross-section. 

The extrapolated fractional energy loss passes through a sharp 

maximum at 0.06 eve and then tails off to a constant value at mean energies of 

just above ]. eve As in C2Iik,  neither elastic nor rotational losses explain the 

sharp maximum in X at 0.06 eve The'fundanmtal vibrational modes in C 2 H  2 are 

tabulated below: 125  

Two stretching C - H modes: 

Two bending C - H modes: 

One stretching C C mode: 

V1  at 3374 c.m.-1  = 0.418 eve 

at 3287 c.m.-1 	0.407 eve 

- at 612 c.m,-1 = 0.076 eve 
- at 729 c.m.-1 : 0.090 eve 

at 1974 c.m. 	0.244 eve 

The X peak coincides most closely with the symmetrical '4 bending mode, 

which therefore appears to be the primary source of electron energy loss at low 

H/p values: 

__ I __ __I 
H 	C 	C 	H : '14 bending mode in C2H2. 
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The rapid fall in X above the maximum value indiates that excitation 

of other fundamental and higher order vibrational modes do not affect the trans.-

port coefficients w or k.1  appreciably. 

In most non-polar and quadrupolar molecules, vibrational excitation 

causes the drift velocity to pass through a maximum value. In C2H2, however, 

the drift velocity levels off around E/p = 6 to 8, and then gradually increases 

again. As the total cross-section does not decrease suddenly in the region 

0.5— 	a further excitation process must be postulated to exist in the 

region 1.5 to 4 ev. Bowman and Miller 63  have observed an inelastic process at 

2.0 ev. using the electron trap method. Molecular orbital theory has predicted 

the existance of an excited triplet state in C 2  H  2  at energies less than 5.2 ev.135  

Since only the 2.0 ev. excitation process has been observed in C 2  H  2  below 5.2 ev., 

the rise in drift velocity is probably due to this electronic excitation process. 

Once again, application of the theory outlined in Chapter II would indicate whether 

a plausible cross-section with a threshold of 2.0 ev. could explain the experimental 

w values. 



157. 

TABLE IV 14. Calculation in C2H2  assuming a Flaxweflian Distribution. 

T = 293°K. 

w 
cm/ p sec. 

k, T 
(ev.) 

Qt0t. 10'6 im 2  ) 

0.25 0.523 1.06* 0.039 11.1 0.014 

0.1+0 1.38 1.07 0.040 11.8 0.032 

0.60 1.93 1.09* 0.041 12.6 0.061 

0.80 2.38 1.12* 0.042 13.4 0.090 

1.0 2.73 1.15' 0.043 14.4 0.115 

1.5 3.53 1.20* 0.01+1+ 16.4 0.184 

2.0 4.10 1.1+0* 0.052 17,4 0.213 

2.5 4.53 1.70* 0.067 17.8 0.212 

3.0 4.8o 0.078 18.2 0.195 

3.5 5.05 2.5c 0.093 18.5 0.181 

4.0 5.19 3.00* 0.111 18.8 0.157 

4.5 5.31 3.50* 0,130  19.1 0.143 

5.0 5,39 4.00* 0.148 19.6 0.129 

6.o 5.47 5.20 0.192 20.3 0.102 

7.0 5.50 6.70 0.21+8 20.7 0.080 

8.0 5.53 8.40* 0.311 21.3. 0.065 

9.0 5.55 10.20 0.78 21.4 0.054 

10.0 5.57 12.20 0.452 21.7 0.045 

12.0 5.63 16.20 0.60 22.3 0.035 

14.0 5.75 2o.4c 0.76 22.7 0.029 

16.0 5.85 24.90 0.92 23.1 0.024 

19.0  6.12 32.1+0 1.20 23.0 0.021 

* Extrapolated k1  values 
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c) Ethane 

The present drift velocity results in C2H6  are compared at low E/p 

with Bowman and Gordon 114 78 i and Walker 	n Fig. IV 30. Bowman and Gordon estimate 

an accuracy of 6% hence their values agree with the present results within the 

limits of experimental error. In the range 0.2 	 3, the present results 

agree fairly closely with Walker (see Fig. III 18.). Above E/p = 3, no 

measurements have been made with which the present results can be compared. 

Townsend enerj coefficients have been measured in C2  H6  by Cottrell 

and Jalker37  in the range C • 2 ,:-'Z/p 4 5. and by Mavdan38  in the region 6.5< E/p 

E16.5. As seen in Fig. IV 31., the results of Cottrell and Walker, which are 

deemed to be more reliable, do not coincide with the lowest B/p measurements of 

Maydan. If Cottrell and Walker's results are extrapolated, however, they do 

agree with Maydan above is/p = 12. To obtain realistic Qtot. 	values, k 

values are interpolated between B/p values of 5 and 13 and extrapolated to thermal 

energies below B/p = 0.2. Total cross-sections and fractional energy losses, 

evaluated assuming a Maxwellian distribution, are shown in Figs. IV 32. and IV 33. 

and are tabulated along with the best w and k1  values in Table IV 15.  The 

values of C 2  H  6 follow a similar patter to CH 4 with a cross-section minimum at 

0.7 ev. Compared with C2Hk  and C2H2, the much closer agreement of the 

values and the momentum transfer cross-section of Bowman and Gordon indicates 

that their drift velocity measurements at different temperatures are probably 

correct. Brjiche 3  made direct measurements of the total cross-section in C 2  H  6 

at energies greater than 1 ev. using the Ramsauer experiment. His results are much 

lower than the present values around 1 ev., but increase rapidly with energy to 

cross the present results around 2.2 ev. Since electron experiments are more 

difficult to perform at low energies, it is suggested that the present results are 

more accurate around 1 ev., but not as accurate as those of Briche above 2 ev. 
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The fractional energy loss curve in Fig. IV 33. indicates a sharp 

maximum around 0.11 ev. falling to a constant value around 3 ev. Once again, 

elastic and rotational energy losses do not explain the high energy losses around 

0.11 ev. and vibrational excitation must be considered. The fundamental vibrat-

ional modes in C 2  H  6  are much more numerous than in C2Hk  or C 2  H  2  , but they can 

be subdivided into a number of general groups 5: 

Four C - H stretch modes: 

Four CH  deformation modes: 

V1  at 2899 c.m. 

at 2954 c.m. 

at 2994 c.m. 0.36 ev. 

Y10 at2963 c41. 

V2  at 1375 c.m. 

c.m. 1  
0.171 ev.  

at 1379 

at 1486 c.m. 1  

-1 
0.182 ev. 

Y11 atio come 

Tvo bending modes, analogous to Yq  at 820 come-1  : 
	

0.101 ev. 

the two bending modes in C2  H2 V'12  at 3.155 cm.-1  : 
	

0.143 ev. 

One torsion mode: 
	 Y. at 275 c.m. : 	0.034  ev. 

One C - C stretch mode 	 '/3  at 995 c.m. 1 
	

0.123 ev. 

The lowest fundamental mode is the V4  torsion mode, but it is difficult 

to imagine how the electron could twist the molecule. The > maximum indicates 

that either the two bending mádes of the C - C stretch mode could be the major 

excitation process. Folliwn 
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Following the arguments of other molecules already discussed, it is predicted 

that the symmetrical bending mode ( 	is the principle vibrational mode 

excited by the electron, aided by the antisyimnetrical mode Y 12 	With so many 

vibrational modes, coupling of the C w C stretch mode and the bending modes cannot 

be ruled out (see discussion of C H8). 

In the range E/p > 12, the drift velocity increases gradually. As in 

CH4, neither Bowman and Miller 63  nor Lassettre51  have discovered excitation 

processes in the energy range 4 < E < 9.5 ev. It should be noticed that the 

mean energy ( calculated from a Maxwellian distribution) at E/p = 12 is around 

2.5 ev,, i.e. the magnitude of the high energy tail of the distribution indicates 

that about 1% of the total number of electrons have energies around. 10 ev., in 

which case the increase in drift velocity above E/p = 12 can be explained by the 

9.9 ev. excitation process observed by both Bowman and Miller and Lassettre. If 
an un1m7m excitation process is present in the energy range 0.5 < E < 4 ev., 

its presence would be identified by a corresponding rise in drift velocity and also 

by much smaller 1c  values for the same E/p values (the excitation process reducing 

the mean energy of the swarm). This statement is only valid, however, if the 

transition probability for exchange of energy from the ground state to the excited 

State of the molecule is great enough to cause a measureable change in w and 1c1•  

The present results serr to indicate, however, that no excited stateo of 02H6  

exist in the range 0.5 < E. < 9.8 ev. 
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TABLE IV 15.  Calculations in C2H6  assuming a Maxwellian Distribution 

T = 293°K. 

E/p 	w 	k. 	 Qtt.x10" 'm.2  
sec.) 	(ev.) 

1.37 0.051 279 0.021 

1.90 0.070 2.4.9 0.056 

2.80 0.104 2.59 0.096 

3.80 0.14.1 2.88 0.095 

4.70 0.174. 3.22 0.088 

5.60 0.207 3.50 0.082 

7.70 0.285 4..5 0.066 

9.90 0.367 4..88 0.054 

12.0 0.444 5.52 0.04.5 

14.1 0.52 6.15 0.038 

18.6 0.69 7.20 0.028 

23.5 0.87 8.13 0.022 

28.5 1.06 9.00 0.017 

33.8 1.25 9.77 0.0142 

39.1 1.4.5 10.52 0.0119 

44.9 1.66 11.04. 0 -01-014- 

50.7 1.88 11.6 0.0092 

56.7 2.10 12.1 0.0081 

69.2 2.56 12.7 0.0068 

83.1 3.08 13.1 0.0059 
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d) Propane 

The present electron drift velocity measurements are compared with 

results of Walker78  and Christophoron, Hurst and Hadjiantonioul6 over the range 

0.03 < Eki < 0.60 in Fig. IV 30. The results converge at low E/p, but above 

E/p = 0.15, the present results are much higher than those of Christophoron, Hurst 

and Hadjiantôniou. It should be noted that the time of flight measuremcnts of 

Christophoron et. al. show similar cndancy in C2H. In the range 0.6i 4/p 

r h1t results agree remarkably well with Walker (see Fig. III 19.), 

but above E/p = 5, thepresent results are the only values in existance. 

IC.1  values in C 
3 
 H 8  have been measured in the range 0.2 
	i/p< 6.0 by 

Cottrell and Walker37  and in the range 6 	/p < 15 by Maydan38. In the region 

of overlap, agreement between the two sets of results iz good (see Pig. IV 31.). 

Extrapolating the k1  values to thermal energies, tot.  and X values are 

evaluated assuming a Maxwellian distribution at 2930K. and are shown in Figs. IV 31i. 

and IV 33. and Table IV 16. As in the other saturated hydrocarbons, a distinct 

total cross-section minimum is found, which in C 
3 
 H 8  occurs around 0.085ev.  and takes 

a minimum values of 5.12 x 10_16 o.m.2. Taking the lower drift velocity results 

of Christophoron, Hurst and Had jiantoniou and the IC1  values of Cottrell and Walker, 

the Q4 	minimum for a Maxwellian distribution occurs at 0.075  ev. and has a 

minimum value of 6.65 x 10716 c.m. . No drift velocities have been measured at 

temperatures other than room temperature, hence accurate cross-sectiozil3 below 

0.01,- ev. have not yet been evaluated. At higher energies, the total cross-section 

values of Brche123  are much I':•' than the swarm Q 	values around 1 ev., but his 

cross-sections increase rapidly with energy crossing tip present results around 2.2 ev. 
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The fractional energy loss curve shows a sharp maximum around 0.14 ev. 

but the magnitude of the > maximum amount to only 6% compared with 10Z and 3()% in 

C
2 
2H6  and CH respectively. The > values fall off steadily reaching a constant 

value around a mean energy of 2.5 ev. Although totational excitation probably 

occurs due to the quadrupole interactions with the electron field, vibrational 

excitation must be considered to explain the maximum value at 0.114. ev. Due to 

the large number (27)  of vibrational modes in C 
3 
 H 
8 
 , it is impossible to assign the 

energy losses to any particular fundamental mode. However, various types of 

vibrational modes can be grouped together 125: 

CH and Cl-I stretch modes: 	 0.36 ev. 3 	2 
CH and CH deformation modes: 	0.18 ev. 3 	2 
CH3  and CH2  rocking modes: 	 0.14 ev. 

C - C stretch modes: 	 0.11 ev. 

C - C - C bend, CH  and CH  
twisting modes: 	 4Z 0.1 ev. 

The CH  and Cl!2  rocking modes are equivalent to the bending modes 

discussed in C2H, C2H2  and C2H6, and coincide most closely with the A maximum 
value. It must be pointed out, however, that the division of vibrations to 

particular modes may be a poor approximation for a molecule with so many types of 

possible vibrations, and a certain amount of mixing may occur between vibrations 

of the same species e.g. the 
CH  

and CH  rocking modes may in fact be slightly 

coupled to the C - C stretch mode and vice versa. This coupling of modes may be 

partly responsible for the decrease in magnitude of the max. values in C 
2  H  6  and 

C 
3 H 8 - the coupling causing a reduction in the vibrational excitation of the 

molecule. In CH, no coupling is possible, wheras in CH6  and C 
3  H  8 

the possibility 

of coupling increases. 



At higher energies no exôitation processes have, been identified below 

7 ev. Erhardt Linder and Meister 27  have obtained inelastic cross—sections 

for an excitation process which has a threshold at 7.1 ev. rising to a maximum 

around 9 ev. Lassettre5' identifies electronic excitation processes with maximum 

at 9.13 ev. and 9.81. ev., but his sharper resolution indicates a threshold energy 

much higher than 7.1 ev. For the purposes of the present discussion, the energy 

of the maximum intensity for an inelastic process will be taken as the most probable 

value for the excitation. The situation is therefore very similar to C 
2  H  6 

 and CH  

with the swarm results aparently a eing with the lack of excitation processes 

in the range 1 < € < 9 ev. 
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TABLE IV 16. Calculations in C 3  H 8  assuming a Maxwellian Distribution 

T = 293°K. 

E/p 	w 	Ic1 	T 	Qtot. 
xiO16 come  2 	X 

(cm/p sec.) (ev.) 
0.10 0,562 1.25 0.01f6 7.37 0.0044 

0.20 1.15 1.55 0.057 5.89 0.015 

0.4.0 2.22 2.20 0.081 5.13 0.039 

0.60 2.92 2.80 0.104 5.18 0.054 

0.80 3.41 3.40 0.126 5.37 0.060 

1.0 3.72 3.90 0.144. 5.7)+ 0.063 

1.4. 4.17 5.0 0.185 6.33 0.061 

1.8 4.42 6.0 0.222 7.02 0.057 

2.2 4.61 7.0 0.260 7.61 0.053 

2.6 4.70 8.2 0.300 8.16 0.048 

3.0 4.79 9.2 0.34.1 8.71 0.044 

3.5 4.85 10.5 0.389 9.41 0.040 

4.0 4.92 11.8 0.44. 10.00 0.036 

4.5 4.98 13.1 0.4.9 10.53 0.033 

5.0 4.99 14.5 0.54 11.10 0.030 

5.5 5.00 16.1 0.60 11.56 0.027 

6.0 5.00 18.3 0.68 11.83 0.024. 

7.0 5.02 22.8 0.84 12.32 0.020 

8.0 5.04 27.7 1.03 12.72 0.016 
9.0 506 32.8 1.22 13.10 0.0138 

10.0 5.08 38.1 1.41 13.45 0.0120 
12.0 5.10 4.9.1 1.82 14.2 0.0094. 

14,0 5.13 60.2 2.23 14.8 0.0077 

15.0 5.15 65.7 2.44. 15.2 0.0072 
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1, DISCUSSION OF POLAR MOL':CULES. 

a) Drift Velocities and. Townend Energy Coefficients 

Electron drift velocities for the four polar gases (CH 2)2011  CH3C1, CH3OH 

and PH3  are show in Figs. III 22 - III 25.  and tabulated in Tables IV 17. - IV 19. 

Measurements were attempted in CH3NO2  but extensive electron capture prevented any 

results being takn. Similar measurements have been made by other workers over 

various p ranges in ASH378, A.78,PD3 l36, (ci)co781  C2H501178, H204  and C2H/ 

polar gas mixtures 	Drift velocities in all the polar gases are 

much lower than in the quadrupolar and non-polar gases. This is caused by the 

long range interaction of the dipole moment of the molecule with the field of the 

electron which causes a reduction in the mean free path. More randoinising. 

collisions therefore occur which reduces the progress of the electron in the field 

direction. In the 4. gases studies in the present work, the drift velocity, 

decreases with the dipole moment of the gas as expected. 

At present, k1  values have only bren measured in (C113)2037, AH316  and 

A3D3136 at low E/p , and CH3C138  and H2O 6  at high E/p. Results for (CH 3)2o and 

CH3C1 are show in Pig. IV 35. in which the high E/p results of CH3C1 are extrapolated 

to k.1  = 1 at thermal energies. The reduced mean free path in polar molecules 

prevents the electrons from picking up much energy from the field between collision, 

and the resulting k1  values are hence much lower than in the non-polar or quadru-

polar molecules (compare (CH 3)2co with C2H6  or CHQ. 

Mean total cross-sections are calculated from equation I 19.  assuming 

a Maxwellian distribution for (CH 3)2C0 and CH3C1 and are shown in Fig. IV 36. The 

total cross-section of rc molecule is compared with the theoretical cross-section 

derived by Altshuler95  for the scattering of/ 
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of an electron by a point dipole in Pig. IV 36.: 

Q4,928 p2 
tot. = 

where Q 	is the total cross-section In units of 10716 come 2, 	is the dipole 

moment in debyes and E is the energy in eve 

b) 	Discussion at Thermal Energies 

It is possible, by assuming k1  = 1 at thermal energies, to evaJ.ate 

thermal energy limits for the cross-section in PH
30 

CH3OH and 1120•  It *111 be 

shown that mean total cross-sections evaluated at thermal energies show fair 

agreement with Altshuler in (CH 3)2CO, CH3C1 and CH3OH, but not in AsH3, PH3  or 
H20. The conclusion has been reached for some of these gases by various workers 

in the study of mixtures of polar gases in C 
2  H at low E/p values. A method of comparing 

the experimental results of both mixtures and pure gases with the theory at thermal 

energies is now presented. 

At a fixed E/p, Hurst, Stockdale and OtKellyU3 found that the drift 

velocity in C 
2  H decreased linearly with the addition (up to ic) of a given polar 

gas, as given by the equation: 

w = w2' + S(E/p)_.L 
f2p IV 2. 

where w and w2  are the drift velocities in the mixture and. pui C2H4  respectively, 

f1p and f2P are the partial pressures of the polar gase and C2Irespectively and 

S(E/p) is a parameter which varies with E/p. 

Since the increase in drift velocity with E/p is linear in both C 
2 
 H and. 

C 
2  H mixtures at such low E/p values ( 0.10), a Maxwellian distribution can be 

assumed/ 
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assumed to hold, the electrons being in thermal equilibrium with the gas molecules. 

Moreover, assuming a momentum transfer cross-section near thermal energies which de-

creases as the inverse square of the velocity to hold in both the polar gas (as 

predicted by Altahuler) and in C2H
4 , viz.: 

= A1  v 2 
	

Iv 5. 

= A2 v 2 	 IV 4, 

where Q and Q are the momentum transfer cross-sections in the oolar gas and C 
2 
 H 

respectively, and Al  and A2  the respective ion&tants, and v being the velocity, a 

relation can be derived between the drift velocity and the cross-section: 

-1 	-1 	-1 A] ! W-1 _w2 	+w2- 
 A 
	r2p 

comparing with equation,1V2 S(p) is seen to be related to A1  and A2  by 

S/E/p) = w2  

+ From the discussion in Section IV 3., it was deduced that the cross-section in C 
2 
 H 

is more likely to a-proach a constant value at thermal energies. Christophoroii. 

Hurst and Hendrick have recalculated the present theory assuming an energy independent 

cross-section at thermal energies, but their deductions are the same when compared 

with a Q o. 	dependence. Since other authors have assumed a velocity dependent 

cross-section for C2H and since the analysis is somewhat easier, a Q o 

dependence is taken here so that direct comparison with the CA/ polar gas igixture 
results of Hurst, Stookdale and O'Ke11y 3  and Hamilton and. Stockdale137  can be made. 
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Experimentally determined values of S(E/p) therefore give constant 

values of A1/A2  for each gas which are plotted against the square of the dipole 

moment (see Fig. IV 37.). Altshuler's theory predicts a value of 1.72 1 2 for 

A1, but before A1/A2  values can be plotted in Fig. IV 37., the magnitude of the 

cross-section in pure C 2 
 H must be evaluated. This is done by substituting 

equation IV 1for the cross-section and equation ii 40for a Maxwellian distribution 

into equation II 27 for the drift velocity, giving: 

- (/p) 
2 	A2  

where a is a constant. Evaluation of this constant gi1 es o = 0.83 x 106  and A2  = 

0.083. 

Altahuler's theory has since been modified by Mittleman and van H1dt 6  

who discarded the 1st Born aproximation method used by Altshuler, and evaluated 

cross-sections assuming the exact scattering of an electron by a point dipole. 

The values predicted by both the theories of Altshuler and Mittleman and van Holdt 

are shown by the lines in Fig. IV 37. 

To find values of A1/A2  from drift velocity measurements in pure polar 

gases, A ; is taken to be 0.083 and 	is calculated in a similar manner as described 

for C2H11  above. 

I 	(E/p)10 .e.w1 = A
1  

where c is the same constant which appears in equation 

Values of A1/A2  thus obtained are plotted along with the mean total cross-

sections at thermal energies in Fig. IV 37. and can be compared directly with the 

theoretical calculations at thermal energies. The results show excellent agree- 

ment with the 	values obtained from mixture experiments in gases where 

comparison 
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comparison is possible. Calculations with the present drift velocity results for 

(CH 3)20 and CH3OH show agreement with Hurst, Stockdale and O'Kelly, while the 

value calculated for CH3C1 is now much closer to the theory of Mittleman and 

van Holdt. The results for AsH3, PH3  and H 
2 
 0 show A1/A2  values which are much 

higher than either of the two theories. 

A number of authors 99-101 have calculated that it is possible for an 

electron to form a temporary negative ion for a period of around 10714 seos., if 

the dipole moment is greater than 1.63 debye units. The capture probability is 

proportional to ( /J/i)2  where I is the moment of inertia. In the case of H20 

the spacing of the rotational levels is such that at thermal energies, the first 

2 rotational levels are excited, and the energy spacing between the 2nd and 3rd 

level is a)proximately kT, so if a large number of capture processes occur, the 

rotational excitation will enhance the momentum transfer cross-section measured in 

Swarm experiments. 

This mechanism cannot a ply to AsH3, PH3  or H 
2 
 S which have dipole moments 

less than 1.63 debyea, and whose cross-sections are anomalously high. Stookdale 

and Hamilton137  have shown that hydrogen bonding effects and dimer formation are 

unlikely to be the sources of the discrepancy in these molecules. They state that 

te polarisability is too small to enhance the rotational excitation which could 

increase the cross-section. This mechanism is postulated to explain the anomalous 

A1/A2  values in fl-bonding aromatic compounds where the polarisability is high. 

At present, due to the lack of understanding of the processes occuring, in AsH3, 

PH3  and HS, it is suggested that the partial waves of the electron can interact 

with the molecular field in some unknown way at fair distances from the molecule 

resulting in high cross-sections at thermal energies. Further work, both theoretical 

and experimental, is required to solve this problem. 
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c) Discussion at High Energies. 

At higher energies, the fractional energy losses give clues to the types 

of excitation taking place. >\ values are calculated in CH3C1 and (CH 3)20 

assuming a Maxwellian distribution and are shown in Fig. IV 38. Some drift velocity 

measurements have been made in the present apparatus in the range 1< E/p < 26 

with a mixture of AsD3  and AsH3, the % of each gas not being known. In the range 

1 E/p 8, the results lie between the values for pure AzH3  and AsD3  measured by 

Walker. Since both the w and k1  values in AsH, and AsD have values close to one 

another, X values are calculated for AsU3/AsD3  mixture and are shown in Fig. IV 38. 

and tabulated in Table IV 19. 

The results in (cii ),o show a X 	at mean energies of 0.14 ev. which 
3 4 	 max* 

falls off slowly with energy, while the X  values in CH3C1 increase slowly with 

energy, but never attain the much larger values shown by (CH )20. It should be 

noted that the magnitude of the X 	in (C113)20 is only 2.5%  compared with 6% 

in C3H8, l0/ in C.H.  and 30% in CH4.. The )\ values are much greater than would be 

expected from elastic and rotational loss. and can only be explained by vibrational 

excitaL. ofl, 

The vibrational modes in (CH 3)2o are fairly similar to thosein C3H8, the 

errgy for excitation of the fundamental CH  rocking modes being around 0.14 ev. 

As in C 
3 
 H 8 , a fair amount of mixing of vibrations may occur which could have the 

effect of reducing the vibrational excitation of the electrons. 

Takayanagi has shown for a number of polar molecules that the polar-

isation force of the molecule can cause considerable distortion of the P-wave at 

incident electron energies of around 1 ev., which subsequently penetrates into the 

innermost/ 
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innermost region of the molecule resulting in vibrational excitation. This 

mechanism a- pears to apply in 	where the X  values pass through a maximum around 

a mean energy of 0.8 ev., but not in (d113)2o or CT13C1 (see Fig. IV 38.). In 

(CH 3)20 at mean energies of 0.14. ev. (i.e. the 	value), there are very few 

electrons in the high energy tail of the distribution which have energiac 

approaching 1 ev. Also, the values decrease with energy above 0.14 ev. which 

is contrary to the theory proposed by Takayanagi. In fact, in all of the gases 

which show 	values around 0.1-p0.2 ev., including quadrupolar and non-polar 

gases, there is no driving force ior vibrational excitation to take place. For-

mation of some intermediate state, such as a temporary negative ion, is postulated 

to take place with subsequent decay primarly to the bending modes of the first 

vibrational level, and to a much lesser extent at higher enerles to higher bending 

modes of the molecule. 

In C11,Cl, however, vibrational excitation does not appear to take place at 

all in the energy range 0 to 1 ev. The dipole moment in CH3C1 is greater than 

1.63 debye and hence temporary negative ions can be formed in this gas. A possible 

explanation of the results in CH3C1 could be attributed to the formation of a tem-

porary negative ion before either P-wave or resonance interactions, as described 

alove, can cause vibrational excitation. 
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TABLE IV 17.  Calculations in (CH 3)20 assuming a Maxwel].ian Distribution 

T = 293°K, 

E/p 	w 	k 	TQ 	xlO 16 O.M.  2 
1 	 tot. 

cm/p sec. (ev.) 

0.60 0.138 LOG 0.039 178 0.0003 

1,0 0.232 1.10 0.011 173 0.0009 

1.5 0.345 1.13 0.042 173 0.0019 

2.0 0.486 1.16 0.043 161 0.0036 

2.5 0.606 1.24 0.046 156 0.0052 

3.0 0.788 1.36 0.050 138 0.0080 

3,5 0.937 1.50 0.056 128 0.0104 

4.0 1.16 1.70 0.063 1].1 0.0)40 

4.5 1.33 1.90 0.070 103 0.0164. 

5.0 1.61 2.10 0.078 90.4 0.0219 

5.5 1.85 2.50 0.093. 79.3 0.0242 

6.0 2.20 3.30 0.122 63.3 0.0260 

7.0 2.80 5.50 0,204. 45.0 0.0252 

8.0 3.45 8.70 0.322 33.2 0.0242 

4.06 12.8 0.474 26.1 0.0228 

1.0 4.53 16.8 0.62 22.7 0.0216 

11.0 4.88 20.4 0.76 21.0 0.0207 

13.0 5,35 27.3 1.01 19.6 0.0186 

15,0 5.51 34,2 1.27 19.6 0.0157 

18,0 5.71 45.0 1.67 19.8 0.0128 
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TABLE IV 18. Calculations in CH3C1 assuming a Maxwellian Distribution 

T = 293°K, 

E/p 	w 	ic.1 	 xiO16 Como  2 	X 

1.05* 0.039 411 0.00(17 

1.25* o.04.6 4.15 0.00414 7 

1.70* 0.063 344 0.00083 

2.70* 0.100 258 0.00102 

4.8* 0.178 171 0.00116 

7.9k 0.293 115 0.00136 

11.5' 0426 80.6 0.0018 

15.4 0.57 59,0 0.0024 

19.8 0.73 43.3 0.0035 

25.3 0.94. 34.2 0.001.2 

31.2 1.16 28.3 0.0049 

37.2 1.38 25.1 0.0052 

4.9.7 1.84 21.9 0.0052 

crn/ l sec. 

1.0 
	0.10 

2.0 
	0. •I  .LO O '• 

3.0 	U
I-' . 28re  

4.0 	0.39 

5.0 	0.56 

6.0 	0.78 

7.0 	1.08 

8.0 	1.45 

9.0 	1-97 

10,0 
	

2.45 

U. 0 
	2.93 

12.0 	3.30 

14.0 
	

3.83 

* Extrapolated k values. 
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TABLE IV 19.  Results and Calculations in AsH and AsD. 

E/p 

Pure AzH78,136 

w 
cm/ysee 

ic.1  

Pure  ASD 78,136  

w 
cm/ysec 

k.1  

AsH3/AsD3  mixture 

w 	ic.1 	g 	mixture 	mixture 
c,/ 	see 	(ev) 

3. 0.19 1.10 0.19 1.1 0.19 1.1 0.041 0.0006 

2 0.14 1.2 0.4.3 ..: 0.4.2 1.2 0.044. 0.0026 

3 0.70 1.6 0.78 1.5 0.76 1.55 0.057 0.005 

4 1.11 3.0 1.3 2.0 1.21 2.5 0.093 0.0103 

5 1.70 5,5 2.1 3,7 1.89 4.6 0.17 0.0136 

6 2.4 8.6 3.0 6.5 2.71 7.6 0.28 0.0170 

7 3.2 12.0 5.9 10.1 3.60 11.0 0.14 0.0206 

8 4-.0 15.7 4.7 14.0 4.37 34.9 0.55 0.0225 

9 4.8 19.2 5.3 18.9 4.99 19.0 0.70 0.0230 

10 5.6 ;.2.5 5.8 22.2 5.4.6 22.4 0.83 0.0233 

12 6.13 30.0 1.11 0.0220 

14. 6.38 36.5 1.35 0.0196 

16 6.63 4.2.6 1.58 0.0181 

18 6.76 4.8.3 1.79 0.0166 

2 6.85 53.8 1.99 0.0153 

22 6.96 59.5 2.20 0.0343 

24. 7.00 66 2.44 0.0130 

26 7.014. 73 2.70 0.0119 

k. (mixture) values obtained by taking mean values of experimental 

results of Walkerl36 and Maydan38 in pure AsH3  and. AsD3. 

w(mixture) values measured using present drift tube. 
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APPENDIX 

Print out of computer program used for evaluation of results detailed 

in Section IV 2. A K.D.F.9 computer was used for the calculations and the 

language in which the program is written is Atlas Autocode (DO). All explanatory 

comments to the program are indicated by square brackets [J and are not part 

of the program itself. 

%BEGIN 
%REAL A,H,iI4.2,SUM,E,T,UW,P,Q,V,G,X,Z,Y,D,YA,C, 

RA,AS,B,F, IN 
%REAL VR,PO,NOT,ELEC,VM,VU,EN,KTE,MQ,CON,QA,CA, 

CB,CIi,CX,CZ 
%INTEGER N,I,J,K,L,M,R,NO,CT,C'CQ,CW,CN,CI,CJ, 

CK,NM,EL, Cs 
READ(E) 
READ( T) 
READ(U) 
READ( w) 
READ( Q) 
READ(AS) 
READ( NOT) 

READ( CON) 

%ARRAY DX(0:5),DY(1:2,0:202),DZ(0:5,O:5),DW(1:29  
O:404) 

READ( CA) 
READ( C B) 

READ( CH) 

RN:U(CN) 
CK=1 
5C7CLE CT=O,l,90 
RJD(DY(CK,cT)) 

'/",REPEAT 
CYCLE CT=91,1,202 
DY(CK,CT)=DY(CK,CT-1)+0 .140 

[ELECTRONIC CHARGE] 
U TEMPERATURE I 
[BOLTZUNN CONSTANT J 
t ELECTR JN MASS 1 
[REFERENCE CROSS-S.OTiON] 
[MOL1CULE MASS 1 
[CONVERSION FACTOR RELATING 

E/N WITH E/pJ 

[o_i6  

r= 0] 
[= TOTAL NUII]3ER i' POINTS AFTER 

INTERPOLATION] 
[= 2 GIVES TdICE AS MANY POINTS] 

GIVES FOUR TINES AS MANY 
POINTS ETC • AT EQUAL INTERVALS 
IN INTERPOLATION] 

[= 1 ] 

[CROSS-SECTIONS READ IN AT 
INTL IIVALS OF € vib./6 J 
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%REPEAT 
CK=2 
9'CYCLE CT=0,1,30 
READ(DY(CK,CT)) 
R1PEAT 

%CYCLE CT=31, 1,202 
DY(CK,CT)=DY(CK,CT-1)-0 .0005 
%RPEAT 

CYCLE Ck(=1,192 	 [INTERPOLATION PR0CEDUR] 
%,CYCLE CL591,399 
Cx=cI 

CX< (CA+CH) %PHEN %STOP 
%THEN %STOP 

CZ=CA+2CH 
CR 
103:%IF CX<=CZ+CRCH 9THEN—,105 
CR=CR+1 
--*103 
105:,CYCLE CQ=091,5 
DX(CQ)=CA+(CR+CQ)*CH_CN*CH 
DZ(CQ,0) =DY(CK,CR+CQ-CN) 
%REPEAT 
%CYCLE, CT=0,19 4 
%CYCLE CW=1,1,5-CT 
CS=CT+CW 
DZ(CS-CT-1,CT+1)=( (cx-Dx(CS-cT-1) ) z( (cs-CT) ,cT)%C 
_(cx_Dx(cs))*( 'CS-CT-l) ,cT))/(Dx(cs)-Dx(c-CT-1)) 
%R!-:PEAT 
%IF CT=Lf `TH' 	106 

PRINT( DZ( CS-CT-i, CT+i) ,2,3) 
DW(CK,CI)=DZ(CS-CT-1,CT+1) 
%CYOLE CJ=0,10,400 
%IF CX=CJ %THEN— 107 
REPEAT 
SPACES ( 3) 
- 108 

NEWLINE 
REPEAT 

%REPEAT 
NLLIN1.3( 2) 
%CYCLE CK=1,1,2 	 [FIRST AND LAST F PCINTS ARE INTER- 

1 	 Li 

%CYCLE CI=091912 
RE1.D(D(CK,CI)) 
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%REPEAT 
%CYCLE CL396,1,O4 
READ(Dt4(CK,CI)) 
%REPEAT 
"'RE PEAP 
%CYCLE 01=0,1,12 
DW(2,CI)=0 
%REPEAT 

READ (NM) 
%ARRAY BA(O: NM) ,BB(O:NM),BE(O:NM),BF(O:NM),BG(O:NM) 
%ARRAY BH(O:NM,0:5),BI(O:NM),BK(O:NM),BM(O:NM),BN(O:NM) 

BP(O:NM) 
%ARRAY BP(0:1*1),BS(O:NM,1:3),BT(O:NM)BU(O:NM),BW(O:NM) 

BX( 0: NM) 
ARRAY BV(O:NM),BY(O:NM),BZ(O:NM),BD(O:NM),BQ(O:NM),BO(O:NM) 

AA(O:NM) 
%ARRAY AB(O:NM) ,AD(O:NM) ,AE(O:NM),AF(O:NM) ,AG(o:N:) 
1:READ(N) I NUMBER OF POINTS TO BE 

ONEIDERED IN DRIFT 
TLOCITY CALCULATIONS.] 

READ(N) I 	2ACING BL7'1EEN ADJACENT 
POINTS IN TERMS OF Z.i 

READ(EL) C 	vib./EL 
READ( r) [ F/p VALUE. 3 
%ARPAY AC (0: EL) 
%CYCLE 1-0,1,N 
AF(I)=DW(1,12I/) 
BD(1)=DW(2,121/EL) [ExrRs Nnc cioss-sEci'Ic!s 

IN NORNALL3ED VARIABLES z.l 
%REPEAT 
MQ=(AS/(2I) )*(]/Q) 

%CYCLE I=0919N 
BA(1)=AF(I)*CON/Q 
AA(I)=BO(I)*MQ*CCN 
%REPNAT 
)=P/NOT r CALCLTLEIG.N OF s/N] 
5CAPTION  
PRINT( P, 2,2) 
NE;ILINE 
%CAPTION 	'-' 	N N 
PRINT FL(LN,3) 
NELINEN( 2) 
(A_Q*NOT 
A=(AS/(6W))*((E*E*P*P)/((QA*QA*UT*T)))/(U) [CALCULATION OF o( 3 
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NO=N 
—24 
2:NO=NO..]. 
24:%CYCLE I=O,1,NO 
BE(I)=(I*H*BA(I)*BA(I))/(A+IBA(I)*BA(I)*H) 
%REPEAT 
SUM--BE(0) 
%IF NO=1 	THEN - 3 
%cYcLE J=1,1,(N0-1) 
suM=suM+( 3.JARITY( ) )*BE( J) 
EPEkT 

3: STJM=SUM+BE(NO) 
INT=suMH/3 
BF(NO)=EXP(-INT) [cALcuLp4.TI0N OF 

tF 	NO>]. 	%THrN-2 

E CT I=hl 11  [CALCULATION OF h(z)
PEIA 

I 

NEwIINEs( 2) 

NO--N C BACKWARD PROLONGATION 
IROCEEDIJRE I 

7:NO=NO-1 
4:CYCLE I=NO.-EL,1,NO 
D(I)=(PHBA(I)*BA(I))/(A+I*H*BA(I)*BA(I)) 

EPEAT 
CYCLE K=O, ).,EL-1 

SUM=AD(No-EL) 
%IF K--EL-1 %THEN - 
>'cYcLE J=(No-(EL-1) ),1,((No-ic)-1) 
%CYCLE R=O,1,300  
.,IF NO=N-2R %THEN - 4.]. 
REPEAT 

----))+2 
41 suM=suM+(3+p.ARITy(J))*AD(J) 
---143 
4.2: aJM=SUM-,-( 3s-PARITY( j) ) *.AD( J) 
43-AMIMAT 
4-6: $UM=SUM+.AD(N0-K) 
Iwr=SUM*H/3 
AC(K)=ExP(-niT) 	 I cicur 	CF 

rTAT 	
EXP(-. f xx (y)dy) I 
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8: Z=O 
%CYCLE I=N-(EL+1) ,1,N 
BR(I)=1 
%REPEAT 
K=EL-1 
AB(NO-EL)=(NO-EL) *H*(NO_EL) *BR(NO_(Ei))/BI(NQL) 
—*30  
19:Z=Z+3. 
K=M-1 
AB(No-EL)=(NO-EL) *H  i(No1a,)  *Bp(NQ_L)/BI(NOEL) 
3O:'CYCLE M=NO-(EL-1) 91,NO 
AB(M)=(M*H*AA(M) *AC(K)*(M))/BI(NJ) 
K=K-1 
%REPEAT 
SUM=AB(N0-LL) 
%cYcL J=No-(EL-1) ,1,NO-1 
%CYCLE R=0,1,300 
%IF NO--N-2R THEN .- 34 
RLIAT 
- 5 
34: SUM=SUN+( 3+PARITY( J)) AB( J) 

36 
35 :ZUN=SIJN+(3-PAR1TY(J)) *AB(J) 
36:%R M.PZAT 
SUM=SUM+AB (No) 
AE(No-.EL) =SUM*Ij/3 

BN(NO-E1) =AE(No-EL) 
%IF NO< =-2 %THEI - 17 
- 7 
17:BP(N0.EL)=BR(N0_(iL_2))+(H/3)*(BN(NO_EL)+4N(NO_(EL_1))yQ 
+BN(No-(i-2))) 	 I CALCULATION OF 

v(Z.-i) 3 
%IF Z< 1 %TREN - 19 	

1 

BR( NO-iL)=BP(NO-LL) 

'IF NO=EI*1 %ThN - 18 

18:çYCLE I=1,1,N 
B(I)=BR(I)*BF(I) 	 £ALCULATION OF f(Z)J 
"REPEAT 
BW(o)=BR(1) 

%CYCL1 K=3,1,N-4 
BS (K, 2) =( -1kBW( K-3) +1296BW( K-2) -6k8oBw( K-i) +6k8oBw( K+1) c 
-1296BW( K+2) +lk'+Bw( K+3) )/( 86koH) 	 [CALCULATION OF df  
1E PEA T 	 dz 

&(2,2)=(1296Bw(0)-648oBw( 1)+6k8oBw(3)-].296Bw(k) )/(86'+oH) 
B(1,2)=(-648OBW(0)+648OBW(2))/(6640H) 
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%CYCLU K=1, 1,N.- 

BT(K)=(K*H*BS( K, 2) )/BA( K) 
%REPEAT 
SUM=BT( 1) 
"CYCLE J=2,1,N-5 
SUM =SUM+(3+PARITY(J))*BT(J) 
%REPEAT 
SUM=SUM+BT( N-u) 
INT=sUM*H/3 
PiINT FL(INT,8) 
NEwLINJS( 2) 
Y=(_E*P*INT((SQ PT(2))/((SQ RT(U))*(SQ 

PRINT FL(Y,8) 
NEWLINES( 2) 
%CYCLE I=1,1,N 
BU(I)=(SQ, RT(I*H))*BW(I) 

SuM=BU( 1) 
%CYCLE J=2,1,N-1 
SIJM=SUi4(3+PARITY(J))*BU(J) 
%REPEAT 
SUM-_SUM+BU (N) 
INT=SUM*H/3 
%CAPTION 	NORMALISATION -' '-'CONSTANT 
PRINT FL(INT 9 8) 
YA=INT 
NiiLINE 
C.E/(U*T) 
UCL 1=1,1,14 

PRINT FL(Bx(I)98) 

SLICES (3) 
PRINT( I*H/G,3,5) 
NE1INE 
0/REPEAT 
NE':JLINE 
V=Y/YA 
%CAPTION - DRIFT -"-'VELOGI2 
PRINT JiL(V,3) 
Nifl1INS( 3) 

1 CALCULATION OF 
IiT VELOCITY ) 

RT(T))%C 

'-I 

t I6TRI13UTION NORNALI:JOD 
1211 RESIECT TO z I 
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'CYCLE I=191,N 
BV(I)=(I*H*BW(I) )/BA(I) 
%REPEAT 
SUM=BV( ]) 
%CYCLE J=2,1,N-1 
SUM=SUM+(3+PARITY(J))*Bv(J) 
,,)RE PEAT 
SUM=SUM+BV( N) 
INT=SUMH/3 
PRINT FL(INT,8) 
NEWLINE 
D=(SQ RT(2)*INT*(SQ RT(U))*(SQ RT(T)))/(3QA*YA ( RT(\I))) 
PRINT FL(D,8) 
NLINE (2) 
C=Dt P/V 
2CAPTION ' CHARACTERISTIC '-' - ERGY --j  
PRINT m(c,8) 
NEWLINES( 2) 

%CYCU I=1,1,N-4 

BY(I)=I*I*H*H*BA(I)*(BW(I)+BS(192)) 

1. CALCULATION OF eD/j)] 

CALCULATION OF ELASTIC 
POWER LOSS 

N.B. CALCULATED Ir  
OF E/p, NOT E/N ) 

%REPEAT 
NEWLINE 
SUM=BY( ) 
%CYCLE J=2,1,N-5 
SUM=SUN+( 3+PARITY(J) ) 93Y(J) 
%REPEAT 
SUM=SUM+3Y (N-k) 
RA=SUM*I1/5 
PRINT FL(RA, 
NEWLINES( 2) 
KTE=SQ RT( Cu T)/E) 
B=( RT(2))*( RT(E))*(KTE13)*(1/YA)2*(SQ 
%CAPTION .-'- PRs  

PRINT FL(B,8) 
NEWLINE 
F=B*RA 
%CAPTION 	ELASTIC ''' FO 'E2 " '1 WS S' 
PRINT FL(F9 8) 
NEWLINUS( 2) 

%CYCLE I=1,1,4-,  

AG(I)=I*H*Bw(I) AA(I) 
%RPEAT 
SUH=AG( 1) 

RT(W))*QA/AS 

.iJLATION OF VIB- 
RATIONAL POWER LOSS J 
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%CYCLE J=2,1,N—i 
SUM=SUM+(3+PARITY(J)) *AG(J) 
%iEPIAT 
SUM=SUM+AG( N) 

cJ*H*SUM*B*W3 
,, CAPTION 	VIBRATIONAL '-"- V4 '-"-'PO1.VE '-"-'LOSS'--' '-' 
PRINT FL(ELEC,8) 
NEWLINE 

VR=F+ELEC 
%CAPTION "- TOTAL '-'OJER-"-'LOS-"-' 
PRINT FL(VR,8) 
NEULL 
po=V*P 

%CAPTION '-s' TOTAL • POWER 	GAIN 
PRINT FL(P013) 
NEWLINE 
VM=(EE)/(WV) 

%CAPTION "-' ELASTIC '-"-' COLLISION '-' -' FR'QUENCY 
PRINT FL(VM,8) 
NEWLINE 

CAPTION - ENERGY'-"- EXCHANG '-"-' COLLISICS '-"-i  1'REQUENCY 
P1IN'2 FL(VIJ,8) 

INES(4) 
1 
7 %OF ;'PROGRAM 

CALCUL '(7 Oi 

[CALCULATION' OF YJN 

and Y/ii11  
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