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elektronen isotroop is. Hieruit mag niet de conclusie worden getrokken

dat de impulsmomenten van deze elektronen gelijk aan nul zouden zijn.

A.R.P. Rau, J. Phys. B: Atom. Molec. Phys., 9, L283, (1976)
Hoofdstuk III van dit proefschrift.

VI
In het door Hrbek veronderstelde model voor verstuiving van met zuurstof
of stikstof bedekte metalen door snelle ionen, wordt de verstuivingsopbrengst
bij molekulaire desorptie van atomair geadsorbeerde molekulen evenredig
gesteld met de tweede macht van de bedekkingsgraad van het oppervlak.
Deze aanname leidt tot andere formules dan door de auteur afgeleid.
Bijgevolg zijn de conclusies ten aanzien van de totale verstuivingsopbrengst
van metaalatomen als funktie van de partiële druk van met het oppervlak
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VII .

In een commissie, ingesteld door de Nederlandse Vacuumvereniging (NEVAC)

ten behoeve van het onderwijs in de vacuumtechniek, dienen ook docenten

aan HTS-instellingen, die zich bezig houden met vacuumtechniek, opgenomen

te worden. Hierdoor kan het onderwijs in de vacuumtechniek aan bovengenoemde

instellingen uitgebouwd worden, waardoor dure basiscursussen op dit gebied

overbodig worden.

VIII

Bij toepassing van sommige medische onderzoekmethoden dient beter te worden
nagegaan of van die methoden geen destruktieve werking kan uitgaan. In dit
verband kan men zich afvragen of in een populatie, die de fiets niet meer
als vervoermiddel gebruikt, de fietsergometer niet is verworden van test-
tot pestinstrument.

IX

De huidige rechtspositieregeling voor Rijksambtenaren en de Wet Universitaire
Bestuurshervorming kunnen voor nieuwe hoogleraren een barrière vormen om
nieuwe ideeën in hun vakgroepen ingang te doen vinden.

R.M.M. Oberman, De Ingenieur, 87, 781-787, (1975)



X
Indien een randgemeente van een grote stad door de rijksoverheid tot
groeikern wordt aangewezen om de bevolkingsoverloop van stad en streek
op te vangen, dient de gemeentelijke autonomie van deze groeigemeente
t.a.v. woningbouwbeleid en woningtoewijzing beperkt te worden, opdat
•iedere bewoner van stad en streek optimale en gelijke kansen krijgt om
in de groeigemeente een woning te verwerven.

XI

Uitbreiding van het aantal opleidingen voor tweede en derde graads leraren

is gezien het dalende kindertal in de leerplichtige leeftijd en gezien

de reeds bestaande werkloosheid voor leraren een zinloze investering.

L.G.J. Boesten 18 januari 1978
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C H A P T E R I

COLLISIONS BETWEEN CHARGED PARTICLES (ELECTRONS OR PROTONS) AND ATOMIC,

MOLECULAR AND IONIC GAS TARGETS

1.1. Intvoduetion

The study of collision processes in the field of atomic physics pro-

vides a lot of information about the structure of the targets and about

the mutual interaction between all particles involved in a particular

collision process. Such studies have been performed both experimentally

and theoretically during the last five decades and have resulted (mainly

due to the technological evolution) in a more than exponential increase

in the available information and results. Recently, computer experiments,

which can simulate a number of collision processes, also provide information

about collision processes. This latter approach is getting more important

nowadays and is frequently used in those cases where analytical calcula-

tions are impossible (for instance collisions of charged particles with

solid surfaces).

In this thesis experiments and calculations are described which give

information about the mutual interactions between the particles involved

in ionizing collision processes. The main part of our work deals with ioni-

zation of atonic (molecular) gas targets by electron or proton impact.

In chapter I an introduction to the study of ionization processes, a review

of previous work and a survey of theories dealing with ionization processes

will be given. In chapter II our experiments on the ionization of simple

diatomic molecules are described. Finally, in chapter III we present calcu-

lations of (total) cross sections for a) threshold ionization of atoms and

ions by electron impact, b) ionization of helium by proton impact, c) ioni-

zation of metastable helium by electron impact.
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1.2. Ionization processes

1.2.1. General remarks

Ionization processes provide information about two types of interaction

between the particles involved in the collision process:

a. Short-range interactions, which give rise to the actual ionization process

(the primary reaction).

b. Long-range interactions, following the primary reaction, which may cause

a redistribution of angular momenta and (small) energies between the

separate particles: the so-called post-collision interaction (P.C.I.).

Interactions of type a yield general information about the ionization

probability as a function of the energy of the incident particle (the ioni-

zation function). From details in the measured or calculated ionization

function information can be extracted about possible polarization of the

target due to the presence of the incident particle. In the case that the

target is charged (ions), the influence of the deflection of the incident

(also charged) particle towards or from the target can be studied.

Regarding b the interaction between the reaction products after the

ionizing collision can be studied. Characteristic effects are found if the

velocity of the scattered particle nearly equals the velocity of the

ejected electron. Due to Coulomb interaction, in the case of ionization

of hydrogen by proton impact, for instance, the ejected electron is most

likely to move in the direction of the scattered proton. For electron impact

ionization just the opposite effect will be observed, due to the repulsive

forces between the electrons after the ionizing collision. For very low

velocities of the scattered and ejected particles the mutual interaction

between those particles and the residual ion has important consequences for

the threshold behaviour of the ionization cross sections.

The effects mentioned above can be investigated by experimental study

of the ionization process. However, in most experiments a sum or average

over different effects is observed; so interpretation of the experimental

results in terms of the separate effects may be difficult.

The influence of different kinds of interactions can also be investi-

gated by performing calculations using different theoretical approximations

or by computer simulations. We have performed such computer simulations (see

chapter III), mainly to study the post-collision interaction between the

scattered particle, the ejected electron and the residual ion. It will appear
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that these interactions may lead to very interesting effects. These effects

can be observed very clearly if the total energy of the electrons in the

field of the nucleus is only slightly greater than zero; the energy of the

incident electron is then just above the ionization energy of the target

(threshold ionization).

1.2.2. Threshold ionization of atoms and ions

An experimental determination of the ionization threshold relies
heavily on assumptions concerning the energy dependence of the ionization
cross section Oj in the neighbourhood of the ionization threshold. For
the case of direct single or multiple ionization from the ground
state,Geltman (1956), using a Coulomb-modified form of the Born approxi-
mation found for the behaviour of the cross section in the threshold region
a power law of the form

OjO^) = ^(E. - uf1 (I, 2-1)

where E. is the energy of the incident electron, U is the ionization energy,

c. is a constant and n is the total number of outgoing electrons in the

ionization process. This then leads to a linear threshold law for single

ionization by electron impact, a quadratic threshold law for double ioni-

zation and so on. This result has been derived before by Wigner (1948) in

a different way. At about the same time Wannier (1953), using a classical

approach based on "trajectory calculations", derived a threshold law for

single ionization of the form

OJCBJ) = o2{Ei - Uf (I, 2-2)

where E- and U have the same meaning as in I, 2-1, and <?2 *
s a constant.

For a he derived the expression

a = 0.25 { ( ^ . V ) * - 1> (I, 2-3)

where Z denotes the number of positive clia-.̂ es of tb ion after the ioni-

zation. So a = 1.127 for ionization of atoms (Z = 1), a = 1.056 for ioni-

zation of single charged ions (Z = 2). A quantum mechanical version of the
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derivation of eq. I, 2-2 has recently been given by Rau (1971). Up till a
few years ago the available experimental results of the threshold behaviour
of the ionization cross sections were rather conflicting. The results have
shown, however, that near threshold the energy dependence of the cross
section was not exactly linear, but close to a 1.1 power law. A decisive
experiment was recently performed by Cvejanovic et at (1974), who measured
for ionization of helium by electrons the yield of near-zero-energy electrons
as a function of the impact energy. This yield, which is proportional to
the derivative of the ionization cross section, appeared to vary with the
impact energy as (E. - U) ' — ' , in excellent agreement with the
prediction by Wannier. The threshold behaviour of the cross section for
ionization of ions by electron impact has as yet not been verified experimen-
tally.

1.2.3. Threshold ionization of (diatomic) molecules

The threshold ionization of molecules is much more complex than for

atoms. If the nuclei of the molecule are considered as fixed, the same

threshold law as given by equation I, 1-3 should be found. However, also

nuclear vibrations and rotations may be excited in the ionization process,

and these effects will influence the ionization curve near threshold. Inde-

pendent of the assumed threshold law for single ionization it is to be

expected that a series of nearly straight line segments will be observed

in this curve due to the possible excitation of different vibrational states

of the ion. The onset of each new segment would then represent a transition

to the next higher vibrational level of the ion. The successive increases

in slope were interpreted as relative Franck-Condon factors (see Herzberg,

1950 p. 187 ff). As in the case of ionization of atoms, also here experiments

have led to conflicting results and interpretations. A significant number of

earlier studies employed a data treatment which essentially contained the

presupposition that successive groups of experimental points should fit a

series of straight line segments. Indeed plausible results were obtained

in a few instances (Marmet and Kerwin, 1960; see also section 1.3.2). In

many other instances, however, the presupposition that the data fitted a

series of straight line segments rather than a smooth curve appeared quite

subjective. Another approach taken was to deal with this problem by taking

derivatives of the ion current as a function of electron energy and over-

coming the effect of electron energy spread by means of energy selection
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or deconvolution techniques. Applications of these techniques to the ioni-

zation of diatomic molecules revealed that the form of the threshold-

ionization curves was more complex. Structures were sometimes observed,

possibly due to auto-ionizing states or to negative-ion formation. The

existence of straight line segments was not decisively confirmed. The manner

in which a combination of direct ionization, excitation of different vibra-

tional levels, auto-ionization and negative-ion formation determines the

form of the electron impact threshold curve has not yet been analyzed in

detail.

1.2.4. Structures in electron impact ionization curves of diatomic molecules

Structures in both excitation and ionization curves of diatomic mole-

cules (such as H2, D,) have been studied by many investigators during the

last decade. A number of different experimental techniques have been used,

some of which will briefly be described below. To study these structures,

we must first distinguish the possible physical processes which can be

expected to occur in electron impact ionization:

e + AB{v,J) •* AB+(u V ) + 2e (direct ionization) (I, 2-4)

e + P&{v,J) •* AB** + e •+ AB+(u',J') + 2e (auto-ionization) "

e + AB(v,J) •+ AB •+ AB [p \J') + 2e (temporary negative "
ion formation)

AB represents a diatomic molecule consisting of atoms A and B; v, v' and
J, J' represent different vibrational and rotational states of the molecule.
In electron impact ionization and excitation work the energy spread in the
incident electron beam (0.05 to 0.2 eV) is likely to wash out possible
structures which are caused by rotational transitions in the molecule; these
structures are narrower than 0.02 eV. So information about rotational effects
in electron impact ionization cross sections can hardly be found, and there-
fore we will neglect these effects from now on. The structures in ionization
functions, due to autoionization can also be studied, and with better energy
resolution, by photo-ionization experiments.
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hv + AB(v,J) -* AB** •+ AB+(v',J') + e (I, 2-5)

However, in contrast to electron impact experiments, in this type of experi-

ment only optically allowed transitions can be studied. Comparison of the

results of both types of experiment (electron impact ionization and photo-

ionization) can give more information about the physical processes than

each experiment separately.
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1.3. Previous work on the eleetron-impact (or photo)ionization of £/„

and D2

1.3.1. Photoionization

Photon absorption cross sections of H 2 and D 2
 nave been measured in the

energy region just below and above the ionization energy (15.42 eV). Cook

and Metzger (1964) have measured the absorption cross section in the energy

,: region from 12.40 to 21.4 eV with an energy resolution of 0.01 eV.

They measured simultaneously the absolute photon flux and the total ion

• current. Mass-spectrometric techniques to select the particles produced in

the collision process were, for the first time, used by Dibeler, Reese and

Krauss (1965). They obtained the relative photoionization efficiency curves

/ for H~, HD and D2 in the energy range from 15.2 to 17.7 eV. The energy reso-

' lution was about 0.01 eV. Chupka and Berkowitz (1969) measured the relative

, photoionization and absorption cross sections for FL in the energy range

from 15.30 to 16.55 eV with an energy resolution of 0.001 eV. Their photo-

ionization data show the presence of extensive structure due to autoioni-

zation of high lying vibrationally excited Rydberg states. The photoelectron

spectrum of H, has been measured by ̂ shrink (1970) (using a He 584 X radia-

tion source) with such high energy resolution that rotational structure could

;: be partly resolved.

;.£-• 1.3,2. Total cross sections for ionization by electron impact

- Over the past 15 years there have been different measurements on the
threshold ionization of H 2 by electron impact, which are far from consistent
with each other.

The high-energy resolution work (energy resolution of 0.03 eV) by Marmet
and Kerwin (1960) showed breaks in the ionization function which were inter-
preted by them as the thresholds for the individual vibrational states of
+ it

H-. Briglia and Rapp (1965) repeated the measurements using R.P.D. techniques

and found the cross section to be a linear function of incident energy up to

19 eV with onset at about the ionization energy (15.42 eV). Further experi-

ments performed by McGowan et al (1965) showed an ionization curve consisting

of two successive linear parts with a break at 0.33 eV above the ionization

threshold. They concluded from this break that a number of ionization channels

are available: direct ionization with rotational and vibrational excitation in

R.P.D. = Retarding Potential Difference.
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competition with autoionization. A later study by McGowan et al (1968)

showed a marked similarity between the first derivation of their electron

impact data and the photoionization work of Dibeler et al (1965). Therefore

they concluded that the structure of the ionization function in the ioni-

zation threshold region was mainly due to autoionization of relatively long

lived vibrationally excited Rydberg states of H-,.

1.3.3. Electron transmission speotra

Due to collisions between the incident electrons and the hydrogen mole-

cules part of the incident electrons are scattered out of the incident

electron beam. Possible fine structure in the various scattering cross

sections (elastic, excitation or ionization) as a function of the incident

energy must therefore manifest themselves also as structures in the trans-

mitted electron current. Golden (1971) used this technique to study the H 2

resonances below and above ionization threshold, which he attributed to

temporary H^ states. The energy positions of these structures could be

fitted in a series of tiZ states which was already known to exist below the

ionization threshold. Schowengerdt and Golden (1975) using a so-called

double modulating R.P.D. technique observed even more clearly that structures

were present above the ionization threshold. Also Sanche and Schulz (1972),

using a trochoidal electron monochromator showed the existence of structures

in the transmitted electron current above the ionization threshold. All these

structures were measured with an energy resolution of 0.05 to 0.1 eV.

1.3.4. Electron energy loss speotra

At present one of the most refined methods to study collision processes
between electrons and atoms or molecules consists of measuring the energy
loss spectra of scattered electrons at different scattering angles and with
high energy resolution. This technique has been used by Ehrhardt and Wein-
gartshofer (1969) who measured differential excitation functions. They found
in the energy region between 13.5 and 15 eV (which is below the ionization
threshold) a new series of negative ion states of H~. More extended measure-
ments with better energy resolution (better than 40 meV) were performed by
Weingartshofer et al (1970) who also studied resonances below the ionization
threshold. The energy region above ionization threshold has been studied later
on by Weingartshofer et al (1975). They found then about 14 structures between
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ionization threshold and 1.5 eV above, some of which can be ascribed to

autoionizing states cf H 2 and others to resonances. Roy and Carette (1975)

observed in the energy loss spectrum of H 2 5 peaks above the ionization

threshold. Similar studies in D 2 have been performed by Weingartshofer and

Eyb (1975) and again by Roy and Carette (1975). Weingartshofer and Eyb

using a threshold technique found 7 discrete states above the ionization

threshold, which they attributed to excitation of doubly excited triplet

states. Roy and Carette observed at an incident energy of 70 eV 9 states .

In view of their relatively high incident energy they ascribed these states

to excitation of doubly excited singlet states.

1.3.5. Dissociative ionization of molecules by electron impact

Apart from the processes mentioned in 1.2.4. also dissociative ioni-

zation of the diatomic molecules can occur. Dissociative ionization of HL

by electron impact has been studied by Dunn and Kieffer (1963), Kieffer

and Dunn (1967), Van Brunt and Kieffer (1970) and Crowe and McConkey (1973a).

Dunn and Kieffer as well as Van Brunt and Kieffer measured the energy distri-

bution of H ions originating from dissociation of H, for electron impact

energies larger than 33 eV. The latter energy represents the spacing between

the ground vibrational state of H- and the repulsive z+ state of H~. Crowe

and McConkey who also studied the dissociation of H 2 by electron impact by

the same technique were able to measure proton energy distribution for lower

electron impact energies of about 25 eV: at these energies the E* state for

H, is not accessible. They also measured the cross section for the production

of H + ions, originating from the t state of H?. The dissociation energy

of H 2 was found to be 18.0 + 0.2 eV above the ground vibrational level of

H 2; this is 3.65 eV above the ground level of H2- Fig. 11.13 gives the poten-

tial curves of a number of known states of PL and H2>
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1.4. Present program on threshold ioni-zation studies

In the previous sections of this chapter a survey has been given of the

various processes which may lead either to the specific threshold behaviour

of ionization function or to structures in the ionization curves. In this

thesis we will study these processes in detail, both experimentally and

theoretically.

In chapter II, experiments will be described in which the threshold

behaviour of the electron impact ionization cross section, of atoms (neon)

and of diatomic molecules (H~ and D9) is studied. Also cross sections for
+ +

production of H and D produced by dissociative ionization of H 2 and D2

respectively will be investigated.

In chapter III, calculations for threshold ionization by electron impact

using an exact classical approach will be presented. Such calculations will

be carried out for differently charged targets (H, He+ and Li + ) . Using the

same classical approximation also energy distributions for the two outgoing

electrons will be given. Furthermore we will show that in case of near-thres-

hold ionization the outgoing electrons attain large and opposite orbital

angular momenta.

In chapter III, also calculations of the total cross sections for ioni-

zation of He ions by electron impact will be given for electron impact

energies from threshold till about 10 times the threshold energy above.

All these calculations are performed, using the modified classical three-

body collision theory (see section 1.5.3.) to study the correctness of the

use of this theory to describe collisions between charged particles and

charged targets for higher electron impact energies.
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1.5. Theoretical studies of the interaction between atoms or ions and

charged •projectiles

1.5.1. Introduction

A correct description of the ionization process involves the solution

of a quantum mechanical many-body problem. However, if more than two particles

interact the Schrodinger equation cannot be solved exactly, and approxima-

tions have to be made. Two major classes of approximations will be used in

this thesis:

a. the quantum mechanical collision theory which we use for interactions

between fast charged heavy particles and atoms;

b. the classical three-body collision theory which is mainly applied for

interactions between slow electrons and atoms or ions but also for inter-

actions between fast charged particles and atoms.

We will describe the quantum mechanical theories very briefly, in

contrast with the classical three-body theory, because the greater part of

the calculations has been performed using the classical theory.

We have used the classical three-body collision tneory mainly in our

study of the threshold behaviour of ionization functions. This threshold

behaviour is probably for the greater part determined by the so-called "post

collision interactions" between the outgoing electrons as they move away

from the ion core (see section III.2). The quantum mechanical Born approxi-

mation, which usually is only applicable for high energies of incident

particles, can not be expected to give correct threshold laws.

1.5.2 The quantum mechanical two-body collision theory

We consider a particle with mass m-, charge Z.. e and momentum fik which

collides with a ground-state atom with mass m2- *
n scattering and ionization

processes the Schrodinger equation for the total system has to be solved

2
[~h*+ ho+ v] *= E* (I> 5-1)

where E = - • • n is the reduced mass and %k is the momentum of the rela-

tive motion oi" Jie incident particle with respect to the target atom, h

is the internal hamiltonian of the target atom and 7 is the potential des-

cribing the interaction Letween projectile and target. The solution of the
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Schrodinger equation is in the asymptotic region (large R) given by

where i? is the position vector of the incident particle and r represents

the coordinates of the atomic electron(s), with respect to the center of

mass of the atom which is usually chosen at the nucleus; Tik is the momen-

tum of the relative motion of the projectile after excitation of the atom

to the state m. The functions <f> (r) are the wave functions of the target

states, thus eigenfunctions of h . The differential cross section for

transferring the system from state n to m, while the incident electron is

scattered in a direction between e and 6 + de in respect to the original

direction, is found via the relation

« 2* sine £ \fm^h | (1,5-3)

where the scattering amplitude frm(k , K) is given by

i > (I, 5-4)

An implicit equation for the scattering state \k n > is the so-called

Lippman-Schwinger equation

\k n+> = \tn> * lim Gn (E + ie) V\k n
+> (I, 5-5)

where

G
e+o

G (E + ie) = *
E * U - HQ

is the Greens function (Gottfried, 1966) with

The potential V can be written as:

N
(I, 5-6)
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where the summation is performed over all atomic electrons; the origin is

at the nucleus of the atom and Ze is the charge of the nucleus (Landau and

Lifshitz, 1958, p. 542 ff). In more simple quantal theories for inelastic

collisions various approximations can be made with respect to the initial-

and final-state wavefunctions.

a. The Born approximation

In the first Born approximation \kn*> is replaced by \k n> in eq.ylj 5"

The initial state \k n> is represented by a product of a plane wave e 1 '

and the wavefunction for the atomic electron(s) in the ground state. Due to

this choice of the wavefunctions the interaction between the incident

particle and the atom before the collision (which may lead to polarization

of the atom) is neglected. The final state |k m> for ionization is repre-

sented by the product of a plane outgoing wave e m' for the scattered

particle and the wavefunction for the final (continuum) state of the target.

It is clear that with this choice for the final-state wavefunction the

long-range post-collision interactions are not taken into account. This

approximation is a good one for high-energy collisions of electrons or

other charged particles with atoms.

b. The binary-encounter theory

A very simple model to describe collision processes is the so-called
binary-encounter model (Gryzinsky (1959), Burgess (1963), and Vriens (1969b))
In this model only a two-particle interaction between the incident particle
and one atomic electron is considered. In the quantummechanical version
both particles are represented by plane waves, both before (IJJ.) and after (ijjf)
the collision. Therefore we have

t|»f = e
i l V i 1' V (I, 5-7)

where fik- and %k'. represent the momentum of particle j before and after
the collision, respectively, and r- denotes the position of particle j with

respect to the nucleus. The potential V is given by V = —! , where r is
the relative distance between both particles; in this case Ẑ  and z are
equal to +^ 1. Further it is assumed in the model that the total momentum
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of the two interacting particles is conserved; so momentum transfer to the

nucleus is neglectcu.

hk. + nk~ = hk\ + Kk\ (I, 5-8)

In case of ionization of the atom the total kinetic energy of the final

state equals the total kinetic energy of the initial state minus the

binding energy V- :

7 7 ?? 7 7 7?
ft It* + S t 1 = ft It + ti It - ? mil fT S-Q1

1 2 1 2 l \ •> J

where U- is the ionization energy and m is the electron mass. The cross
sections are found as a function of feo an<l have to be averaged over the
momentum distribution for the atomic electron before the collision. If more
atomic electrons are equally involved in the collision process (electrons
in the (sub)shell), the calculated cross sections are in this model to be
multiplied by this number of atomic electrons.

1.5.3. The classical three-body collision theory

a. Introduction

°\ The classical three-body collision theory and the Monte-Carlo orbit-

integration theory applied to this problem have been extensively described

.; before by Abrines and Percival (1966a), Percival (1974) and by Banks (1972)

•-••' To avoid repeatedly referring, however, we will repeat here the most rele-

vant parts of this theory. Later (in chapter III), we will discuss some

aspects of the theory in detail and we will indicate its application to des-

z cribe the ionization of atoms and ions by proton and electron impact.
y
5 b. The three-particle system

:; In the classical three-body collision theory the three-particle

[ system consists of a bound system of two particles with opposite charge and
a third colliding charged particle. All particles are structureless and are

'*- considered to be distinguishable. We will denote the particles of the

bound system by the indices 2 and 3 and the colliding particle by index 1.
We denote the mass, the charge, the position and the velocity of particle
a by m ., Z ,e, R. and v..

# J 3 3 3 3



The classical equations of motion of the three particles are given by

Newton's second law of motion:
. - > • - > -

. ? R{~ Ri
m. v. = z Z.ZeL — - ^ (*W - 1, 2, 3) (I, 5-10)

It is convenient to separate out the uniform motion of the center of mass of

three particles and to express the relative motion of the three particles

in terms of the relative positions A,B,C and velocities

vA = A, vB = B, Vc = C (I, 5-11)

Here is

1 = ̂ 2 - ff3, 5 = ? 3 - ̂  and 5 = ̂  - ̂ 2 (I, 5-12)

(see Fig. 1.1).

Now only two vector equations of motion are independent, e.g.:

vA = (#2 + tf3) Z2Z3e
2A~3t - N5Z5Z^e

2B~H - il^Z^C 1" 3? (I, 5-13)

and

Wg = (iV3 + ̂ 1)Z3Z1e
2B~3B - il?1Z1Z2e

2c"3C - N^Z^e^A (I, 5-14)

where N i = {rn^)~ .

The equations (I, 5-12) and (I, 5-13) form a set of 6 coupled second order
differential equations in the time-
c. The initial configuration of the bound system

In quantum mechanics the state of a bound electron (in an atom or

ion) is given by the three quantum numbers (w,Z,m). To define the confi-

guration of the bound electron in the classical theory 6 classical quanti-

ties are needed. For the hydrogen atom for instance the binding energy U

is equal to 0.5 a.u. (atomic units are used throughout in this chapter).

The initial classical state of this H atom is determined by this fixed

value of U and by 5 other quantities which define an elliptic electron

orbit and the location of the electron on that orbit. They are
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%

Fig. I.I. Position vectors of the colliding particles.

The projectile particle with mass mj collides with the bound system
(atom or ion) consisting of the two particles with mass m^ and m$.
Initially, before the collision, the centre of mass of the atom or
ion is the origin of the laboratory frame O(x,y,z).

Fig. 1.2. Configuration of the incident particle-target system in
three-dimensional space.

The orientation of the plane of the electron orbit and the perihelion
vector is given by the Euler angles 6, iji and <j>. The position of the bound
electron at time to is denoted by t. The impact parameter b is chosen
in the y-z plane.
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P f. ij) 6 ij>

(0,1) (0,2*) (0,2ir) (O.ir) (0,2TT) (I, 5-14)

where the numbers inside the brackets define the interval, in which the

corresponding quantities can be chosen.

The parameter 0 is related to the classical excentricity Eg, and the quantum
numbers n and I are defined through the relations

e = 1 - e| - l2/{n - 1 ) 2 = lZ/ll^, (n » 1) (I, 5-15)

The parameter t is a phase parameter (proportional to the time) determining

the location of the electron in its orbit and i|v,e,<t> are Euler angles which

determine the orientation of the ellipse (see figure 1.2) and Z is the

• value of I for a circular orbit of binding energy U. These 6 quantities are

needed and sufficient to determine the initial position and velocity of the

electron at a fixed time t . They correspond to three quantum numbers which

define a quantum state and three conjugate variables for which unique values

cannot simultaneously be given in quantum mechanics because of the uncertainty

principle.

d. Formal olassiaal scattering theory

'•- Let X(t~) be the classical state (positions of the three particles and

corresponding velocities) of the complete system at time t and let W(t', t) be

the exact classical three-particle evolution operator. Then the exact state

X(t'~) at time t' is given by X(t') = W{t',t)X(t'). Note that, in general,

W(t',t) is a non-linear operator which can only be evaluated numerically. Let

*j(*_) be an approximate initial state, in which the colliding systems are in

"' an initial configuration I. Then the corresponding final scattering state is

;.
u %(*+) = ^ ( £ + > O X-r t_~). If the times t_ and t+ are chosen sufficiently large
•;; for the long-range interactions between the colliding systems to be negligible
o initially and finally then the classical scattering parameters of interest may
••; be determined from XT and JC-. It is convenient to introduce an artificial ini-
Lj.. tial state * T ( O (termed the initial reference state) at standard time t
jsi (mostly t - 0) and a free evolution operator WT(t',t) which involves
\ the three-particle system approximately by neglecting a part of the long-
;' range interaction between the projectile and the target. Then the approximate
I' initial state is determined from the initial reference state XAt ) using

I
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Xr(.t_) = WAt_, t ) X-r(t ). In this way it is possible to produce different

approximate initial states and hence determine suitable values for t_ and t+
in the collisions of interest, with only arbitrarily small errors in the total

energy of the three^particle system, which in reality of course is constant

(see section III.2.3). Furthermore, if t is chosen to correspond to the time of

closest approach of the colliding systems then the initial reference

state Xj(_t ) may be used to predict close collisions, which lead to ioni-

zation with large probability and hence reduce the statistical errois signi-

ficantly, in particular at high incident energies. The additional compu-

tation introduced by the use of Xj(t ) takes comparitively little time,

since Wj(*',£) may be chosen to be analytic or else to have a simple nume-

rical evaluation. For most applications (like ionization processes) it is

not necessary to introduce the equivalent final reference state and the

associated final approximate evolution operators.

In the case of neutral hydrogenic atoms Abrines and Percival (1966a) chose

for the free evolution operator an operator #?(*'»*) consisting of three

independent one-particle evolution operators for the following motions:

1. a free motion of the centre of mass of the complete system;

2. a free motion of the projectile relative to the centre of mass of the

• target atom;

3. a Kepplerian motion of the target electron relative to the target nucleus.

With the choice for wAt\t} the interactions between the projectile and

target are neglected.

In the case of target ions such a &^(t',t) is impractical, because of the

long-range interaction. Instead, we modify W?(t',*) to g i v e l<4 (*'»*) which
is identical to &£(£',£) for motions 1. and 3. However 2? is replaced by

+ *•

2. a hyperbolic motion of the projectile relative to the centre of mass
of the target ion, which is treated as a particle with charge (Z-1)e,
where Ze is the charge of the nucleus ( Z ^ 2).

We note that 2. reduces to 2? for hydrogen targets. With this choice for
fi'j (*'»*) a suitable value for *_ corresponds to a starting distance of the
order of 20 target radii for strong collisions, which is not too much
different from the values found for neutral targets. For this starting
distance the error in the total energy is smaller than 1%.



i 1 e. The initial reference state

(••<; The initial reference state ^ T ( O at time t can be constructed as

:..,••: follows. The center of mass of the bound system, consisting of particles

: •; 2 and 3, is chosen to be the origin of a cartesian frame of reference

i\ Q(x,y,z), oriented so that the projectile has an initial velocity u m along

• the s axis, relative to the center of mass. The description of -^j(*0) is

. •; completed by the position r and the velocity v of the projectile at time

' r t , when the trajectory of the projectile crosses the xy plane. The vectors

r r and v are chosen in such a way that under the operation of the free
; evolution operator W(_t ,t ) they evolve from a suitable position and veloci-

,̂  ty at time t_\ i.e. with impact parameter % parallel to the y axis and

velocity u parallel to the z axis. The starting time t_ is such that the

difference between u_ and v^ is negligible.

For practical reasons we choose r < the diameter of the target atom

h or ion. In particular for high incident energies r is taken such that

.'•) the projectile passes the target electron at a relativeJy small distance.

In the case of neutral targets, the position ?„ and velocity v_ are shown

to be equal to b and vx, respectively; this corresponds with a straight-

t line trajectory. In the case of charged targets with net charge (Z-1)e

1 one may easily show that

-1
{0, (1 + ph) ', 0}

vvo = VJ°> vh* 1 + yh }
(I, 5-16)

by using the known constants of the hyperbolic motion, namely the angular

momentum vector Lh = m r*p and the Runge Lenz (perihelion) vector

M, = v*L - (Z-1)e fir (see for example Landau and Lifschitz (1969),
7 1-1-2

p. 39). Here \i, = (Z-1)e m b ^ is a dimensionless parameter characteri-

zing the trajectory of the projectile. This completes the description of

the initial reference state Xy(t ~).
f. The evolution operator A/j(t',t)

The motions 1. and 3. mentioned under d are the same for both neutral

and charged targets. In the special case of classical Rutherford scattering

with equations (I, 5-16) as initial conditions, the coordinates and velo-

cities of the projectile at any time t reduce to the form:
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1 *(*) = Z> {0, 1 -e~1exp£h, (1-e~

1ext>Ch + ehsinhSh)(ejJ-1) h

H +,., _ . d Ch rn -1 ._„ , -1 - 1 (I> 5"

i where fc ̂  0, e^ is the eccentricity of the hyperbolic orbit and ? is the

'•' attractive hyperbolic eccentric anomaly (the angle between the perihelion

vector and the position vector r(t)), which is related to the time t by

(I, 5-18)

Here the semi-major axis a, of the hyperbolic orbit is given by
2-1-2 2 -2 *

av = (Z-I)eu u^ , and e, = (1+& a. ) 2 . The eccentric anomaly £ at the

standard time t is negative, as it should be for an attractive potential.

.•;) Note that S^ is zero at the perihelion position. In the more general treat-

ment in which t and v^ may not be given explicitly it is better to trans-

form from the frame 0(x,y,z~) to the frame 0(xr,y',z') where x' = x and y'

i lies along the perihelion vector M,,and to use the corresponding expressions

H' given by Landau and Lifshitz (1969, p. 38).

S g. Integration procedure and exit tests for the final state

: I The numerical integration of equations (I> 5-13) are carried out using

?4 a standard fourth order Runge Kutta method, with a time step adjusted

•:| dynamically at each stage of the integration. The integration accuracy is

'A controlled by the positive error parameter e(<1), which determines the step

:~j length in the integration procedure. The integration is stopped at some

;;| positive time t+ when there is no longer significant interaction between

i.) the products of the collision process. This time is determined by exit tests

3 which depend on error parameters y and 6. These tests distinguish between

|i direct scattering, ionization and exchange or (in the case of protons as

•:'• projectiles) charge transfer scattering and thus reveal the final channel

;;; of the collision. The parameter Y also determines the time t_ where the

I:- integration of the equations of motion starts. By choosing sufficiently small

: ' values of the error parameters e, y and 6 the numerical errors in the compu-

tation of the trajectory can be made negligibly small. However, the time

1
'$,
•V
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of computation is approximately proportional to

h. Statistics and errors

The computer collision experiment is performed N times, each time with
different sets of random parameters (see I, 5-14) and different value for
b with b < 2> _, where N is as large as possible but limited by the availa-

JlLoA

ble computing time; in our case N was larger than 5000, which required a
computing time of some hours on the CDC Cyber 76 computer. We suppose that
ionization of the target does not exist for impact parameters b larger than
max"
Then the cross section o is given by:

where n is the number of ionizations for a chosen incident electron energy

E. The standard error can be obtained from the usual statistical methods.

If the statistical distribution is binomial the standard error is given by

, ,N - n ,0.5 rT r -„-,

We have chosen our error parameters e, y and & in such a way that all nume-
rical errors are small compared with the statistical errors.
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C H A P T E R II

EXPERIMENTS ON (THRESHOLD) IONIZATION OF NEON ATOMS AND DIATOMIC MOLECULES

BY ELECTRON IMPACT

11.1. Introduction

In this chapter we describe our experiments on the threshold ionization

of Ne, H2 and T>2- On H^ and D2 also the dissociative ionization was studied.

We first give a description of the apparatus and the experimental procedures

and next present the results and their discussion.

1I.2. The apparatus and its working

1I.2.1. General principles

A schematic drawing of the apparatus is given in Fig. II.1. The gas

under investigation, for instance molecular hydrogen, is introduced into

the collision chamber via a narrow long tube. A stationary pressure is ob-

tained by continuously pumping. The pressure in the collision chamber can

be varied with the aid of a needle valve and is under working conditions

10~6 to 10~5 torr. An electron beam (10~7 to 10~6 A) is directed through

the collision chamber. The ions formed are extracted from the collision

chamber, accelerated, analyzed in a mass-spectrometer and detected with

a multiplier. The current pulses at the anode (corresponding to ions effective

at the cathode) of the multiplier are amplified, discriminated and finally

stored in a PDP 11-05 computer.

In our experiments two different setups have been used. One of them,

used for threshold ionization of neon, has been described extensively before

by Vriens, Bonsen and Smit (1968) and by Bonsen (1976). Therefore we will only

describe the apparatus used for the ionization experiments on diatomic

molecules.

11.2.2. Electron beam system

A schematic drawing of the lens system, which produces the electron
%• beam, is shown in Fig. II.2. The electrons emitted by an indirect heated

|if oxide-coated cathode are focussed to a parallel beam by the lenses e , e

%
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Fig. II.1. Experimental set-up for the measurement of ionization and
dissociative ionization of molecules by electrons.

The pressure of the target gas in the collision chamber (C.C.) is about
10~* torr. The ions formed in C.C. are extracted from the collision
region, accelerated and focussed by a lens system (Lj) and pass through
a quadrupole mass-selector (Q.P.). The ions are deviated and finally
detected with help of an electron multiplier (E.M.). The multiplier
pulses are amplified (>>) and via a discriminator (D.D.) counted
by a sealer or by a PDP 11/05 computer system. The voltage of the
R.P.D. electrode is modulated with a 122 Hz staircase generator.
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and e,. The beam passes the R.P.D. system, consisting of the lenses e,, e.

and e5> The retarding R.P.D. electrode e^ is put at a voltage V. with

respect to the cathode, which compensates the total potential shift due to

space charge effects and contact potentials. After passing the R.P.D. system

the electrons are accelerated by the lens e^, whose potential is equal to

that of the collision chamber. The holes in the electrodes e^_^ have a dia-

meter of 2.5 mm; the holes in the electrodes e 5 and e 6 have a diameter of

3 and 4 mm, respectively. An axial magnetic field is applied to assure the

parallelism of the electron beam.

II.2.3. Collision region and extraction electrodes

A schematic drawing of the collision region is also shown in Fig. II.2.
After passing the collision chamber the electrons are collected by a Faraday-
cup (anode). The potential of the anode is kept at a small positive value with
respect to the collision chamber. The axial magnetic field collimates the
electron beam so well that the electron current measured at the walls of the
collision chamber is negligible compared to the electron current measured at
the anode. However, this magnetic field is not so strong that it prevents
the ions from being extracted out of the collision chamber. The extraction
electrode JQ is kept at a small negative potential with respect to the
collision chamber. A grid in the extraction electrode j 0 prevents the potentials
of the other focussing electrodes from penetrating into the interaction
region. The ions extracted out of the collision chamber are focussed and
accelerated to the quadrupole mass-spectrometer by an einzellens system
consisting of three cylindrical electrodes. The potential of the three
electrodes j-., j 2 and j , are usually kept at -25, -70 and -120 V, respectively,
with respect to the collision chamber potential. These potentials are 95, 50
and 0 V, respectively in respect to that of the mass-spectrometer tube and
to the ground potential of the total electronic equipment. The potential
difference of 120 V is needed for proper focussing and mass selection of
the ions by the quadrupole mass-spectrometer.

II.2.4. Operating pressure

The electron gun, the collision chamber and the mass-spectrometer are
mounted in a vacuum tank which is evacuated by a turbomolecular pump
(Pfeifer, TPU 200). When no gas is introduced the background pressure for
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Fig. II.2. Schematic view of the collision region.

The electrons are emitted from an oxide-coated cathode (C) and accele-
rated through the electrodes &x and % . The retarding R.P.D. system
consists of the electrodes eg , e4and e? . After passing the R.P.D. system
the electrons are reaccelerated by the electrode efi, enter the collision
chamber (C.C.) and are collected at the anode A. Collimation of the
electron beam is achieved by a parallel magnetic field. The ions formed
in the collision chamber are extracted from the collision region by
electrode jfl, and focused and accelerated by the electrodes j2 and
Finally, the ions are mass-selected by a quadrupole mass selector (Q.P.).
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Table I1.1. Operating condition in the apparatus

Gas pressure in the collision chamber 10 - 10 torr

Electron current 10~ - 10~ A

Acceleration potentials V _Q 3 V

Ve\c 20 V

V 2 r 4 Ve3-C
V r ^2.5 Ve^-C

4 V

V r 14 - 20 V
Collision chamber potential Vc c _c 14 - 20 V
Anode potential V._c c 0.2 V
Current to the wall of the collision chamber <_ 10 A
Extraction potential V- r r -0.5-0.7V
Potentials of Einzellens L^

"ji-C.C. " 2 5 V

V.1 ' ' -70 V
3 2" * •

-120V

tial V- is equal tc

equipment.

Collimatin

Electron multiplier voltage 1800 V

This potential V- is equal to the ground potential of the electronic

Collimating magnetic field ^5 x 10 T
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-9the whole vacuum system is lower than 10 torr. The background gas consists

mainly of hydrogen and water molecules. During an experiment the target gas
pressure is kept about 10 - 1 0 " torr. This low pressure is the maximum
which can be used without damaging the electron multiplier mounted behind
the mass-spectrometer. All experimental conditions are also given in
Table II.1.

II.2.5. Mass-speatrometer and counting techniques

Mass selective detection had to be employed in our ionization experi-
ments on atoms and molecules, especially if also the dissociation products
of cne collision process were to be studied. Therefore, we used a quadrupole
mass-spectrometer (Balzers, (̂ MA 140) with ion deviation. The electron
multiplier (17 dynodes) is mounted perpendicular with respect to the axis
of the quadrupole filter. The ions are accelerated up to an energy of 1800 eV;
the efficiency of the cathode for H + ions is then ±70 percent. The pulses

*"***produced at the anode of the multiplier are amplified with a Balzers QRV 101
preamplifier mounted directly at the flange of the quadrupole to keep the
connection between anode and preamplifier as short as possible. The pulses
coming from the amplifier can be counted with an electric counter or can be
stored in the memory of a P.D.P. 11-05 computer system. A schematic view
of the counting device of the computer system is given in Fig. II.3.
A fixed frequency generator (f = 122 Hz) is used to modulate the voltage at
the R.P.D.-electrode e4> This 122 Hz frequency is also the basis for all
time intervals, used in the computer program, which controlls the experi-
ment. The modulation at electrode e, causes a modulated electron current
i. at the anode. The pulses, corresponding to the detected ions, are stored
in two sealers (denoted by H and L, respectively), according to the high
or low level of the modulated e^-voltage. The counting time for one incident
energy E- of the electron beam can be preset. At the end of each counting time
the contents of the sealers H and L are transmitted to the memory of the
computer and stored in a double-array element as a function of the incident
energy E.. Next, two sealers are reset and the incident energy is increased
by an amount AS. This gives the next E.-value and the above procedure is
repeated, etc. The incident energy can be varied between two preset values

ant* ̂ max witn tne a ^ °^ a staircase function generator. After the
maximum E has been reached, a new sweep starting at E . will be performed.
The energy range between E_. and 2? is usually devided into 120 channels,
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Fig. II.3. Schematic view of the counting mode.

Depending on the "high" (H) or "low" (L) level of the modulated R.P.D.
voltage (FR.P.D.J '22 Hz) the pulses corresponding to the ions formed are
stored in two counters, denoted by H and L, respectively. The PDP 11/05
computer is used as a multichannel analyzer. After a preset number of
sweeps has been performed between the preset values Emin and £ m a x of the
incident electron energy E$_, the measured ionization data corresponding
to the high and low level of VR.P.D. a r e stored on disc.

-s

—measured curve (R.PD.)
—calculated curve(E.D.D)

• • •

1.0 1.5 2.0 2.5
ELECTRON ENERGY E <eV)

Fig. II.4. Energy distribution of the
electrons in the electron beam, (mainly)
determined by the cathode temperature.

The solid curve has been obtained by
modulating the R.P.D. voltage. The
difference between the high and low
level of the R.P.D. voltage was 0.1 V.
The 122 Hz component of the transmitted
electron current, detected at the anode,
was registered. The total potential
shift due to contact potentials and
space charge effects is found to be
1.35 V. The width at half maximum of the
energy distribution is about 0.28 eV.
The dashed curve represents the energy
distribution as can be calculated from
the shape of the foot of the measured
ionization curve (see section II.2.7).
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A£ being 20 or 40 meV. Once a sufficiently large number of sweeps has been

performed the counted pulses as a function of the incident energy E. are

stored on disk. With help of another computer code, the measured data are

: transformed to ionization curves. By adding, for every incident electron

energy E-, the contents of the corresponding double array element an ioni-

zation curve with full energy spread in the electron beam is obtained. By

substracting the contents of the double array elements an ionization function

may be obtained with smaller effective energy spread in the electron beam

(R.P.D.-method).

11.2.6. Energy distribution in the electron beam

The energy distribution in our electron beam is the combination if three
independent energy distributions; namely, the thermal energy spread due to
the cathode temperatures, an energy spread due to space charge potentials
and a spread due to a potential gradient in the collision chamber caused by
the extraction electrode.

The thermal energy spread of the electrons emitted from the indirectly
heated oxide-cathode (type R.C.A. 8117) is about 0.2 to 0.3 eV. Due to the
fact that only experiments on ionization processes can be performed with our
apparatus no direct checks on the energy spread can be performed, for
instance,by observing structures or steps in excitation functions. However,
the lenses e,, e, and es can be used as a retarding system so that an upper
limit of the energy spread in the electron beam can be found. The energy
distribution was determined by measuring the 122 Hz component in the electron
current at the anode as a function of the voltage at the electrode e*. The
voltage at e, consists of a square-wave voltage with fixed amplitude of 0.1 V
and modulating frequency 122 Hz imposed on a variable d.c. voltage V..
The 122 Hz component in the electron current, detected with a lock-in .ampli-
fier, was measured as a function of this voltage V,. We find an energy distri-
bution in the electron beam with halfwidth about 0.28 eV. The result is given
in Fig. II.4. The axial magnetic field has a strength of about 50 gau^s
(5 x 10~3 T).

The energy of the electron beam in our experiment ranges from 14 to
17 eV for the ionization of H^ molecules and from 14 to 19 eV for the disso-
ciative ionization of ̂ 5 the electron current is mostly less than 2 yA.
From calculations performed by Smit (1961) and from later calculations by
Bonsen (1976) it may be concluded that for such a beam space charge effects
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Fig. II.5. Calculated potential distribution in the collision
chamber caused by the extraction electrode jg.

The potential in the planes perpendicular (a) and parallel (b)
to the electron beam is given as a function of the position
in the collision chamber. The full lines connect the points of equal
potential. The value of the potential is given in each case. The
extraction potential was taken to be -0.7 V with respect to the
other walls of the collision chamber. The position of the electron
beam is indicated by dashed lines.

0.10 0.15 0.20 0.25 0.30 0.35
POTENTIAL $ (volt)

C.40

Fig. II.6. Energy distribution of the electrons in the electron beam,
due to the potential gradient in the collision chamber.

This distribution «(4>), obtained via the potential distribution given
in Fig. II.5 (a), has been used in the Van Cittert deconvolution
technique (see section II.2.7).
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are negligible. For our electron beam with diameter of about 2.5 mm the

maximum potential difference caused by space charge within the beam is

about 0.01 eV.

The potential gradient in the collision chamber, caused by the extrac-

tion electrode, causes an important energy spread in the electron beam. The

extraction electron JQ has a negative potential (-0.5 to -0.7 V) with respect

to the walls of the collision chamber. The calculated potential distribution

caused by this electrode j« is given in Fig. II.5 (for V- = 0.7 V). The

position of the electron beam is indicated in the figure. From this figure

it can be seen that the mean electron energy will be lowered by about 0.2 eV.

The electron energy is affected differently at different positions in the

beam. This energy spread, due to the presence of the extraction electrode

JQ can be calculated and is given in Fig. II.6. We find a non-symmetric

energy distribution with halfwidth of about 0.14 eV, which is superimposed

upon the thermal spread of about 0.25 to 0.3 eV.

The total energy spread in the electron beam (the combination of the

thermal energy spread and the energy spread caused by the extraction

electrode) will smooth possible details in the ionization functions. There-

fore, we have used deconvolution techniques to eliminate, as far as possi-

ble, the influence of the energy spread.

11.2.7. Energy spread reduction methods

In the analysis of our experiments we use an unfolding technique in
order to diminish the effective electron energy spread. The energy spread
of the electrons due to the cathode temperature is,in our case>assumed to
be a semi-Maxwellian one since we collimate all electrons emitted from the
cathode by using an axial magnetic field.

Two different unfolding techniques can be used. Both methods diminish
the effective thermal energy spread in the unfolded curve and correct the
ionization function for the energy spread caused by the extraction electrode
JQ. We will denote these two methods further on by method I and II, respec-
tively.

The method I consists of the R.P.D. (Retarding Potential Difference)
method followed by a van Cittert deconvolution technique for the energy
spread caused by the extraction electrode (Burger and van Cittert, 1932).
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The method II consists of the E.D.D. (Energy Difference Distribution)

method (Winters et at, 1966, Vriens et at, 1968).

When using method I it was possible to obtain an effective electron

energy distribution with a halfwidth of 0.15 eV. The voltage of the extrac-

tion electrode jg with respect to the collision chamber was then about -0.3 V.

However, to obtain a nearly parallel electron beam, the axial magnetic field

had to ,)e stronger than 100 gauss (10" T). As a result of this strong magne-

tic fie..d, part of the ions produced in the collision chamber were prevented

fran reaching the quadrupole mass-spectrometer. Furthermore, the number of

ions detected was not fully proportional with the modulated electron current.

There was always a difference of about 3 to 5 percent between the measured

number of detected ions and the number that could be calculated from the

modulations in the electron current. This difference is possibly due to

small changes in the interaction volume, caused by the modulations of the

R.P.D.-electrode. Due to these effects the R.P.D.-system did not reduce

the energy spread to an extent as might have been expected. The van Cittert

deconvolution for the potential gradient in the collision chamber afterwards

did not change the measured ionization curve. With method I it was not

possible to remove the exponential foot of the measured ionization function

below threshold, caused by the thermal spread.

The method II has been described extensively before by Vriens et al

(1968) and by Bonsen (1976). We will only mention the most important formulae.

Under the assumption that the energy spread in the electron beam is semi-

Maxwellian the energy distribution at position x in the beam is given by:

f[E - e<)(a0)dE= B(E " e$(x)) exp[-e(£ - e<Ka:))]dF (II, 2-1)

with B = (kT) and cj>(x) is the potential in the beam at position x. <J>(aO is

dependent of x because of the potential gradient in the collision chamber.

The measured cross section Q(eV) for accelerating potential V then is related

to the real cross section 6D(£) by:
hi

Q{eV) = g2 / n(<0d* / (E - ef) expt-g(E - e<fO]eR(S)d£ (II, 2-2)
eV *

I •;•

in which the first integral is to be taken over the potential $(x) in the
electron beam in the region where extractable ions are formed and n($) is the
normalized number of electrons per unit volume with energy e${x) in the beam.

. This calculated function n(<j>) is given in Fig. II.6.
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For <j>(x) independent of x, it can be shown that the real cross section

Qn{eV) is related to the measured one Q(eV~) by

7 H2

QrXeV) = B exp(BeV) — j[Q{eV) exp(SeV)] (II, 2-3)

If statistical errors are no problem and if one has continuous registration,
one can obtain the real cross section mathematically using eq. II. 2-3. In
our measurements we had no continuous registration and, therefore, we used
the E.D.D. method (Winters et al 1966) and the E.D.D. -method (Vriens et al
1968). The E.D.D. method approximates the real cross section by

AQ(eF) = \Q{eV) - bQ(_eV + AeV)] (1 - 6) ~ 1 (II, 2-4)

I i
-), and the E.D.D. 2 method by

i| h2Q{eV~) = lQ(eV) - 2bQ(eV + LeV) + b2Q(eV + 2AeK)] (1 - fc)~2(II, 2-5)

where &eV has a fixed small value, for instance 40 meV, and b - exp(- teV/kT).

'̂ It has been shown by Vriens et al (1968) that the E.D.D. method totally

••'-•' removes the exponential tail in the energy distribution. The remaining energy

spread has a halfwidth equal to heV. The real cross section QD(.eV) is related
2to A Q{eV) by

5R(e7) = lim L2Q{eV) (II, 2-6)
0

and the corresponding energy distribution is:

t?f{E - eV) = [f(E - eV) - 2bf(E - eV - heV)

+ b2f{E - eV - 26eV)] (1-fc)"2 (II, 2-7)

In our case the real potential <j>(a:) is dependent of the position x in the
beam. Still the E.D.D. method can be used; the resultant cross section
A Q[eV~) as defined above is then related to the real cross section by

lira A2Q(eV) = f ft,(s*)n(•)<!• (II, 2-8)
V -*• 0 K

The corresponding electron energy distribution is:

If
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h2f{E - eJO = / d<f> n( t) A2 /(£• - etf ( I I , 2-9)

which is the weighted average of the E.D.D. energy distribution over the

possible electron energies.
2 2

The E.D.D. energy distribution A /(£ - e<f>) has a halfwidth equal to
2

heV with a maximum at E - e^(x). Assuming that both the E.D.D. energy distri-
bution and the electron density distribution n(e§) are not too far from
Gaussian, it can be concluded that the halfwidth of the resulting energy
distribution is r = \f{heV) + 6 , in which S is the halfwidth of the distri-
bution n(eif>) (** 0.14 eV).

If we use method II the parameter b (see eq. II, 2-4 and II, 2-5) in
the E.D.D. deconvolution methods is obtained from experimental results. The
measured ionization functions show a foot near threshold which is caused by
a combination of the thermal energy spread and the potential gradient in
the collision chamber. From the exponential increase of the measured ioni-
zation function near threshold one may derive the parameter b, which is
related to the width of the energy distribution in the electron beam during

2
experiment. The method II (E.D.D. method), therefore, unfolds the measured
ionization curve for the total energy spread in the electron beam. The energy

distribution of the electrons in the beam can be calculated using eq.

II, 2-1. The result has been given in Fig. II.4. The energy spread in the

corrected ionization curve may be estimated to be about 3 times AeV: i.e.

about 0.12 eV in our experiments.

In our experiments we mostly used the E.D.D. method.
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II.3. Ionization of neon atoms by electron impact in the threshold region

A relative measurement has been performed on the ionization of neon by

electron impact. The incident electron energy was varied from threshold to

about 10 eV above. We used the experimental set-up which has been described

extensively before by Vriens et al (1968) and bonsen (1976). The ion yield

as a function of the electron impact energy was not measured by pulse counting,

but recorded by a phase-sensitive current measurement. The electron beam
current was 1 vA at the anode, the target gas density in the collision region
was equivalent to 10 torr. The extraction electrode j« was put at -0.7 V
with respect to the other walls of the collision chamber. The influence of

this extraction electrode on the total energy spread in the electron beam
2

can be found from Fig. II.5. In this set-up we used a rectangular (1.5x5 mm )
electron beam. It is clear that the electron energy is affected differently

at different positions in the electron beam. This results in an extra energy

spread of about 0.05 eV which is superimposed upon the thermal energy spread

of 0.3 - 0.5 eV. The thermal energy spread is so high because the electrons

were emitted from a tungsten filament.

The measured ionization function is corrected for the energy spread in
2

the electron beam with help of the E.D.D. method. The results are presented
in Fig. II.7. The energy scale has been calibrated by shifting the onset of

the ionization curve to the correct energy value of the ionization threshold

U*, = 21.56 eV. The measured ionization curve for neon is non-linear up to

about 2 eV above the ionization threshold. Between 2 eV and about 10 eV

above threshold we found no departure from linearity. The non-linear part

of the ionization function near threshold could very well be fitted to

Wannier'.-s law (Eq. I, 1-2)

The linear part of the ionization function, when extrapolated to lower E,

intersects the energy axis at I'. The linear part can be described by

e.(ff) = c2(E- i')

The values for a and I', extracted from our corrected measurements are:
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Fig. II.7. Cross section for ionization of Ne by electron impact.

The points in the figure give our experimental results (raw data)
and the solid curve is obtained after unfolding with the E.D.D.2

method. The unfolded ionization curve has been shifted along
the energy axis until the onset coincides with the correct value
(21.56 eV) of the ionization energy. For clarity the experimental
points have also been shifted. The linear part extends up to about
31 eV. The cross section has been put on absolute scale using the
absolute cross sections of Rapp and Englander-Golden (1965). The
shaded inset in the figure indicates the region of possible a values
and the corresponding possible F-values of the intersection I' of the
linear part cf the ionization function with the energy axis.
The other ins=t gives the distribution of the electrons emitted
from the tungsten cathode used in this experiment.
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a = 1.13 _+ 0.03

I'= 22.20 + 0.05 eV

Our results have been put on an absolute scale with use of the absolute

measurements performed by Rapp and Englander-Golden (1965). From the linear

part of their ionization function we obtained a slope dQ-/6E = 0.01176 x
-20 2

10 m /eV. Using the fact that the non-linear and linear parts of the ioni-

zation function join smoothly we obtained the following values for the

coefficients C. and C~\

C. = (0.0076 + 0.0002) x 10~20 m2/eV

C = (0.01176 ± 0.0004) x 10 LU mVeV

This non-linear threshold behaviour of the ionization function of neon has

been found before in the case of atomic hydrogen (McGowan and Clarke, 1968)

and of helium (Vriens, et at 1968).
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II.4. Ionization of simple diatomic molecules (E. and DJ

II.4.1. Introduction

The threshold region in the ionization of diatomic molecules by electrons
has been the subject of considerable attention and controversy for approxi-
mately 20 years. Special attention deserve the experiments on ionization of
molecular hydrogen by electron impact. In 1957 Krauss and Kropf considered
the consequences of a direct ionization model for the threshold region, in
which they took into account the different probability for ionization from
the groundstate of H 9 to the vibrationally excited states of H~. They took
this probability proportional to the incident energy (relative to the thres-
hold energy) and they invoked the Franck-Condon principle. The resulting
calculated ionization cross section consisted of a series of straight line
segments starting at each of the thresholds for the vibrational states of J^.
Shortly thereafter Stevenson (1960) remeasured the ionization cross section
in the vicinity of the ionization threshold and found a linear function of
incident energy (relative to the ionization threshold). Stevenson's results
were in agreement with the much earlier measurements of Bleakney (1930, 1932).
In order to explain these experimental results Stevenson postulated short
lived (10~ - 10" sec) negative-ion states. These negative ion states,
however, will not lead to a linear function near threshold but manifest
themselves (as known today) as structures in the ionization function.

The first high-energy resolution work by Marmet and Kerwin (1960), who
claimed an energy resolution of 0.03 eV, showed breaks in the cross section
for the production of H9 which were interpreted by them as the thresholds for
the individual vibrational states of H~. Hence, their results and interpre-
tation seemed to confirm the earlier calculations of Krauss and Kropf (1957).
In order to help settle the differences in experimental results and subse-
quent interpretation, Briglia and Rapp (1965) repeated the measurements using
R.P.D. techniques (energy resolution 0.06 eV) and found the ionization curve
to be .a linear function of incident energy from threshold up to 4 eV above,thus
confirming the results of Bleakney (1930, 1932) and Stevenson (1960) but in
disagreement with the high-resolution results of Marmet and Kerwin (1960) and
the direct ionization model of Krauss and Kropf (1957). Briglia and Rapp
(1965) suggested that mechanisms such as autoionization and intermediate
negative ion formation might be necessary in order to better describe the
ionization process in the threshold region.
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Subsequently, further high-resolution work (energy resolution 0.05 eV)

by McGowan and Fineman (1965) showed a threshold ionization function con-

sisting of two linear parts with a break at 15.76 eV which did not fully

agree with the threshold for the second vibrational state of H ? (15.71 eV).

They interpreted this effect as being due to a competition between direct

ionization (possibly with rotational and vibrational excitation) and auto-

ionization. Further work by McGowan et al (1968) showed a marked similarity

between the photoionization data of Dibeler et al (1965) and the first

derivative of their electron impact data. They concluded that the structure

in the ionization threshold region was due to autoionization of long lived

Rydberg states of ^ (i.e. vibrationally excited states with one electron

being excited)•

The original suggestion of Stevenson (1960) that the ionization of H^

by electrons in the threshold region may partly proceeds via the temporary

formation of H, has been reopened by Golden (1971). He observed structures

in the transmission function of electrons through tij both below and above

the ionization threshold. The structures below the threshold agree very well

with a series of H 2 resonances observed by Ehrhardt and Weingartshofer (1969)

and by Weingartshofer et al (1970). Golden (1971) suggested that some of the

structures he observed above the ionization threshold may be due to higher

members of this vibrational resonance series. Other structures seem to corre-

spond to autoionization peaks as observed in photoabsorption experiments by

Dibeler et al (1965) and by Chupka and Berkowitz (1969).

In order to further examine the matter in the light of the work of

Golden we have carefully remeasured the ionization of H ? and D2 by electrons

in the threshold region.

II.4.2. Experimental results

A. Hydrogen

In Fig. II.8 we present the results for ionization of hydrogen molecules.
In the figure both the raw data and the results corrected for energy spread
are given. The latter results are obtained with the E.D.D. method. In the
measured curve, no structures or breaks are apparent, but near threshold
there is a foot of about 0.5 eV due to the thermal energy spread and the
potential gradient in the collision chamber. Deconvolution with the E.D.D.
method removes this tail almost completely and a slight break at 15.7Z
+_ 0.02 eV becomes visible. The energy scale has been calibrated against
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Fig. II.8. Ionization curve for ionization of H. by electron impact.

Both the raw data (circles) and the unfolded curve (with help of the
E.D.D.2 method) (crosses) are given. The energy axis of the unfolded
ionization curve has been calibrated using the measurement of
McGowan et at (1968). The extrapolated linear part of their ioniza-
tion curve intersects the energy axis at 15.52 + 0.01 eV. Regarding
the full line see text.
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mutually consistent data of Rapp and Englander-Golden (1965) and of McGowan
et al (1968). The former authors measured the absolute ionization function
of H^ with energy steps of 0.5 eV. They found a nearly linear ionization
curve between 16 and 19.5 eV which, extrapolated to lower energy, inter-
sects the energy axis at 15.54 +_ 0.02 eV. McGowan et al (1968) measured the
ionization function from threshold to about 16.3 eV and a nearly linear
behaviour was found between 15.7 eV and 16.3 eV. This linear part, if extra-
polated to lower energies, intersects the energy axis at 15,52 _+ 0,01 eV,
We have shifted the intersection of the linear part between 15.75 and 16.4 eV
of our (for energy spread corrected) ionization function with the energy
axis to the corresponding value (15.52 eV) on the energy scale of McGowan
et al (1968). The first nearly linear part of our ionization function then
intersects the energy axis at 15.46 _+ 0.01 eV.

The energy' position of the break in our ionization functions (15.72 eV)
coincides with the threshold for the first :(_v = 1) vibrational level of
H 2 (15.71 eV). This break (but less pronounced) has also been observed by
McGowan et al (1968). In earlier work by McGowan and Fineman (1965) a more
pronounced break was observed at 15.76 eV. In the latter experiments the
first linear part of the ionization function intersects the energy axis at
15.46 eV and the second linear part intersects the energy axis at 15.54 eV.
McGowan et al (1968) put in their later paper that new data and data analysis
has lead to a shift in the electron energy scale. This may imply that the
position of the break may shift to 15.69 eV in close agreement with our
results. The break at 15.72 eV must most probably be attributed to the
threshold for the first vibrational level of H,.

To bring out possible structures more clearly we have differentiated
the ionization function (Fig. II.8) with respect to electron energy. The
width of the differentation steps is 0.04 eV which is equal to the distance
between two successive measuring points. The differentiated curve is pre-
sented in Fig. II.9.

Due to the use of the E.D.D. method the obtained peak heights do not
fully represent the real peak heights. Most of the error in the presented
results is caused by the statistical error in the measured data. The error
in the deconvolution parameter b (b = exp(-AeV/fe21), see equations II, 2-4,
II, 2-5) is a systematic one and causes a shift up or down the whole curve
due to the factor (1 - b) . This error in parameter b also influences the
shape of the structures in the differentiated curve. The error in the pre-
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Fig. II.9. Unfolded ionization curve of H-, differentiated with respect to
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The differentiation steps are 40 meV. The dashed curve is a rough inter-
polation between the measuring points.
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photoionization data.

Upper curve: electron transmission curve of H2 near the ionization thres-
hold (Schowengerdt and Golden, 1975). Second curve: electron impact ioniza-
tion curve (present results). Third curve: photoionization curve (Dibeler
et at, 1965). Fourth curve: electron impact ionization curve (McGowan et at,
1968). As indicated on the vertical axes the transmission and electron
impact ionization curves are energy-differentiated.
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'••" sented points is about 15 to 20 times the statistical error in the uncorrec-

; ted ionization curve. This error will become increasingly important if the
,:; statistics in the measured data gets worse. Therefore it is difficult to un-
1 ambiguously prove structures close to the ionization threshold.
h In the present work 6 features may be distinghuished in the ionization

/ spectrum between 15.4 and 16.5 eV. The data given in Table II.2 are the
,; positions of the maxima of the features. The error in the absolute energy is

about 0.02 eV.

Figure 11.10 shows again our ionization results together with the results
of the electron impact ionization experiment of McGowan et al (1968), the
photoionization results of Dibeler et al (1965) and the electron transmission
fe«ults of Schowengerdt and Golden (1975). The position of the features found
in their experiments are also collected with the results of other workers in
Table II.2.

In the first and second column the energies of the autoionizing states
of H 2 as seen in the photoionization work of Dibeler et al (1965) are com-
pared with some of the stronger autoionizing states measured in the more
recent and higher resolution work of Chupka and Berkowitz (1969). Also shown
for comparison are the present ionization results and the statistically sound
and major peaks found in the electron ionization work of McGowan et al (1968).

\ The positions of the vibrational levels of the H_ state observed by Weingarts-
", hofer et al (1975) in their electron scattering experiment are also listed,

together with those found in electron transmission experiments of Golden
I (1971), Sanche and Schulz (1972) and Schowengerdt and Golden (1975). The

positions given in the last column were taken from the empirical formula
_! given by Golden (1971). This series of resonances has been designated "f"
j in the work of Sanche and Schulz (1972) who were able to separate two

distinct series of resonances ("f" and "g" series).

j The positions of the structures found in the present ionization experi-

' ment appear to agree with the data obtained in the electron ionization
\ experiment of McGowan et al (1968) and with the photoionization work of

Dibeler et al (1965) and Chupka and Berkowitz (1969). The positions of the
structures found in the present work also quite agree with the data obtained
from the transmission work with the exception of the peak at 15.66 eV.
However, this peak is not shown in the photoionization work of Dibeler et al
(1965), but it is shown as a strong peak in the photoionization work of

: Chupka and Berkowitz (1969) and it is found as a statistically questionable
peak in the work of McGowan et al (1968).



Table II.2. Positions of structures in the H 2 and e spectrum in eV.

Dibeler
et al
(1965)

AI

15.48
15.60

15.72
15.86
15.94
16.08

16.22
16.32
16.46

+

Chupka and
Berkowitz
(1969)

15
15
15
15
15
15
16
16
16
16
16

AI

48
58
66
74
88
96
09
19
24
33
,45

McGowan
et al
(1968)

15.61

15.72
15.86
15.92
16.07

16.27

Present
ionization

15

15
15

16

16

16

58

74
90

10

26

.46

Weingarts-
hofer et al
(1975)

H"

13.63

13.93

14.20

14.47

14.70

14.92

15.18

15.43

15.65

15.85

16.07

16.26

Roy and
Carette
(1975)

electron
loss

15.60

15.77
15.82

16.04

16.25

Golden

(1971)

H2

13.62

13.91

14.19

14.46

14.72

14.97

15.21

15.44

15.66

15.87

16.07

16.26

AI

15.59

15.79

16.02

e
-

Sanche
Schulz
(1972)

"f

13.

13.

14.
14.

14.

14.

15.

15.

15.

15.

it

66

94
20

45

65

93

18

43

65

85

and

"g"

15.09

15.32

15.57

15.77

Schowengerdt
and Golden
(1975)

..£1.

13.62

13.91

14.19

14.. 46

14.72

14.97

15.21

15.44

15.67

15.88

16.08

16.26

16.44

16.61

16.77

16.92

"g"

15.06

15.31

15.57

15.74

15.96

16.16

Empirical
formula

M£M

13.62

13.91

14.19

14.46

14.72

14.97

15.21

15.44

15.66

15.87

16.07

16.26

16.44

16.61

16.77

16.92

17.06

'
in
42.
1
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Above the ionization threshold (15.43 eV) both in photoionization work
and in electron impact work several structures are seen. We, therefore, may
conclude that these structures are due either to the opening of inelastic
channels to highly vibrationally excited Rydberg states of H2, i.e.

e + H~ -»• Hy + e

some of which may autoionize to H-, or they are H 2 resonances which decay
either by one or two electron processes to H 2 or H_, viz.

- / H2 + 2e

2 2 V H* + e -> H* + 2e

Above the ionization threshold of H 2 the present ionization experiment

cannot distinguish between the possible decay mechanisms of H, listed above.

For those members of either "f" or "g" series lying above the ionization

threshold either decay process could produce an H 2 ion and thus produce

structure in the electron impact ionization curves.

Only doubly excited states which autoionize can show up in the photo-

ionization spectra, but since some of the structures of both series in the

transmission data appear below the H~ threshold and are attributed to H,

states which cannot be formed in photoionization work, the present results

support the point of view that the formation of H2> which decays to H~

via two electron decay, may be an important effect in the electron impact

ionization of H~. However, from comparisons of electron transmission data,

photoionization data and electron impact ionization data, it may be con-

cluded that highly excited H 2 states and negative-ion states nearly coincide,

which indicates that decay of a H 2 state to the nearby lying highly vibratio-

nally excited state H 2 • which autoionizes, is very probable.

B. Deuterium

In figure 11.11 we present our results for ionization of deuterium
molecules. As in Fig. II.8 for hydrogen molecules, both the raw data and the
data corrected for the energy spread are given. Under the same experimental
conditions the yield of detected deuterium ions was about a factor of three
smaller than in the hydrogen case (due to less favourable focussing in the
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Fig. 11.11. Ionization curve for ionization of D. by electron impact.

Both the raw data (circles) and the unfolded (with the E.D.D.2 method)
data (crosses) have been given. The energy axis has been calibrated
using the absolute measurements of Rapp and Englander-Golden (1965).
The extrapolated linear part of their ionization curve intersects
the energy axis at 15.51 ± 0.01 eV.
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mass spectrometer). Consequently the statistical errors are much larger.

The energy steps are again 0.04 eV. We have calibrated the energy axis with

help of the absolute measurements of Rapp and Englander-Golden (1965). The

extrapolation of the linear part of their ionization curve intersects the

energy axis at 15.51 _+ 0.01 eV. We have shifted our ionization curve,

corrected for the energy spread, in such a way that the intersection of the

linear part of the curve with the energy axis coincides with 15.51 eV. It

is hardly possible to find a linear behaviour for the first part of the ioni-

zation function below 15.70 eV. There appears to be a slight break in our

ionization curve at 15.69 _+ 0.03 eV. Below this energy it is difficult to

decide whether or not the curve is linear. The energy of the break is close to

the energy of the first vibrational level of D 2 (15.66 eV). It is there-

fore tempting to attribute the break to the opening of that inelastic channel.

As in the case of ionization of hydrogen molecules, structures may

be expected in the ionization curve due to autoionization and possibly DZ

formation. As a result of the larger mass of the D nuclei the vibrational

spacings of the possible Dl and D 7 states are smaller than those of the
**

corresponding FL and H~ states and it is to be expected that the distances
between the possible features in the ionization curve will be comparable

with the remaining energy spread (^0.1 eV) in the corrected ionization

function. Nevertheless, we have given our differentiated ionization curve

in Fig. 11.12. The positions of the peaks observed are also listed in

table II.3 together with the photoionization results of Dibeler et at

(1965), the electron energy loss results of Weingartshofer and Eyb (1975)

and of Roy and Carette (1975), and the positions of known D^ resonances

(Weingartshofer and Eyb, 1975). We must admit that the statistical errors

in our differentiated curve are very large, but nevertheless there seems

to be some agreement with the results obtained by Roy and Carette (1975).

Also the first two peaks in our curve appear to coincide with known D~

states as found by Weingartshofer and Eyb (1975).
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Table II.3. Positions of structures in the D~ and e spectrum in eV.

Dibeler et al

(1965)

Photoionization

15.46

15.73

Weingartshofer and
Eyb (1975)

Energy loss
spectra

15.47

15.64

Roy and
Carette
(1975)

Energy loss
spectra

15.52

15.56

15.68

15.73'

Schulz

(1973)

D2

15.55

15.71

Present work
electron
ionization

15.55

15.71

15.85

15.98

16.14

16.20

16.35

15.80

15.96

16.10

16.24

16.39

15.86

16.02

16.16

16.30

16.42

15.87

16.05

16.23
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Fig. 11.12. Unfolded ionization curve of D_ differentiated with respect
to the incident electron energy.

The differentiation steps are 40 meV. As in Fig. II.9 the dashed
curve is not more than a rough interpolation between the measuring
points.

i 2 3
INTERNUCLEAR SEPARATION /?<8|

Fig. 11.13. Potential-energy diagram for the ground state of H2,
some of the states of Hj, and H+ + H+.

The energy scale is relative to the ground vibrational level of H-.
On the left are indicated the expected energy distributions of
protons from the 2£g and 2sj states of Hj. The relative heights
of these two curves should not be compared.
(From Dunn and Kieffer, 1963).
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11.5. Dissociative ionization of #„ and £>„

II.5.1. Introduction

To understand the dissociative ionization process of diatomic molecules

knowledge of the potential energy curves of the various molecular and ionic

states is needed. In Fig. 11.13, taken from the paper of Dunn and Kieffer

(1963), a potential energy diagram for the ground state of H^ and for some

of the states of H 2 and H + H is given. The Franck-Condon region is shown

shaded. The H + + H~ limit at 17.35 eV and the H + H~ limit at 3.73 eV (the

difference between the dissociation energy of Ho (4.43) and the formation

energy of H (0.7 eV) are also shown.

For a given electron impact energy, processes involving excitation of a

single electron of the hydrogen molecule are expected to dominate those in-

volving excitation of both electrons. The L repulsive state and Z state

of H 2 are therefore likely to be dominant contributors to the proton spectrum

from dissociative ionization. The energies of these states relative to the

Z ground state of H 2 are known to an accuracy of better than 2 meV. Under

the assumption that angular effects, the velocity distribution of the target

H2 molecules and momentum transfer from the incident electron can be

neglected, Dunn and Kieffer (1963), using a so-called delta function

overlap approximation, have made an estimate of the expected proton

energy distribution. This is shown to the left of the potential curves in

Fig. 11.13. The relative heights of the distributions resulting from the

two curves should not be compared. It is seen that in the case where the
+ 2 +

H£ ion is formed in the I state»which has a repulsive potential curve, the
ionization will be accompanied by dissociation to H and H. The atom and
ion will fly apart with considerable kinetic energy.

Measurements of this latter type of dissociative ionization have been
performed by Dunn and Kieffer (1963), Kieffer and Dunn (1967), Van Brunt
and Kieffer (1970) and by Crowe and McConkey (1973a, 1973b). They all
measured the energy and angular distribution of the protons originating
from the Ht ( £„) state after electron impact of H 2 with electron energies
above 29 eV. However, Crowe and McConkey (1973a, b), studying the dissocia-
tive ionization process, have also observed protons with appearance poten-
tials in the neighbourhood of 25-26 eV, an energy at which the z + state
should not be accessible (see Fig. 11.13). Because no detailed calculations
of potential energy curves which might cross the Franck-Condon region in the
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energy interval between 18 and 30 eV are known it is difficult to explain
the obtained data. Crowe and McConkey (1973a) suggest that the detected

ions may originate from autoionization of some double excited state of H 7 to
2 + +

the zu state of H2. The asymptotic limit H(2Z) + H(2Z) for the first doubly

excited state of Ho where I - 0 or 1 in any order is known at 24.9 eV. He

also suggests other possible channels for proton production like the formation

of excited states of iC as intermediate states which decay to H + H~ or

excitation to the repulsive region of an H - H curve. Hazi (1974) concluded

that autoionization of doubly excited states of H 2 to the zu state of H 2

was not the mechanism for the indirect formation of fast H at impact energies

less than 29 eV. He showed theoretically that only autoionization of a doubly-

excited state of H 9 to the E state of H, was possible. One of the known
g 1 2

doubly excited states of H~ i.e. the z (2pou) state preferentially dissociates

to H~ + H . This supports the suggestion that the dissociation of H9 into

H + H indeed plays a role in the dissociative ionization.

For incident electron energies less than about 21 eV there is a small

probability for transitions to the left-hand limb of the potential curve of

the stable 2 state of H 2 namely to those parts of the curve lying above

the dissociation limit (18.08 eV). This also leads to dissociation of this

state to H + H. The energy region above 18.08 eV has been investigated by

Crowe and McConkey (1973b). The appearance potential for proton production

was measured to be 18.0 +_ 0.2 eV.

We have also measured this energy region to study the threshold of the

dissociative ionization of the I state of FL. We used the same apparatus
^ + +

as described before in this chapter and we measured the yield of H or D

ions produced in dissociative ionization of H, and D- by electron impact,

respectively.

11.5.2. Results of the dissociative—ionization measurements

A. Hydrogen {H+)

The measurement data obtained for dissociative ionization of H 2 by
electron impact are presented in Fig. 11.14. Despite of the use of a
quadrupole mass spectrometer not only the produced H ions are detected
but also a background of H 2 ions. The resolving power of our mass selector
is such that at mass 1 a fraction of about 10" of mass 2 is detected. In
Fig. 11.14 is the signal between 15 and about 17 eV due solely to this back-
ground. We have also given in the figure the data corrected for the energy
spread in the electron beam. Again the E.D.D. method has been used. The
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energy axis has been calibrated with help of the background H2 signal. The

linear part of the ionization curve of H2 intersects the energy axis at

15.54 eV (see Rapp and Englander-Golden, 1965). The impact energy needed

for the proces e + H2->-H + H +2e can be calculated from the known ioni-

zation energy of H and the dissociation energy of H2 and is found to be 18.08 eV.

In our data we find at 18.10 _+ 0.02 eV a sharp increase of the number

of detected H ions. These H -ions are most probably caused by the dissocia-

tion of the 2z state of H2 into H(1s) and H . It is not fully clear whether

or not the dissociative ionization curve above 18.10 eV consists of two

linear parts; there is a slight indication for a break at 18.39 +_ 0.02 eV.

The same energy region above 18.0 eV has also been studied by Crowe

and McConkey (1973b). They also find a increasing curve with onset at

about 18.0 eV. However, details cannot be observed in their dissociative

ionization curve, probably due to the fact that they measured with energy

steps of about 0.3 eV with energy resolution of about 0.2 eV.

At about 17.40 eV we find already an increase in the number of detected

ions which exceeds the linear rise of the H~ background. Because the ioni-

zation cross section of H2 is fully linear in this energy region (Briglia

and Rapp (1965),Rapp and Englander-Golden (1965)) the increase must be

caused by the presence of H ions. However, these H ions cannot result

from the process e + H2->H + H + 2e because their appearance energy is

0.7 eV below the dissociative ionization energy of H7. Therefore, another
2 +

process than dissociation via the z state must be considered.

The observed onset in the measured curve at about 17.40 suggests that

a process of the type e + H2 -> H + H + e may be involved. The energy

needed to produce H + H~ is found to be 17.34 eV (the difference between

the dissociative ionization energy (18.08 eV) of H2 and the formation energy

(0.73 eV) of H"). This energy can be calculated from the ionization energy of

H (13.60 eV) and the energy of the well-known stable configuration H~(1s )

(3.73 eV).

However,, because of the inefficiency of the momentum transfer from the

incident electron to the nuclei one would not expect the above process to

proceed in a direct way. Therefore, as suggested before by Crowe and McConkey

(1973a),it is more probable that the temporary formation of an intermediate

H~ state preceeds the dissociation process. These suggestions are supported

by the results of Schowengerdt and Golden (1975) and of Sanche and Schulz

(1972). They found evidence for H2 states with energies ranging up to

16.90 eV. An alternative suggestion is offered by Hazi (1974) who states



o
X

1/5
1—
Z

oo

o

z

25

o n

15

10

5

0

DISSOCIATIVE IONIZATION OF H2

o measured data
(horizontally displaced)

x E.D.D. -results

>> i i i i i i i i i i I i i i i I i i i i i i i i i

c
o

_»**^-—•—

'^^'^e+H —

• H"(1S2) + H+
i i i i i i

0

o

o
o

o
0

o /
o /

/

° /o /
o /

0 /

o J
o /

o /•
°° /

1 1 1 1 1 1 1 1 1

/
/

I

1—

1 1 1 1

15.0 15.5 16.0 16.5 17.0 17.5 18.0

INCIDENT ELECTRON ENERGY (eV)
i as 19.0

Fig. 11.14. Probability for dissociative ionization of H. by electron impact, as a function
of incident energy.

Boch the raw data (circles) and the results corrected for energy spread (E.D.D.2 method)
(crosses) have been given. The slowly increasing background is caused by H2 ions. The
threshold for production of H+ via H+ + H~ formation (17.35 eV) and via H+ + H(ls) formation
(18.08 eV) are indicated by arrows. The curve has been extrapolated to 19 eV (see text).
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1 2that a doubly excited state of H-( 2 (2pc?u) exists which preferentially
dissociates into H + H . However, from our results it is not possible
to conclude which intermediate states in the dissociative ionization
process are most probable.

If the production of H ions in the energy region first above 17.4 eV
indeed proceeds via the above mechanisms, then there must be an accompanying
increase in the formation of H~ above that energy. Fig. 11.15 shows the
yield of H when H_ molecules are bombarded with, electrons ( dissociative
attachment) as measured by Schulz (1959). Similar results obtained by Rapp
et al are shown in Fig. 11.16. The different mechanisms leading to H
formation are:

H+ + H" + e
e + H 2 -*- { H* + H"

H + H"

e + H- -> H- +e->-H + H + e

Studying Schulz's results for electron impact energies above 16 eV an extra

increase in the measured negative ion yield can be observed above 17.5 eV.

Most probably this effect is due to the opening of a channel involving the

simultaneous production of H and H~. The results of Rapp et al (1965)

do not show the increase as the authors do not present data above 18 eV.

Khvostenko and Dukelskii (1958) who measured the dissociative attachment

cross section up till 38 eV found a linear curve above 17.2 eV; however,

their results are difficult to analyze due to a probable error in their

energy scale.

To investigate the dissociative ionization process of H- leading to

H + H~ formation into more detail we have compared the different contri-

butions to the H production in our data with known absolute cross sections

for H~ and H production in e + H- collisions. Absolute cross sections for

H~ production have been obtained by Schulz (1959) and by Rapp et al (1965),

while the absolute cross sections for the H production originating from
2 + +the I state of H, has been measured by Crowe and McConkey (1973b). For an

incident electron energy at 19 eV the following cross sections are given:

CT(H') = 2.15 x 1(f20 an2 (Schulz)

o(H") = 1.2 10"20 cm2 (extrapolated value, Rapp et aV)
o(H+) = 6 * 10~20 cm2 (Crowe and McConkey)
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Fig. 11.15. Cross section for negative-ion formation in hydrogen versus
electron energy.

Below 13.6 eV the solid curve is associated with the reaction
H 2 + e •+ H~ + H and above 13.6 eV also with the reaction H 2 + e •»• H~ + H
The simultaneous production of H~ and H + can occur above 17.2 eV.
(From Schulz, 1959)-

d
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Fig. I I . ]6 . Measured total cross sections for negat£ve-£on formation in H2,
HD and D2 as a function of electron energy in a total-ionization tube.

(From Rapp, Sharp and Briglia, 1965).

J

From the results we find that the ratio a = a(H )/a(H~) is about 2.8
or 5, depending on the value of a(H~). From our data we can obtain
the ratio of the yields of H ions originating from dissociative
ionization and from dissociation of the £+ state of H~. The first yield
may be compared with the cross section for H production. We have extra-
polated the linear curve, starting at 17.35 eV and supposedly representing
the production of H ions via H + H~ formation, to 19 eV. Also the curve
representing the total yield of detected H ions has been extrapols^d to
19 eV. From the different contributions at 19 eV we may calculate the
ratio a in our experiment. We find a «* S, in reasonable agreement with the
ratio obtained from the other experiments.

Summarizing we may conclude from our measured data that dissociative
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ionization of H2 which leads to formation of H and H occurs already at

an energy as low as 17.4 eV. This is most probably due to the process

e + H- -*•[?]-»• H + H + e. Furthermore, this new kind of dissociation

process gives a contribution to the proton production in the energy region

above 18 eV, which can not be neglected. If the proposed mechanism is

correct about 20 percent of all detected H ions at 19 eV are due to disso-

ciation of H2 in H and H .

B. Deuterium [D )

We have also studied the dissociative ionization of D, by electron

impact. The measured data are given in Fig. 11.17. The background signal

in this case is much higher than in the corresponding H measurement

(Fig. 11.14) due to ionization of the background H2 molecules (which have

the same mass as the D ions) in the collision chamber. The background
-9

pressure of H2 in the collision chamber is about 10 torr. The D2 pressure

during experiment was 10" torr. Due to the poor signal to background ratio
2

it was not meaningful1 to apply the E.D.D. method to the measured curve.

Therefore, we have applied the E.D.D. method only once. The corrected results

are also given in Fig. 11.17. The energy scale of the corrected curve has

been calibrated using the ionization results given by Rapp and Englander-

Golden (1965). The linear part of their D2 ionization curve intersects the

energy axis at 15.51 eV. The impact energy needed for the process

e + D2 ->• D + D +2e can be obtained from the known dissociation energy

of the D2 molecule (4.55 eV) and the ionization energy (13.60 eV) of D,

and is found to be 18.16 eV (Herzberg, 1950). Again we find, although

less pronounced than in the H case, an increase in the D production

starting at this energy. Another increase may be present at about 18.40

+ 0.05 eV.

Similarly as in the case of H, the production of D starts already

below the dissociation threshold of the process e + D2 -*- D + D +2e, namely

at about 17.5 eV. Again this is probably due to the process e + D2 -»•

D + D + e. For D_ the electron energy needed to produce D + D is

found to be 17.41 eV (the difference between the dissociative ionization

energy (18.16) of D2 and the formation energy (0.73) of h ). To check

the above assumption we have tried to compare the different contributions

in the D -production, obtained from our data with known or calculated

cross sections for D and D production resulting from e + D2 collisions.
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%H. The only recent data on D+ production in e - D, collisions are those
S. obtained by Stockdale et al (1975). The D+/I>2 ratio for this process, found
; .1 by several investigators from 1937 on together with the corresponding
3=5* H+/ftt ratio is given in table II.4. Data for low electron impact energy
J (22 eV) are given by Bleakney (1937). By calculating the Franck-Condon
:| factors for the ionizing transitions H2( £*) -> H2( z ) and D2( £*)
'>• D~( zl"), Dunn (1966) showed that in the case of H 2 2.8°e and in the
\ of D9 0.63°s of the ionizing transitions will be above the dissociation

limit. This would imply that the D /D2 ratio is about 25 percent of the
• corresponding H /H2 ratio. This percentage is in reasonable agreement with

the percentage found by Hippie (see Bleakney et al, 1937) for an impact
energy of 22 eV. We assume for further calculations that the ratio D /D.,
will be about 25 percent of the corresponding H /H2 ratio.

r It is known that the cross sections for ionization of H 2 and D2 by
electron impact differ only slightly (Rapp and Englander-Golden, 1965).

? For 19 eV electron impact energy the above authors found a(H2) = 2.19 *
10~21 m2 and a(l)t) = 2.39 x 10~21 m , respectively. The most recent result

+ -24 2
of Crowe and McConkey (1973b) for a(H ) anounts to 6 * 10 m at 19 eV.

•j From these data we find a(D+) * 1.5 x 10"24 m2.

The cross sections for the formation of H~ or D~ by electron impact
j on H2, HD and D2 have been measured by Rapp et al (1965). They studied

these isotopes because of large isotope effects which may occur in the
dissociative-attachment process. It is known that the total cross sections

i for dissociative attachment in H 2 and D2 near 3.7 eV differ by a factor
1 of 200. Above 6 eV the difference between H~ and D~ production is less dra-
1 matic and is found to be a factor of 3. This is in qualitative agreement

with predictions by Demkov (1965) who argues that the time of dissociation
J for D2 is larger than for H2- This leads to a smaller probability for the
•' D" production compared to the probability for the H~ production. In the
[ energy region between 6 and 15 eV (see Fig. 11.16) the obtained data obey
! this prediction. For impact energies above 15 eV, however, the two disso-

ciative attachment cross sections seem to be equal. Rapp et al (1965)
ascribe this to an instrumental effect, i.e. detection of slow electrons in
addition to the negative ions because no mass selector was used in their

, experiment. These slow electrons are produced during ionization of H, and
D2 molecules. If we extrapolate the results of Rapp et al (1965) to an

( impact energy of 19 eV we find for the dissociative attachment cross
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Table II.4. Proton - Molecular ion ratios

Method

Electron
impact

Photon
impact

Theoretical

Investigators

Hippie, see
Bleakney et al
(1937)

Bauer and Beach
(1947)

Schaeffer and
Hastings (1950)

Adamczyk et al
(1966)

Crowe and McConkey
(1973b)

Browning and Fryar
(1973)

Dunn (1966)

Incident energy

22 eV

30 eV

30 eV

20 eV

22 eV

22.5-26 eV

0.0096

0.0058

0.013

0.0048

0.0105

0.0208

0.028

0

0

0

0

0,

.0034

.0038

.007

-

-

.0082

.0063
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section a(D~) ̂  1.2 * 10"24 m2.
Again we introduce the ratio a = a(D )/a(D ) and from the above data

we find for 19 eV : a = 1.25. We have also calculated this ratio from our
experiment. This could be done by extrapolating our data to 19 eV. The
value of a thus obtained equals 3.5. The agreement between these two
values of a is somewhat poorer than the corresponding result for FL disso-
ciative ionization. One possible reason may be the fact that the dissociative
attachment cross section of Rapp et dl (1965) indeed is too high due to
the detection of slow electrons in their experiment.
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C H A P T E R III

IONIZATION OF ATOMS on IONS BY ELECTRON on PROTON IMPACT; CALCULATIONS

WITH THE CLASSICAL THREE BODY THEORY

III.1. Contents of this ahapter

In the first part of this chapter we describe the results of our

calculations on the threshold ionization of H, He+ and Li + by electrons.

The calculations have been performed to study the so-called "post-collision

interaction" (P.C.I.) effects which appear to affect the threshold ioni-

zation process significantly. These effects are caused by the long range

Coulomb interactions between the two electrons as they move away from the

nucleus. The long range interactions are fully taken into account in the

classical three body collision theory. In quantum mechanical theories,

however, it is difficult to account for these interactions.

In the second part of this chapter the classical three body collision

theory has been used to study the ionization of He -ions by electron

impact up to much higher energies (up till ten times the threshold energy).

The results are compared with experimental results of Dolder et al (1961)

and with results of quantum mechanical calculations. The modifications in

the classical theory necessary to deal with collisions between incident

particles and charged targets have already been given in chapter I

(section 5).

In the third part of this chapter results are given for ionization of

helium atoms by electron or proton impact. This collision process, in which

four particles are involved, can under certain circumstances, which will be

discussed in detail, be treated as a collision process in which only three

particles are involved.

Calculations are performed concerning:

a) cross sections for ionization of metastable helium atoms by electron

impact,

b) cross sections for ionization of ground-state heliuni atoms by fast

proton impact (energy and angular distributions of ejected electrons),

c) generalized oscillator strengths for ionization of helium by fast

proton impact.
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111.2. Threshold effects in the ionization of atoms and hydrogenic ions
by electron impact

III.2.1. Introduction

In this part of this chapter we will be dealing with effects which

may occur as a results of long range Coulomb interactions between two

escaping electrons in the case of ionization near threshold. Interactions

between electrons in the field of a positive ion have been the subject of

extensive studies during the past two years. Very well known are the

effects of the so-called post-collision interaction in the case of exci-

tation via autoionizing states, which may lead to structures on the exci-

tation functions of singly excited states. This mechanism is described in

a number of publications by the group of Read (Manchester) and the group

of Heideman (Utrecht).

Also in case of threshold ionization, where the two electrons share a

very small amount of kinetic energy, mutual interaction between these

particles in the field of the residual ion may lead to recapture of one

of the electrons. This effect tends to reduce the ionization probability

near threshold and will therefore give rise to a specific threshold be-

haviour of the ionization function.

Calculations on the threshold ionization of atomic and ionic targets

by electron impact have been performed by many authors. We shall give a

brief survey. We consider first the ionization of neutrals, for instance

hydrogen. The quantum mechanical Born-approximation gives rise to two

different threshold laws depending on the choice of the final state wave

functions of the two outgoing electrons (see Rau, 1970). In the case that

one electron is represented by a free outgoing plane wave (so the nucleus

is supposed to be fully screened by the second electron) a 3/2 power is

obtained (a = 3/2, see eq. 1, 1-2). If both outgoing electrons are re-

presented by screened Coulomb wave functions (so each electron is assumed

to feel the positive charge of the nucleus partially compensated by the

other electron) a linear relation (a = 1) is found.

For ionization of ions, only the latter choice for the wave-functions

of the outgoing electrons is possible, because the field of the nucleus is

never fully compensated. For ionization of He by electron impact Burke

and Taylor (1965) used the Coulomb^Born I (CB I) approximation, Rudge and

Schwartz (1966, 1965) used the Coulomb-Born II (CB II) and the Born-
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exchange approximation. All these three approximations appear to predict
a linear threshold behaviour for the ionization cross section. Calculations
for ionization of He+ using the binary-encounter theory have been done by
Thomas and Garcia (1969). Their results also give a linear behaviour.

Special attention deserves the prediction on threshold ionization as
given by Wannier (1953), who used a classical trajectory method, and by Rau
(1971), who used a quantum mechanical version thereof. In contrast to the
theories mentioned above they took fully account of the interactions be-
tween the two electrons and the nucleus up to very large distances from the
nucleus. They found that the ionization cross section in the threshold
region can be given by the relation: a <v (E. - V)a, where E. is the energy
of the incident electron and V is the ionization energy of the target. For
o they derived the expression:

a = 0.25 {( 4% _ j >» - 1} CHI, 2-1)

where Z is the charge of the nucleus.

So a = 1.127, 1.056 and 1.035 for ionization of H, He+ and Li , respecti-

vely.

Banks et al (1969) and Grujic (1972) have performed numerical calcu-

lations on the threshold ionization of hydrogen atoms using the classical

three body collision theory. They found a threshold law with a = 1.1 and

1.12 respectively. Preliminary calculated results for the threshold ioni-

zation of He by electron impact have been obtained by Cvejanovic and

Grujic (1974) (private communication). They found that in the energy region

from threshold to 0.06 a.u. (1.6 eV) above the cross section varied as

Experimentally, it is difficult to differentiate between the different
exponents for the threshold law. For the ionization of atoms, recent
experiments appear to favor the exponent 1.127 as predicted by the Wannier
theory. In particular the experiments of Cvejanovic and Read (1974), who
measured by a special technique the yield of near-zero energy electrons
resulting from threshold ionization of helium, seem to confirm the pre-
diction by Wannier and Rau. Cvejanovic and Read (1974) also measured the
probability distribution Pp (e.,) of the angle Q,j between the two out-
going electrons and the distribution P (£..) of the energies of the out-
going electrons at a. given E^, where E^ is the energy of the incident
electron and E-< is the energy of one of the outgoing electrons. Both
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|f;"!jj distributions were measured in the threshold region.

;,;. \( In this chapter we intend to study the threshold ionization of H, He
•;;:•; and Li + by electron impact using the classical three body collision
A-'i
,;; I theory. In particular we calculate the behaviour of the total ionization

cross section near threshold (III.2.4A and E ) , the energy and angular
distribution of the outgoing electrons (III.2.4C and III.2.5) as well as
their orbital angular momentum with respect to the centre of mass (III.2.6).
We first describe the method used to perform the calculations, and next
we present the results and their discussion.

III.2.2. Theory

In this section we will first give a qualitative analysis of the

effects of the post-collision interaction in threshold ionization and next

we describe the method of use of the classical three-body collision theory

to investigate the threshold ionization.

After a possibly ionization collision near threshold between an

electron and a target (atom or ion) the two outgoing electrons share a

small amount of kinetic energy (the total energy of these electrons is

positive). As a result of mutual interactions in the field of the nucleus

the two electrons may exchange energy. Simple mechanical considerations

for this case (Fano (1974), Rau (1971), Wannier (1953)) shows that actual

ionization occurs only if the motion of the two electrons remains tightly

correlated up to large distances from the ionic core. This correlation

must be such that the distances v* and v- of the two electrons to the

nucleus (and consequently also their radial velocities) stay approximately

equal to one another (radial correlation). The angle e,, between the di-

rections of motion of the two electrons then will approach 180 degrees

(angular correlation).

That the above correlation in case of ionization must exist can be

made plausible in a simple way. When the two electrons move away from the

ion core, each electron "feels" the attractive field of the ion, on the

average partly compensated by the other electron. If immediately after the

collision one of the two electrons has a larger distance to the nucleus

than the other, then the positive ion charge will be better compensated

for that first electron than for the second one and it will be less

attracted. The result is that a difference in radial velocity, and conse-

quently the difference in distance to the nucleus, will increase in time.
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I'
If the correlation gets lost at some distance smaller than a critical value

("Wannier-radius") the exchange of energy between the two electrons increases

and the outcome of the situation is that one of the electrons is captured

;' by the residual ion in some (highly) excited state, and no ionization has

taken place. This is illustrated in the figure II1.1 and III.2, where

calculated orbits are given of two electrons with positive total energy

moving away from a fixed nucleus. In Fig. III.I the initial distances and

velocities of the two electrons to the nucleus were chosen to be slightly

different and in Fig. III.2 to be equal. We see that in the unsymmetrical

case one electron is eventually captured by the nucleus and that in the

symmetrical case both electrons move away from the nucleus.

In view of the above qualitative discussion the post-collision inter-

action is expected to be observable in both the ionization and the exci-

tation channel:

a. The effect will tend to reduce the ionization probability near threshold

and will give rise to a specific threshold law (see Wannier (1953),

Fano (1974), Banks (1969) etc.).

b. The effect provides an extra mechanism for excitation of highly excited

states of the target atoms in the incident energy region just above the

ionization threshold.

Apart from the threshold behaviour of the ionization cross section

the Wannier theory also gives detailed predictions for the energy and

angular distributions of the outgoing electrons. Furthermore one can con-

clude (see Fano, 1974) that in the case of threshold ionization both out-

going electrons may attain large opposite orbital angular momenta with

respect to the centre of mass even for the case of very small initial

orbital momentum of the projectile and atomic electron.

To study the threshold ionization and in particular to investigate the

above mentioned correlation effects we have performed a series of calcu-

lations with the classical three-body collision theory. For neutral targets

this theory has been described by Abrines and Percival (1966a) and by

Percival (1974). The extension of this theory, which makes it applicable

to charged targets, has been described in chapter I and by Banks and

Boesten (1978). In the present work the Monte Carlo statistical technique

will not be employed, in contrast to the case of the calculations performed

by Abrines et al (1966), Abrines and Percival (1966b), Bonsen and Banks

(1971) and Banks and Boesten (1978). The present calculated results are

obtained by very accurately solving (for one single configuration) the
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Fig. III.l. Classical motion, in one plane, of two electrons with
small positive total energy in the field of a fixed nucleus with
charge 1.

The starting conditions (velocities and distances with respect to the
nucleus) are slightly different. Mutual interaction between electrons
and nucleus leads to recapture of electron 2.
Electron 1: x1 = 0, yl =10 a.u. (
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Fig. III.2. Trajectories of two electrons with small positive total
energy and symmetrical starting conditions in the field of a fixed nucleus.

Because of the symmetrical starting conditions no recapture of any of the
two electrons is possible.
Starting conditions: electron 1: yl = 1.52 a.u., vx = 1.0 a.u.;
electron 2: y2 = -1.52 a.u., U X j " 1.0 a.u.; for other conditions
see Fig. III.l.
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classical equations of motion for three separate charged particles, two of

which form initially (before the collision) a bound system (atom or ion).

The method has been described before by Banks, Percival and Valentine (1969).

They argue that the calculated exponent a in the threshold law for the

ionization function

oI = k(E± - Uf (III, 2-2)

(£/ is the binding energy) is independent of the five random parameters 6,

t, i|i, 6 and <j>. These random parameters specify the shape of the Keppler

orbit (6) for the bound electron, its orientation in the three dimensional

space (ij), e and <j>) and the position of the electron on this orbit at certain time

(t). The total initial configuration of the three-body system is completed

by assigning the value of the impact parameter b (see also Fig. 1.2) for the

incident electron. For a given initial configuration of the three-body

system, only one of the three possible final channels, viz. direct scatte-

ring, ionization or exchange, is open. If for a given initial target con-

figuration X, ?x(b,^>) denotes the probability for an ionizing collision as

a function of the impact parameter b, then its value is either zero or one.

The ionization cross section can be defined by , ,

2ir « 2ir
aT = 2ir/dy/ dbfbdbPY(b,$) = /dj/ d<f.aT. (Ill, 2-3)

o o * o X1

where

00

a I i = }Px(.b,$) 2-nbdb
o

and d" denotes an integration over the four random parameters 6, t, 8 and
tp. If one wants to calculate the total cross section the contributions of
all relevant configurations have to be summed together; so, an integration
has to be performed over the above mentioned six random parameters (see
also I, 5-14). However, as we presently are interested in the energy
behaviour of the ionization cross section, it is sufficient to consider one
single configuration (with the five random parameters fixed), as has been
shown by Banks et at (1969). This may be made plausible by realizing (as
•iiscussed before in this section) that the threshold behaviour of the ioni-
zation cross section is mainly determined by post-collision effects,
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rather then by the details of what goes on in the "reaction 2one". If
anc^ ^'max are ^ e s m a H e s * ani1 largest impact parameters, respecti-

vely,of the j range of b within which ionization takes place (see
fig. III.7 and section III.2.4 B) then

aT, = ir?(fc
2 - b2 . ) (III, 2-4)

11 j jmax :min

The values of b and b are dependent on the incident energy E•; the
jmax jimn 1

summation has to be taken over the various ranges of b (mostly two), which

* give rise to ionization. In all calculations on threshold ionization

: • performed up till now for different configurations of the target always

two ionization ranges were found. If we further assume that for a given con-

s' figuration each ionization range yields the same value of a (which will

;v- be justified in section III.2.4 B) we need only to consider the contri-

bution from one range as a function of the incident energy.

} From now on we will omit the subscript Ii; one should keep in mind,

'••.'• however, that all results on threshold ionization, presented in this

chapter, have been obtained by using fixed target configurations, with

arbitrarily chosen random parameters.

III.2.3- The computational method and its aecuraey.

In our study on the ionization of atoms and ions by electron impact

in the threshold region, we performed calculations for two different

cases, distinguished by the value of the total orbital angular momentum

L of the electron-target system. Wannier (1953) argued that the pro-

bability for an effective ionizing collision is largest if the electron-

target system is in an S-state. This can be made plausible by two

different reasons.

First, the probability for ionization of a target atom decreases

rapidly if the impact parameter of the incident electron exceeds the

distance between the target electron and the nucleus. This implies that

the orbital angular momentum of the incident electron with impact energies

in the threshold region should preferentially lie between zero and %.

Quantummechanically incident electrons with angular momentum smaller than

% must be represented by s-waves (Z = 0): so in the case of H- or He-

targets the orbital angular momentum LtQt for the electron target system

(Ltot) should also be equal to zero.
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Second, as discussed in section III.2.2, near threshold ionization

can only occur if the motion of the two electrons remains tightly correla-

ted; i.e. both electrons must move away from the ion core with about equal

distances and velocities with respect to the nucleus, and in opposite di-

rections. As a result of this correlation both electrons will attain equal

and opposite angular momenta and the total orbital angular momentum of the

electron-electron-nucleus system then will be equal to zero. Conservation

of angular momentum requires that also before the collision the total angu-

lar momentum for the electron-target system must have been equal to zero.

Rau derived his results only for S-states. We have performed most of our

calculations on threshold ionization for the case of L+ . = 0. Some calcu-

lations, however, were done for L j4 0.

I. L = 0. In this case all particles move in one plane and the orbital

angular momentum of the incident electron is opposite to that of the

target electron. In these calculations only the position of the bound

electron on its Keppler orbit is varied, while all other parameters

(see eq. I, 5-14) are fixed (see section III.2.4). These calculations

are performed for ionization of H, He and Li

II- L t f 0. In these calculations only the parameter b was varied, while

the target configuration was kept fixed (see 111.2.4). These calcu-

lations are only performed for ionization of He .

The accuracy of the numerical calculations is determined by a set of error

parameters. In our computer program three error parameters are used. The

parameter e defines the accuracy of the integration of the equations of

motion and is mostly taken equal to 0.005. The parameters y and 6 determine

the minimum distance the interacting particles must have reached before the

integration stops; their values are usually 0.05 and 0.005 respectively.

In case of ionization the distance where integrations stops, is only de-

pendent of 6. The parameter y also defines the distance between the incident

electron and the target where integration starts. With these choices of

error parameters we reduced the numerical errors in the energy transfer and in

the final energies of the particles involved to values smaller than about

0.05 per cent of the ionization energy.
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Intermezzo

In the figures III. 3-6 we show as examples a few plots of electron

trajectories as calculated by the computer for the case of an electron-

hydrogen collision. The kinetic energy of the incident electron is chosen

somewhat above the ionization energy [E. = C.505 a.u.) and is the same for

the four figures. In Fig. III.3 the trajectories of the two electrons are

given in the vicinity of the collision centre. It looks like the incident

electron is scattered into backward direction and that the atomic electron

moves away from the nucleus to infinity. However, the next three figures

clearly illustrate the effect of the long-range Coulomb interactions as they

show that the "decision" as to whether or not ionization will take place

sometimes is made at very large distance from the collision centre. Depen-

ding on the precise position of the atomic electron on its orbit before

the collision (eq. I, 5-14), three different results of the collision

process are possible:

Excitation of the atom (fig. 111.4).

After initially "being under way to infinity" the atomic electron returns

at a distance of about 850 & and ends up in a very highly excited state,

(n = 30, binding energy about - 0.0006 a.u.) with orbital angular momen-

tum I = 2 or 3 a.u.

lonization (Fig. III.5).

Both electrons escape, moving away from the nucleus, with about

equal velocity and distance with respect of the nucleus. The orbital

angular momentum of either of the electrons is about 4 or 5 a.u.

Exchange excitation (Fig. 111.6).

The incident electron is initially scattered in backward direction, but

finally captured by the nucleus, so that an excited atom has been formed

in this case (n - 30, I = 2 or 3 a.u.). The originally bound electron

moves away from the nucleus.

An important quantity in the calculations is the energy transfer from
the incident electron to the target atom. Figure III.7 gives for e - He
collision an example (not particularly a threshold case) of a curve represent-
ing the calculated energy transfer as a function of the impact parameter
squared. A fixed target configuration with I>tQt t 0 was chosen for this case;
the incident electron energy was 4 a.u. The remaining fixed parameters were
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o Incident electron
x Atomic electron
• Nucleus

—2

Fig. III.3. Motion of incident and atomic electron just before,during and
after a possibly ionizing collision between an electron and a H atom.

Points denoted by the same number show the positions of incident and atomic
electron at the same time. Points are calculated at equal time intervals
At = 0.35 a.u. ( 1 a.u. = 2.4 10"*17 s).
Incident energy E± = 0.505 a.u. ( 1 a.u. = 27.209 eV); orbital angular
momentum £ a t o m = 0.580 a.u. ( 1 a.u. = 1.05 10~

34 Js), pointing in the
negative x direction; incident electron velocity parallel to z axis and
impact parameter b = 0.57 a.u.

-500

electronv

1

EXCITATION

- nucleus

Fig. III.4. Trajectories of incident and atomic electrons after the
"primary" collision proces shown in Fig. III.3.

Trajectories have been calculated in the laboratory system. Due to momentum
transfer to the nucleus, the nucleus is no longer at rest after the col-
lision. As a result of the "Post-Collision Interaction" (P.C.I.) the
originally bound electron is recaptured and a highly excited H atom is
formed ( n - 30, binding energy = 0.006 a.u.). The incident electron is
scattered in the backward direction.
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Fig. III.5. Trajectories of incident and atomic electron after the
"primary" collision shown in Fig. III.3.

The position of the bound electron at time t = 0 is slightly different from
the position given in Fig. III.3. Both electrons move away with about
equal distances and velocities with respect to the nucleus. The angle
between the asymptotic velocities of the electrons approaches 160 degrees.
The trajectories have been calculated in the laboratory system.
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Fig. III.6. Trajectories of "incident" and "atomic" electrons after the
"primary" collision shown in Fig. III.3.

Again the position of the atomic electron at time t - 0 is slightly
different from the position given in Fig. III.3. The trajectories have
been calculated in the laboratory system. Due to P.C.I, the originally
incident electron looses so much energy that it is captured by the nucleus
and thus forming an excited H atom. The originally bound electron moves
to infinity.



Table III.O. Values of parameters, used in the calculations on threshold ionization of atoms or ions by

electron impact.

Tar- Notation

get in text

Configuration parameters

^ t b *

Error parameters

1 H Calc. I 0.5-0.52 0

2 He+ Calc. II 0.5-0.52 0

3a He+ Conf. 1 2.0-2.1 +Q

3b He+ 2.0-2.1

4 He+ Conf. 2 2.0-2.1 fO

-0.5225,0.2492, 0.5033 0.335 ^0.58 2.697 3.177 1.571 0.01 0.1 0.005

0

-0.5225,0.2492, 0.5005 0.335 ^0.58 2.697 3.177 1.571 0.02 0.05 0.005

0

0.0298,-0.4642, 1.9993 0.356 0.281 %0.795 4.776 3.423 2.247 0.01 0.1 0.005

-0.3732

0.0298,-0.4642, 2.009 0.356 0.281 <U).795 4.776 3.423 2.247 0.005 0.05 0.005
-0.3732
0.4303,0.2660, 1.99950 0.260 0.001 MJ.86 0.554 1.209 1.693 0.005 0.05 0.005

-0.0623

-0.5226,0.2492, 1.9996 0.335 M).29 2.697 3.177 1.571 0.01 0.1 0.005

0

-0.5225,0.2492, 4.50075 0.335 M).193 2.697 3.177 1.571 0.01 0.025 0.005

0

E^ = incident electron energy in a.u.
i t o t = total orbital angular momentum of the electron-target system in a.u. (with respect to the nucleus).
^target = orbital angular momentum of the target electron in a.u. (with respect to the nucleus).
£/' s Tnodified" binding energy in a.u. (see text).
6 = (1 - e|) where eg is the eccentricity of the elliptic orbit.
t = phase parameter.
b = impact parameter in a.u.
<|>,i|i and e = Euler angles in radians.
e,y and 6 = error parameters.

5 He+

6 Li2+

2.0-2.01 0

4.5-4.508 0

2S
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I

,£ |E
V Scattering

I
0.5 1.0 1.5

IMPACT PARAMETER SQUARED
2.0

b2(a.u.)

Fig. III.7. e + He ionization. Calculated energy transfer to the He ion
as a function of the impact parameter squared b .

For the initial configuration of the projectile and ion see line 3b of
Table III.O. Incident electron energy E^ = 4 a.u. Due to Coulomb attrac-
tion between the incident electron and ion, the incident electron gaines
kinetic energy and can transfer more energy tbp.n it possessed before.



- 87 -

chosen according to line 3a of table III.O. Depending on the value of the

energy transfer hE three regions can be distinguished:

1. direct (inelastic) scattering, where & £ < # „ + ;

2. ionization, where £/„ + < bE < E-;

3. exchange, where &£ > E-.

Two ionization ranges are found: b2^ < b2 < b2^ and b2^ < b2 < \

The critical impact parameters ^ i m i n etc. have been calculated with
very small absolute errors (•v 10~3 a.u.).

The dependence of the cross section a on incident energy can be ob-
tained using eq. Ill, 2-3. In all calculations we find that the calculated
ionization energy V is slightly different from the real ionization energy
U. This difference can be explained as follows. Only at 'infinite' distance
from the ion or atom the incident electron will feel an attractive potential
due to the target with net charge equal to one (ionic target) or zero
(atomic target), respectively. At the finite distance, however, where the
integration starts, the incident electron will feel a net charge which is
slightly different from one or zero, respectively,due to the incomplete
compensation of the nuclear charge by the bound electron. On the other hand
the finite integration stepwidth introduces an additional error. Parti-
cularly in the region just above the ionization threshold, where the total
energy of the three particle system is small, all calculations have to be
performed very accurately. The error in the energy (the difference between
the initial total energy before the collision process and the calculated
total energy after the collision process) depends on the error parameters
Y, e and s in the code. The parameter y determines the distance between
the incident electron and the ion where the integration of the equations of
motion starts. The stepwidth in the integration procedure was so small
(e = 0.005) that no integration errors could be observed. This was checked
by repeatedly calculating the total energy throughout the integration. The
error parameter 6 was much smaller than the error parameter y, which implied
that in the case of ionization, integration of the equations of motion was
carried on until the interaction between the separate particles had become
negligible. In our calculations the error in the total energy is therefore
determined mainly by the error parameter y. This error is less than 0.05
percent of the real ionization energy U. The error in the total energy also
causes an error in the calculated ionization energy U', which is also about
0.05 percent of the real ionization energy. This error, which works in one
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direction leads to a shift in the excess energy E = E. - u of the out-

going electrons after ionization and becomes increasingly important when

the excess energy becomes smaller. We have taken the excess energy E equal

to E^ - V. In a small energy range above threshold the difference between

U and U' is nearly independent of £• for given e, y and 6.

III.2.4. Results

A. Ionization aross sections

For the case the total orbital angular momentum of the three body

system was taken different from zero, we used eq.. Ill, 2-4 to calculate

the threshold ionization of He . We considered two different initial con-

figurations of the He -ion; namely one with initial orbital angular momentum

of the He+-ion L = {L^, L, L^ = (0.4303, 0.2660, - 0.0623) and another

with L = (0.0298, - 0.4642, - 0.3732); for the other (fixed) parameters

see table III.0. The calculated dependence on incident energy of the cross

section 0 (given by eq. Ill, 2-4) for the two initial configurations of

the ion, is given in the upper part of Fig. III.8 were we plotted lna

versus ln(E- - UJ,+). The calculated ionization energy u' + is slightly

different from the real ionization energy #He+ (2.0 a.u. = 54.42 eV). Accor-

ding to Fig. III.8 the calculated ionization function a(E.) appears to be

non-linear in the range from threshold up to about 0.2 eV above. In this

region the ionization curve can be given by a(E-) = k(_E. - ^ue
+)a> where

a = 1.06 ± 0.02 and 1.05 ± 0.03 for the two configurations, respectively.

To determine the exponent a more precisely, we have calculated da/dE^ as a

function of E- - US, +. This differentiated ionization function is plotted

in the lower part of Fig. III.8 and can be given by

By means of a least squares approximation we have calculated the most pro-
bable value of the exponent (a-1). For the two configurations we now find
the exponents: a-1 = 0.056 ± 0.005 and 0.062 ± 0.009 respectively. Within
the errors these exponents are in agreement with the value 0.056 predicted
by Wannier and Rau.
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-9 -
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-1.85 -

-7
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-1.80 -

-1.90W-
-7 -5

Fig. III.8. e + He threshold ionization. Calculated cross sections as
a function of the incident energy.

The results are obtained by integrating over the impact parameter
squared b2 . In the upper part In a(.E^) versus In (#i - Ufoe+) is given
for both initial He+ i i /
versus In (2?i - He

the limited accuracy in the differentiation of the cross sections given
in the upper part. Full lines represent least squares fits to the cal-
culated points. For Conf. 1 and Conf. 2 see lines 3b and 4 of Table III.O,
respectively.

pp ^ fo
+ configurations. In the lower part In

gi-ven- T n e spreading in the points is due to
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B. The energy distribution P_ of one of the outgoing electrons fov

fixed E^. t

The energy distribution PE (E..) for the scattered projectile electron

has been calculated in detail for ionization of He . In these calculations

the total orbital momentum was different from zero and the impact para-

meter b was varied. The other parameters were kept fixed and chosen accor-

ding to line 3a of table III.0. The energy distribution P g (E..) is re-

l a t e d t o ^ . : *

In Fig. III.7 we present the energy transfer AE to the target for different
values of the impact parameter squared. From these results we have
deduced da/dAE, using the fact that a = tr(b - b • ).

JlictA Jil-Lll

The results for four different incident energies are given in Fig. III.9 .

In the general case (beyond the threshold region) da/dAE depends on the

energy transfer AE. For incident energies smaller than 2.01 a.u. we find

that da/dAE is independent of the energy transfer for ionizing collisions,

hence for the values of energy transfer with £/' + < AE < E-. For incident

energies E- larger than about 2.01 a.u., da/dAE starts to become dependent

on the energy transfer. Thus, we find that for a fixed value of the incident

electron energy smaller than 2.01 a.u. P g (E-j) is independent of E^. This

is in agreement with experimental results obtained by Cvejanovic and Read

(1974) for ionization of helium atoms. Furthermore, from the knowledge that

da/dAE=Ti db /dAE is constant in the threshold' region one can easily verify

the correctness of the statement at the end of section III.2.2.

C. Threshold behaviour of the differential cross section (da/dAE)E

We will now show that the differential cross section da/dAE provides a

more accurate way to obtain the value of the exponent o than does the total

Due to the indistinguishability of the two electrons the measured energy
distribution at a fixed E^ is the sum of the distribution for electron 1
aad that for electron 2. Consequently the measured distribution must have
a symmetrical shape (compare Fig. HI.20).
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0.18

2OO 2O3
0.17
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0 0

2.0 205

ENERGY TRANSFER 4E

Fig. III.9. e + He threshold ionization. Calculated differential cross
section d/dAS

da/dAJ? ( AS is energy transfer), which is directly related to the
probability distribution for the energy of the scattered electron, is
shown for several energies of the incident electron E^. The results
shown concern Conf. 2 and are obtained by integrating over the impact
parameter squared b2 .
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cross section. Again we consider a single configuration. If the energy
distribution P (£".,) is independent of the energy transfer AE, as was

iillustrated in the former section, we may write

where CCE1-) is the constant value of -ĵ r , which depends on E-. In section

III.2.2. we have shown that in the threshold region the total ionization

cross section can be given by the relation

V j CHI, 2-7)

Furthermore, we know that

2-8)

Ei

Substituting eq. Ill, 2-6 into eq. Ill, 2-8 and using eq. Ill, 2-7, we find
in the threshold region:

This latter equation provides an easier way to calculate the exponent a in

the threshold law, because we only need to calculate a per unit of bE for a

number of E- values, and then observe the dependence of this a on E- - U'.

By the above method the threshold behaviour of the differential cross

section was calculated for H, He and Li .

a. Hydrogen atoms (H)

For the case of atomic hydrogen we performed two sets of calculations

(to be referred to as Calc. I and Calc. II, respectively) with different

values for the error parameters e and y (Calc. I: e = 0.01, y = 0.1;

Calc, II: e = 0.02, y - 0.05). The initial orbital angular momentum of the

hydrogen atom was taken to be L = (- 0.5235, 0.2492, 0) and that of the
cxXOffl

incident electron just the opposite. Hence the total orbital angular momentum

Lt . of the three-body system was equal to zero and the impact parameter b

was fixed in these calculations. We varied the phase parameter t, which de-

termines the initial position of the bound electron on its Keppler orbit

around the nucleus. The fixed parameters were chosen according to line 1
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Table III.1. Partial cross section dt/dAE as a function of the excess

energy E = E- - V}, for the threshold ionization of a H atom by an electron.

E

0.0017

0.0067
0.0167
0.0267

Calc. I

dt/dAE

0.1906
0.2328
0.2610
0.2756

0.4517 F0"1

0.1916
0.2304
0.2605
0.2775

3 4 E

0.0045
0.0095
0.0194
0.0294

Calc. II

dt/dAE

0.2186
0.2416
0.2050
0.2776

•

0.4374 E°-U8

0.2190
0.2411
0.2641
0.2786

All quantities are given in atomjc units. For the configurations chosen in

Calc. I and Calc. II see lines 1 and 2, respectively, of Table III.0.

The exponents and forefactors are obtained by a least squaies fit to the

given values of dt/dAE.

2
Table III.2. Partial cross section 6b /dAE as a function of the excess
energy E for threshold ionization of a He ion by an electron.

Conf. 1 Conf. 2

E

0.0011

0.0016
0.0031

0.0041

0.0051
0.0061

db2/dAE

0.1448

0.1485
0.1537

0.1561

0.1579

0.1596

0.

0.

0.

0.

0.

0.

0.

2095 2T0 '054

1450

1479

1533

1557 .

1576

1591

0.

0.

0.

0.

0.

0.

0.

E

0015

0020

0025

0030

0035

0040

0055

db2/dAE

0.151

0.1541
0.1574

0.1570

0.158
0.1606
0.162

0.

0.

0.

0.

0.

0.

0.

0.

,2180 E0-057

1505

1538

1549

1565

1579

1591

1620

All quantities are given in atomic units. For the configurations 1 and 2
see lines 3b and 4, respectively, of Table III.0.
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and 2 of Table III.O.

First we calculated the results of the collision process (energy

transfer hE, orbital momenta I, etc.) for different values of the para-

meter t, at constant E-. From this we derived dt/dhE. The results are given

in Table III.1. We find that dt/dAE, which is proportional to

can be given by dt/dAB = k1 (E± - UH)
a~\ where a-1 = 0.1/54 ± 0.005 and

k1 = 0.4517 (Calc. I) and a-1 = 0.128 ± 0.003 and k' = 0.4374 (Calc. II),

respectively; k' is a proportionality constant (not dimensionless) without
! simple physical meaning. In particular the results of Calc. II are in

good agreement with the behaviour, predicted by Wannier and Rau.

b. Helium ions (He )

The calculations for e - He ionization have been performed with the

total angular orbital momentum of the three-body system both equal to zero

and different from zero. In this section we will give only the results of

the latter calculations. The results of the former calculations have been

published elsewhere (Boesten et al, 1976). In these calculations with

L f 0, we varied the impact parameter b, while the phase parameter t

was fixed. Calculations were performed for two different target configu-

rations denoted by 1 and 2 and distinguished by the orbital angular mo-

mentum. The orbital angular momentum of the He -ion was arbitrarily taken

to be L. = (0.0298, - 0.4642, - 0.3732) for configuration 1 and

L. = (0.4303, 0.2660, 0.0623) for configuration 2. The fixed para-

meters were chosen according to line 3b and 4 of Table III.O. Due to the

variation of b (in the narrow ranges which lead to ionization) the total

orbital angular momentum of the three-body system varies over the ranges

2.0382 - 2.0506 and 1.7990 - 1.8026 for the two configurations, respec-

tively. For several values of the incident energy E- in the threshold

region, we calculated db /dAE. The results for both initial configu-

rations are given in Table III.2 and in Fig. III.10 where we have plotted

(da/dAff) „ versus (E. - £ / ' + ) . We find that the result can be given by

do/dAB1 = i(E± - Utie)
a~1 with a-1 = 0.054 ± 0.007 and k = 0.210 for con-

figuration 1 and a-1 = 0.057 + 0.008 and k = 0.220 for configuration 2,

which is in excellent agreement with the predictions by Wannier and Rau.

Again k is a proportionality constant which is not dimensionless. The

above values for a-1, obtained via the differential ionization cross

section, are more accurate and are obtained in a simpler way than the

values obtained via the total cross section (see section III.2.4A).
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0.05 0.1 0.15
EXCESS ENERGY (eV)

Fig. III.10. e + He threshold irnization. Calculated differential cross
section da/dAE.

The differential cross section is given as a function of the excess
energy Ej_ - Z/jje+ for both initial configurations of the He

+ ion
(full circles: configuration 1; full squares: configuration 2; see
lines 3b and 4 of Table III.O).

Table III.3. Partial cross section dt/dAE as a function of the excess

energy E = E. - U, .2+ for threshold ionization of a Li
2+ ion by an

electron.

F

0.00025

0.00125

0.00255
0.00325
0.00426

0.00526
0.00626
0.00726

dt/dAE

0.0101

0.01094

0.01121
0.01130

0.01145

0.01150
0.01161
0.01167

0.01385 E°'03S6

0.01031

0.01092

0.01115
0.01129

0.01140

0.01149
0.01157
0.01163

All quantities are given in atomic units. For the configuration chosen

see line 6 of Table III.O. The exponent and forefactor are obtained by

a least squares fit to the given values of d£/dA£.
' • • / • "
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c. Lithium ions (Li +)

We have also performed preliminary calculations for ionization of Li

by electron impact, using the same method as for ionization of hydrogen.

The calculations were performed for only one configuration of the Li -ion

with £ i o n = (- 0.5225, 0.2492, 0). The total orbital momentum of the three-

body system was taken to be zero. Again we varied the phase parameter t

instead of the impact parameter b, because we want L = 0. The fixed para-

meters were chosen according to line 6 of Table III.0. The results for

dt/dAE (which is proportional to do/dAE) are given in Table III.3. We find

that dt/dAE can be given by dt/dAE ̂  (E^ - V^2+)a~^, where a-1 = 0.036

+_ 0.003, in agreement with predictions by Wannier and Rau.

III.2.5. Angular distributions of the outgoing electrons PE (e.j)

From their experimental results of the threshold ioni^ation of helium

atoms Cvejanovic and Read (1974) extracted a relation between the half-

width Ae 1 2 °f the angular distribution PE (e,,) (612 is the angle between

the two outgoing electrons) and the energy E- of the incident electron.

They found a relation (see Fig. III.11a) which was not inconsistent with

the proportionality A 8 ^ ^ (#• ~ Uu +) * predicted by Vinkalns and

Gailitis (1967) for the threshold ionization of atoms and singly charged

ions. We have tried to investigate the dependence of the width A6 1 2 of the

angular distribution PE (e^) on the excess energy (E- - u^ +) for the case

of ionization of He -ions. To calculate the angular distribution ?g (9i2)

all statistical parameters in the computer program should be varied. Banks

and Boesten (1978) have calculated these distributions for three different

energies of the incident electron. For the lowest incident energy

(E- = 2.5 a.u.), the angular distribution appears to be peaked at about

150 degrees (see Fig. III.19). A reliable statistical investigation of the

angular distribution in the threshold region, where the cross section is

small, would require an enormous amount of calculations and is as yet

not possible. To study a possible dependence of the angular distribution

upon the excess energy (£• - £/„ +) in an alternative (and less reliable)

way, we calculated for two different initial configurations the differen-

tial cross section db /dcose12 (which is related to da/dcose12). For the

The value of dt/dAE appears to be constant throughout the t-interval,

which leads to ionization.
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EXCESS ENERGY (eV)

Fig. III.lla. Threshold ionization of He atoms by electron impact.

The measured values of the halfwidth A6 of the angular distribution
function P£-.(8j^) are given as a function of the excess energy E (=
The full curve is proportional to E° '2S .
(From Cvejanovic and Read, 1974).

160.5 .7 .8 .9
ANGLE 612 (degrees)

161.0

Fig. III.lib. Angular distribution for 6 1 2 t the angle between
the outgoing electrons.

This distribution has been calculated for a single configuration
of the He+ ion (see line 3b of Table III.O). As can be seen
this distribution is far from Gaussian.
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two configurations we used 8 and 5 E- values, respectively, ranging from

2.0 to 2.1 a.u. From all calculations we find that the value of B*y

approaches 160 degrees (when E- is lowered to the ionization threshold)

instead of 180 degides as found by Cvejanovic s id Read (1974). The varia-
2

tion in e 1 2 as a function of b for a fixed configuration and a fixea
incident energy appears to be small (about 2 degrees). Further, the shape

of the differential cross section da/dcose^ (see Fig. III.11b) as a

function of 612 appears to deviate appreciably from the Gaussian one

adopted by Cvejanovic and Read. It is not clear how the halfwidth A6 1 2 should

be interpreted. Therefore, our calculated angular distributions can not

be compared in a meaningful way with the experimental results of Cvejanovic

and Read.

III.2.6. Orbital momentum exchange after the ionizing collision

Fano (1974) has suggested a possible mechanism for the interaction

betweon the two outgoing electrons in the case of threshold ionization.

He predicted that both outgoing electrons could attain large and opposite

orbital angular momenta, even for small total orbital momentum of the

electron-target system. The magnitudes of these angular momenta may be

estimated in the following way. The orbital angular momentum acquired by

one electron must result from the force excerted on it by the other electron.

If r indicates the order of magnitude of the distances between the two

electrons and between each of than and the nucleus, the force itself has
2 2order of magnitude e /r . We use atomic units; so the electron charge

of e is equal to 1. The torque with respect to the nucleus is t^en of
2 2order (e /r )r. Over an interaction time of order v/v, where D is the

velocity of the faster one of the two electrons, the resulting exchange of
angular momentum is of order e /v. For an excess energy E = E^ - U =
O.00S a.u. (* 0.14 eV) we find an upper limit of the two angular momenta
equal to 10 a.u. As to the energy dependence of the attained angular momentum
the following may be stated. If the two escaping electrons share the
available excess energy one may expect classically that the maximum orbital
momentum of each of the two electrons will decrease with increasing excess
energy as J ' , because v is proportional to E ' .In the experiment of
Cvejanovic and Read (1974), however, the probability of the angle e 1 2

between the outgoing electrons appears to be such that the halfwidth A9 1 9
0 25of the distribution seems to vary as A8 1 2 * E ' (see Fig. III. 11a).
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From this result one would conclude (by expanding the angular distribution

i in the Legendre polynamials (Fano, 1974) that the orbital angular momenta
-0 25attained by the electrons must vary as E ' This is in contrast with

-'; the above E ' relation, which one expects to hold for the maximum value

I £ m a x of the angular momentum in case the two electrons share the available

excess energy mv = E. On the bases of the Wannier theory Vinkalns and

Gailitis (1967) have derived the probability distribution of 6^ for ioni-

zation of H atoms and He ions. They find an anisotropic distribution for

these two cases. For ionization of Li , Be , etc., however, all angles

e 1 2 are found to be equally probable (per unit solid angle) and hence a

flat distribution is predicted (Ran, 1976).

We have calculated for ionization of H and He the orbital angular

momenta attained by the outgoing electrons as a function of the excess

energy. All calculations are performed in the laboratory system (CL-system).

The origin of the CL-system is taken at the center of mass of the target

before the collision with the incident electron. The orbital angular mo-

menta are always calculated with respect to the origin of this CL-system,

A. Hydrogen (H)

The calculated values for the angular momenta of the outgoing electrons

as a function of the initial phase parameter t for one excess energy E are

given in figure III.12 (results of calculation II). We find here no maximum

in the middle of the ionization interval (^-interval), but rathi >r a shallow

minimum and slightly different values for the two electrons. In Table III.4

and in Fig. III.13, the mean values of the angular momenta of the two elec-

trons (taken in the middle of the ionization interval) are given as a function

of the excess energy E. The points can be fitted by the relation I "v E ' .

The angular momentum of the remaining H ion with respect to the origin of the

CL-system appears to be inversely proportional to the excess energy.

Calculations for e - H ionization have also been performed by Cvejanovic

and Grujic (1975) using the same computer program and the same method as

we did. These authors calculated the maximum angular momentum (Z ) of the
-0 25outgoing electrons for seven values of excess energy, and a fit I \ E '

could be made if the first four and the last three points were treated
separately. This procedure was followed because their calculated I

l

showed a discontinuity which they ascribed to numerical errors.
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Fig. III.12. e + K threshold ionization. Calculated orbital angular
momentum of the three separate particles in the narrow phase interval
in which ionization occurs.

The excess energy E was equal to 0.0094 a.u. The position of the atomic
electron on the Keppler orbit is determined by the value of the phase
parameter t. For the configuration see line 2 of Table III.0.
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Table III.4. Orbital angular momenta for the three separate particles

after threshold ionization of a H atom by an electron..

0

0

0

0

E

.0017

.0067

.0167

.0267

Calc.

z e l

6.35

4.13

2.81

2.17

I

ze

6.

4 .

2 .

2.

86

30

90

22

h
0.
0.

0.

0.

[+

53
175

080

052

0

0

0

0

E

.0045

.0095

.0194

.0294

Calc.

le

4.
3 .

2 .

2.

63

57

55

06

II

4.
3 .

2 .

2.

86

70

62

10

z H +

0.23

0.13

0.064

0.045

All quantities are given in atomic units. For the configurations chosen

in Calc. I and Calc. II see lines 1 and 2, respectively, of Table III.0.

10

EXCESS ENERGY (a.u.)

Fig. III.13. e + H threshold ionization. Calculated orbital angular
momenta versus excess energy E.

In the upper part the mean value of Zei.i and Zei.2 and in the lower
part l-g+ ( x ;o) is plotted against the excess energy E.
Conditions as in Fig. III.12.
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In a further attempt to explain the differences between our results and those

of Cvejanovic and Grujic (1975), we shall go into some details of the

numerical calculations. In the region just above the ionization threshold

(0.5 a.u.), where the total energy of the three-particle system is small,

all calculations have to be performed very accurately. The error in the

energy (the difference between the initial total energy, before the collision,

and the calculated total energy after the collision process) depends on the

error parameters y and e in the code. The parameter y is related to the

distance between the incident electron and the atom where the integration of

the equations of motion starts. The parameter e determines the stepwidth

in the integration procedure and therefore the accuracy of the integration.

The latter error parameter was in our case chosen to be e = 0.01 (Calc. I)

and e = 0.02 (Calc. II) instead of the normally used value e = 0.2. Due to

this small value for the error parameter e no integration errors v.~re ob-

served (by repeatedly checking the total energy throughout the calculation).

In our calculations the error in the total energy is therefore mainly de-

termined by the error parameter y. This error is less than about 0-71 of the

real ionization energy for y = 0.1 (Calc. I) and less than 0.151 for y = 0.05

(Calc. II). The error in the total energy causes a shift in the calculated

ionization energy, which is also about 0.71 or 0.151 of the real ionization

.| energy, respectively. This shift leads, if not observed and not corrected for,

i to a shift in the excess energy of the outgoing electrons after ionization

,; I and becomes increasingly important when the excess energy becomes smaller.

ti In Calc. I, e.g. for an incident energy 0.505 a.u. and error about 0.71 we

•j find E = 0.0017 instead of 0.005 a.u.

j The angular momenta of the outgoing electrons are built up as a result of

,| mutual forces whose directions and magnitudes change rapidly with the posi-

tions of the particles. It is therefore clear, that in calculating angular

momenta, particular care should be taken as to the stepwidth for the numerical

integrations. As mentioned above we have used very small stepwidths (e = 0.01

and 0.02, respectively). Cvejanovic and Grujic used a much larger stepwidth

in their integration procedure (e = 0.2), which makes their calculation less

accurate than ours.

B. Helium-ions (He )

Also in the case of He we have studied the dependence of the angular

| momenta attained by the two outgoing electrons, on the excess energy

I
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E. - Vue
+' The calculated values for the angular momentum as a function of

the initial phase parameter t, for one excess energy E, are given in Fig. III.14.
Again we find a shallow minimum rather than a maximum for the angular
momentum in the middle of the ionization interval. However, the variations

, of the angular momentum over the ionization interval (i-interval) are
'*" very small. In Fig. III. 15 and in Table III.5 we have given the angular

momenta in the middle of the ionization interval as a function of the
excess energy E. As in the case of H the points can be fitted by the function
(£". - Vu +)" . We have also given the orbital angular momentum of the
nucleus as a function of the excess energy. The points given in the figure
can be fitted by a function lu 2+ "* (£• - Uu +) ' .

Summarizing the results of this section we may conclude that with the
classical three body collision theory nearly the same results are obtained

,. for the threshold ionization of H, He and (partly) for Li . The calculated

I energy dependences for the ionization cross sections agree very well with the

predictions given by Wannier and Rau. The calculated dependences of the

i angular momenta on the excess energy disagree with the relations which can

be derived (Fano, 1974) for the angular distributions for the two outgoing

electrons, as given by the Wannier theory. However, qualitative classical

j considerations suggest that the maximum angular momentum, attained by the

electrons, may decrease as I „ ^ E . A possible reason for the disagree-
max

ment may be found in the fact that in the theory given by Wannier and Rau,

the nucleus is kept fixed. In reallity, just above threshold the momentum

transfer to the nucleus is nearly independent of the excess energy while the

velocities of the two electrons vary as the square root of the excess energy,

and may become comparable to that of the nucleus.
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0.30724 0.30740
PHASE PARAMETER (a.u.)

Fig. III. 14. e + He threshold ionization. Calculated orbital angular
momenta of the three separate particles in the narrow phase interval,
in which ionization occurs.

The excess energy E is equal to 0.0032 a.u. The position of the bound
electron on the Keppler orbit is determined by the value of the phase
parameter t. For the configuration see line 5 of Table III.O.
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Table III.5. Orbital angular momenta of the three separate particles

after threshold ionization of a He ion by an electron.

E

0.0014

0.0023

0.0033

0.0043

0.0052

0.0082

0.0102

10

7

6

5

5

4

3

.71

.68

.87

.58

.17

.20

.65

11

8

7

5

5
4

3

.64

.14

.26

.86

.41

.34

.78

he2*

0.93

0.46

0.39

0.28

0.23

0.15

0.12

All quantities are given in atomic units. For the configuration chosen

see line 5 of Table III.0.

1.0 -*

EXCESS ENERGY (a.u.)

Fig. III.15. e + He ionization. Calculated orbital angular momenta
versus excess energy E.

In the lower part the mean value of £ e l - ] and Zei.2 and in the upper
part ^ne+ is plotted against excess energy E.
Conditions as in Fig. III.14.
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III.3. lonisation of He -ions by electron impact for impact energies

between threshold arid 500 eV

111.3.1. Introduction

Apart from cross sections for ionization of neutral atoms also cross

sections for ionization of ground-state and excited (hydrogenic) ions by

electron impact are of fundamental interest and are required in the study

of laboratory and astrophysical plasmas. Quantum mechanical calculations on

ionization processes are very difficult, because of practical difficulties

associated with the presence of a continuum of final levels. Classical
:i theories .however, often work well for ionization, especially for excited

' targets, but even for ground-state targets and intermediate (2-5 times the

/ ionization energy) electron energies. The classical three body collision

theory (Abrines and Percival, 1966a) has been applied successfully to describe

? the ionization of atomic hydrogen by electron impact. Bonsen and Banks (1971)

have calculated the angular distribution of electrons ejected from helium

atoms by 100 and 300 keV protons. In all these cases, the classical three
f:{ body collision theory gives good agreement with experiment.

d Now we will apply the classical three body theory to the ionization of

I He^ by electrons at energies between threshold and 500 eV and make comparisons

with other theoretical approximations and with experiment. A measurement of
s the ionization cross section of He -ions by electron impact has been per-

formed by Dolder et at (1961). Calculations using the classical impulse approx-

imation (binary-encounter theory) have been done by Thomas and Garcia (1969).

Quantum mechanical approximations have been employed by Burke and Taylor [1965)

who used the Coulomb-Born (I) approximation, and by Rudge and Schwartz (1965,

1966) who used the Coulomb-Born (II) approximation and the Born-exchange

approximation. Especially the Born-exchange calculations on He showed good

agreement with experiment, but, remarkably, this approximation gave poor

results for the ionization of hydrogen atoms by electron impact.

The extension of the classical theory required to treat charged targets

has been discussed in section 1.5.3. Now we present in section III.3.3 the

results for e + He ionization. Comparisons are made with experimental data

and with the results of various theories, which aie discussed in detail. We

will use atomic energy units (1 a.u. = 27.2 eV) throughout this section.

4
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III.3.2. Method of performing the calculations

As described in chapter I and by Abrines et al (1966) we choose a

microcanonical distribution of initial configurations for the projectile

plus the target ion. The z axis is chosen in the direction of motion of the

incident electron. We imitate an uniform beam of monoenergetic projectiles
2 2

by selecting the impact parameter squared uniformly in some range 0 < b < b ,
max

chosen large enough to include all collisions of interest. For every incident

energy E. about 5000 calculations with different initial parameters (*,B,6,

i|i,<|> and b (see section 1.5.3c) have been performed. Especially for high

incident energies we modify the prescription of the selection of the impact

parameter in such a way that we concentrate on strong collisions and hence

reduce the statistical errors (see section I.5.3h): i.e. we restrict ourselves

to collisions in which the projectile electron comes very near to the target

electron. Of course this restriction is corrected for later on, when the

collision results are averaged. The Monte Carlo method is used to average

the results over the ensemble of initial conditions. The cross sections are

therefore subject to statistical errors which decrease typically as the

inverse square root of the number of trajectories selected. It is therefore

important to select as many trajectories as is reasonable for the process

under investigation. At a given total computing time this need for a large

number of trajectories conflicts with the demand for keeping individual

trajectory errors negligible. In practice we choose e and y as large as

possible subject to the condition that the scattering parameters of interest

(AE, £'1, e12, etc.) are accurate to about 1 percent. In this way we can

compare three body results with those of the classical impulse and other

approximations.

III.3.3. Results

a. Total sross sections

Computations were performed on the CDC Cyber 73 computer at the Rijks-

universiteit of Utrecht. Values of the trajectory error parameters e, y and

6 were 0.3, 0.1 and 0.005 respectively. A summary of the incident energies

E. used, the maximum impact parameters b and of the main results is pre-

sented in table III.6. NQ, N^ and # E are the total numbers of orbits resulting

in direct excitation, ionization and exchange, respectively. Also listed in

Table III.6 are the total ionizatijn cross sections with approximate statis-
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Table III.6. Collision results for e - He collisions, calculated with

the classical three-body collision theory.

h

1.25

1.60

2.00

2.SO

4.00

5.00

10.00

40.00

max

1.2

1.2

1.0

1.0

1.0

1.0

1.0

0.15

*D

3874

3934

4914

4010

4105

4149

4254

5149

*I

223

280

414

304

276

248

146

351

*E

303

186

172

86

19

3

0

0

aCL
( x

5.33

6.71

6.59

6.04

5.49

4.94

2.91

0.83

* 6oCL
10-22)

± 0.36

± 0.40

± 0.32

± 0.35

± 0.33

± 0.31

± 0.24

± 0.04

°CL * 6aCL

0.061 ± 0.004

0.076 ± 0.005

0.075 ± 0.005

0.069 ± 0.004

0.063 ± 0.004

0.156 ± 0.004

0.033 ± 0.003

0.009 ± 0.001

E^ = incident energy in units £/„ + (ionization energy of He+).

* m o v
 = maximum impact parameter used in the calculations.

NQ = number of collisions resulting in excitation or elastic scattering.

tfj = number of collisions resulting in ionization.

#P = number of collisions resulting in exchange.

Total number of calculated trajectories is Nn + NT + Nn.
2 2

The ionization cross sections aCL are given in m Ccolumn 6) and iraQ
(column 7).
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tical errors representing 2/3 confidence limits. In this model also the cress

section for ionization from excited states n (s-st.ates) may be obtained by

scaling the cross sections for ionization from the ground state. The results

should, however, not be scaled for different target ions (different values

of Z).

As cart be seen from the table, the average yield of ionizing collisions is

only about 7 percent of the total number of collisions investigated. This

low yield arises because strong collisions can only occur as a result of

very close encounters between the two electrons.

In Fig. III.16 we show the electron impact cross sections for ionization

of ground-state He+ ions. The experimental values a are from Dolder et al (1961).

The theoretical results are the present classical three-body cross section

cjp., the quantum-mechanical Coulomb-Born-exchange calculation CJ,™. of Rudge

and Schwartz (1966) and the binary encounter (classical-impulse) cross section

apj of Thomas and Garcia (1969). The maximum of a™ exceeds the maximum of

a by about 30 percent and occurs at E-/U % 1.8 compared with the experi-

mental value of about 3.0. A similar behaviour was found for e - H ionization

by Abrines et al (1966b). The cross section 0™? is in excellent agreement

with the experimental results for all energies smaller than 6V for which

the calculations were performed. The calculations were limited to this range

because of the computational difficulties associated with the large number

of partial waves needed to present the initial and final wavefunctions at

high energies. The Coulomb-Born (II) calculations of Rudge and Schwartz

(1966) give only the direct ionization contribution to the ionization cross

section, because they neglect all the exchange terms in their expression

for the total ionization cross section. The Coulomb-Born (I) results of

Burke and Taylor (1965) give the sum of direct and exchange contribution

while the interference term has been neglected (see Rudge, 1968). From both

results we extracted the direct and the exchange contribution in the

Coulomb-Born approximation. The classical total ionization cross section

may be divided in a direct ionization term (U < &E < (£\ + U)/2) and a so-

called "transfer ionization" term ((^ + lf)/2 < AE < E.). in the direct

ionization channel the originally bound electron remains closer to the nucleus

than the scattered one and in the transfer ionization channel just the

opposite is the case. By intuition (see Rudge,1968) one would expect that



3 4
INCIDENT ENERGY
BINDING ENERGY

10

Fig. III.16. Total cross section for ionization of ground-state HeT ions by electrons
versus the reduced incident energy E^/V. (U = 54.4 eV).

Experimental results: open circles, Dolder et al (1961). Coulomb-Born-exchange theory:
solid curve, Rudge and Schwartz (1965). Binary encounter theory: dashed curve, Thomas
and Garcia (1969). Classical three-body theory: open triangles, this work. Error bars
represent statistical 2/3 confidence limits. The cross sections are given in
units TTI3Q and m2 .
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the transfer contribution in the classical theory corresponds to the

exchange term in the Coulomb-Born approximation. In figure III.17 we have

compared these two contributions. It turns out that the agreement is very

close. The direct contribution in the Coulomb-Born approximation exceeds

our classical direct contribution by up to 25 & over the energy range

2u *> EL "* 5u. The Coulomb-Born-exchange approximation of Rudge and Schwartz

gives the sum of the direct, the exchange and the interference contribution.

From the comparison of the Coulomb-Born results and the Coulomb-Born-ex-

change results with experiment it follows that the interference term must

be very large in the latter approximation .(The phase between the direct and

the exchange amplitude is not given in the Coulomb-Born approximation and

can be chosen so as to obtain the best fit with experiment). The ratio of

interference contribution to the total cross section varies from 0.83 at

E = 1.25 U to 0.37 at E = 4 U.

The maximum of 0 C I exceeds that of a by about 15 percent and occurs

at E/U £ 2.5 (see Fig. III.16). However, the binary-encounter results lie

below the three-body values at all incident energies considered. This is

very surprising, since the impulse approximation tends to give larger energy

transfers than the classical three body theory, particularly for more distant

collisions. In the case of e-H collisions Abrines et at (1966b) found that

most binary encounter models give larger ionization cross sections than the

classical three-body theory for energies larger than lu. Because the

binary-encounter model of Thomas and Garcia (1969) has been applied widely

to non-hydrogenic target ions we wish to discuss some questionable points

in their model:

i. The binary-encounter model is only reliable if the influence of the target

nucleus can be neglected during the collision, so only very fast and

close collisions between the two electrons are well described. In their

model, however, they also deal with distant collisions between the two

electrons, one of them being very close to the nucleus,

ii. They take into account the hyperbolic orbit of the incident electron

and the increase of kinetic energy gained by this electron. This increase

in kinetic energy is a function of the incident energy and the ionization

energy. However, they do not consequently use the same value for the in-

creased kinetic energy in different parts of their cross section formula.

This has the effect of reducing the cross section, shifting the maximum

to higher energies and changing the power in the ionizatibn threshold law

from 3/2 to 1. The effect on the calculated cross section for He is
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Fig. III.17. Contributions to the total cross section for ionization of ground-state
He+ ions by electrons versus the reduced incident energy E^/U.

Coulomb-Born direct term: solid curve, Rudge and Schwartz (1966). Coulomb-Born pure
exchange term: dashed curve, Rudge and Schwartz (1966) and Burke and Taylor (1965).
Classical three-body direct ionization contribution: solid triangles. Classical
three-body transfer ionization contribution: open triangles. Error bars represent
statistical 2/3 confidence limits.
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shown in Fig. III.18. We note that for Z = 2 their original expression

for the increased kinetic energy of the incident particle never exceeds

E^+ u (Thomas and Garcia, 1961, eq. 13; see the inset in Fig. III.18).

b. Differential aross sections

It will be clear that the statistical errors in the differential ioni-

zation cross sections are much larger than those in the total cross sections.

We have obtained differential cross sections, with respect to the energy

E* j °f either outgoing electron, with respect to the laboratory detection

angle 6 of either electron and with respect to the relative scattering angle

e^2 between the directions of motion of the two outgoing electrons. The

distributions with respect to E-, ^ an^ 8 do not show surprising features

(see the figures III.20 and III.21). For the case of threshold ionization

the distribution of 8 1 2 is of considerable interest at present (see section

III.2) and hence we show these distributions in Fig. III.19 for three

different incident energies. At high energies the differential cross section

daAKcose..,) is peaked at 6^ = 90°, which is to be expected if the influ-

ence of the nucleus is negligible and if the speed of the projectile is

much larger than the root-mean-square velocity of the target electron. For

intermediate incident energies the distribution has a broad maximum at

en, > 90°. At low incident energies,B. = 1.25 U, the distribution is strongly

peaked at 150°< 8 1 2 < 180°(see Fig. III.19 A ) . This behaviour near threshold

is in qualitative agreement with the prediction of Vinkalns and Gailitis

(1967) based on the theory of Wannier (1953). However, the statistical errors

are too large to confirm the threshold prediction for da/dfcose..,) as a

function of e 1 2 in detail. Furthermore, the incident energy E. = 1-25 u

(68 eV) is too high to study threshold ionization processes. The threshold

region E-/U < 1.005 has also been discussed by Boesten et al (1976) and has

been described extensively in the first part of this chapter.
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2 3 4
INCIDENT ENERGY
BINDING ENERGY ^ U

10

Fig. III.18. Lower part: Total cross sections for ionization of
ground-state He + ions by electrons versus the reduced incident energy E^/

Binary encounter theories: full curve, original model of Thomas and
Garcia; dashed curve, empirical model of Thomas and Garcia (1969).
See section III.3.2.

Upper part: The increase E^ - E^ of the projectile energy (due to
Coulomb attraction) as a function of the incident energy E^.

Ei is obtained by averaging over all possible values and directions
of the impact parameter of the incident electron and over all positions
of the target electron. In the lower curve the ratio (E^ - Ej)/U is given
for Z = 2 (He+); in the upper curve the ratio (£[ - E$)lU for Z •+• ».
Thomas and Garcia use both values for E\ in one calculation in their
empirical model.
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O 45 90 135 180

ANGLE 612 (degrees)

Fig. III. 19. Iotiization of He by electron impact. Calculated distributions
of the angle 6I2 between the two outgoing electrons.

The classical three-body results are given for three different incident
energies Ej_.
Graph A: E^/U = 1.25; graph B: Ei/U = 5; graph C: E±/U = 40.
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Fig. III.20. Ionization of
He+ by electron impact.
Calculated energy distri-
butions of the outgoing
electrons after an ionizing
collision.

The presented distribution
is the sum of the distri-
butions calculated for the
separate electrons; this
sum is accessible to ex-
perimental verification. 2 3 4

ELECTRON ENERGY E. (a.u.)

30 60 90 120 150 180
SCATTERING (EJECTION) ANGLE •» (degrees)

Fig. III.21. lonization of He + by electron impact. Calculated probability
distribution for the angle 6 between the velocity of the scattered or
ejected electron and the velocity of the incident electron.

Similarly as in Fig. III.20. the sum of the distributions for the two
separate electrons has been given.
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III.4. Ionization of helium atoms by electron and by fast proton impact

III.4.1. Introduction

In this chapter we describe the use of the classical three-body

collision theory for ionization processes in which four particles are in-

volved. Under certain conditions these ionization processes may be reduced

to three-particle problems. We will discuss these conditions in the sections

later in this chapter.

We have performed calculations concerning the following qventities:
(i) cross sections for ionization of metastable helium atoms by electron

impact (3 - 30 eV) ;

(ii) cross sections for ionization of ground state helium atoms by fast

(100 and 300 keV) proton impact (energy and angular distributions of

electrons ejected from helium atoms by fast proton impact);

(iii) generalized oscillator strengths for ionization of helium atoms by

fast (100 and 300 keV) proton impact.

III.4.2. Interaction between four particles

In the ionization of helium atoms by electron or proton impact four

particles are involved in the collision process. Both in a classical and

quantum mechanical treatment of such ionization processes a number of

approximations have to be made, because no exact solutions of a four-

particle collision process are possible. A method which is often used both

in quantum mechanical or classical approximations consists of scaling results

obtained for ionization of atomic hydrogen. This scaling method has been

applied for helium by Rudd, Sauter and Bailey (1966) who used the Born-

approximation. Results for ionization of helium using the classical binary-

encounter theory have been obtained by Bonsen and Vriens (1970).

The classical three-body collision theory was very successful in des-

cribing the ionization of atomic hydrogen by electron impact (Abrines et al

1966) and by proton impact (Abrines and Percival, 1966b). It is, however,

impossible to extend this theory to describe interaction between four

particles in an exact way. It is not possible to construct a stable classi-

cal model of a ground state helium atom with two orbiting electrons with

a total energy of 78.98 eV and a single ionization energy of 24.58 eV.
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A possible way to obtain classical results for ionization of helium atoms
is to scale the results obtained for ionization of hydrogen. Bonsen and

Banks (1971) have approximated the four-particle interaction by two inde-

pendent three-particle interactions. They used a very simple hydrogenic

model, in which the helium atom was represented by an electron, orbiting

around a structureless particle, whose mass and charge were taken to be

that of a single-charged helium ion. The binding energy of the orbiting

electron was chosen to be 24.58 eV. In this model it is assumed that one

electron totally screens one unit of positive charge of the doubly charged

nucleus. To take into account the presence of two equivalent electrons in

a helium atom the cross sections, thus obtained, were multiplied by a

factor of two.

We have applied the classical three-body collision theory to the ioni-

zation of metastable helium atoms by electron impact. The bound electrons

in the metastable configuration are not equivalent in the collision process,

because of their different binding energies. Classical theories may be

applicable because of the great distance to the nucleus and small binding

energy of the outer electron. We have justified the use of the classical

three-body collision theory to describe this four-particle collision process

by investigating the influence of the inner electron on the outer electron.

To study this influence we have calculated the angular momentum distribution

of the outer electron.

Abrines and Percival (1966a) showed for hydrogen, that in a microcanonical

ensemble for the classical orbits the momentum distribution of the electron,

bound with binding energy E to a nucleus, is given by

p (p) = 8 - 2 , , --a- (III, 4-1)

where p Q = 2\EQ\/m.
Note that this distribution is identical to that obtained from the 1s wave
function of the electron in a hydrogen atom. Furthermore they showed that
the angular momentum squared (Z = (r * p) ) distribution was exactly uni-
form. This fact implies that all possible electron orbits for a fixed E
ranging from straight-line orbits (Z. •_ = 0) to circular orbits (I =
(mZ /2EJ1 are equally probable. Therefore the parameter 6 = I II (eq.
I, 5-14 and I, 5-15), must be chosen at random from an uniform distribution
in the interval (0,1) to initiate a S-state target atom.
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In our classical calculation on e - He ionization we have taken the

following model for the He-atom. Each atomic electron feels a potential

which is the sum of the potential due to the doubly charged He nucleus and

a potential V., caused by the other electron. For V* we take now the potential

that may be calculated from the charge distribution associated with an 1s

electron in helium. This charge distribution can be calculated using the

Hylleraas wave function for a 1s-electron in helium

*(*) = i-f-V e"ar> (III, 4-2)

with a = 2. The total attractive potential for one orbiting electron at

position v-, is then given by

Z.

n*$ "-—- - VV (in- 4"3)
2 2where Z- = + 2; V* (r.) is obtained from: V V. = e\i>\ .

Using the method given by Abrines and Percival (1966a) and eq. Ill, 4-2, we
are able now to calculate numerically the momentum and the angular momentum
squared distribution p(Z ) for the orbiting 2s-electron. The result is given
in Fig. III.22. We have defined g = 12/12, so that g lies in the interval
(0^1). We find that the distribution is uniform; i.e. p is nearly independent
of 6. Thus in the case of the 1s2s state of helium the excited electron can
to a good approximation be considered to move in a Coulomb field and the
2s-state is well defined in the classical three body theory. It seems there-
fore reasonable to approximate the ionization of metastable helium atoms by
a three-particle interaction between the incoming electron, the nucleus and
the outer orbiting 2s-electron, while the inner electron is neglected except
for its screening effect (the effective charge of the core appears to be
very near to 1).

We have also calculated the angular momentum squared distribution p(6)
for ground state helium targets. We find that the distribution p(g)
(see Fig. III.23) slightly decreases with increasing g, which implies that
the probability to find circular orbits ( 6 = 1 ) is smaller than the probabili-
ty for straight line orbits (g = 0). According to the present calculations
Bonsen and Banks (1971) should have taken the parameter 6 from a non-uniform
distribution, as given in fig. III.23. However, their results were already
in very good agreement with experiments, especially for low energies and
small ejection angles of the ejected atomic electron, where the three parti-
cle interaction is important, so that no significant improvement of the
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agreement with experiment could have been gained. Furthermore, ionizing

collisions between fast protons (100 and 300 keV) and helium atoms, with

large energy of the ejected electrons are mostly the results of two body

collisions between incident proton and bound electron, with the influence

of the other electron being small. Therefore, the simple scaled model

seems to be a good approximation to describe ionizing collisions between

fast protons and helium atoms.

III.4.3. Ionization of metastable helium atoms by electron impaot

Knowledge of cross sections for ionization of metastable helium

atoms is important for instance in the field of plasma physics, in the study

of gas discharges and in astrophysics. Cross sections for ionization of the

metastable helium atoms (1s2s) S and (1s2s) S by electron impact have been

measured by Fite and Brackman (1963) and by Dixon et al (1973). Relative

cross sections have been me? ~ed by Vriens (1968). The latter results

have been put on an absolute scale by Bonsen (1976). Calculations for this

process were performed by Vriens (1964) using the binary encounter theory

as developed by Gryzinsky (1959). Now we present calculations for the cross

sections for ionization of metastable helium atoms using the classical

three-body collision theory. As described in section III.4.2 we may in a

good approximation assume that in the metastable configurations the exci-

ted electron moves in a Z = 1 field. The binding energies of the excited

electron for the 2 S and 2 S states of He are 3.98 and 4.77 eV, respectively.

The calculated results are given in Fig, III.24 and are compared with the

measured ionization cross sections of Long and Geballe (1970), Dixon et al

(1973) and Bonsen (1976). Our calculated results are in reasonable agreement

with the experimental results.

III.4.4. Ionization of ground state helium atoms by fast proton impaot

The energy and angular distributions of the electrons ejected from

helium by fast proton impact (i.e. the double differential cross section

a(£,e) (£ = energy of the ejected electron, e = ejection angle with respect

of the direction of the incident proton) have been calculated by many authors

(Rudd, Sauter and Baily (1966), Madison (1973), Salin (1969), Vriens (1969a)

and others). Measurements have been performed by Rudd et al (1966), Stolter-

foht (1971) and Toburen (1971). Most quantum mechanical and classical approxi-
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Fig. III.24. Cross sections for ionization of metastable helium atoms
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The cross sections, calculated with the classical three-body theory,
are given for ionization from the 2's state (circles) and the 2-̂S
state (open squares).
Experimental results: Vriens et al (1968) (crosses), put on an
absolute scale by Bonsen (1976) for a mixture of 2̂ S and 2̂ S (2:1),
Long and Geballe (1970) (triangles) for ionization of the 2*S state,
Dixon et al (1973) (full squares) for a mixture of 23S and 2's (6:1).
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mations fail at moderate ejection energies and small ejection angles where

the particle interaction is important (see also section III.5 and Fig. III.25).

The quantum-mechanical Born-approximation and especially the binary-encounter-

approximation could describe only the so-called binary-encounter-maximum,where
E = 2 ̂  y? cos2e « 2mv, cos26 where m and M are electron and proton mass

m+m I I

respectively and v1 is the velocity of the incident proton. Bonsen and Banks

(1971) showed that the classical three body collision theory could very well

describe the energy and the angular distribution a(£,6) for ejection angles

6 < 50° (see Fig. III.26). Velocity distribution of electrons ejected in for-

ward direction during ion bombardment of thin carbon foil have been measured

by Dettmann, Harrison and Lucas (1974). They observe for e * 0 a sharp peak

in the velocity distribution of the ejected electrons where v , * v.

(Fig. III.27). A similar peak has also been observed by Crooks and Rudd (1970)

for proton-helium collisions. The approximation given by Macek (1970) predicts

that these electrons will be ejected into the forward direction while their

velocity is about equal to the velocity of the incident protons.

We have also calculated the energy distribution for electrons ejected

from helium by 100 and 300 keV proton impact for ejection angles smaller

than 9 = 5 degrees. The results are given in Fig. III.28. Due to the very

small solid angle Au> = 2nsin6Ae (e = 2.5 and Ae = 2.5 degree), the statistical

errors in the calculated points are very large, especially in the case of

300 keV proton impact. We have calculated the results for about 20,000 indi-

vidual collisions; however only a small amount of these collisions resulted

in ejection angles with 6 < 5 degrees. For both energies we find a maximum
2

in the energy distribution for E = I m~ , where v* is the reduced velocity
of the proton and E is the kinetic energy of the ejected electron. For an

incident proton energy of 100 keV a second maximum can be observed. It occurs

at E = 170 eV, which energy is smaller than the energy where the binary-peak

should be found, namely E = 215 eV. Nevertheless, taking into account the

large slope of the "background" (at point A) this second maximum may be attri-

buted to collisions which are the results of a pure binary collision between

the incident proton and the atomic electron.
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Fig.III.26. Calculated energy distributions of electrons
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The cross sections for 20 and 30 degrees ejection are
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Classical three-body results: Bonsen and Banks (1971)
(full squares); experiment: Rudd et al (1966) (circles);
Born approximation: Rudd et al (1966) (full curve).
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III.4.5. Generalized oscillator strengths for the ionization of heliwn

by proton impact

The classical three body collision theory (Abrines and Percival, |

1966a) has been used to calculate the generalized oscillator strengths for

ionization of helium by proton impact. These calculations are performed

to make a detailed comparison between the classical three body collision

theory and the Bethe-Born- and binary encounter theory (see also section

III.4.4). From the generalized oscillator strengths we can determine the

regions of validity of the Born approximation and the classical theories.

The essential features of the differential cross section a{E>q) for

inelastic scattering of a sufficiently fast charged particle by an atom

are conveniently represented by the so-called generalized oscillator

strength for the atomic transition involved. It was defined by Bethe (1930)

in terms of a now well-known matrix element

E 1 z * •* •*• 2f-[c[) = •= | — E ijjr exp(_inK.r )^-dT| (III> 4-4)

where ^ and i|>. are the final- and initial-state wavefunctions, r is the

position vector of the s atomic electron, q = Ka where TiK is the momen-

tum transfer, E is the energy transfer, if the Rydberg energy (13.6 eV) and

s is the total number of atomic electrons. Note that fE(q) is independent

of the incident-particle energy.

In the Bethe-Born approximation, the differential cross section

o'iE,q) is obtained from fE(q) via the relation

o(E,q) = E°Eq fE(q) (III, 4-5)

where E^ is the energy and Ze the charge of the incident particle. Alterna-

tively, knowledge of a(E,q) obtained from other approximations or from

experiments provides a phenomenological definition of an "apparent" gene-

ralized oscillator strength by the Bethe relationship

(E,/R) (E/R) qR
fE(q,E.) = , o(E3q) (III, 4-6)

b X 8 T T ^ Z Z

(see Lassetre and Francis, 1964 and Inokuti, 1971). The apparent generali-

zed oscillator strength is in general of course E^-dependent. However, for
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sufficiently high incident energies, where the Bethe-Born approximation

holds, the ft[q) should become independent of E= and become equal to the

We have calculated the generalized oscillator strength (to be denoted

by.GOS(C)),for p-He ionization, using the classical three body collision

theory. The two atomic elections in helium are considered as independent

scattering centres. In this way we can derive approximate results for

helium from corresponding results of hydrogen by applying scaling laws.

The resulting GOS(C) are compared with the generalized oscillator strenghts,

calculated with the scaled Born approximation (to be denoted as GOS(B)).

The calculated results for different energy transfers at incident

proton energy E^ = 300 keV are presented in Fig. III.29 and Fig. III.30.

If we compare the GOS(C) with the GOS(B) for different values of

momentum transfer, the following conclusion may be reached. There are three

broad ranges of momentum transfer where different theories are to be pre-

ferred.

Firstly, for large momentum transfers (q >15) and energy transfers

C ^ I O " 3 ^ ) , the GOS(C) are in good agreement with the GOS(B). In this

region we are mainly dealing with two-body interactions between the inci-

dent particle and the atomic electron and both approximations appear to

be equally well applicable.

Secondly, the GOS(C) are larger than the GOS(B), if the energy trans-

fer is smaller than 10 times the energy of the incident proton and the
2

momentum transfer lies between 1<q <15. In this region the three-particle
interaction is important and gives a large contribution to the differential
cross section a{E,q). Therefore for these momentum transfers the GOS(C) must
be considered to be more realistic than the GOS(B) and the three-particle
collision theory is to be preferred.

Thirdly, for small momentum transfer [q <1), the GOS(C) is smaller
than the GOS(B), and the classical GOS(C) tends to zero for q-*0. It is clear
that for these small momentum transfers neither classical theory is appli-
cable and that a quantum mechanical theory must be used.

The contents of this section and its application has been described
extensively before in two separate papers by Boesten et al (1975a, 1975b).
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SAMENVATTING

Indien elektronen of protonen met voldoende energie botsen met atomen,

ionen of molekulen, kunnen deze laatsten (nogmaals) geïoniseerd worden,

waarbij molekulen bovendien kunnen dissociëren. In dit proefschrift worden

een aantal onderzoekingen beschreven die zich voornamelijk concentreren op

verschijnselen die kunnen optreden wanneer een botsend elektron juist vol-

doende energie bezit om een atoom of ion te ioniseren ("drempelionisatie").

Bij dit ionisatieproces kan nâ de primaire botsing de onderlinge wissel-

werking tussen de twee dan langzame elektronen en het ion (zogeheten "Post

Collision Interaction") leiden tot hernieuwde vangst van één van de twee

elektronen door het ion. Er ontstaat dan een hoog aangeslagen atoom of ion,

terwijl anderzijds de ionisatiewaarschijnlijkheid verlaagd wordt. Deze

wisselwerking geeft aanleiding tot een specifiek verloop van de ionisatie-

funktie in het drempelgebied. Voorts kunnen de twee elektronen, die vrij-

komen in het geval van zo'n drempelionisatie, grote (en tegengesteld

gerichte) baanimpulsmomenten verkrijgen.

Bij botsingen tussen elektronen en molekulen treden dezelfde effekten

op, maar tevens kan de wisselwerking tussen het inkomend elektron en het

molekuul leiden tot de vorming van auto-ioniserende toestanden en/of nega-

tief-ion toestanden. Deze laatste twee processen kunnen aanleiding geven

tot het optreden van fijnstrukturen in de ionisatiefunkties van het betref-

fende molekuul. Bij iets hogere energie van het botsende elektron kunnen de

molekuulionen bovendien dissociëren ("dissociatieve ionisatie").

In hoofdstuk I wordt een overzicht gegeven van de mogelijke ionisatie-

processen in het drempelgebied en van het vroegere experimentele onderzoek

ten aanzien van ionisatie van H2 en D^ door elektronen en fotonen. Daarna

wordt een overzicht gegeven van de theoretische benaderingen die gebruikt

worden om ionisatiefunkties te berekenen. De nadruk ligt op de beschrijving

van de klassieke- drie-deeltjes botsingstheorie, waarmee de berekeningen

omtrent het drempelgedrag van de ionisatiefunktie zijn uitgevoerd.

In hoofdstuk II worden de experimenten besproken aangaande de drempel-

ionisatie van neonatomen, waterstof- en deuteriummolekulen door elektronen.

Een beschrijving wordt gegeven van de experimentele opstelling die gebruikt

is voor het meten van de ionisatiefunkties van twee-atomige molekulen. In

het drempelgebied van deze ionisatiefunkties zijn Strukturen gevonden die
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toegeschreven kunnen worden aan de aanwezigheid van auto-ioniserende

toestanden en negatief-ion toestanden ("resonanties"). Bij de bestudering

van de dissociatieve ionisatie van molekulen kon worden aangetoond dat

naast dissociatie van het molekuul in een ion en een atoom ook dissociatie

in een negatief ion en in een positief ion mogelijk is.

In hoofdstuk III zijn berekeningen beschreven, die in de vorm van een

computerexperiment zijn uitgevoerd en die tot doel hadden het drempelgedrag

van de ionisatiefuncties van atomen en ionen te bestuderen. Deze bereke-

ningen zijn gedaan met behulp van een geheel klassieke theorie: de klassie-

ke drie-deeltjes botsingstheorie. Bestudeerd is het verloop van de ioni-

satiefunktie in het energiegebied vlak boven de ionisatiedrempel en wel

voor verschillende kernladingen van het doelatoom of -ion. Ook is bestu-

deerd hoe de twee elektronen na de primaire botsing door onderlinge wissel-

werking en door wisselwerking met de kern in staat zijn om een hoog baan-

impulsmoment "op te bouwen".

In het laatste deel van hoofdstuk III zijn berekeningen opgenomen die

m.b.v. de klassieke drie-deeltjes botsingstheorie zijn uitgevoerd ter

bepaling van werkzame doorsneden voor ionisatie van heliumionen door elek-

tronen, van metastabiele heliumatomen door elektronen en van heliumatomen

door snelle protonen. Tevens zijn, m.b.v. deze laatste berekeningen, de

gegeneraliseerde.oscillatorsterktes voor ionisatie van heliumatomen door

protonen bepaald. Door vergelijking van deze oscillatorsterktes met andere

gegevens kan eenvoudig nagegaan worden voor welke impulsoverdrachten de

klassieke drie-det"tjes botsingstheorie bruikbaar is.
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1970 het doctoraalexamen afgelegd; dit laatste met hoofdvak experimentele

natuurkunde en bijvakken numerieke wiskunde en technische natuurkunde.

Gedurende de studie is hij student-assistent geweest bij het practicum

Hoofdvak Natuurkunde.

Op 1 november 1969 is hij als wetenschappelijk assistent in dienst

getreden van de Stichting voor Fundamenteel Onderzoek der Materie (F.O.M.).

Per 1 juni 1970 werd hij bevorderd tot wetenschappelijk medewerker in

tijdelijke dienst van voornoemde stichting. Vanaf 1969 verrichtte de

auteur experimenteel onderzoek aangaande ionisatie van metastabiele edel-

gasatomen. Het in dit proefschrift beschreven onderzoek werd verricht

in de periode 1972-1976. Daarnaast heeft hij in het kader van zijn onder-

wijstaak gedurende enige jaren werkcolleges gegeven en meegewerkt aan de

verzorging van tentamens voor studenten met bijvak natuurkunde.

Sinds 1 augustus 1976 is de schrijver als docent voor natuurkunde

verbonden aan het Instituut voor Hoger Beroepsonderwijs te Eindhoven.

Gedurende deze tijd heeft hij als wetenschappelijk medewerker b.b. van

de Rijksuniversiteit te Utrecht aan de voltooiing van dit proefschrift

gewerkt.


