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Chapter 1

Introduction and survey

The interaction of electrons with atoms and m olecules may give rise
to several p rocesses. The work described in th is th es is  is  mainly
concerned with electronic and vibrational excitation, ionisation, e lec ­
tron capture and d issoc ia tive  electron capture. The selection  rules
for the excitation of electronic energy levels of atoms and m olecules
by electron-im pact depend strongly on the experimental conditions
which are used. While for high-energy electron-im pact the selection
rules are very sim ilar to those for optical excitation (the "B orn
approxim ation" is  valid), practically  a ll e lectronic transitions are
allowed when low-energy electrons are used. For slow p rocesses it
is possib le  that the incident electron is  captured into an empty orbital
of the target molecule, and a molecular electron is  e jec ted . This
electron exchange may give rise  to the formation of a trip let s ta te .
These differences in the selection  ru les provide a powerful incentive
for using low-energy electron-im pact as  a spectroscopic tool. T his is
further emphasized by the fact that transitions for which the excitation
energy is  larger than 6 eV are m easured ju st as  easily  as the lower
transitions. In light absorption spectroscopy, on the contrary, it is
much more difficult to extend the spectra to the region between 2000
and 500 A. The considerations given above may create the im pression
that no preference ex is ts  for one transition  above the other. This is
certainly not the case , but it is  often difficult to explain the differen­
ces. A d iscussion  of the theory of low-energy collision p rocesses is
given in chapter 2.

An energy spectrom eter which has been designed to study the co lli­
sions of nearly monochromatic low-energy electrons with m olecules
is described in chapter 3. The apparatus resem bles in many aspec ts
the instrum ents described by Schulz (1958). The spectrom eter is
particularly su itab le  for the study of threshold excita tions. These
are p rocesses where the energy of the incident electrons is  ju st above
the excitation energy of the level under investigation. At present
excitation spectra of m olecules which have, at 150°C, a vapour
pressure which is  larger than 10  ̂ torr (mm Hg) are easily  recorded.
Moreover, it is  possib le  to operate the spectrom eter at tem peratures as
high as 350° C which makes it possib le  to study m olecules having a
very low volatility  a t room tem perature. Special attention has been
paid to the energy calibration as th is is  often of v ita l importance for
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a correct interpretation of the spectra. An accuracy of 0.05 eV is
reached in the present instrum ent. A highly sensitive  detection sy s­
tem for the ine lastica lly  scattered  electrons enables the use of very
small primary beam currents (order of 10”9 A). This has the advantage
that space charge effects are reduced considerably.

In chapter 4 it is  shown that sing le t-trip le t transitions often belong
to the most prominent excitations in the spectra. This is  a lso  the case
for the aliphatic  hydrocarbons for which no previous experimental
data on trip le t levels are availab le . Another application of the spec­
trometer is  the determination of electron affin ities of m olecules and
of reactive  rad icals like H and NH2. These resu lts  have the advantage
that they are obtained without any interference of solvent effects.

In order to be able to te s t the validity of certain  approximations in
theoretical calcu la tions several absolute measurements of to tal cross
sections (transition probabilities) have been performed (chapter 5).
The behaviour of the cross sections as a function of the incident
electron energy provides information about the nature of the process
which is  involved. The accuracy of these  determ inations is  not e s ti­
mated to be better than 30%. N evertheless these  measurements are
considered to be of great importance because no such experimental
data are yet availab le for threshold excitation p rocesses.

At first glance it seem s somewhat surprising that although Franck
and Hertz in itia ted  a s  early as 1914 the in te rest for studying electron-
atom co llis ions s ti l l  little  is known about the types and the cross
sections of the transitions which are induced by low-energy electron-
impact on m olecules. The main reason for the slow development of
th is field a rise s  from the fact that electrons can produce rotational
and vibrational excitations of the ground electronic s ta te  as well as
electronic excitation. Therefore, when an electron has lo st a certain
amount of energy during many co llis ions with m olecules it is  not
known whether the energy lo ss  corresponds to a single electronic
excitation or to the sum of several ro tational, vibrational and electron­
ica l excitations. For th is reason the study of m olecules requires the
use of sing le-scattering  electron beam techniques. This n ec ess ita te s
a much greater sensitiv ity  of the detection system . The recent devel­
opments of electronic circuitry and ultra high vacuum techniques have
led to a renewed in terest in low-energy electron-m olecule co llisions.
The occurrence of these p rocesses in the upper layers of the atmos­
phere and the reactions to which they lead in plasm a chemistry have
also  greatly stim ulated th is research.
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In the following chapters the concept of cross section is  frequently
used to indicate the effectiveness of a process. The definition of this
conception can be given by considering a beam of electrons of homo­
geneous energy E passing through a gas containing N m olecules/unit
of volume.

If an electron is  regarded as being lo st from the beam when it excites
a molecule to the nth sta te , the loss of in tensity  of the beam in
travelling a further d istance 8x from the point where its  in tensity  is
I is  given by

81 =N Q I Sx (1.1)

The quantity Q, which has the dimensions of area, is  called  the to tal
collision cross section of the molecule for excitation to the nth s ta te
by electrons of energy E.
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Chapter 2

THEORY

2.1. Introduction

The experimental resu lts  which are presented in th is thesis  have
been obtained for the interaction of low-energy (1 — 25 eV) electrons
with m olecules. A striking feature of the spectra is  the occurrence
of sing let-trip let and other optically  forbidden transitions. For some
of the observed transitions resonances appear very c lose to threshold.
Often ine las tic  p rocesses are observed at energies of the incident
electron which are far too low to give rise  to electronic excitation.
These p rocesses which correspond to the vibrational excitation of
m olecules show a maximum in their cross section for an incident
electron energy which is  c lose  to the absolute value of the theoretic­
ally determined negative electron affinity of the target molecule.

In a collision theory describing the interaction of low-energy electrons
with m olecules proper allowance should be made for such p rocesses.

2.2. Description of the interaction of low-energy electrons
with molecules

Since the introduction of quantum theory a number of methods have been
developed to describe collision phenomena. A review of these methods
has been given by Mott and Massey (1965), while Burke and Smith
(1962) have reviewed the specia l case  of low-energy scattering of
electrons by hydrogen atoms. The best known of these methods are the
Born approximation, the Born-Oppenheimer approximation, the distorted
wave method, the c lose  coupling approximation, the adiabatic theory
and the method describing the excitation via the formation of negative
ions.

Applications of these theories have mainly been restricted  to the inter­
action of an electron with a hydrogen or a helium atom. Efforts directed
towards the calculation of cross sections for the excitation of com­
plex m olecules (more than two atoms) have only led to the application
of the Born approximation (high-energy scattering of electrons neg­
lecting exchange) to the benzene molecule (Inokuti, 1958; Matsuzawa,
1963; Read and Whiterod, 1965).
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In this section the theory for low-energy collisions is discussed in a
general way. A formal justification for such a description has been
given by Feshbach (1958,1962,1967). The presentation is intended to
give a better understanding of the physical significance of several
methods and of the cases where it is likely that a given method is a
good approximation. It is shown that while the existence of near
threshold resonances in the cross section is explained in a natural
way by the quantum collision theory, this phenomenon is not explained
by a classical theory like the one presented by Gryzinski (1965).
The usual Bom approximation which assumes a weak interaction be­
tween the incident electron and the molecule is only valid for high
impact energies. In calculating transition probabilities the initial and
final scattered wave functions are approximated by plane waves. This
description of the collision is certainly not a realistic one for low-
energy electron-molecule collisions where the velocity of the incident
electron is about equal or smaller than the velocities of the molecular
electrons. A collision theory which is adequate for such low energies
should, therefore, take into account the importance of the polarisation
of the target molecule by the approaching electron and also the dis­
tortion of the plane waves by the molecule. Moreover the wavefunctions
should be properly antisymmetrised according to the Pauli principle
in order to allow for the exchange among the incident and the molec­
ular electrons.

The distortion of the molecule and the incident and scattered wave
can be approximated by a superposition of configurations ("configu­
ration interaction") for the electrons and nuclei. In principle an exact
description of the collision phenomena can be obtained by taking
into account all configurations which arise from a complete set of
orthonormal wavefunctions for the molecule plus an electron. This
would be, however, far too complicated for actual calculations. The
main problem is therefore to develop experience in choosing the con­
figurations which form the largest contribution to the phenomena. For
the excitation of the helium atom to its 23S state, tor instance, one
may use the configuration interaction with the 21S, 23S, and 2^P states
where the mixing of P states accounts for the polarisability of the
atom. Such a procedure is called a close coupling method involving
the ground and four excited states. It has been shown by Baranger
and Gerjuoy(1957), however, that the threshold behaviour of the 1 *S -*23S
transition (Fig. 5.1) can already be explained by configuration inter­
action with a single state of the He" ion. Such He" ions are generally
not stable but the lifetimes are long enough to produce sharp resonan­
ces in elastic scattering experiments. The wavefunctions <// for such

'  m
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an unstable ion cannot be exact eigenfunctions since e igenstates
have infinite lifetim es. They are the solutions of a perturbed Schrödinger
equation

(H -  w m) -  R (2 . 1)

0  is  a good approximation of an eigenfunction, however, if the pertur­
bation R is  so small that the lifetim e of an ion is  for example at lea s t
of the order of 10“14 sec.
For c a ses  where the energy ot an excited s ta te  plus an electron at a
large d istance is  very c lose  to the energy of the negative ion it is
likely that it  is  quite general that the polarisation of the target mole­
cule by the incident electron is  well accounted for by mixing the wave
function with that of the negative ion. In the "ad iab a tic  theory" a
comparable resu lt is  obtained by computing first the quantum sta te
of the molecule when under the influence of the external charge of the
colliding partic le . Thereupon the scattering  of the projectile by the
target molecule in the perturbed s ta te  is  calcu lated .

The maxima in the cross section for pure vibrational excitation of
m olecules may a lso  be described in terms of negative ion formation.
For the nitrogen molecule a maximum in the cross section for vibra­
tional excitation is  observed near 2 eV. Theoretical calcu lations
show that unstab le 1̂  ions should also  be formed a t th is energy, while
more than 6 eV is  needed for a transition  to the low est electronically
excited s ta te . It is therefore reasonable to assum e that configuration
interaction with the Nj ion will give a much better approximation than
mixing with the lowest electronically  excited s ta te . Chen (1944) using
a somewhat modified Feshbach formalism has succesfully  calculated
the influence of the compound negative-ion s ta te s  on the vibrational
excitation of nitrogen. If only one negative ion s ta te  is  important (an
iso lated  resonance) the transition matrix l0(y,y' )  describing the tran­
sition from the incident channel y '  (in itia l sta te) to the ex it channel
7  (final s ta te) is  given by

10( 7 .7 ')  * T y y ,  *
< #  (7) K  \ < P >  <V»m |U C |0 *  (7 ')  >

( 2 . 2)

E -  W -  R mm m

\p* (7 ')  = wavefunction for the incident channel.
\jT (7 ) = wavefunction for the exit channel.
U = scattering potential

O

E “ total energy of the system .
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The terra T yy( represents the d irect scattering  amplitude.
The energy R which a rises  from the fact that the negative ion is  not
a stab le  s ta te  and therefore is a complex quantity is related to the
half width of the resonance.
The second term on the right hand side can be regarded as an ex­
citation  via a negative ion s ta te  described by the wavefunction \pm.
When the denominator is  c lo se  to zero a resonance in the transition
probability is  observed. This explains why the maximum in the cross
section for vibrational excitation of a molecule is  observed a t an
incident electron energy which is  c lo se  to the absolute value of the
theoretically  determined negative electron affinity of the target mole­
cule. For the calculation of electronic transitions a formula sim ilar
to (2.1) can be used.

Near threshold resonances have not been observed in helium o n ly .
The Xx£ + -----  E 1' 3 2* transition  of nitrogen at 11,87 eV is  also
sharply peaked near threshold (F ig .5.3 and 5.4). It is  remarkable that
Heideman e t a l. (1966) observe a resonance in the e la s tic  scattering
at an incident energy of 11.87 eV. Both effects may be interpreted
by assuming a strong mixing with the negative ion.

B esides the quantummechanical description of collision p rocesses
several successfu l efforts have been made to use a c la ss ic a l theory.
Generally in such a theory the Coulomb interaction of only one of the
atomic electrons with the incident electron is  only taken into account.
Bauer and Bartky (1965) extended the method of Gryzinski (1965) to
calcu la te  the threshold behaviour of excitation for diatomic m olecules.
At present such a c la ss ic a l theory cannot account for the resonances
in the cross section. Therefore the method was applied to the X l 2* -B
transition in nitrogen which experimentally shows a linear increase
of the cross section  up to a t lea s t 1.6 eV above threshold. Moreover,
the fact that the measured rela tive  in ten sitie s  for the vibrational
levels c losely  resem ble the theoretical Franck-Condon factors (sec­
tion 4.2.2)seem s to rule out the possib ility  that a resonance transition
is involved.
The c la ss ic a l theory is  in agreement with the observed threshold
behaviour but the observed preference for th is transition  can not be
explained. Moreover the experim ental cross section is  about seven
times larger than the theoretical value.
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Chapter 3

EXPERIMENTAL PROCEDURES

3.1. General

The method consists  e ssen tia lly  of generating a beam of monochro­
matic low-energy electrons. These electrons enter the collision chamber
where they may transfer their energy to the target m olecules.
The pressure in the collision chamber is  so low, that the mean free
path of the electrons is large in comparison to the dimensions of the
apparatus. Those electrons which lost practically  a ll of their energy
are collected  and measured as a current at the trapped electron col­
lector. The trapped-electron apparatus is housed in a clean ultra high
vacuum system constructed of s ta in le ss  s tee l. A schem atic cross
section through th is part of the electron spectrometer is shown in
Fig. 3.1.

Guard

F ig .  3 .1 .  A c r o s s  s e c t io n  through th e  e le c tr o n  sp e c tr o m e te r .
F  i s  th e  f i la m e n t , 1 ,2 ,3  and 4 are e le c t r o d e s ,  C i s  th e
e le c tr o n  beam  c o l le c t o r ,  G i s  a  c y lin d r ic a l  grid  at th e
sa m e  p o te n t ia l  a s  th e  c o l l i s i o n  cham ber (C C ). M i s
th e  trap p ed  e le c tr o n  c o l le c t o r ,  H j and  Hg are m a g n e ts ,
A . and A « are p o la r  p i e c e s .  T h e  c o o r d in a te  /  i s  th e  a x is
o f  th e  tu b e .
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The electron beam, generated by a Fox electron source (filament F.,
electrodes 1, 2, 3, and 4) traverses the collision chamber (CC) and
is measured at the collector C. Two magnet coils H j and H„ produce
a magnetic field. Polar pieces A j and A2 are used to intensify the
strength of this field in the collision chamber-maximum 500 gauss—
and to fac ilita te  the alignment of the field with the ax is of the e lec­
trode system . A special configuration of the electrodes effects a
potential well in the axial direction of the collision chamber.
The magnetic field prevents the e las tica lly  scattered  electrons from
reaching the trapped electron collector M. E lectrons having lost nearly
all of their in itia l energy by an in e las tic  co llision  with a target mole­
cule are trapped in the well. This trapping and the diffusion mechanism
due to which the trapped electrons can reach the collector M are
discussed  in section 3.3-1.
Alternatively the energy selection  of electrons can be performed by
adding a small quantity of an electron scavenger such as SFg mole­
cules to the target gas (section 3 .4.3.). In the present instrument the
trapped electron current is  of the order of 10"12 — 1 0 '16 A. This
requires the use of a h ighly-sensitive detection system (section 3.5.).
The vacuum system (Fig. 3.2.) consists  e ssen tia lly  of the ultra high
vacuum chamber containing the electrode system and of a double inlet
system for introducing target gases.
Both parts can be heated by external and internal heating elem ents.
This enables the recording of excitation spectra of liquids and solids
of low volatility .
In the apparatus heating, differential pumping and very small electron
beam currents generally make the contamination of the electrodes and
the influence of space charge negligible.
As a resu lt of these special precautions the resolution of the spectra
has been increased considerably.
The use of a double inlet system makes it possib le to flow single
compounds as well as mixtures through the collision chamber. The
importance of th is feature for the energy calibration of the spectra is
d iscussed  in section (3.6.).

3.2. Vacuum system

A schem atic representation of the vacuum system is shown in F ig .3.2.
Dotted lines indicate the parts of the apparatus which can be heated.
Part 2 is pumped by a 150 1/sec oil diffusion pump (Edwards, type
EO 2). The pump is separated from the collision chamber by a water
cooled Peltier baffle and a bakeable valve. This enables a simple
and continous operation. By using only s ta in le ss  s tee l, silver, gold,
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Part 1 Part 2

I------------

pump_  P j C J s

pump

F ig .  3 .2 .  V acuu m  s y s t e m .
P a rt 1 i s  th e  g a s  in le t  s y s te m ;  in  part 2 th e  e le c tr o n
sp e c tr o m e te r  i s  h o u se d . B |  and  B g  are  la r g e  sp h e r e s
for th e  s to r a g e  o f  g a s e s ,  P ,  and  P g  are m em brane
g a u g e s ,  P , ,  P 4 and P g are io n is a t io n  g a u g e s ,  P B  i s
th e  P e l t i e r  b a f f le ,  CC i s  th e  c o l l i s i o n  ch am b er .

degusit and boron nitride in the construction of the apparatus, a clean
vacuum system  is obtained in which pressures of the order of 10" torr
are reached. The co llision  chamber can be baked at 3 50°C. During
the m easurem ents tem peratures of 5 0 °C up to 150°C are usually
employed for both parts of the apparatus.

Target gases  are introduced into the co llision  chamber via a double
inlet system , part 1 (Krupp, type MOL), which is pumped by a 130 1/sec
oil diffusion pump (Leybold, type DO 121). The following procedure
is used. Gas sam ples are introduced through valve 1 or 4 and expand­
ed into one of the spheres B. The pressure a t which the gas is  stored
in the spheres is rather high (0.001 up to 10 torr).
When valve 5 or 6 is opened the gas en ters the co llision  chamber
through a very small constant leak L and leaves it through the entrance
and exit s li ts . The conductivity of these s li ts  is  about 10 times as
large as that for the leakage L, but is  s till  so small that the pressure
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in the electron gun is  much smaller than in the co llision  chamber.
Therefore the contamination of the electrodes of the gun will general­
ly be negligible.
The leakage L = 10-3 1 /sec determines the flow thereby allowing a
continuous and reproducible gas flow through the collision chamber.
The construction of the leak L and the s lits  in the co llision  chamber
is that such the reguirements for molecular flow are fulfilled. As the
flow of a gas under molecular conditions is  proportional to V  and
essen tia lly  egual T and temperature molecular weight m are main­
tained at both sides of the s li ts  the ratio between the pressure in a
sphere and the pressure in the collision chamber is  independent of
the nature of the target gas and the temperature (Rapp and Englander-
Golden, 1965).
Once th is ratio has been determined it is  sufficient to measure only
the pressure in the sphere. This can be performed in a routine manner
with either of the two membrane gauges P . or P ,  (Krupp, types MCT
and MMM).

3.3. Fox electron source

The Fox electron gun uses the retarding potential difference (R.P.D .)
method to obtain a beam of e ssen tia lly  monoenergetic electrons (Fox,
et a l. 1955). This method can best be illustrated  with the help of
F ig .3.3, where a schem atic diagram of the potential distribution along
the path of the electron beam is  shown. The electron source co n sis ts
of a tungsten filament and four electrodes.
The first electrode (1) extracts the electrons emitted by the filament
while electrodes (2) and (4) form an E inzel-lens for focus of the beam.
The retarding electrode (3) is  operated at a potential V ,, which is
slightly negative with respect to the filament. This negative potential
is of such a value as to allow the higher energy electrons from the
filament to pass the potential barrier while those of lower energy are
turned back. The electrons which can pass the potential barrier are
accelerated  by " th e  accelerating vo ltage"  VQ and the well depth w.
If the retarding potential is changed by a small amount AV3, then the
electron distribution will be cut off at a slightly different energy.
E ffects which are a resu lt of th is potential change are due to electrons
having an energy between e(Va + w) and e(VQ + w + AV3) electron-
volts. In practice the potential of the retarding electrode is  changed
continuously by modulating it with a sine wave generator. From the
trapped electron current (IM) the component which is a resu lt of this
modulation is se lected  and amplified (F ig .3.4). When th is amplified
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-------- 1—I

F ig .  3 .3 .  S c h e m a tic  d iagram  o f th e  e le c t r o d e  s y s te m  an d  th e
p o te n t ia l  d is tr ib u tio n  a lo n g  th e  a x i s  o f  th e  tu b e , d  i s
th e  m a g n e t ic  f ie ld ,  V th e  a c c e le r a t in g  v o l t a g e .

AmplifierAmplifier Recorder

X-Y recorder

Lock-in
detector

I S -15000 Hz
oscillator

-30  volt 0

F ig .  3 .4 . S c h e m a tic  d iagram  o f a p p a ra tu s  and  c ir c u itr y .
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component is  plotted as a function of the accelerating  voltage V ex­
citation spectra for essen tia lly  monoenergetic electrons are obtained.
In the present experiment the energy spread of these electrons could
be made as small as 0.02 eV.

In the description of the R .P .D . method it has been assum ed that
acceleration or deceleration has no influence on the energy spread
of the e lectrons. Hartwig and Ulmer (1963), however, point out that
this assum ption is  not alw ays valid. The reason for a change in energy
spread is  the following. Consider an electron beam which is  acce ler­
ated by a potential step  V j .
Suppose that before the acceleration  the velocity d istribution is  iso ­
tropic around the average velocity vOE. In Fig.3.5B  th is is  illustrated
by a sphere in the velocity space.

1

F i g .  3 .5 .  I n f lu e n c e  o f  a c c e l e r a t i o n  in  th e  d i r e c t i o n  z  o n  th e
v e lo c i ty  d i s t r ib u t i o n  o f th e  e l e c t r o n s .
(A ) r e f e r s  to  th e  d i r e c t i o n  z .

A E q z  a n d  A E j 2 a re  th e  e n e r g y  s p r e a d s  b e f o re  a n d  a f te r
a c c e l e r a t i o n .  a n d  A v ^  a r e  th e  c o r r e s p o n d in g
v e lo c i ty  s p r e a d s .
(B ) I n f lu e n c e  o f  th e  a c c e l e r a t i o n  o n  th e  v e l o c i t i e s  v f
p e r p e n d ic u l a r  to  v  .
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This sphere is defined as the volume with the sm allest surface con­
taining a certain percentage (e.g. 63%) of a ll the velocity vectors of
the e lectrons. The diameter of the sphere is  called  the spread (Avq)
in the velocity before acceleration. The spread in the z component
of the velocity (Av z) corresponds to a spread in the energy (AEqz).
When the electrons are accelerated  along the z-axis by a potential
V l2 the energies of the electrons are increased with E lz  — E Q2 = eV lz .
This has no effect on the energy spread (A E1z = AEqz) but the spread
in the velocities v z has been decreased. In F ig .3.5 A this is illustrated
with the help of the curve E z = 1/2 mv2.
For small spreads in the velocity we find

Vo z
^ l z ^ o z * -------- <A v o z < < V l z )

V l z

This effect is  analogous to the decrease of the temperature of a gas
which is  adiabatically  expanded. The acceleration has no influence on
the radial ve locities  v which are perpendicular to the z-axis.
The velocity distribution in the center-of-m ass coordinate system is
no longer isotropic; the equilibrium has been disturbed. Mutual inter­
action of the electrons in the beam will tend to estab lish  again an
isotropic velocity distribution. Hartwig and Ulmer show that when
this relaxation process is  complete the spread in the energy distrib­
ution of the electrons is  characterized by

AE {z = final energy spread corresponding to the spread in z-components
of the velocities after relaxation.

Due to the relaxation process the energy spread corresponding to the
radial ve locities is

AE, = 2 /3  AE„I t o

AEfr = final energy spread corresponding to the spread in the r com­
ponents of the velocities after relaxation.

In the case  of AEqz = 0 . 2  eV and E lz = 3 0  eV th is would give rise
to AEfz = 8 eV

AEfr = 0 .l3  eV.
Fortunately the relaxation time r  is so long that complete relaxation
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will not take place in an ordinary electron gun.
Hartwig and Ulmer derive that

t = a E " 1/2 V.1/6 j ' 1/3 (3.2)O 1 z  '

a  = factor depending on the geometry of the electron gun and the
collision chamber.

E e = in itia l energy of the electrons.
V, = accelerating voltage,
j = current density  of the electron beam.

This relaxation process is  c losely  related  to the plasma frequency
(Lenz, 1960) which is a m easure for the interaction among the e lec­
trons. When formula 3.2 is applied to the present instrument where the
electrons have been accelerated  into the co llision  chamber, the relax­
ation time is  estim ated to be 10*4 — 10*5 sec . The time of flightof the
electrons through the collision chamber is much sm aller (of the order
of 10* sec). This would suggest that relaxation can alw ays be neg­
lected; even for current in tensities  which are as large as 10*s A/mmz.
However, the assumption that the electrons are only accelerated  by a
potential step  is oversimplified. The influence of the retarding e lec ­
trode and the trapping of electrons in the potential well has been
neglected. For large current in ten sitie s  th is is not allowed (Marmet,
1964). The experimental resu lts  (Chapters 4 and 5) suggest that the
influence of relaxation is  small for the conditions encountered in the
present instrument.

3.4. Collection mechanisms

3.4.1. Trapping of electrons in a potential well

Trapping of electrons is  a method to se lec t the low-energy from the
high-energy electrons. It is  performed by a crossed  magnetic and e lec­
tric field. The magnetic field is  parallel to the axis of the tube pre­
venting the e las tica lly  scattered  electrons from reaching the collector
M (see F ig .3.3).
A potential well is  effected by operating the coaxial cylinder M at
a positive potential with respect to the collision chamber. A small
fraction of this potential penetrates through the grid G into the center
of the tube. This prevents electrons which have lo st practically  all
of their in itia l energy in an ine las tic  collision from leaving the col­
lision chamber along the axis (1) of the tube. These electrons will
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o sc illa te  until their motion is  displaced out of the center of the tube
by subsequent co llis ions . This mechanism by which the electrons can
reach the collector M requires many co llis ions. Therefore notwith­
standing the sm all dimensions of the tube and the low density of the
target gas, we can describe th is process in terms of a diffusion mechan­
ism.
The time r  for a slow electron to reach the collector M is  approxim­
ated (Schulz, 1958) by

r  * 0.26 eB2R2 (3.3)
mV uc

B = magnetic field
R = radius of the grid G
m = m ass of an electron
e = charge of an electron
eV = kinetic energy of the electrons
u = co llision  frequency of the e lectrons.

When a spectrum of helium a t a pressure of 10 '3 torr (uc «* 4.10”5
c o llis io n s /se c )  is  recorded for a well depth of 0.1 volt and a magnetic
field of 200 gauss th is would lead for the present instrument to a
diffusion time of about 4.10” sec.

This diffusion mechanism is  no longer valid if m olecules are studied
which have a large attachm ent coefficient for e lectrons.
In the extreme case  of SF 6 m olecules low-energy electrons are cap­
tured to form stab le  SFÖ ions. Equation 3.3 cannot be used to describe
the transport of positive or negative ions to the collector M. For small
magnetic fields the ions can reach M directly; for the larger ones only
a few co llis io n s  are necessary  (section 3.4.3). The time which is
involved for ions to reach the collector M in the present apparatus is
of the order of 10“4 sec.
The influence of the potential difference VMG between the collector
M and the grid G on the collection efficiency is  d iscussed  in section
3.4.4.
A strong m agnetic field increases the effec tiveness of the energy
selection . However, it a lso  increases the diffusion time and thus
enhances the formation of space charge in the co llision  chamber.
When primary beam currents of the order of 5.10 A are used, magnetic
fields up to 500 gauss can be employed without creating much space
charge.
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3.4.2. Determination of the well depth

In chapter 5 it  is  shown that the trapped electron current due to an
excitation process is  generally strongly dependent upon the well depth
w. An accurate establishm ent of the well depth is  therefore of vital
importance for the determination of absolu te cross sec tions. Previous
workers (Schulz, 1959; Bowman and Miller, 1965), have described
several methods for th is determ ination. However, these  do not always
lead to the correct resu lt.

Consider an excitation function which is proportional to the excess
energy AE of the incident electron above the excitation energy eV

0  = cross section for the excitation process
a. = proportionality constant.

The electron energy in the co llision  chamber corresponds to the e lec­
tron accelerating  voltage Va plus the well depth w. Both V and w
are positive. In general the well depth, which is  only defined at the
axis 1 of the tube, will be a function of 1. For sim plicity we first
assum e, however, that the well depth has a constan t value. Thus:
wl = w. The trapped-electron current will show an onset a t V =
= Ve — w ( the energy of the electrons in the co llision  chamber is
ju st equal to eVe) and then increase  linearly  with the increase  of V .
Only electrons having an energy le s s  than e w are being trapped.
Therefore the excitation curve will decrease abruptly a s  soon as the
condition

AE = e w (3.5)

is  reached. In th is case : e V a + e w = e V e + AE = e V 8 + e w, thus

Q = aAE (3.4)

Va -  Ve (3.6)

The maximum value of the trapped-electron current will be:

ƒ Q I N dl = a l  N e w L (3.7)

Ip = primary electron current
N = number of m olecules/unit of volume
L = length of the co llision  chamber.



24

In practice the shape of the well will not be rectangular but exhibit
a form like the curve in Fig.3.3. This will modify the excitation curve
somewhat. However, it has no influence on the accelerating voltage
for which the peak value is reached. This is true because the con­
dition (3.6) is independent of the depth and the precise shape of the
well. The experimental peak shape for an excitation process can be
observed in Fig.3.6 for the 1*S -.23S transition in helium.

woll d«pth ~0.06 volt

Electron accelerating voltage Va (volts)

-  X (fnp) 70 60 55 50

Fig. 3.6. Excitation spectrum of helium.
Optical transition energies are shown above it.
The 1 1S -  2 3S transition has been used to calibrate
the incident electron energy scale.

The maximum value of the trapped electron current for an arbitrary
shape of the well is

L L
I = f O I  N dl = al N ƒ  w, dl = a l N e W L (3.8)
max J P  P  J  * P

o o
L

W = the average well depth “y- ƒ  w j dl
o

The parameter W is therefore important for excitation spectra.
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Bowman and Miller (1965) suggest that the well depth can be deter­
mined by noting the sh ift of the 23S helium peak as a function of the
potential VMG. However, the shift which they observe cannot be a
resu lt of the increasing well depth as formula (3.6) shows that the cut
off voltage is  independent of the well depth.
P ossib ly  the penetration of the voltage VMG through the grid G is
such that not only the potential in the center but a lso  that a t the end
of the tube is  changed. This decrease of the threshold at the ex it s li t
would give rise  to a shift of the excitation curve.
Schulz (1959) describes other procedures to determine the well depth.
These procedures are based on the fact that the influence of a positive
value of VMG on the well depth is  the same as the influence of a nega­
tive value of VMG on the barrier height b^.

d w. d b ,
Thus ----- i = ------

d V MG d V MG

The collector M is  operated at a negative potential thus creating a
potential barrier. In Schulz 's first method the electron current reaching
the collector C is  plotted as a function of the accelerating  voltage Va
for various negative values of VMG (region Va = 0 volt up to 2 volt).
The more negative VMG the higher the accelerating  voltage V has
to be in order that the electrons can pass  the potential barrier and
reach the collector C.
The top of the barrier determ ines to what extent the curve is  shifted
to higher values of VQ. It is  found that in the present apparatus

dw d b
— 0. 19 ±0.02 (3.9)dVMa dVMG

The second method described by Schulz makes use of the influence
of VMG on the threshold for positive ion production. This is  illustrated
with the help of F ig .3 .7 .H ere  the sh ift depends on the average poten­
tia l barrier B.
The resu lts  obtained for the ionisation of carbon monoxide show

± 3 . = 4 1  =0.16 ±0.02 (3.10)
d V MG d V MG

When a target gas is introduced into the co llision  chamber th is gas
will partly attach to and (or) d isso lve into the grids and elec trodes.
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Electron accelerating voltage V^(volts)

F ig .  3 .7 . C arbon  m on o x id e .
In f lu e n c e  of th e  p o te n t ia l  d if fe re n c e  on th e
p o s i t iv e  ion  c u rre n t v s  a c c e le r a t in g  v o lta g e .

This may give rise  to contact po ten tia ls. In order to minimize these
effects a ll non iso lating  m aterials have been coated with the same
substance, gold. N evertheless differences between the gas pressure
at e .g . the ex it s lit  and at the grid G may give rise  to an increase or
a decrease of the well.
The influence of th is effect can be elim inated. The trapped electron
current is  plotted as a function of VMG (F ig .3.8).
The extrapolated value of VMG for which the trapped-electron current
ju st reaches zero (VwG) corresponds to a zero well depth. The average
value for the well depth for other values of VMG can now be calcu­
lated from the relation

W-jj -g  (Vm g - V ° g ) = 0 . 1 6 (Vm g - V £ , g ) (3.11)
d  V MG

This relation is  independent of the compounds under investigation and
provides an easy  way for the determination of the average potential
well. In a ll spectra where the well depth is  indicated the parameter W
is  meant.
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F ig .  3 .8 . T r a p p e d  e le c t r o n  c u r r e n t  v s  V j -q  fo r a n  a r b i t r a r y  t r a n ­
s i t i o n  ( a  l i n e a r  b e h a v io u r  n e a r  t h r e s h o ld  i s  a s s u m e d ) .
V ^ iq  c o r r e s p o n d s  to  a  z e r o  w e l l  d e p th .

T h e  s lo p e  n e a r  t h r e s h o ld  A = Q 1

V 1VMG -  V o
MG

3.4.3. Use of molecules for the energy selection of electrons

M olecules which easily  attach electrons of a specific  energy can be
useful for the energy selection of e lectrons. An example of such a
molecule is  SF 6, which captures electrons with energies between 0
and 0.2 eV very efficiently. This process can be either nondissoci-
ative or d issociative .

e + SF6 SF-6

e ♦.SF6 -  SF5- + F

The negative ions are, due to their higher m ass, less  affected by a
magnetic field than the e lectrons.
Consider an SFg ion moving perpendicular to a magnetic field B of
200 gauss. If the velocity corresponds to an energy of 0.2 eV then the
ion describes a circular motion with radius
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R cycl . e B
sss 3 cm

Mec.- = m ass of an SF§ ion
bl-6

v = velocity of an SF6 ion.
s r 6

This im plies that the ions can reach the collector M without making
any co llis ions.
In the c a se  of an electron th is radius is  equal to

R cycl .
M v

---- * - 2 - ~  5 .
e B

10"3 cm.

M = m ass of an electrone

v = velocity of an electron,e

Spectra are obtained by mixing the gas under investigation with S F 6
m olecules. These spectra show a c lose  resem blance to those recorded
for an a rtific ia l well depth of approximately 0.2 eV (Fig.3.9 and 3.10).
A disadvantage of the method is  that electrons are captured over a
wide range (0.2 eV), which does not permit the recording of energy
spectra with a high resolving power. However, when a mass spectro­
meter is used to separate the SFg trom the SF5 ions it should be possib le
to get much better resolved spectra.
The use of other g ases , however, may lead to the selective capture of
electrons with a non zero energy. This is  of course not possib le with
a potential well.

3.4.4. Collection  of ions

The formation of positive or negative ions can be detected by ope­
rating the collector M at a negative or positive  potential respectively .
The co llection  efficiency depends not only upon the potential VMG
but a lso  on the kinetic energy of the ions.
In the c a se  of non-dissociative electron capture or ionisation

e + AB AB'

e + AB -. A B+ ♦ 2e
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w ill depth ~ 0.0 volt

Electron accelerating voltage Va (volte)

• I i i
X <m/i> 150 120 100 80

F i g .  3 .9 .  E x c i t a t i o n  s p e c tr u m  o f n i t r o g e n .  S u l f u r h e x a f lu o r id e
m o le c u le s  h a v e  b e e n  u s e d  fo r  th e  e n e r g y  s e l e c t i o n  o f
th e  e l e c t r o n s .  T h e  s p e c tr u m  c l o s e l y  r e s e m b l e s  F i g . 3 . 10 .

well depth ^0 .2  volt

Electron accelerating voltage Va (volts)

I”  l------------------------------1 ■ "  i
X (m/j) 150 120 100 80

F ig .  3 .1 0 .  E x c i t a t io n  s p e c tr u m  o f n i t r o g e n  u s in g  a  l a r g e  w e l l  d e p th .
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practically no momentum is transferred. All resulting ions can easily
be captured (fig.3.11). When, however, dissociation takes place

e + AB A + B

e + A B - . A + B + +2e

particles may be formed having large kinetic energy. In general the
distribution of the dissociation products over the various directions
will not be isotropic as was pointed out by Sasaki and Nakao (1935)
and by Dunn (1962). For carbon monoxide for example the excitation
from the ground state (S'1) to a Ilstate is allowed if the molecular
axis is perpendicular to the electron beam while it is forbidden if the
axis is parallel to the beam. It will, therefore, often be difficult to
collect all of the ions formed. The present apparatus is not suitable
for the determination of absolute cross sections for such processes.

F ig .  3 .1 1 .  C o l le c t io n  e f f i c ie n c y  o f  lo w -e n e r g y  io n s .
F o r  ca rb o n  m o n o x id e  th e  s lo p e  o f  th e  p o s i t i v e  ion
current c u r v e  a s  a  fu n c tio n  o f  th e  a c c e le r a t in g  v o lta g e
i s  p lo tte d  v s  th e  e x tr a c t io n  p o te n t ia l  V j .q .
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3.5. Detection system

The current of trapped electrons to the collector M is  very small
(10*12 — 1 0 '16 A). For detection it is  therefore of primary importance
that the input capacitance is kept as  low as possib le  in order to get
an acceptable RC time. The collector M has been constructed with
a capacitance to the surroundings of 10“ 1 F .
The preamplifier used has been mounted rigidly on a flange of the
vacuum v esse l. The connection of the collector with the vacuum feed­
through to the input of the amplifier is made of a thin (low capacitance)
tensioned (no low frequency resonances) w ire . This wire is  surround­
ed by two concentric tubular sh ie lds. The outer one has been connect­
ed with signal earth, the inner one is  used for input capacitance
reduction by positive feedback.

The block diagram of the c ircu it used is  given in F ig .3.12. The first
stage co n sis ts  of the electrom eter valve (Philips 4068). The second
stage is  a solid s ta te  paraphase amplifier, providing two outputs of
equal amplitude and opposite phase. Using convential negative feed­
back technique, the current measuring res is tance  R j * 101 fl (Vic-
toreen Himeg) connects the input with the phase-reversed output.
This dim inishes the effect of the input capacitance C j significantly
(some factor 20). The remaining time constant, mainly due to the pro­
duct of the distributed parallel capacitance (C2) and R j, can be de­
creased by positive feedback from the inphase output to the inner
input shield.

C,

Collector M
Guard Output

Signal earth

F ig .  3 .1 2 . S c h e m a tic  d iagram  o f  th e  p r e a m p lif ie r  and  i t s  c o n n e c ­
t io n  w ith  th e  tr a p p e d -e le c tr o n  c o l l e c t o r  M.
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By keeping the actual amplifier bandwidth reasonably wide, an input
tim econstant of a m illisecond can be obtained without undue noise or
parasitic  o sc illa tions . The gain fall-off rate beyond the 3 dB point
has a nice 20 dB per decade slope (F ig .3.13). That is  why the ampli­
fier rem ains usable  even at 4000 Hz. A modulation frequency of 4 Hz
is  usually  employed.
A tunable bandpass-filter between the preamplifier and the lock-in
detector (Princeton Applied R esearch, JB5) is used to obviate over­
load of the la tte r by wideband noise.

Frequency (Hz)
1000 2000 3000

R«U}iv« attenuation  ( d a c ib a l )

F ig .  3 .1 3 . T h e  s e n s i t i v i t y  o f th e  p r e a m p lif ie r  p lu s  th e  b a n d p a ss -
f i lt e r  i s  p r e se n te d  a s  a  fu n c tio n  o f th e  freq u en tly .

3.6. Energy calibration

The energy calibration of the excitation spectra is  of great importance
for a correct interpretation of the m easurem ents. In general the energy
of the electrons reaching the collision chamber will differ from the
energy eV Q. This difference finds it origin in the differential pump­
ing of the electron gun with respect to the collision chamber. These
contact po ten tia ls are dependent upon the nature and the pressure of
the gas introduced. Consequently the contact potentials for the retard-



ing grid electrode 3 and the collision chamber will be different. In
order to correct for these potentials the excitation spectrum of a mix­
ture of the compound under investigation and helium is recorded. The
1 *S -.23S transition of helium at 19.82 eV is used to determine the
energy shift. This calibration has the advantage that it is performed
under the same conditions as the recording of the excitation spectrum
of the molecule.
Helium is particularly suitable as a calibration gas because it has
no energy levels in the region which is of interest for molecules
(1 -  16 eV).
In the usual electron guns where primary electron beam currents of the
order of 10'4 A are used another type of contact potentials appears
due to the attachment of ions formed in the collision chamber to the
walls. However, these ions cannot always discharge themselves. This
gives rise to surface charging.
In the present instrument this type of contact potentials is relatively
unimportant. Small primary electron beam currents (10“8 A) give rise
to a much smaller number of ions. Moreover all parts of the instrument
are gold plated and continuously heated to prevent the formation of
isolating layers.
Experimentally it was found that for the same type and pressure of the
target gas the contact potential was the same (within 0.1 volt) during
a period of one year. This explains why one can accurately calibrate
processes with excitation energies as low as 1.3 eV against the
helium transition at 19.82 eV (e.g. benzene, Table 4.6).
Schulz (1959) carries out the calibration with helium separately. This
explains why his spectrum for nitrogen has to be shifted over 0.3 eV
thereby leading to a completely different interpretation of the observed
transitions.
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3.7. Influence of the magnetic field

The magnetic field serves a double purpose. It is necessary for the
confinement of the electron beam and moreover it is essential for the
energy selection of the electrons scattered by a target molecule in the
collision chamber. An increase of the magnetic field B improves the
effectiveness of the energy discrimination.
Electrons having an off-axis velocity will move along a helix and thus
increase their path length in the collision chamber. The trapped elec­
tron current which is directly proportional to the effective path length

N
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100 200 300 «00
Magnetic field B (Gauss) ---------

1 3_,F ig .  3 .1 4 . T r a p p e d  e le c t r o n  c u r re n t  fo r th e  1 S “• 2 S t r a n s i t i o n
in  h e liu m  v s  th e  m a g n e t ic  f i e ld .
B e lo w  150 g a u s s  e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s  form
a  la r g e  c o n tr ib u t io n  to  th e  t o t a l  c u r r e n t .  A n a c c u r a t e
d e te r m in a t io n  o f  th e  t r a p p e d  e le c t r o n  c u r r e n t  in  t h i s
r e g io n  i s  th e r e f o r e  im p o s s ib le .  We u s u a l ly  w o rk  w ith
3 0 0  g a u s s .

will therefore depend on B. Craggs, Thorburn and Tozer (1957) had to
correct their results for this spiralling motion.
In fig.3.14 it is shown for the 1 *S 23S transition in helium that this
is not necessary under our experimental conditions.
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Chapter 4

MEASUREMENTS AND THEIR INTERPRETATION

4.1. Introduction

The trapped electron method has been used to study several types of
electronic transitions in m olecules. In particular the transitions in
nitrogen and carbon monoxide have been studied carefully because
their interpretation is relatively simple. A striking feature of practic­
ally all spectra is the importance of singlet-trip let and other optic­
ally forbidden transitions. It is believed that this is the first time
that singlet-triplet transitions are reported for saturated hydrocarbons.
Many examples are presented where electron impact gives r ise  to
processes other than electronic excitation. These processes are: the
formation of transient negative ions, d issociative and nondissociative
electron capture. From these resu lts  electron affin ities (in vacuum)
and dissociation energies can be determined.

In order to fac ilita te  the comparison of the excitation spectra with the
usual ultraviolet and vacuum ultraviolet absorption spectra, a wave­
length scale  is shown below the spectra. This scale  has of course
no meaning for processes where the incident electron is captured.

4.2. Nitrogen

4.2.1. Introduction

The interaction of electrons with nitrogen has received much attention
in the literature. Rudberg (1930) used a 127° e lec trosta tic  energy
selector to determine energy-loss spectra of electrons of moderate
energy (80 — 587 eV) in nitrogen.
Maier-Leibnitz and Sponer (1934) obtained energy-loss spectra for
the near threshold region.
L assettre  and his co-workers (L assettre  e t a l., 1965°, 1965b, 1966;
Silverman and L assettre , 1965°,'Meyer et a l., 1966) have improved the
older methods and have recorded well resolved spectra for the energy
loss of electrons in nitrogen. In their method the energy loss of e lec­
trons scattered at zero angle is  measured for incident electron energies
of 100 to 500 eV. In these spectra the quadrupole transitionX *2 + -.a^ Il
was found besides the optically allowed dipole transitions. General­
ized oscillator strengths have been determined for several transitions.

T h e  a u th o r  w i s h e s  t o  e x p r e s s  h i s  g r a t i t u d e  t o  t h e  K o n i n k l i j k e / S h e l l  L a b o r a ­
to r iu m ,  A m s t e r d a m ,  w h o  k i n d l y  f u r n i s h e d  h ig h  p u r i t y  o r g a n i c  c o m p o u n d s .
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Recently Skerbele et a l. (1967a) have succeeded in extending this
method to incident electron energies as low as 36 eV. This enabled
them to observe weak transitions to trip let levels (A 32*, B 3IIg and
c 3nu).
Heideman et a l. (1966) have studied the zero angle scattering of low-
energy electrons. They observed very in teresting  resonance in these
transm ission measurem ents, but the higher noise level did not permit
the detection of excitation to the A 32* orB 3n  sta te .
Other authors (Muschlitz et al., 1953; Lichten, 1957.-Winters, 1965; Olmsted III
et a l., 1965) determined the total production of m etastable m olecules
by m easuring the electrons ejected  from a metal surface by such
species.
Schulz (1959) and Brongersma et al.(1967a , 1967 ) have used the
trapped electron method to study the near threshold behaviour of exci­
tation functions. Recently reviews of experimental data have been
given by Takayanagi and Takahashi (1966) and by Olmsted III (1967).
A comparison of low-energy measurements d isc lo ses  serious d is­
crepancies among experimental data which lead to large differences
of opinion as to their interpretation. It is  believed that many of these
contradictions are due to an inaccurate calibration of the energy scale .

4.2.2. D iscussion  of resu lts

F ig .4.1 shows the excitation spectrum of nitrogen obtained for a very
small well depth. The most striking features are the transitions be­
tween 7 and 9 eV, and the sharp peak a t 11.82 eV. In the first band
ten vibrational levels show up. The positions of these levels are those
to be expected for a transition to the B 3Ilg sta te  rather than to the
A 32 + s ta te  (Table 4.1). Using the experimental peak shape (taken
from the nitrogen peak at 11.8 V or from the l^S -. 2 S transition in
helium) to develop the curve it  is  possib le to determine the relative
in tensitie s  of the vibrational levels. It is  found that they are within
10% with the Franck-Condon factors (Benesch e t a l., 1966) for the
X 1S + -  B 3n  transition . This supports the view that even at these
low energies the Franck-Condon principle may hold.
It is  surprising that more than 30 years ago Maier-Leibnitz and Sponer
(1934) were led by careful experiments to the conviction that the
strongest transition near threshold had to be assigned as X -  B 3Ilg
This assignm ent which was proposed in sp ite  of the fact that such a
transition is  optically  forbidden (singlet-trip let; gerade-gerade) has
recently been confirmed by Brongersma and Oosterhoff (1967 ).
The peak at 11.82 eV is  assigned as X *2* -  E 32 *  (E 2 J ) . The
9.5 — 11 eV region does not allow of any definite assignm ents.
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wall d«pth*v0.06 volt

Electron accelerating voltage Va  (volts)

X (mji) 175

F ig .  4 .1 . E x c ita t io n  sp e c tru m  o f  n itro g e n .

It seem s reasonable that transitions to the 3Au, a 12  + and w XA
sta te  are important. In any case  it  is  not likely that these bands
represent transitions to the a *IIg s ta te . When spectra are recorded
for larger well depths the resolution is much lower. Consequently it
cannot be excluded that the cross section  for the excitation to the
a *11 s ta te  at, for example, 0.2 eV above threshold amounts to about
20% of the corresponding cross section for the B 3I1 sta te .
For larger well depths a new peak shows up between 1.8 and 3.5 eV
(F ig .4.3) which is  far below the first e lectronically  excited level, the
A 32 *  s ta te  at 6.12 V. Experimental resu lts  regarding this process
date back as early as 1927 (Harries).
Schulz (1962CT), Schulz and Koons (1966), and Heideman et al.(1966)
were able to observe pronounced resonances in the e la s tic  scattering
for th is region. Schulz (1958) proposed that the process is  due to the
formation of temporary negative ions

N 2 — - —► (N 2)----- ► e + N 2( + vibrational energy)

The well depth which is used for the recording of a spectrum deter­
mines the maximum kinetic energy of the electrons which are trapped.
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Table 4.1 Nitrogen

Comparison of excitation poten tials for the prominent transitions
observed with other data (in eV).

Electron impact Optical*3 Assignment

7.34

7.53

7.73

7.93

8.13

8.33

8.52

8.72

(8.90)

(9.08)

6.17 (0.18)

7.35 (0.21)

A 3*?

B3ng

9.5 -  11.5

11.82

12.15

(12.45)

12.86

(13.35)

(13.80)

13.90

14.03

11.87

11.09; 12.21

12.45

12.85

3AU. « %«  ‘A .

E 1' ^

c* 3iy  1 ?
i 'K ?

b x  7

a . H erzb erg  (1 9 5 0 ) .
F o r  th e  A ^ 5 ^  and B ®I1 e x c i t a t io n  th e  tr a n s it io n  to  th e  l o w e s t  v ib r a t io n a l
l e v e l  i s  g iv e n  w ith  th e  v ib r a t io n a l e n e r g y  s p li t t in g  in  p a r e n th e s e s .
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Intornuclear separation

F ig .  4 .2 .  D ia g ra m  i l l u s t r a t i n g  th e  fo rm a tio n  o f  t r a n s i e n t  n e g a t iv e
io n s  in  n i t r o g e n .

----- w tU  depth— 003 volt

-----welt depths. 04 volt

Electron accelerating voltage Va(volts)

Xtmp) 400

F i g .  4 .3 .  I n f lu e n c e  o f  th e  w e ll  d e p th  o n  th e  e x c i t a t i o n  s p e c tr u m
o f  n i t r o g e n .
T h e  e n e r g y  s p r e a d  o f th e  i n c i d e n t  e l e c t r o n s  i s  to o
l a r g e  to  o b s e r v e  th e  v i b r a t i o n a l  f in e  s t r u c t u r e .  T h e
r e l a t i v e  i n t e n s i t i e s  o f  th e  s p e c t r a  a r e  a r b i t r a r y .
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When the well depth is increased, transitions to more vibrational
levels are included (F ig .4.2) and consequently the cross section for
this process increases very rapidly (Fig.5.3).
A comparison (Brongersma and Oosterhoff, 1967 )with the results of
Schulz (1959) shows that about half an electron-volt has to be added
to his results. This explains why all the assignments given by Schulz
differ from those presented here.
It is difficult to compare energy-loss spectra with those for the pro­
duction of metastable molecules. In the latter the lifetime and the
average number of electrons ejected by the metastable from a metal
surface will be highly dependent upon the specific excited level.
Moreover these spectra will depend on the dimensions of the apparatus
and the type of metal which is used.
Lichten (1957), Olmsted III et al. (1965), and Winters (1965) measured the
total production of metastables as a function of the incident electron
energy. There is a general agreement with these data. However, the
resolution of the spectra does not permit a definite assignment of the
transitions observed. The linear increase of metastables which they
observe in the 7.5 — 10 eV region is consistent with the data shown
in chapter 5 for the B 3IIq excitation. This shows that near threshold
the majority of the A 32  + metastables are produced via excitation of
the B 3I1 state

y l£+ electron impact. R 3pj __ 3j+  / +hu)
9 7.5 -  10 eV 9 u

It has been established that abrupt changes can occur in cross sec­
tions. These changes can depend strongly upon the angle over which
the incident electrons are being scattered (Kuppermann and Raff, 1963 ;
Andrick and Ehrhardt, 1966; Ehrhardt and Willmann, 1967).
The sharp resonances which have been found by Schulz (1964 ) and
Heideman et al.(1966) are observed for special scattering angles and
electron energies.
A total cross section may, however, also have a pronounced structure
(Chapter 5; Smit et al., 1963; Schulz and Fox, 1957).
As a consequence it is rather speculative to interpret metastable data
which are due to the sum of the contributions from all possible meta­
stables (each state with its own weight factor).
This emphasizes our lack of knowledge of the behaviour of cross
sections near threshold.
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4.3. Carbon monoxide

The spectrum of carbon monoxide (Fig.4.4) is similar to that obtained
for nitrogen. Here again singlet-triplet excitations are among the most
pronounced transitions. The band between 5.5 and 7 eV is due to
the lowest triplet state, the a 3I1 state. This assignment explains
why in electron impact experiments this transition has only been
observed with low-energy electrons (Schulz, 1959; Skerbele et al.,
1967b). Six vibrational levels are observed. The energy splitting
AE = 0.21 eV and the first transition at 5.96 eV are in good agreement
with fluorescence data of Pearse and Gaydon (1965) who obtained
AE = 0.20 eV and E„_0 = 6.01 eV.
Meyer et al. (1965) and Skerbele et al. (1966, 1967b) have determined
the electron impact spectrum at electron energies of 50, 200, and
400 eV. At 50 eV a weak transition is observed to the a 3I1 state,
however, its intensity is about 2000 times smaller than that of the
A *11 state. Fig.4.4 shows that near threshold the triplet excitation
is highly favoured. Excitation to the a 3II state is at least 10 times
as important as excitation to the corresponding singlet state. Olmsted III

wall depth ~0.05 volt

Electron accelerating voltage Va  (volts)

4 .4 .  E x c i t a t i o n  s p e c tru m  o f c a r b o n  m o n o x id e .
E o r  th e  r ig h t  h a n d  s i d e  o f  th e  s p e c tr u m  th e  s e n s i t i v i t y
o f  t h e  d e t e c t i o n  s y s te m  h a s  b e e n  i n c r e a s e d  b y  a  f a c to r
2 .5 .
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et a l. (1965) studied the production of m etastab les. However, the short
lifetim e (~ 10 /usee) of the a 3II m etastables made it difficult to
detect th is species . A small peak which shows up a t 9.97 eV is  due
to the d issociative  electron capture of carbon monoxide

CO electron impact t q + 0 '
~  10 eV *

The in tensity  of th is peak cannot be compared with the other inten­
s itie s  of the spectrum as the well depth is not large enough to collect

Table 4.2 Carbon Monoxide

Comparison of excitation potentials for the prominent transitions
observed with other data (in eV).

Electron impact Other authors A ssignm en t

5.96 6.01° (0.21)b a 3 n
6.17
6.38
6.59
6.78

(9.97) d issociative
electron capture6

10.37 10.39“ b 32 +

10.75 10.77“ B ‘ I*

11.27 11.280“ j 32 +

11.42 11.39; 11.41“ C ‘ Z Y c  32 +

12.35 12.36“ F l U

a .  H e rz b e rg  (1 9 5 0 ) .
b . T h e  t r a n s i t i o n  to  th e  l o w e s t  v ib r a t i o n a l  l e v e l  i s  g iv e n  w ith  th e

v ib r a t i o n a l  e n e r g y  s p l i t t i n g  in  p a r e n t h e s e s .
c .  T i l f o r d  a n d  V a n d e r s l i c e  (1 9 6 7 ) .
d . T h e  a s s ig n m e n t  o f t h e  h ig h e r  e n e r g y  l e v e l s  i s  s o m e w h a t  t e n t a t i v e .
e .  T h i s  p e a k  i s  d u e  to  t h e  p r o c e s s  C O - ^ C  + O" .

V a lu e s  o b t a in e d  fo r t h i s  t r a n s i t i o n  b y  o th e r  a u th o r s :

1 0 .1  e V  ( C ra g g s  a n d  T o z e r ,  1958)
10 .1  eV  ( S c h u lz ,  1962^)

9 .9  eV  (R a p p  a n d  B r ig l i a ,  1 9 6 5 ).
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all the 0 ' ions formed. Craggs and Tozer (1958), Schulz(1962b), and
Rapp and Briglia (1965) have studied this process. Determinations
of the energy for which a maximum in the cross section for dissoci-
ativé attachment is reached range from 9.9 up to 10.1 eV.
Tilford and Vanderslice (1967) obtained from vacuum ultraviolet ab­
sorption spectra a triplet level at 11.280 eV which was identified as
the j 3£ + state. This is in entire agreement with the peak at 11.27 eV
presented here.
A comparison of the present experimental results with those of the
other authors is shown in Table 4.2.

4.4. Saturated hydrocarbons

The excitation of electronic states in alkanes has received relatively
little attention in the literature. This has, in general, been due to
difficulties encountered in the recording of ultraviolet absorption
spectra for the region where these saturated hydrocarbons absorb
(below 180 m/u).
Ditchburn (1955), and Sun and Weissler (1955) studied the light ab­
sorption of methane down to wavelengths as short as 35 m/z, while
other authors (Moe and Duncan, 1952; Lombos.Sauvageau and Sandorfy,
1967; Raymonda and Simpson, 1967) have considered in detail the
absorption of alkanes over a smaller region (120 — 200 m/z).
The inelastic scattering of 390 eV electrons from alkanes has been
studied by Lassettre and Francis (1964) at zero angle scattering while
Ehrhardt and Erbse (1963), and Ehrhardt, Linder and Meister (1965)
have considered the inelastic scattering in the angular range 0° — 145°
for electrons of moderate energy (70 eV). Bowman and Miller (1965)
obtained spectra for the near threshold region.

Trapped electron (TE) excitation spectra are given for methane, cyclo­
propane and cyclooctane (Fig.4.5, 4.6, 4.7). For comparison the ultra­
violet absorption spectra are shown in broken lines. In Table 4.3 a
comparison of these data with those of other authors is given.
Striking differences are observed between the trapped electron meas­
urements on the one hand and the optical and high energy electron
impact measurements on the other hand. In the case of methane (Fig.4.5)
the onset of the excitation function is at approximately 7.5 eV; above
the first ionisation potential(13.0 eV) the number of low energy elec­
trons increases rapidly.
In the high-energy electron-impact and optical spectra the onset is
always at 8.5 eV. Furthermore the cross section (absorption) decreases
in the region 13 — 16 eV.
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wall depth -*0.2 volt

Electron accelerating voltage Va (volts)

----------------- 1-------1--------------- 1--------------- 1---------------1 i r -
—  400 200 ISO 120 WO 80
\ ( m u )

F ig .  4 .5 . M e i n a a e .
T h e  r e la t iv e  in t e n s i t i e s  o f  th e  p e a k s  a t ~ 9 . 8  and  1 1 .7 e V
are  th e  sa m e  for th e  o p t ic a l ,  th e  lo w -e n e r g y  and  th e
h ig h -e n e r g y  e le c tr o n  im p a ct d a ta  (T a b le  4 .3 ) .  T h is
s u g g e s t s  th a t for a l l  s p e c tr a  th e  sa m e  tr a n s it io n s  are
in v o lv e d  a t t h e s e  e n e r g ie s .
T e n t a t iv e ly  th e  o p t ic a l  e x c i t a t io n  sp ec tru m  (----- ,
R a y m o n d a  and  S im p so n , 1967) h a s  b e e n  n o r m a liz e d  to
th e  tra p p ed  e le c tr o n  sp ectru m  (------ ). It i s  l ik e ly  th at
th e  d i f f e r e n c e  o f  th e  s p e c tr a  ( - .- )  i s  a  r e s u lt  o f  s i n g le t -
t r ip le t  and  (p erh a p s) o th er  o p t ic a l ly  forb id d en  tran­
s i t i o n s .

The difference in onset is  far too large to be the resu lt of an inaccu­
rate energy calibration. Moreover Bowman and Miller (1965) using the
TE method reported the same value (7.5 eV)( but do not seem to have
noted th is divergency. At moderate energy (70 eV; 3° scattering) a
very small cross section has been observed for the 7.5 -  8.5 eV
region by Ehrhardt e t a l. (1965), but no explanation is  given of this
feature. In the c a se s  of cyclopropane and cyclooctane a sim ilar d is­
placement of the absorption threshold to lower energies is observed
in the TE spectrum. It seem s plausible to assum e that sing let-trip let
transitions are involved.
The difference which is  encountered in the region between the first
and the second (19.5 ± 0.2 eV; Ehrhardt and Linder, 1967) ionisation



Table 4.3 Saturated hydrocarbons

A comparison of onset and peak energies (in eV)< of this research with other data.
Relative in tensities  in parentheses.

Molecule Electron impact Light
absorption

Assignment

this research other authors

methane 1 .9 -3 “ transient
negative ions

7.5 7.5b 8.5° (7.5—)8.5d 8.5* onset

[8 .8 ] trip let state

9.7-10.2(0.78) 9.8(0.73)b 10.12(0.79)° 9.8(0.94)d 9.6; 10.5*
[11.0]

11.7 (1.00) 11.7(1.00)b 11.8 (1.00)° 11.7(1.00)d

13.1 13.l b 13.27(1.28)° 13.1(1.1l)d 12.99f; 13.16Q ionisation

cyclopro- 5.9

•O

onset
pane 7.4 7.8*

9.7 8.6*
10.1 10.1*; 10.09f ionisation

cyclo- 6.0 7.0* onset
octane 7.6

[8 .5]
[8 .9] ionisation

a .  B o n e s s  e t  a l .  (1967) .  e .  R ay m o n d a  an d  S im p so n  (1967) .
b . B o w m an  an d  M il ls r  (1965).  f .  W a ta n a b le  (1957) .
c .  L a s s e t t r e  a n d  F r a n c i s  (1964) .  9 .  F r o s t  a n d  Me D o w e l l  (1957) .
d .  E h rh a rd t ,  L i n d e r  a n d  M e is te r  (1965).
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potential is a resu lt of the increasing ionisation cross section above
threshold. Moreover, the contribution of excitation of optically for­
bidden double excited s ta tes  to the total cross section may be im­
portant

c h 4 electron impact
energy above 13 eV

CH3+ + H-

^  CH4+ ♦ e

Such an interpretation is in agreement with the measurements of Melton
and Hamill (1964) who studied appearance potentials for the formation
of positive and negative ions from methane by electron impact in a
mass spectrom eter.

Boness e t a l. (1967) observed a weak structure in the transm ission
spectra of low-energy electrons (1.9 — 3 eV) through methane which
was ascribed to the formation of virtual negative ion s ta te s . Efforts

Hf  —  CH,

wtU d e p th s  0.03 volt

Electron accelerating voltage Va (volts)

—  400
X (mp )

200 150 120

F ig .  4 .6 .  C y c lo p r o p a n e .
--------  t r a p p e d  e le c t r o n  s p e c tr u m .
— —— o p t i c a l  e x c i t a t io n  s p e c tru m  (R a y m o n d a  a n d

S im p so n , 1 9 6 7 ).
T h e  r e l a t i v e  i n t e n s i t i e s  o f th e  s p e c t r a  a r e  a r b i t r a r y .
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H, H,

wall depth ^  Q04 volt

Electron accelerating voltage Va (volta)

— X(m|i) 200

F ig .  4 .7 .  C y c lo o c ta n e .
--------  t r a p p e d  e le c t r o n  s p e c tr u m .
-------- o p t i c a l  e x c i t a t io n  s p e c tru m  (R a y m o n d a  a n d

S im p so n , 1 9 6 7 ).
T h e  r e l a t i v e  i n t e n s i t i e s  o f  th e  s p e c t r a  a r e  a r b i t r a r y .

have been made to detect the formation of these transient ions using
the TE method* Surprisingly even for a well depth as large as 1*6
volt no indication for the excitation of such a s ta te  was found. Of
course it is possible that the contribution to the total cross section
is so small that it cannot be d istinguished from the e las tica lly  sca t­
tered electrons.

4.5. Olefins

Ethylene is the most extensively studied molecule reported in litera­
ture.
Zero angle electron impact spectra of ethylene have been recorded by
Simpson and Mielczarek (1963), Geiger and Wittmaack( 1965),and Ross
andL assettre  (1966).In the spectra of the latter four authors the energy
resolution is nearly as good as in the corresponding light absorption
spectrum of Zelikoff and Watanable (1953).
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Kuppermann and Raff (1963°, 1963b) studied the ine lastic  scattering
of low-energy electrons (40 -  75 eV) over large angles (22° -  112°).
B esides the excitation of the first trip le t s ta te  at 4.4 eV an optically
forbidden singlet -  singlet transition was observed at 6.5 eV. This
"o le fin  mystery band" which a lso  appears as a weak transition in the
light absorption spectra of some substitu ted  ethylenes has been d is­
cussed  by many authors. A review of experimental data and assign ­
ments has been given by Robin, Hart and Kuebler (1966) who con­
clude that the origin of the band is  a tt — O' (CH) transition .T his
assignm ent is  in contradiction to the opinion that a a(CH) -  tt tran­
sition is involved (Berry, 1963; Moskowitz and Harrison, 1964).
Berthod (1966), who carried out an SCF calcu la tion  using Slater
orb itals, found three transitions of t h e w  -  cr*(CH) type at excitation
energies below the first sing le t tt -  v  transition . Thus speaking of
the "o le fin  mystery band" one or more of these  transitions are meant.

While searching for the mystery band the spectra  of ethylene, c is-
butene-2, trans-butene-2, tetram ethylethylene, 1,4-cyclohexadiene,
1,6-heptadiene, iso te tra line , hexamethylbicyclo [2 ,2 ,0] hexa-2,5-diene
and norbornadiene were recorded (F ig .4.8 — F ig .4.16).

well depth 'v 0.1 volt

Electron accelerating voltage Va(volts)

- \  (mji) *00 200 WO 120

F i g .  4 .8 .  E x c i t a t i o n  s p e c t r u m  o f  e t h y l e n e .
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The energies and intensities of the most important peaks and shoulders
of the spectra are combined in Tables 4.4 and 4.6.
The low energy peaks in the 1 -  2.5 eV region are ascribed to the
formation of transient negative ions. The intensity and to a certain
extent the energy of the peaks depend on the well depth used. How­
ever, a lower limit for the electron affinities of the molecules can be
derived from the data. For example for ethylene and cis-butene-2 the
electron affinities (A) will be >  -  1.8 and >  -  2.3 eV respectively.
These data should probably not be compared with results obtained
from the measurements of the equilibrium between the molecule and
the negative ion. It is likely that the present data refer to vertical
electron affinities. Consequently they can be compared with calcu­
lations where the same configuration of the molecule is assumed for
the ground and the negative ion state.
Hush and Pople(1955) predicted A = —1.81 eV while Hoyland and Good­
man (1962) found A = —1.69 for the ethylene molecule. Both values
are in surprisingly good agreement with the experimental value
A >  -1 .8  eV (Table 4.6).

<wU depth ~  0.1 vott

Electron accelerating voltage Va  (vott*)

I I 1 I I—
X(m ji) «00 200 ISO 120

F i g .  4 .9 .  E x c i t a t i o n  s p e c tru m  o f  c l s - b u te n e - 2 .
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In a ll olefins a trip let band shows up near 4 eV which is probably due
to a tt — tt transition . In ethylene th is band extends from about 3.4 eV
(3700 % )  up to 5.7 eV (2200 X).
For cis-butene-2 and tetram ethylethylene a definite shoulder (the
olefin mystery band) appears near 6 eV. The difference between the
spectra for these  compounds and those for the other olefins can be
explained by assuming that the repulsion between the methyl groups
gives r ise  to a perturbation of the symmetry of the molecule. This
would enhance the in tensity  of a symmetry forbidden transition. It
is  also possib le  that for some m olecules the mystery band remains
hidden under the strong band near 7 eV.

The resu lt presented in th is th es is  for the saturated hydrocarbons
indicate that besides the low energy singlet - sing let and singlet -
trip let transitions of the tt -  it* or cr -  tt type one may expect at
somewhat higher excitation energies, starting at about 6 eV (2100 A),
sing le t - trip let transitions of the c r-c r  type.
This ind icates that in th is type of molecfules the applicability  of the
usual -----  tt separability  (see  for example Lykos and Parr, 1956) is
very doubtful for the calcu lation  of excited s ta te s  which are more than
about 5.5 eV above the ground s ta te  (this energy difference corres­
ponds to a wavelength shorter than 2300 X).

c—c

well d e p th s 0.1 volt

Electron accelerating voltage Va (volts)

-------  X(mji> 400 200 150 120

F i g .  4 .1 0 .  E x c i t a t i o n  s p e c tru m  o£ t r a n s - b u te n e - 2.
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well depth ~  0.1 volt

Electron accelerating voltage Va (volts)

• i i  " ' I
X Imp) 400 200 ISO 120

F ig .  4 .1 1 ,  E x c i t a t i o n  s p e c tr u m  o f  2#3 - d im e th y lb u te n e - 2 .
F o r  th e  r i g h t  h a n d  s i d e  o f  th e  s p e c tr u m  th e  s e n s i t i v i t y
o f th e  d e t e c t i o n  s y s te m  h a s  b e e n  d e c r e a s e d  b y  a
f a c to r  5 .

HjC—CH—(CHj)—CH*CH.

well depth-v 0.04 volt

Electron accelerating voltage Va (volts)

I l i-------------------------- 1—
X (mji) 400 200 150 120

F i g .  4 .1 2 .  E x c i t a t i o n  s p e c tr u m  o f  1 ,6 - h e p ta d i e n e .
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Electron accelerating voltage Va (volts)

i |  " " ""  » i i
X(mjj) 400 200 ISO 120

F i g .  4 .1 3 .  E x c i t a t io n  s p e c tr u m  o f  l #4 - c y c lo h e x a d ie n e .

well depth ̂ 0.1 volt

Electron accelerating voltage Va (volts)

i i— — i--------------------------1--------------------------- r—
X (mjj) 400 200 ISO 120

F i g .  4 .1 4 .  E x c i t a t i o n  s p e c tr u m  o f  i s o t e t r a l i n e .
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wall depth ̂ 0.2 volt

Electron accelerating voltage Va (volts)

i i  i  i 1 i
----------  X (mjj) 400 200 150 120

F ig .  4 .1 5 .  E x c i t a t i o n  s p e c tr u m  o f  h e x a m e th y lb ic y c lo  [ 2 ,2 , 0 ]  h e x a - 2 ,5 - d ie n e
(h e  x a m e th y l-D e  w a r - b e n z e n e ) .

well depth 0.1 volt

Electron accelerating voltage ^  (volts)

ISO_X(m|i)

F i g .  4 .1 6 .  E x c i t a t i o n  s p e c tr u m  o f  n o r b o r n a d ie n e
( b i c y c lo  [ 2 ,2 , 1 ]  h e p ta - 2 ,5 - d ie n e )

■ o p t i c a l  e x c i t a t i o n  s p e c tr u m  ( s o lu t io n  in  c y c lo h e x a n e ) .
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Table 4.4 Olefins

A comparison of peak energies (in eV) and intensities of the
electron impact spectra of some olefins.
Relative in tensities in parentheses.

Molecule Excitation energy Assignment

1. c is—butene—2 2.3 (0.24) transient negative ions
4.3 (0.15) 3B i

6.1s (0.35) "mystery band", it - cr
7.2s (1.00) %

8.0 -9 .0 (1 .2 0 )

2. trans-butene—2 ~2.2 (0.14) transient negative ions
4.3 (0.24) triplet state
6.8 (1.00)

~8.7 (2.05)

3. tetramethylethylene ~2.0 (0.47) transient negative ions
4.0 -  4.1(1.00) 3Biu

5.7 s "mystery band", ir-<r
8.3s

4. 1,6—heptadiene 1.7 (0.30) transient negative ions
4.5 (0.26) triplet state
7.0 (1.00) 7T  -7 T

00 in o C
O

5. 1,4—cyclohexadiene 2.0 (0.28) transient negative ions
4.3 (0.34) triplet state
6.3 (1.00) 7T  - 7 T

8.1 (1.55)

6. hexamethyl 3.9 transient negative ions
bicyclo [2,2,0] 5.6
hexa—2,5—diene 7.0

7.6

7. isotetraline 2.1 (0.43) transient negative ions
4.4 (0.37) triplet state
6.6 (1.00)

8. bicyclo [2,2,1 ] 1.0 transient negative ions
hepta—2,5—diene 4.1 triplet state
(norbornadiene) 5.3

5.9
8.3
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4.6. Molecules containing the carbonyl group

In light absorption spectra of ketones and aldehydes a weak (sym­
metry forbidden) transition is  found at approximately 270 — 330 m/z
(3.8 — 4.6 eV) which is  ascribed to a n -  v  excitation of the carbonyl
group. In acetone th is transition peaks a t 4.51 eV. The TE excitation
spectrum of th is molecule (F ig .4.17) shows a maximum at 4 .1s eV. It
is not likely that such a difference (0.3s eV) is  a resu lt of an inaccu­
rate energy calibration.

wall depth 0.1 volt

Electron accelerating voltage (volts)

-  Xlmg,' 400 200 ISO 120

F i g .  4 .1 7 .  E x c i t a t i o n  s p e c tr u m  o f  a c e to n e .
F o r  th e  r ig h t  h a n d  s i d e  o f th e  s p e c tr u m  th e  s e n s i t i v i t y
o f  t h e  d e te c t i o n  s y s te m  h a s  b e e n  i n c r e a s e d  b y  a
f a c to r  5.

This is  emphasized by the good agreement found for the transitions
at 6.3 and 7 .4s eV with the values of 6.36 — 6.37 and 7.45 eV respec­
tively found by Lake and Harrison (1959). Assuming that the Franck-
Condon principle s till  holds at these  low-energies the discrepancy of
0.35 eV can only be explained by ascribing the band to a vertical
trip let n -  tt excitation . The orthogonality of the one electron n-orbital
and the one electron 77-orbital explains the very small sing let-trip let
splitting for such a transition . Experim entally a 0.4 eV separation is
found in the case  of formaldehyde (Henderson and Muramoto, 1965;
Hodges, Henderson and Coon, 1958).
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The similarity between the spectra of benzaldehyde and acetophenone
(Fig.4.18, Fig.4.19) is obvious. It is difficult to decide whether the

well depth ~0.1 volt

Electron accelerating voltage Va (volte)

X (mjj) 400 200 ISO 120

F ig .  4 .1 8 .  E x c ita t io n  sp ectru m  o f b e n z a ld e h y d e .

well depth ~  0.1 volt

Electron accelerating voltage V* (volte)

X (m |l) 400 200

F ig .  4.19-. E x c ita t io n  sp ectru m  o f  a c e to p h e n o n e .
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shoulder a t 3.8 eV in benzaldehyde and at 4.0 eV in acetophenone
resu lts  from the singlet or trip let n -  tt*  transition . A striking feature
of both spectra is the in tense band at about 4.5 eV. In table 4.5 the
excitation energies and relative in ten s itie s  are presented together
with comparable data from other sources.
For carbon dioxide the excitation spectrum is  very much dependent
on the well depth, the formation of negative ions being observed for
even a zero trapping potential. The positions of the maxima in the
cross section for d issociative  electron-capture are approximately a t
4.4 and 8.2 eV.
These p rocesses, both of which correspond to the reaction

C 0 2—S-^CO + 0 '

have small cross sections: 1.5 x 10*19cm2 and 4.5 x 10"19 cm2 respec t­
ively (Schulz, 1962b).
D issociative electron capture becomes relatively  unimportant when
the well depth is  increased . F ig . 4.20 shows the excitation spectrum
for a well depth of 0.2 eV. The threshold behaviour of the process

-----  well depth Q2 volt

• 0.5 volt

Electron accelerating voltage Va (volts)

—-Xtm pUOO 200 150 120 100 80

F ig .  4 .2 0 .  E x c it a t io n  sp ectru m  o f  ca rb o n  d io x id e  for a  w e l l
d e p th  o f  0 .2  v o l t .  T h e  p r o d u ctio n  o f  p o s i t i v e  io n s  i s
sh o w n  in  broken  l in e s .
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near 4 eV (F ig .5.6) is  sim ilar to that for nitrogen at 2eV. This suggests
that the formation of transient negative ions is  involved. Such an inter­
pretation is  in agreement with the observed shift of the position of the
maximum as a function of the well depth. It is  probable that the two
processes near 4 eV have the same origin

C 0 2 electron impact co-
CO + 0 ” + kinetic energy<

X C 0 2 + e + vibrational
energy

where the d issociation  can only occur for the higher vibrational levels
(maximum at 4.4 eV).
The shoulder at 2 eV can be interpretated as due to the direct vibra­
tional excitation of C 0 2.

A strong dependence on the well depth is  a lso  observed for the exci­
tation function in the region 7 — 10 eV and 11 — 13 eV. Near threshold
peaks are observed at 8.3 and 12.2 eV but with increasing well depth
the importance of transitions at 9.0 and 11.6 eV becomes appreciable.
At about 0.4 eV above threshold the 11.6 transition  has already atta in ­
ed the same in tensity  as  the 12.2 transition . The resolution of the
spectra does not, however, allow any definite assignm ents.

4.7. Conjugated hydrocarbons

4.7.1. Introduction

The threshold excitation spectra of butadiene, benzene, 1,1-diphenyl-
ethylene and azulene are presented in F ig .4.21 — 4.24. A comparison
of the prominent transitions observed with other data is  given in
Table 4.6.

4.7.2. Butadiene

It is  likely that at lea s t two peaks of the butadiene spectrum (F ig .4.20)
are due to transitions to trip let leve ls . Evans (1960) has studied
optical sing let-trip let transitions in butadiene induced by oxygen at
high pressure. The absorption curve, which he obtained, shows two
maxima the first a t 3.2 eV and the second at 3.9 eV. The transitions
are identified as leading to the first and second trip let s ta te . In our
spectrum there is  a diffuse band in th is region with a very vague
shoulder a t 3.3 eV and a broad peak at 3.8 eV. A weak transition is
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Table 4.5 Molecules containing the carbonyl group.
A comparison of peak energies (in eV) and intensities of this research
with other data.
Relative intensities are in parentheses.

M olecule E le c tro n  im pact L ig h t a b so rp tio n A ssignm en t
th is  re se a rc h o ther

a u th o rs

ace to n e 1.3 (20)

4.1s ( 7)

6 .2s (12)

7.4s (13)

8.7s (25)
~10.0 (26)

~4.3°
~6.4*

4.5 ( 15)b
6.3 ( 6400)b

8.1 (11000)b
8.8—8.9 ( 9800)b

6.36-6.37 (9120)*
6 .5 0 -6 .50s (6610)=
6.64 (1950)*
7.45 (1620)*

tra n s ie n t
n e g a tiv e  io n s

tr ip le t  n - t t

s in g le t  n -7T

benzaldehyde 3.8s (14)
4.3 (24)

5.1 (19)

6.2 (20)
7.2s (16)
8.9 (14)

3.12d; 3.34d; 3.50d; 3.66d; 3.82d
4.32 (1000)*
4.46 ( 1150)®
5.02s (11500)*
5.14 (14100)*

n — 7t* b

ace tophenone ~4.0s (15)
4.6 (24)

5.2 (21)
6.4 (23)

7.2-7.3(20)
8.0-8.2(18)

3.70 ( 49)£
4.33 ( 790)f
4.48 ( 1000)*
5.23 (12900)*

3.9 ( 41)g
4.5 ( 890)’

5.2 (12600)9

n -7T*

a .  S i l v e r m a n  a n d  L a s s e t t r e  ( 1 9 6 5  ).
b .  B a r n e s  a n d  S i m p s o n  ( 1 9 6 3 ) .
c .  L a k e  a n d  H a r r i s o n  ( 1 9 5 9 ) .
d .  S t o c k b u r g e r  ( 1 9 6 2 ) .
e .  D e a r d e n  a n d  F o r b e s  ( 1 9 5 8 ) .
f .  L u t s k i i  a n d  D o r o f e e v  ( 1 9 5 7 ) .
g .  T a n a k a ,  N a q a k u r a  a n d  K o b a y a s h i  ( 1 9 5 6 ) .
h .  T h e  v e r y  w e a k  t r a n s i t i o n  a t  3 . 1 2  e V  i s  i d e n t i f i e d  a s  t h e  0 — 0 t r a n s i t i o n  o f  t h e

t r i p l e t  h  -7 T * .  T h e  o t h e r  b a n d s  a r e  d u e  t o  t h e  m u c h  m o r e  I n t e n s e  s i n g l e t  e x c i t a t i o n .
T h e  o v e r l a p  w i t h  t h e s e  t r a n s i t i o n s  d i d  n o t  p e r m i t  t h e  d e t e c t i o n  o f  h i g h e r  v i b r a t i o n a l
l e v e l s  o f  t h e  t r i n l n t  n t a t * .
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c—c

well depth ~0.1 volt

Electron accelerating voltage Va (volts)

\  (mji) 400 200 150 120

F i q .  4 .2 1 .  E x c i t a t i o n  s p e c tr u m  o f  b u t a d i e n e .

observed at 4.8 eV which may a lso  be due to a s in g le t- tr ip le t tran­
sition . This interpretation is  supported by the good agreement of our
peak values a t 3.8 and 4.8 eV with calcu lations of P arise r and Parr
(1953). Their values of the two low est trip let levels are 3.9 and 4.6 eV.

4.7.3. Benzene

The threshold excitation spectrum of benzene is  presented in F ig .4.22.
The transition  to the 1E 1 s ta te  a t 6.9 eV, which is  symmetry allowed
for dipole transitions, is  the most pronounced peak. The symmetry
forbidden transitions at 4.7 eV and 6.0 eV are, however, also of com­
parable in tensity . This is  in contrast to UV absorption data.
Compton e t al. (1967) obtained an excitation spectrum of th is molecule
using a different technique. Their method is  based on the appearance
of SFg ions which are formed when the incident electrons have a
kinetic  energy ju st exceeding threshold.
In both spectra  the rela tive in ten sitie s  of the observed transitions
are, with one exception, alm ost iden tical. This exception lie s  in the
4.2 to 5.3 eV region where Compton et al.(1967) observe a peak more
than tw ice as high as the one in our spectrum.
This band shows a shoulder which is  interpretated as a transition to
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wall depth *v 0.06 volt

Electron accelerating voltage Va (volts)

i i  i i  ■
X (mjj) 400 200 160 120

F ig .  4 .2 2 . E x c ita t io n  sp e c tru m  of b e n z e n e .

the second trip let s ta te . The reason for th is  discrepancy is  not under­
stood. It may be that the addition of small quantities of S F 6 and
HC1, which are inherent in the method of Compton et a l. is  respon­
sib le for the difference.
The low-energy ine las tic  transition at ~  1.3 eV is  assigned  as due
to the formation of transient negative ions. The energy of the peak
indicates that the vertical electron affinity A >  — 1.3 eV is  in good
agreement with the value A = —1.40 eV calcu la ted  by Hush and Pople
(1955).

The good agreement between the electron impact and optical data
(Table 4.6) suggests that the influence of o=-electrons is  sm all. The
absence of theoretical calcu lations taking into account a ll e lectrons
involved, however, makes the interpretation somewhat speculative.

4.7.4. 1 ,1-Diphenylethylene

The threshold excitation spectrum of 1 ,1-diphenylethylene is  d is­
played in F ig .4.23. The shoulder a t 3.4 eV, which is  not observed in
UV absorption spectra, is  interpreted as an excitation to a trip let s ta te .



62

Table 4.6 Ethylene and some conjugated molecules,
A comparison of peak energies (in eV) and intensities of this research
with other data. Relative intensities in parentheses.

Molecule This research Other authors Assignment

ethylene 1.8 (0.15) 1.7 (0.19)° 1.69b; 1.81c transient
negative ions

4.4 (0.28) 4.4 (0.29)“ 4.6d 4.4—4.8f
6.4—6.6f

3 B 1 u

"mystery band"
IT -/O’

7.7 (1.00)
9.2 (0.66)

7.7 (1.00)a 7.66* 7.7*
9.2 (0.71)a 9.03* 8.8-9.Ó*

9.95® 10.5-11.3*

‘ B i«

butadiene 3.3—3.8 (0.24) 3.2d 3.9* triplet state
4.8 (0.18)

5.8—6.1 (1.00)
7.1 (0.71)

3.9d 4.6® triplet sta te

'B lu

benzene 1.3 (0.95) 1.40c 1.55 (1.30)1 transient
negative ions

3.9 (0.08) 3.90 (0.05)1 3®lu
4.7 (0.31) 4.9 (0.004)h 4.80 (0.71)1 In 3n 3p

B 2 u * B 2 u * ^ l u

6.0 (0.72) 6.1 (0.13)h 6.16 (0.71)1 ‘ B l u

6.9 (1.00) 6.7 (1.00)h 6.96 (1.00)* ,E 1«

1,1—ethylene 3.4 (0.36)
4.5 (1.00)

7.2 (0.68)

5.0 (0.26)h
5.4 (0.37)h
6.0 (1.00)h

triplet state

pyridine ~4.2* 4.31* n -7 t

4.9 (0.62)

5.3 s (0.57)

6.3 (0.88)

7.2 (1.00)
8.3 (0.82)

~8.9 (0.74)

4.84 (1900)h 4.75*
4.93 (2000)h

6.16 (4850)h
6.27 (6000)11
6.37 (6000)h

n - v *

a .  L o w -e n e r g y  e le c t r o n  im p a c t  v a l u e s  (B o w m a n  a n d  M il le r ,  1 9 6  5 ) .
b . T h e o r e t i c a l  v a l u e s  (H o y la n d  a n d  G o o d m a n , 1 9 6 2 ) .
c .  T h e o r e t i c a l  v a l u e s  (H u s h  a n d  P o p l e ,  1 9 5 5 ) .
d . O p t i c a l  v a l u e s  ( E v a n s ,  1 9 6 0 ) .
e .  E le c t r o n  im p a c t  v a l u e s .  ( L a s s e t t r e  a n d  F r a n c i s ,  1 9 6 4 ) .
f . L o w -e n e r g y  e le c t r o n  im p a c t  v a l u e s  (K u p p erm a n n  a n d  R a f f ,  1 9 6  3“ ).
g .  T h e o r e t i c a l  v a l u e s  ( P a r is e r  an d  P a r r , 1 9 5 3 ) .
h . O p t i c a l  v a l u e s  for a  s o lu t i o n  in  n —h e x a n e  (U V  A t l a s ,  1 9 6 6 ) .
i .  L o w -e n e r g y  e le c t r o n  im p a c t  v a l u e s  (C o m p to n  e t  a l . ,  1 9 6 7 ) .
J . O p t i c a l  v a l u e s  ( R u s h  a n d  S p o n e r  ( 1 9 5 2 ) .
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well depth-v0.1 volt

Electron accelerating voltage Va (volts)

X (mji) 400 200 150 120

F ig .  4 .2 3 . E x c ita t io n  sp e c tru m  o f 1,1 -d ip h e n y le th y le n e .

4.7.5. Azuleae

Efforts to obtain an excitation spectrum of azulene were unsuccessfu l.
This is  due to the large cross section for d issoc ia tive  electron cap-
ture(section 4.9). A spectrum showing the production of negative ions
as a function of the incident electron energy is  presented in F ig .4.24.

4.8. Molecules containing a nitrogen atom

The trapped electron spectra of pyridine, ammonia, triethylam ine and
guinuclidine are shown in F ig .4.25 — 4.28. For pyridine the peak
values and in tensities  are compared with optical data in Table 4.6.
The relatively high in tensitie s  of n -  7t transitions is evident. Probably,
as was the case  for the n -  7r transitions in aldehydes and ketones
(section 4.6) the energy difference between the sing let-trip let and the
singlet-sing let transition will be very small. At present it  is  not poss­
ible to decide which of these transitions is  most important.

For ammonia d issociative electron capture (section 4.9) is  observed
besides electronic excitation (F ig .4.26).
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w ell depth: O Volt

E lectron  acce lera ting  voltage Va  (volte)

X ( m |l )  400 200 ISO 120

F ig .  4 .2 4 .  F o rm a tio n  o f  n e g a t iv e  io n s  from a z u le n e .

well depth -v* 0.1 volt

Electron accelerating voltage Va (volts)

--------- X Im y i *00 200 ISO 120

F ig .  4 .2 5 .  E x c it a t io n  sp ec tru m  o f p y r id in e .
F o r  th e  r igh t hand s id e  o f th e  sp ectru m  th e  s e n s i t i v i t y
o f  th e  d e t e c t io n  sy s te m  h a s  b e e n  in c r e a s e d  b y  a
fa c to r  10 .
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well depth ~  0.1 volt (— )
well dep th s 0.0 volt (—-)

Electron accelerating voltage Va (volts)

XtoHU «00 200 150 120

F ig . 4 .2 6 . A m m onia.
F o r  a  z e ro  w e ll d e p th  o n ly  th e  fo rm atio n  o f n e g a tiv e
io n s  i s  o b s e rv e d , w h ile  for th e  w e ll d e p th  o f 0 .1  v o lt
b o th  e le c t ro n ic  e x c i ta t io n  a n d  d is s o c ia t iv e  e le c tro n
c a p tu re  a re  in v o lv e d .
T h e  c u rv e s  h av e  b een  a rb i tr a r i ly  n o rm a liz e d  for th e
p e a k  v a lu e .

4.9. Molecules which dissociate upon electron capture

The interaction of an electron with a molecule XY may lead to the
formation of a negative ion. This process can be either nondissoci-
ative or dissociative

e + XY -  XY*

e ♦ XY -  X + Y*

X,Y: parts of a molecule (in general not atoms).
The first process is observed for molecules having a very small posi­
tive or a negative electron affinity for example nitrogen, carbon monox­
ide, carbon dioxide, ethylene, benzene, sulfurhexafluoride, etc.
Dissociative electron capture has been observed for hydrogen, oxygen,
carbon monoxide (Fig.4,4), carbon dioxide, ammonia (Fig.4.26), water,



66

CH,— CH:
/

CH,— CH,— N

CH, —  CH3

well d ep th s  0.1 volt

Electron accelerating voltage Va (volts)

i  i  l  i  i
X (mp) 400 200 ISO 120

F i g .  4 .2 7 .  E x c i t a t i o n  s p e c t r u m  o f  t r i e t h y l a m i n e .

w ell depth

electron accelerating voltage V, (volts)

. . ___ X(m|i) «00 300 250 200 150

F i g .  4 .2 8 .  E x c i t a t i o n  s p e c t r u m  o f  q u i n u c l i d i n e .
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wall d e p th s 0.0 volt

Electron accelerating voltage Va (volts)

• i i  |

\(m >i) 400 200 150 120

F i g .  4 .2 9 .  P r o d u c t i o n  o f  n e g a t i v e  i o n s  from  h e x a f l u o r b e n z e n e .

sulfurhexafluoride, azulene (F ig .4.24), nitrobenzene and hexafluoro-
benzene (F ig .4.29).
In the ca se  of the first five m olecules spectra have been obtained for
both electronic excitation and d issoc ia tive  electron capture. For the
other m olecules the d issoc ia tive  electron capture is  the predominant
process near threshold. Using the law s for the conservation of energy
and momentum it is  possib le  to ca lcu la te  the kinetic energy of the
d issociation  products.

E a Dx _ y + Ay — Ux E y - Ex (4.1)

E a

D X —Y
a y

mx ,my -#mxy  =
e x . e y -
u x , UY-

kinetic energy of the incident electron,
d issociation  energy of the XY molecule,
electron affinity of Y.
m ass of the species  X, Y* and XY respectively ,
kinetic energy of the products X and Y*.
extra internal energy of X and Y" when they are formed
in an excited s ta te . This can be an electronically ,
vibrationally or rotationally  excited s ta te .
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The kinetic energy of the negative ions which are formed can be deter­
mined by measuring the negative potential VM which is just sufficient
to prevent the ions from reaching the collector M. The information one
can get from such measurements is illustrated for ammonia.
Kraus (1961) using a mass spectrometer concluded that the principal
ion which is formed when electrons of approximately 5.5 eV collide
with ammonia is the NHÓ ion.

NH, electron impact^. NH* + H
3 5.5 eV 2

With the present instrument it is found that most of the negative ions
are prevented from reaching the collector M by a potential VM <  —0.12V
when the kinetic energy of the incident electrons is 5.6 eV. Assuming
that NHj ions are involved it follows from Eq. 4.1 that

DNH2-H  ~  An h 2 ~  Un h 2 * 3,6 eV 4̂*2^

However, a small part of the ions can only be stopped by a potential
VM <  -  1.8 V.
There are, therefore, some negative ions having considerable kinetic
energy. Using reasonable values of D and A, equation (4.1) can only
be satisfied if ions with a very small mass are involved. These must
be H”.
Substituting the values Ea = 5.6 eV and EH- = 1.8 eV in formula (4.1)
it follows that

d n h 2- h “  a h “  Un h 2 = 3,7 eV 4̂' 3^

Using the experimentally determined value for the electron affinity of
the hydrogen atom (AH = 0.75 eV; Henrich, 1944) one can solve the
equations (4.2) and (4.3). It follows that

DNH2-H < 4.4 eV

A» « , > 0.8 eV

where the equalities are reached when NH2 and NH2 are formed in
their ground states. The value for the dissociation of NH3 into NH2
and H presented by Herzberg (1966) DNH _ H = 4.38 eV suggests that
this is the case for the NH2 radical.
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Chapter 5

DETERMINATION AND BEHAVIOUR OF TOTAL CROSS SECTIONS
NEAR THRESHOLD

5.1. Introduction

Total cross sections for the formation of positive and negative ions
have been measured by a number of research-w orkers. A compilation
of low-energy electron co llision  data has been given by Kieffer (1967).
In low-energy excitation p rocesses where no ions are formed only one
example of an accurate determination of a cross section  is  known.

1 3Maier - Leibnitz (1935) determined the cross section for the I S - 2  S
transition in helium. The cross section values that are reported for
m olecules in literature only refer to ionisation p rocesses. Actually
the trapped electron (TE) method was designed by Schulz with the
purpose of determining cross sections but he did not obtain unambig­
uous resu lts . With our apparatus the d ifficu lties encountered by
Schulz could be surmounted.

Already more than 35 years ago Smith (1930), and Tate and Smith
(1932) carried out their careful experiments which up to 1965 have
been used as a standard for the norm alisation of cross sections.
Recently accurate data for the low-energy region have been obtained
by Schulz (1962b), Asundi (1963), Rapp and Briglia (1965), and Rapp
and Englander-Golden (1965). Compton (1966, 1967), Christophorou
(1967) and co-workers have determined many total cross sections for
the d issoc ia tive  electron capture of large m olecules.

In contrast to the ionisation experim ents very little  is  known about the
magnitude and behaviour of excitation  cross sections near threshold.
M aier-Leibnitz (1935) has determined the maximum of the cross sec ­
tions for the 21 2 3S excitation of helium which is  reached at approximately
half a volt above threshold. Ever since th is value has been used for
the norm alisation of cross sections near threshold. The reason why
no other accurate data are availab le  probably finds its  origin in the
difficu lties encountered in the detection of excited atoms and mole­
cu les. Methods which can be used for th is detection depend on the
determination of

1. The in tensity  of fluorescence or phosphorescence light.
2. The light absorption of excited m olecules (Woudenberg and Milatz,

1941).
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3. The re lease  of electrons from a metal by impinging m etastables
(Dorrestein, 1942; Schulz and Fox, 1957).

4. The low-energy electrons produced by an ine las tic  collision (in­
d irect method).

Method 1 and 2 require a high sensitiv ity  of the optical part of the
apparatus especially  when the threshold behaviour of cross sections
with well defined electron beams is  studied. The first method is
espec ially  difficult for m olecules which can easily  undergo an internal
conversion to the ground sta te  (without any light em ission). The
trapped electron spectra presented in th is th es is  are an example of
the fourth method which does not suffer from any of these defec ts.
For any ine las tic  process where low-energy electrons are formed the
cross section can be m easured.

Absolute to tal cross sections for p rocesses in helium, carbon monoxide,
nitrogen, oxygen, carbon dioxide, ethylene and benzene are given in
Table 5.1. The resu lts  are believed to be accurate within 30%. In
F ig s . 5.1 — 5.8 the threshold behaviour of some transitions is shown.
Unlike the excitation spectra nowhere a correction for contact potentials
has been made in the spectra representing the threshold behaviour
of a transition . In chapter 2 it has already been pointed out how these
curves can greatly fac ilita te  the determination of a good theoretical
description of the co llision  process involved.

5.2. Experimental procedures

The trapped electron (TE) method can be employed to study the th resh­
old behaviour of transitions. The sim plest method (method 1) con­
s is ts  of recording a TE spectrum for a large well depth, for instance
2 vo lts. In section 3.4.2 it has been outlined that for each excitation
process the cross section is now plotted up to an energy of 2 volts
above threshold. A sim ilar resu lt can be obtained (method 2) by plotting
the trapped electron current for a constant accelerating voltage as a
function of a varying well depth. The well depth is  calculated  from
the potential VMQ of the trapped electron collector M with respect to
the co llision  chamber. In those c a se s  where both methods can be
used a comparison of the resu lts  makes it possib le  to check the
correctness of the calculation of the well depth. The applied acceler­
ating voltage VQis  chosen in such a way that eVQ equals the excitation
energy eV of the s ta te  under investigation. By consequence (formula
3.5 and 3.6) a spectrum is obtained for the total cross section as a
function of the energy AE of the trapped electrons. For this type of
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spectrum the resolution is  very good near threshold but decreases with
increasing well depth.

Both methods have been applied to the 1 *S -  23S transition in helium.
In F ig . 5.1 it is  shown that assum ing AE = 0.17 eVMG a good agree­
ment is observed between the methods. This confirms the determ ina­
tions of the well depth presented in chapter 3. The cross section  for
the first maximum in the curve which is reached at about half a volt
above threshold is , as it should be, within experimental error inde­
pendent of the well depth being used for the determ ination. This is  a
significant improvement with regard to the behaviour of the apparatus

1 's  —* 2 3S transition

Energy (electron-volts)

F ig .  5 .1 .  T h e  t h r e s h o ld  b e h a v io u r  o f th e  c r o s s  s e c t i o n  fo r  th e
1 31 S — 2 S t r a n s i t i o n  in  h e liu m  i s  d e te r m in e d  b y  tw o

d i f f e r e n t  m e th o d s  ( s e e  s e c t i o n  5 .2 ) .
--------  c o n s t a n t  w e l l  d e p th  o f  2 v o l t s .
o  o  o  v a r i a b l e  w e l l  d e p th .
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of Schulz (1958) where changes in the cross section were observed
which amounted to more than 50%. Such deviations may resu lt from an
inefficient discrim ination between the high-energy (especially  the
e las tica lly  scattered  and the low-energy electrons because th is energy
selection  becomes le ss  effective for increasing well depths (section
3.4.1). The effect may a lso  resu lt from a sligh t defocussing of the
electron beam due to the applied potential VMQ. These problems can
be remedied by increasing the strength of the magnetic field.

With m olecules only the second method can be used. The maximum
intensity  of a whole band is determined for increasing values of the
average well depth W, because it is not feasib le  to consider each
vibrational level separately . The graphs presented in this chapter
are plots of th is maximum as a function of the maximum energy of the
trapped elec trons. This maximum energy is  taken to be AE =eW =0.16V MG
(section 3.4.2.).

Consider in an excitation  spectrum a band which resu lts  from a single
electronic transition . If very c lose  to threshold th is band is  resolved
into the transitions to the different vibrational leve ls , then the maxi­
mum in tensity  of the band will correspond to the cross section for the
transition  to the vibrational level having the largest Franck-Condon
factor. When the well depth is  increased the contribution of the sur­
rounding vibrational levels becomes important. This depends of course
on the vibrational energy splitting  and the distribution of the Franck-
Condon factors over the leve ls . For a normal transition the in tensity
at about 0.4 eV above threshold corresponds to more than 90% of the
total cross section . For higher energies we should, therefore, inter­
pret the curves as  the behaviour of the to tal cross section (summed
over a ll vibrational levels and integrated over a ll scattering angles)
as a function of the energy of the trapped electrons. An illustration
of the foregoing is  given in F ig s . 5.2 and 5.3 for the X *57 -*B IT̂
transition  in nitrogen.

The apparatus described in chapter 3 has the advantage that both
low-energy electrons and ions can be detected . This enables one to
normalize the cross sections for excitation on those for the well estab ­
lished ionisation p rocesses. In th is  chapter a ll cross sections have
been normalized on the value of Rapp and Englander-Golden (1965)
for the ionisation of carbon monoxide in the 14.5 — 15.5 eV region.
They found for th is region

A_Q = 4.9 x 1 0 '18 cm 2/eV
AE

(5.2)
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A O = increase of the cross section Q for the ionisation.
A E = excess energy of the incident electrons above the threshold

for ionisation.

Assuming this value we find for the maximum of the cross section for
the 23S excitation of helium: 5.2 x 10"18cm2 which is in excellent
agreement with the value 5 x 10" 8cm2 of Maier-Leibnitz (1935). The
maximum cross section for the formation of negative ions from 02 near
6.5 eV is found to be 1.4 x 10"18cm2. Rapp and Briglia (1965) deter­
mined the same value for this process.

5.3. Helium

The TE excitation spectrum of helium (Fig. 3.6) shows that the most
important transitions are excitations to an S-state. For the first peak,
at 19.82 eV, which results from the 1 — 23S transition the threshold
behaviour is presented in Fig. 5.1. The pronounced structure which is
observed has been obtained before with other methods. Maier-Leibnitz
(1935) using another type of instrument has also determined the num­
ber of inelastically scattered electrons while Dorrestein (1942) and
Schulz and Fox (1957) studied the formation of metastable atoms from
helium. In these experiments, however, it was difficult to distinguish among
the transitions to the 23S, 2*S and 23P states. Schulz(1964b)obtained
a well resolved spectrum for the excitation of the 23S state by measuring
at an angle of 72° the electrons which have lost 19.82 eV in an in­
elastic collision.

5.4. Nitrogen

Total cross sections have been determined for the prominent tran­
sitions in nitrogen. In section 4.2 it has already been shown that
these are the electronical excitations to the B 3Ilg and E 35^ (E *57)
state and the vibrational excitation of N2 via the formation of a tran­
sient negative ion. In Fig. 5.2 and 5.3 the total cross sections for
these processes are plotted as a function of the difference AE between
the energy of the incident electrons and the excitation energy of the
state under investigation. From the graphs it seems plausible that
about 0.09 eV has to be subtracted from AE in order to correct for
contact potentials.

In the case of the excitation to the B 3n^ state the cross section is a
linear function of AE. This agrees with the work of previous authors
on the formation of metastable molecules;however, the present assign-
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B ’l l ,  ««citation

A E le c tro n -v o lts )

F ig .  5 .2 . T h re s h o ld  b e h a v io u r  o f th e  c ro s s  s e c t io n  fo r th e  X + -•
B n g tr a n s i t io n  in  n it ro g e n .
N o c o r re c tio n  fo r c o n ta c t  p o te n t ia l s  h a s  b e e n  m ade.

ment of the transition is different (see  section 4.2). An alm ost linear
behaviour is  also  predicted by the c la ss ic a l theory of Bauer and
Bartky (1965) but the magnitude is  found to be about seven times
larger in the experiment.
For the excitation of the E s ta te  the cross section increases
rapidly near threshold but seem s to approach a maximum soon. An
explanation for th is  behaviour has been given in chapter 2. The ex­
citation process could only be followed up to about 0.4 eV above
threshold because of the increasing relative importance of the exci­
tation to near-by s ta te s .

The maximum of the cross section for the vibrational excitation near
2 eV of nitrogen increases much faster above threshold than the cross
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------B ^Tlg excitation

------E ^ I g excitation

—---- transient negative ions

AE (electron-volts)

F ig .  5 .3 .  N itr o g e n  ( s e e  s e c t io n s  5 .2  and 5 .4 ) .
F o r  th e  X S  — E tr a n s it io n  th e  . in t e n s i t y  h a s
b e e n  c o r r e c te d  for th e  o v e r la p  b y  o th e r  e le c t r o n ic  tran­
s i t i o n s .

section for any of the other p rocesses. The curve shows a definite
structure because the number of vibrational s ta te s  which are included
in a spectrum increases with the well depth (Fig. 4.2). The resu lt in
Fig. 5.3 which is  obtained for the maximum of the band may also  in­
clude transitions via different electronic configurations of the Nj ion.
The vibrational energy splitting  AEy = 0.28 eV of the Nj ion which was
determined by Schulz (1964°) a t 72° scattering is  rather large to ex­
plain the behaviour in the present spectrum. It is  quite possib le, how­
ever, that the influence of other negative ion s ta te s  is  important for
the total scattering cross section . In Fig. 5.4 the ratios of the cross
sections are plotted as a function of the excess energy AE. For the
vibrational excitation such a spectrum has the advantage that the
influence of the overlap of near-by vibrational levels is largely elimin-
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ated. For the case  of the E 1,32* excitation which is an isolated
transition the relative decrease of the cross section is much exag­
gerated.

C °E  ' 3I^  «citation <~H8#V)

£ * transient negative
ions(~2eV) /

A E (electro n-vol ts)

F ig .  5 .4 . N itro g e n  ( s e e  s e c t io n s  5 .2  and  5 .4 ).

5.5. Other molecules

For some of the transitions which have been d iscussed  in chapter 4
the threshold behaviour has been determined. The resu lts  for carbon
monoxide, carbon dioxide, ethylene and benzene are displayed in F ig .
5.5 — 5.8. In many c ases  the cross section is a linear function of the
excess energy AE above threshold. For the case  of the 8 eV and the
12 eV band of carbon dioxide the figures may be somewhat misleading
because each band presumably co n sis ts  of at least two different e lec ­
tronic transitions for which the rela tive magnitudes change with AE.
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In the excitation of the a 3n  s ta te  of carbon monoxide and the sing let
tt -  tt transition in ethylene rather abrupt changes appear. Also in
benzene deviations of the linear behaviour are observed but these are
clearly  due to an increasing overlap by adjacent transitions. The
cross section for the 4 eV ban d of carbon dioxide does not increase
linearly with AE. The shape of the curve is  very sim ilar to that for
the 2 eV band in nitrogen (Fig. 5.3). Therefore, the transition  has
in analogy been interpretated (section 4.6) as the vibrational exc ita ­
tion of carbon dioxide via the formation of a transien t negative ion.

*  100-

A E (elect ro n -vol t s)

P ig . 5 .5 . T h resh o ld  behaviour of the cro es  s e c t io n  for the
X * 2  "• a  3n  tran sition  in carbon m on oxide.
No correction  h as been  made for co n ta c t p o te n t ia ls .
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o 4 eV excitation
o 8 tV excitation

A 12 eV excitation

4  E (electron-vol ts)

F ig .  5 .6 .  T h r e sh o ld  b e h a v io u r  o f  th e  c r o s s  s e c t i o n s  for th r e e
d if fe r e n t  p r o c e s s e s  in  ca rb o n  d io x id e .
T h e  s p e c t r o s c o p ic  c h a r a c te r  o f  t h e s e  t r a n s it io n s  i s
d i s c u s s e d  in  s e c t i o n s  4 .6  and  5 .5 .
N o  c o r r e c t io n  h a s  b e e n  m ade for c o n ta c t  p o t e n t ia ls .
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H2 C » CHj

•  LA aV excitation

A 7.7 «V «citation

AE (aiactron -volta)

F i g .  5 .7 .  T h r e s h o ld  b e h a v io u r  o f th e  c r o s s  s e c t i o n s  fo r tw o
t r a n s i t i o n s  in  e th y l e n e  ( s e e  s e c t i o n  4 .5 ) .
N o  c o r r e c t io n  h a s  b e e n  m a d e  fo r  c o n ta c t  p o t e n t i a l s .
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o 4.7 eV «(Citation

A 6.9 eV excitation

A  E(electron-volts)

F ig .  5 .8 .  T h r e sh o ld  b e h a v io u r  o f th e  c r o s s  s e c t io n s  o f
t r a n s i t io n s  in  b e n z e n e  ( s e e  s e c t i o n s  4 .7 .3  an d  5 .5 ).
No c o r r e c t io n  h a s  b e e n  m ade for c o n ta c t  p o te n t ia ls .

tw o
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Table 5.1 A bsolute to ta l c ro ss sec tions.

Molecule (atom) Transition , AQ/AE (1 0 '18cm2/eV ) Q - , . ( 1 0 '18cm 2)
th is research other authors th is resegrch other authors

helium CO
nCN1CO

5.2 5b
carbon monoxide X * 2 * -  a  3H 130c; 70d

1s t ion isation0 (4.9)“ 4 .9 “

nitrogen x -  b  3n9 g 75

9.5 eV band 20

ionisation 5.0 5.0“

oxygen 5 eV band(negative
ions)

1.4 1.25*; 1.3«h;
1.4*

carbon dioxide 8 eV band 10

12 eV band 25

ethylene X l A -  3B ,g 1 u

(4.4 eV band) 20

7.7 eV band 80k; 55*

benzene 4.7 eV band 60

7 eV band 190

T h e  a c c u r a c y  o f t h e s e  v a lu e s  i s  e s t im a te d  to  b e  w i th in  30% . T h e
r e p r o d u c ib i l i ty ,  h o w e v e r ,  i s  o f te n  m u ch  b e t t e r  (w ith in  10%).

T h i s  p r o c e s s  h a s  b e e n  c h o s e n  to  n o rm a l iz e  th e  c r o s s  s e c t i o n s  on
th e  m e a s u re m e n ts  o f R a p p  a n d  E n g la n d e r -G o ld e n  (1 9 6 5 ).

b .  M a le r -L e ib n itz  (1 9 3 5 ).
c .  V a lu e  fo r e n e r g i e s  lo w e r  th a n  0 .5  e V  a b o v e  th re s h o ld .
d . V a lu e  fo r e n e rg ie s  h ig h e r  th a n  0 .5  eV  a b o v e  t h r e s h o ld .
e .  R a p p  a n d  E n g la n d e r -G o ld e n  (1 9 6 5 ).
f . C r a g g s ,  T h o rb u rn  a n d  T o z e r  (1 9 5 7 ).
g . B u c h e l 'n ik o v a  (1 9 5 9 ).
h . S c h u lz  (1 9 6 2 b ).
i .  R a p p  a n d  B r ig l ia  (19651.
k . V a lu e  fo r  e n e r g i e s  lo w e r  th a n  0 .5  eV  a b o v e  th re s h o ld .

.>• V a lu e  fo r  e n e r g i e s  h ig h e r  th a n  0 .5  eV  a b o v e  th re s h o ld .
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SAMENVATTING

De botsing van lage-energie ( 1 — 30 eV) electronen met moleculen
kan aanleiding geven tot verschillende processen, waarvan enkele
in dit proefschrift nader zijn bestudeerd. De aandacht was vooral ge­
richt op de aanslag  van electronenbeweging en van vibraties, de vor­
ming van positieve ionen en het invangen van electronen door mole­
culen. Dit laa ts te  proces geeft vaak aanleiding tot d isso c ia tie  van het
molecuul.

Voor de bestudering van het effect van de w isselwerking van bijna
m ono-energetische electronen met moleculen is  een energiespectro-
meter gebouwd (hoofdstuk 3). De n ie t-e lastisch  verstrooide electronen
worden op energie geselecteerd  en opgevangen. Het apparaat is  spe­
ciaal geschikt voor het bestuderen van overgangen waarbij de energie
van het opvallende electron ju is t ie ts  groter is dan de benodigde
aanslagenergie.
Hoofdstuk 4 laa t een aantal aanslagspectra  zien, die met electronen-
botsingen bepaald zijn. In deze spectra is het aantal n ie t-e lastisch
verstrooide electronen uitgezet a ls  functie van het energieverlies van
deze electronen. Dit energieverlies is practisch  gelijk aan de energie
van de opvallende electronen. Moleculen die bij 150°C een dampdruk
hebben die groter is dan 0,01 mm Hg, kunnen gemakkelijk worden ge­
meten. De spectrometer kan echter tot 350°C verhit worden voor het
bestuderen van verbindingen, die bij kamertemperatuur een zeer kleine
vluchtigheid bezitten. Speciale aandacht is  besteed aan de energie-
ijking, daar deze van groot belang is  voor een ju is te  toekenning van
de waargenomen overgangen. Een nauwkeurigheid van 0,05 eV kan
worden bereikt. De nadelige invloed van ruimtelading op het oplossend
vermogen van de spectra is  sterk verminderd door het ge bruik van
zeer kleine electronenstrom en (orde van 10“9 A ). Met een gevoelige
detector worden de n iet-e lastisch  verstrooide electronen gemeten
(stromen van IO*12 — 10"16 A).
Het uiterlijk  van de aanslagspectra  is  hetzelfde a ls  dat van ultra­
violet absorptiem etingen maar de se lec tie rege ls  voor de overgangen
zijn volledig verschillend. Dit is  onder andere een gevolg van het feit
dat het opvallende electron kan worden ingevangen in het molecuul,
terwijl een electron van dit molecuul wordt verstrooid. Deze u itw isse­
ling kan leiden tot de vorming van een trip let toestand. Zo worden
zelfs voor alkanen in tensieve singulet-tripletovergangen waargeno-
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men. Met andere methoden is  het nooit gelukt de ligging van deze
tripletniveaus vast te s te llen .
Ook is  het mogelijk met deze botsingsproeven d issociatie-energ ieën
en electronenaffin iteiten  in vacuum te bepalen. De energie-spectro-
meter werd ingericht voor het bepalen van absolute waarden van de
werkzame doorsneden van de aanslag  van moleculen. In hoofdstuk 5
worden de resu lta ten  van een aantal absolute metingen getoond. Tot
op heden waren geen absolute waarden bekend, hoewel deze van groot
belang zijn voor de theoretische interpretatie van drem pelprocessen
(hoofdstuk 2).
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Teneinde te voldoen aan de wens van de faculte it der Wiskunde en
Natuurwetenschappen volgt hier een kort overzicht van mijn acade­
mische studie.

Na het behalen van het einddiploma HBS B aan het Rembrandt Lyceum
te Leiden begon ik in september 1958 mijn studie aan de R ijksuni­
versite it te Leiden. Het candidaatsexam en in de natuur- en scheikunde
met bijvak wiskunde (letter E) legde ik in juni 1962 af. Mijn studie
werd voortgezet op de afdeling voor theoretische organische schei­
kunde van Prof. Dr. L .J . Oosterhoff. Hier werkte ik onder leiding van
Dr. H.M. Buck mee aan het onderzoek op het gebied van de fotochemie
en van de reac ties  in sterk zure media. In oktober 1965 legde ik cum
laude het doctoraal-examen af in de theoretische organische schei­
kunde met de bijvakken theoretische natuurkunde en wiskunde.

In juni 1966 begon ik in het F.O.M. Instituut voor Atoom- en Molekuul-
fysica te Amsterdam met de opbouw van de apparatuur voor het bestu­
deren van de verstooiing van laag-energetische electronen aan mole­
culen. Alle experimenten, die in dit proefschrift worden besproken
zijn in dit instituut uitgevoerd.
Gedurende de periode ju li 1963 - november 1965 was ik a ls  candi-
d aa ts-ass is ten t in d ienst van de R ijksuniversiteit te Leiden. Hierna
was ik a ls  docto raal-assisten t in d ienst van Z.W.O. (S.O.N.). Sedert
oktober 1967 ben ik verbonden aan het Natuurkundig Laboratorium van
N.V. Ph ilips Gloeilampenfabrieken te Eindhoven.

De gastvrijheid, die ik in de laa ts te  twee jaren genoten heb in het
F.O.M. Instituut voor Atoom- en M olekuulfysica, is van groot belang
geweest voor het werk dat in dit proefschrift is  beschreven. De direc­
teur van dit instituut Prof. Dr. J . Kistemaker ben ik hiervoor zeer er­
kentelijk. De stim ulerende omgang met het w etenschappelijk en tech­
nisch personeel en de hulp die ik van hen ontving heb ik zeer gewaar­
deerd.
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Van de w etenschappelijke medewerkers dank ik in het bizonder de
leider van de afdeling voor M assaspectrom etrie Dr. Ir. A .J.H . Boerboom.
Bij de voorbereiding en de uitvoering van de metingen heeft de samen­
werking met de heren W. K leine, Tj. van der Hauw en H.G. den Harinck
veel bijgedragen tot het slagen ervan.
Speciaal vermeld ik de onmisbare steun die bij de constructie  van de
meetapparatuur geboden werd door de electronische afdeling (onder
leiding van de heer P .J . van Deenen) en de instrumentmakerij (onder
leiding van de heer A .F. Neuteboom).
De tekeningen werden verzorgd door mej. Benavente, terwijl de heer
H.G. den Harinck hier ook een belangrijk aandeel in heeft gehad.
Verder bedank ik de heren F . Monterie en Th. van Dijk voor het vele
fotografische werk.

De prettige samenwerking met de leden van de theoretische afdeling
in Leiden is  door mij bizonder op prijs gesteld . Vooral de stim ule­
rende d isc u ss ie s  met mevr. Drs. J . van der Hart-van der Hoek heb ik
zeer gewaardeerd.
Ik heb het zeer op prijs geste ld , dat ik door een subsid ie  van ZWO
als SON medewerker in s taa t ben gesteld mij volledig aan dit onder­
zoek te wijden.

De D irectie van het Koninklijke Shell laboratorium te Amsterdam dank
ik voor de vele verbindingen van grote zuiverheid die zij voor d it on­
derzoek hebben willen afstaan .

De D irectie van de N.V. Ph ilips Gloeilampenfabrieken ben ik erken­
telijk  voor hun medewerking bij het voltooien van het proefschrift.
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STELLINGEN

1. De bewering van Hudson, dat fosfinen zoals trifenylfosfonium-
difenylmethylide zeer weinig reactief zijn, is  onjuist.
H o r n e r ,  L .  e n  E .  L i n g n a u ,  A n n .  C h e m . ,  591  ( 1 9 5 5 )  135.
H u d s o n ,  R . F . ,  S t r u c t u r e  a n d  M e c h a n i s m  in  O r g a n o - P h o s p h o r u s

C h e m i s t r y ,  A c a d e m i c  P r e s s ,  L o n d o n ,  ( 1 9 6 5 )  85 e n  22 1 .

2. De wijze, waarop Tai en Allinger ro ta tiesterk ten  van ketonen be­
rekenen, is  aan bedenkingen onderhevig.
T a i ,  J . C .  e n  N . L .  A l l i n g e r ,  J .  A m.  C h e m .  S o c . ,  8 8  (1 9 6 6 )  2 1 7 9 .

3. Het is  moeilijk om met een energiespectrom eter, zoals beschre­
ven in dit proefschrift, aanslagspectra te verkrijgen van mole­
culen die een groot dipoolmoment hebben in de eerste  aange­
slagen toestand(en). Om aan deze beperking van de apparatuur
tegemoet te komen verdient het aanbeveling een energieselector
te construeren, waarmee n iet-e lastisch  verstrooide electronen
met een energie van enkele electronvolts geselecteerd  kunnen
worden.
C r a w f o r d ,  O .  e n  A .  D a l g a r n o ,  C h e m .  P h y s .  L e t t . ,  1 ( 1 9 6 7 )  23 .
D i t  p r o e f s c h r i f t ,  h o o f d s t u k  3.

4. Het door Verspyck Mijnssen uit de tulpenbol geïsoleerde aller-
geen vertoont meer gelijkenis met het inactieve dan met het ac­
tieve tuliposide A van T schesche e t a l. .
B r o n g e r s m a —O o s t e r h o f f ,  U.W.,  R e e .  T r a v .  C h i m . , 8 6  (1 9 6 7 )  7 0 5 .
T s c h e s c h e ,  R . ,  F . J .  K a m m e r e r ,  G.  Wulf f  e n  F .  S c h ó ' n b e c k ,  T e t r a ­

h e d r o n  L e t t . ,  6 ( 1 9 6 8 )  7 01 .
V e r s p y c k  M i j n s s e n ,  G . A .W . ,  D e r m a t o l o g i c a ,  134  ( 1 9 6 7 )  3 7 9 .

5. De formule voor de eerste  orde exchange benadering, die B ell,
E issa  en M oiseiwitsch afleiden voor de trip le taanslag  van he lium
door electronen, is in feite een bizonder geval van de Born-bena-
dering van het optisch potentiaalmodel voorgesteld door Mittleman.
B e l l ,  K . L . ,  H .  E i s s a  e n  B . L .  M o i s e i w i t s c h ,  P r o c .  P h y s .  S o c . ,  88

(1 9 6 6 )  57 .  *
J o a c h a l n ,  C . J .  e n  M.H .  M i t t l e m a n , P h y s .  R e v . ,  140  ( 1 9 6 5 )  A 4 3 2 .
M i t t l e m a n ,  M .H . ,  P h y s .  R e v . ,  122  ( 1 9 61 )  1 93 0 .



6. Het opnemen van een 70 kernspinresonantie spectrum van sul-
feenzuren zal mogelijk u its lu itse l kunnen geven over de positie
van het waterstofatoom.
F l u c k ,  E . ,  D i e  k e r n m a g n e t i s c h e  R e s o n a n z  und  i h r e  A n w e n d u n g

in  d e r  a n o r g a n i s c h e n  C h e m i e ,  S p r i n g e r - V e r l a g ,  B e r l i n - G S t t i n g e n -
H e i d e l b e r g ,  ( 1 9 63 )  195 .

S h e l t o n ,  J . R .  e n  K . E .  D a v i s ,  J .  Am.  C h e m .  S o c . ,  89 ( 19 67 )  7 18 .

7. De conclusie van Beyer en Weiger, dat de moleculaire fluorescen­
tie  van H2 in het gebied van de Lyman-a overgang te verwaarlozen
is ten opzichte van atomaire fluorescentie, is  onjuist.
B e y e r ,  K . D .  e n  K . H .  W e i g e r ,  Z .  N a t u r f . ,  19a ( 1 9 67 )  116 1.
G e i g e r ,  J . ,  Z .  P h y s . ,  181 ( 1 9 64 )  4 1 3 .
R e i c h ,  H . J .  e n  H.  S c h m o r a n z e r ,  P h y s .  L e t t . ,  9 ( 19 64 )  127 .

8. Voor het volgen van reac ties , waarbij gassen  en (of) gemakkelijk
te verdampen verbindingen worden gevormd of verdwijnen, kan
het aanbeveling verdienen een energiespectrom eter zoals be­
schreven in dit proefschrift (hoofdstuk 3) bij de analyse in te
schakelen.

9. De beschieting van een mengsel van azuleen en deuterium met
langzame electronen zou gebruikt kunnen worden voor het berei­
den van bepaalde deutero-azulenen. Met behulp van deze deutero-
azulenen zou men vervolgens een aanslagspectrum  van azuleen
kunnen verkrijgen.
D i t  p r o e f s c h r i f t ,  h o o f d s t u k  4.

10. Het verdient aanbeveling meer gebruik te maken van fysische
hulpmiddelen bij het opleiden en selec teren  van w edstrijdroeiers.
Dit geldt in het bizonder voor roeiverenigingen die niet over er­
varen coaches beschikken.

H.H. Brongersma Leiden, 13 mei 1968






