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CHAPTER 1

INTRODUCTION AND SUMMARY

From the onset of laboratory research in atomic physics at the

beginning of this century, collision experiments played an important

role. In collisions details of structure and interactions of

particles determine the outcome and information on these details can

be investigated by observing the collision partners after the

collision. The advent of quantum mechanics has increased the

importance of collision' experiments, because they allow to observe

phenomena, unknown in classical mechanics, that reveal the quantum

mechanical laws of nature.

Given all initial properties of a given collision system, one

can deduce in classical mechanics the evolution of the system in the

future. Therefore one can obtain all the information obtainable for

the given initial conditions by observing one single collision. In

quantum mechanics this is no longer the case. When the laws of

quantum mechanics apply, one has to observe many identically prepared

collisions to obtain the complete information. In the main part of

this thesis we will describe measurements, where we observed many

collisions under well defined initial conditions for one special

collision system: the LI+-He system.

There are various ways the collision process can be observed,

yielding information in varying degrees of detail. Van Eck and

Kistemaker (1962) measured for the Li -He system the total scattering

cross section by determining the probabilities for scattering the

projectiles out of the beam by the target atoms. In this way

information is obtained, which can be interpreted in terms of
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theoretical models that contain only little details on the physical

quantities governing well defined collision events. More detailed

information can be gained by measuring the cross section,

differential in one of the quantities, determining the initial

conditions. Such measurements were performed for the Li -He system by

Lorents and Conklin (1972) and Francois et al (1972), who measured

the cross section differential in the scattering angle of the

projectile. This more detailed information puts a more stringent test

on theoretical models used.

Another piece of information can be gained by observing the

"particles", emitted by the system as a result of the collision, such

as electrons and photons. In the case of photons these experiments

were performed by Tsurubuchi and Iwai (1981) and in the case of

electrons by Thielmann (1974), Yagishita et al (1980) and Zwakhals et

al (1982). Because "particles" can only be emitted, if sufficient

excitation occurs during the collision, these experiments yield only

information on inelastic collisions.

If one only detects either scattered projectiles or emitted

"particles", information on the respective "other part" of the

collision process is not obtained. Therefore these measurements are

called incomplete measurements. To put it in terms of quantum

mechanics, the system can not be described by a wave function, but

one has to apply the density matrix formulation for its description.

If one performs ab initio calculations for a certain system, one

essentially calculates, in some approximation, the evolution of the

corresponding wave function during the collision. To compare these

calculations with incomplete experiments, one has to average the wave

function over all unobserved quantities. It is obvious that this does

not lead to a very direct test of the theoretical methods used.

The situation can be improved, if one measures both, the

scattered projectile and the "particle" emitted in the same

scattering event. For certain collision systems, and under certain

experimental conditions, such a measurement can be regarded as a

"complete experiment". Complete in the sense, that the maximum
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information obtainable according to the quantum mechanics Is In fact

obtained. Such experiments became feasible with the introduction of

coincidence techniques, which have been applied to the Li -He system

only recently. Andersen et al (1985) measured coincidences between

scattered projectiles and photons. This yields information on

collisions, in which one electron is excited. In this thesis we will

describe measurements, in which coincidences are detected between

scattered projectiles and emitted electrons. This yields information

on two-electron excitation processes. Together with the results of

Andersen et al, our results form a complete experimental

investigation of excitation mechanisms in the keV-region for the Li+-

He collision system.

In order to show, what can be learned from coincidence experiments, a

detailed theoretical analysis thereof is given in chapter 2. The

transition amplitudes are introduced, which contain all the

information, which can be obtained from a collision. These amplitudes

are related to quantities, which enbody more physical significance

for a collision process, such as the angular momentum transferred

from the projectile to the target or the alignment of the excited

state after the collision. The corresponding relations are derived.

Furthermore it is shown, what kind of information is lost, when one

confines oneself to detect only the electrons.

In chapter 3 the experimental set-up is shown. After an overview

of the components, generally used in collision physics (ion source,

detectors), the coincidence technique is discussed in detail. Also

the limitations of the coincidence technique are discussed.

The results obtained for the Li -He system are shown in chapter

7. The results are compared with predictions, based on the MO-model

introduced by Lichten (1967) and Barat and Lichten (1972). The

existence of two excitation mechanisms, however, prohibits a

quantitative comparison between experiment and theory on basis of

this model. Therefore we confine ourselves to point out, guided by

our results, the main points a more elaborate theoretical model

- 3 -



should take into account.

If the transition amplitudes are determined, one has completely

determined the wave function of the excited atom, and in principle

one knows all there is to know about the excited state. In chapter 8

we deduce from the amplitudes the shape of the electron cloud,

induced by the collision. This cloud is immediately after the

collision orientated in the direction of the axis of the diatomic

quasimolecule at the time point of closest approach. Subsequently,

when the projectile receeds, the cloud starts an oscillatory motion,

a quantum beat. The relation between this oscillatory motion and the

correlation between the two electrons of the excited atom is

discussed.

In chapter 6 it is shown that, by detecting non-coincident

spectra, not only information on the system is partly lost by the

incomplete detection mode, but that these measurements can also give

rise to misinterpretation of the physical effects, the spectra are

due to. Non-coincident energy spectra of the Li+-He system show broad

structures, which were interpretated by Yagishita et al (1980) and

Zwakhals et al (1982) as a result of electron emission from the

(LiHe) -quasimolecule, the so called molecular autoionisation (MAI).

The coincident energy spectra, however, show narrow structures, which

we ascribe to atomic autoionisation (AAI) of the He-atom. A model is

presented, which explains, based on the results obtained from the

coincidence measurements, the broad structures of the non-coincident

spectra.

In the f-'nal state of the collision, the three charged particles

(projectile, ionised target and electron) can interact due to the

long range Coulomb force, which is commonly known as post-collision

interaction (PCI). In chapter 4 this PCI-process is treated. Emphasis

is put on the case of high energy collisions, where it was generally

assumed, that PCI is not important. We show that this is not the case

and apply our formulae to recent experiments, showing trie importance

of PCI at high energies.

Also in photoionisation of atoms, followed by Auger decay, PCI



plays an Important role. In chapter 5 our results of the preceding

chapter, are applied to this type of PCI-processes. We obtain simple

analytical results, which can be used in plane of the tedious

numerical procedure, applied recently by Russek and Mehlhorn (1986).

Furthermore we take, as opposed to the work of Russek and Mehlhorn,

directional correlations between the two escaping electrons into

account. We apply our formulae to recent experiments and obtain good

agreement. New experiments are proposed to test our PCI-model in more

detail.
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CHAPTER 2

THEORY

2.1. INTRODUCTION

In this chapter we will derive the formulas needed to describe

electron emission in ion-atom collisions. We will consider the

following process

(1) A+ + B + A+ + B** + A + + B+ + e~

where A + is the projectile with an incoming energy of a few keV and B

the target. In order to obtain information on the collision process

we detect the emitted electrons. We will perform a coincidence

measurement, i.e. we only detect electrons that are emitted in a

collision process with well defined scattering angle 9 of the

projectile (see figure 1). By defining the scattering angle 9 we fix

the ion-atom interaction and can therefore describe the excited atom

by a pure state.

The theoretical description of the process will be divided into

three parts. The first part describes the collisional excitation of

the target to an excited state. The second part describes the

deexcitation of the target by electron emission. In the final state

the electron and the receding projectile A+ interact through the long

range Coulomb interaction. This interaction is commonly known as

Post-Collision Interaction (PCI). The third part will describe the

PCI-process.

The division of the collision process into three parts is
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justified considering the different time scales and distances the

processes take place. The excitation process will be initiated by a

penetration of the electron clouds of the two colliding particles and

will last a few a.u. (for atomic units (a.u.) see Appendix A). The

time of the decay by autoionisation is usually in the order of

hundred or more a.u., so one can assume without restriction, that the

excitation process will not influence the decay procetis. The same is

true for the PCI-process with respect to the decay process. The

Coulomb force of the projectile at the point of the target is

generally small enough at the time of emission, that it will not

influence the decay process. However the interaction with the

electron takes place over its entire trajectory and will eventually

affect the energy of the electron.

The following expression for the cross section of the electron

as a function of the wave vector k can be derived from first order

perturbation theory.

da(2) ^ (9 ) = 2u l
dk p i . f

<«(9p)(f k |vpcl|a(9p)pTk'>

+ •* i i * *
<a(9 )8 k' V a(9 )p ><a(9 )p ' a' p p

with a and 0 labelling the projectile and the target respectively.

The summation (i,f) is over all unobserved properties of che

projectile and target in the initial and final state. In the

experiment we prepare beams of ground state projectiles and ground-

state targets, so we can skip the summation over (i). The projectile

will be scattered in the collision through an angle 9p while

remaining in the ground state. The target will be excited. We can

expand the excited state |p**> in states |ppLM>, with L the orbital

angular momentum, M its ^Lojection on the quantisation axis and |3

labelling all other properties of the excited state. The spin of the

electrons will not be detected and all the considered interactions

are spin-independent, so we will ignore all the spins. Now we can

introduce the transition amplitudes
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The object of our experiment is to study these amplitudes as a

function of the primary energy EQ and scattering angle 9 of the

projectile. They contain all the information on the excited state and

their comparison with theoretical calculations yields the most

stringent test of the theoretical methods used to describe the

excitation process.

The decay is induced by the atomic autoionisation operator Va

and leaves the projectile unaffected. Due to energy conservation the

energy e of the electron will be E^ = E^ ~ I.I"»f with E^ the

energy of the excited level L and I.P. the ionisation potential of

the target. The PCI-process will in principle change the energy and

the direction of all the three interacting particles (target,

projectile and electron). However only the change in electron energy

and direction will be large enough to be measured. The change in

electron direction is appreciable only in a narrow angular range not

subtended in the present experiment (see chapter 4). We therefore

consider only the PCI-change of electron energy from e^ to e and

abbreviate

with e L= i\P\
Z; e = i\t\2.

Equation (4) shows explicitely only the shift of the electron energy

due to PCI. The PCI-process mixes states with different L, which are

initially seperated due to different nominal energies e^, and causes

the amplitudes of these states to interfere. Insertion of equation

(3) and (4) in (2) yields

- 9 --



(5) Ü| (8 ) = 2n l
dk P LM

aLM(e
P>

<a(8 )P k'|Va|a(6 )p LM>

Equation (5) will form the basis of this chapter. The matrix element

< |va |> will be discussed in paragraph 2 and yields the angular

distribution of the electrons. The factor fpCI(eL,e) will be the

subject of paragraph 3 and will provide the energy distribution of

the electrons. In paragraph 4 it will be derived what can be learned

from electron spectra in experiments that are less selective. For

instance one can detect In a coincidence experiment electrons,

irrespective of their energy, or one can detect all the electrons,

independent of the scattering angle 6_ of the projectile. Equation

(5) applies in the rest frame of the emitter. The transformation from

the emitter frame to the laboratory frame will be discussed in

paragraph 5. Finally we will discuss the relation of the transition

amplitudes with other observables of the collision In paragraph 6.

2.2. ANGULAR DISTRIBUTION OF ELECTRONS

In the literature there are several publications concerning the

angular distribution of emitted electrons or photons (Macek and

Jaecks 1971, Cleff and Mehlhorn 1974, Morgenstern 1976, Eichler and

Fritsch 1976, Boskamp et al 1982, Boskamp et al 1984, van der Straten

and Morgenstern 1986). Some describe the Intensity in terms of

elements of the density matrix (Macek and Jaecks 1971, Elchler and

Fritsch 1976) or the expectation values of spherical tensors (Boskamp

et al 1982). We will use the transition amplitudes a L M(9 p),

introduced in paragraph 1, which for the present case of a completely

defined intermediate state, allow the most transparent formulation.

Another advantage of the amplitudes is, that they are independent

parameters, which is advantageous when fitting the measurements to

the theoretical expression.
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In order to extract the angular dependence from the matrix

element < | V£l ƒ> in equation (5), it is useful to expand the final

target state into states |pfLfMf> with well defined orbital angular

momentum L,£. For the electron wave-function |k'> we use Coulomb wave

functions (Messiah 1969)

(6) l^-êj^^V^k'DY^Ck^Y^;)
Jtm

I |k'Am> Y* (k')
to m

where the angular and energy dependence are seperated. The angular

momentum of the electron and the target ion can be coupled with the

help of Clebsch-Gordan coefficients

(7) |k'Am;8 L M > = £ |k' A, 6 L tL'M'XL'M' |jlm;L M >
i l l L,M, t 1 1 i

The resulting matrix element can be reduced by applying the Wigner-

Eckart theorem (Messiah 1969)

(8) <k'A,B L ;L'M' |v |6 LM>
t I 3 p

l,BL,;L'||v ||B LXLM;KQ|L'M'
I 3. p

with K and Q respectively the rank and order of the autoionisation

operator Va. Since this operator is a scalar, we have K = Q = 0 and

therefore L = L' and M = M'. Insertion of equation (6), (7) and (8)

in (5) yields

(9) £S(8 ) = 2* I
dk P L M AmLM

x.p-L- M l " p L>
lm; LfMf>

In the special case the final target state is a S-state, i.e. Lf = Mj

= 0, the Clebsch-Gordan coefficient is only non-zero if A = L and m =
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M. Then equation (9) reduces to

da(10) ^ (9 ) = 2it

dk P LM
L' ' LMWO

So the angular distribution of electrons, emitted in the deexcitation

process from a level (L,M), is in this special case proportional to

the spherical harmonic Yj^(k).

2.3. ENERGY DISTRIBUTION OF ELECTRONS

The transition rate of the intermediate state | p L> to the final

state [PfO, k'L; L> is time-independent. In absence of PCI this will

result in a Lorentz profile for the energy distribution, centered

around e^ = E^ - I.P. and with a width 1*̂ . For the energy dependence

of the matrix element <||va||> in equation (10) we can write

<L | |V ||L>
(11) <k'L,pO,L||VA||ppL>

with

f (_ -\ _ i
Lorv L' ; TT/2 - i(e - e. )

The "golden rule" for time-independent transitions connects the line

width TL with the reduced matrix element <L||va(|L> (Messiah 1969)

2U|<L||V

(12) TT =
 a

L 2L + 1

The PCI-process changes the energy distribution of the electrons from

a Lorentz profile to a PCI-profile. This will be the subject of

chapter 4. Here we only report the final result.

l.arg(f )
(13) fDPT(eT,E) = '- ' P C I
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with

If I
' PCT 'PCT ' 2E

(E - e.)

expjy K(1 + — arctan

arg(fpci) - 5 K: In (-7) + (e -
Z. Li

• - arctar

- j - arg(r(l + IK))

and

I*.-», I

The line shape is completely determined by one parameter K, which

depends on the angle between the velocity v of the electron and the

velocity V of the projectile. Although PCI changes the energy

distribution of the electrons, it does not change the total emitted

intensity. Namely, the cross section da/dQ for emitting an electron

in a direction Q is

with

/(2L

V- fPCI(Ve)fPCI(eL"£)dE

As will be shown in chapter 4 one can easily prove, that

This factor is independent of K and would also be obtained if the

Lorentzian line shape was used in equation (14)a.
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2.4. LESS RESTRICTIVE EXPERIMENTS

Equation (10) in combination with equation (13) gives the cross

section (dcr(9 )/dk) of electrons emitted in the direction k with an

energy e = ||k[ , with the extra condition that during the collision

the projectiles are scattered through an angle 9 . We call this the

coincident energy distribution. However, one can also perform less

restrictive experiments. For instance one can in a coincidence

experiment integrate over the energy In order to obtain the

coincident cross section dcr(6 )/d£3 in the direction Q = k. Or one can

perform a non-coincident experiment and determine the non-coincident

energy distribution da/dk in the direction k or the non-coincident

angular distribution dcf/dQ, irrespective of the scattering angle of

the projectiles. It Is the object of this paragraph to show, what can

be learned from these incomplete experiments.

a. Coincident angular distribution of electrons

The coincident cross section do"(0 )/dQ in the direction Q can be

obtained by integrating equation (10) over the energy e. Using

equation (14) this yields

<L|lVa||L><L'l|Va||L'>*

/(2L + 1)(2L' + 1)'

Integration over the energy means that the influence of PCI is not

measured. Information on excitation is of course still complete. One

can still determine the transition amplitudes aLM(9p) by only

measuring the cross section as a function of the direction Q. However

equation (16) is less restrictive for the amplitudes then equation

(10), because in a direction Q only one value (the cross section) is

compared with theory instead of a total distribution (the energy

distribution), as is the case for equation (10).
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Using the normalisation condition for the spherical harmonics

(17) / ^

and equation (12) and (15), the total coincident cross section,

irrespective of energy and direction, is

So the total coincident cross section is completely determined by the

transition amplitudes a m ( 9 p ) .

b. Non—coincident energy distribution of electrons

To derive the equations for the case of a non-coincident experiment

from the equations for the case of a coincident experiment, one has

to perform two integrations. First, since the projectile is not

detected, the collision plane is not determined and equation (10) has

to be integrated over the angle tp, i.e. the azimuth angle between the

direction of the projectile and the direction of the electron (see

figure 1). Secondly one measures the electrons from all collision

processes, irrespective of the scattering angle 9 of the projectile.

So one has to integrate over the angle 9 .

Integration of equation (10) over these two parameters would

result in the non-coincident energy distribution of the electrons.

However this distribution is not detected in the frame of the

emitter, where equation (10) holds, but in the laboratory frame. The

transformation from emitter to laboratory frame is subject of

discussion in paragraph 5. This Galilean transformation depends on

the angle 9_ and <p, so one has to take this transformation into

account. This leads to an equation, which cannot be solved

analytically. Chapter 6 will be dedicated to the structure of non-

coincident energy distribution and we will show numerical results for

the special case of collisions of Li+-ions with He-atoms at a

- 15 -



collision energy of 2 keV. As one can see in chapter 6 the Galilean

transformation can have a tremendous influence on the shape of non-

coincident energy spectra.

c. Non-coincident angular distribution of electrons

Regarding the non-coincident angular distribution one can remove the

influence of the Galilean transformation by making two assumptions:

v
IsinO I « — Isinfll
' P1 v I I

(19)

IcosO | « _ £ • | cos^ |
H T

with ve and v-j. the velocity in tho laboratory frame of electron and

target, respectively and £ the polar emission angle of the electron.

The first assumption removes - as will be shown in the. next paragraph

- the dependence of i? on ip and both assumptions remove the dependence

of t? on 9p. In order to perform the integrations, it is convenient to

couple the spherical harmonics in equation (16) (Edmonds 1957).

c« - 1 < > M j + M ( ( 2 j + I)(2L :
L' J ) f L L' J }

Integration over <p yields (Edmonds 1957)

(21) ƒ YLM(Q)Y*,Mf(Q)d<p = K - ) M &m, I (2J + 1)
ij

/(2L + 1)(2L' f 1)" (h0 J' J) (J _;' J) PjC

So the integration over tp removes interferences between levels (L,M)

and (L',M') with I

quantities PLMLtMt

and (L',M') with M = M'. For the integration over 9p we introduce the
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^ ' rI.MI.'M' J ~l.Mx"rk'~"l"M»*~«' n p

Integration of (do(9 )/dQ) over <p and 9 then yields

(23) ^ = *LL (~ ) M LMLM

So detecting the non-coincident angular distribution of electrons

yields the quantities PTMTIM* The different phase dependence of

a^(9_) on 9p for different L tends to diminish P^ML»^ with L # L'.

So in fact only the excitation probabilities |a L Mp of the levels

(L,M), averaged over the scattering angle 9_, can be determined

accurately from a non-coincident angular distribution. Using

(24) ƒ P (cos*) sini? d£ = 26

yields for the total non-coincident cross section 0.

(25) °= / S s i n * d ^ = I ?LMLM
LM

which is analogous to equation (18), but now in the case of non-

coincident experiments. The non—coincident cross section o only

depends on the total excitation probability of the different levels

(L,M) and is independent of interferences between different levels.

2.5. GALILEAN TRANSFORMATION

The equations derived in the preceding sections, are valid in the

rest frame of the emitting particles. In ion-atom collisions the

emitting particles usually have a non-zero velocity: the projectile

due to its initial velocity; the target due to the recoil caused by

the collision. So the electrons are emitted by moving particles,
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which will change their energy and emission angle.

a. The transformation

The velocity v. measured in the laboratory frame is - if we neglect

the recoil of the emitter due to the emission process - the sum of

the velocity v in the emitter frame and the velocity v of the

emitter

(26) ^ = v"e + v-

We denote the spherical coordinates of the electron velocity in the

laboratory by (v̂ ,̂ ,tpji)» in the emitter frame by (ve,t?e,tpe) and of

the emitter by (v,9,<t>). The z-axis of our frame is chosen in the

direction of the incident ion beam. One of the azimuth angles can be

chosen freely and we choose <f = 0. In that case one can express the

electron coordinates in the emitter frame in terms of those in the

laboratory frame:

2 2 2
v = V- + v - 2VV»COSY

(27) tan*
e v-cost?» - vcosG

f s i n ( pA A
tan<pe I cos(p. - vcos0/v.sin9. I

with cosy = cost? cos9 + sintf sin9cos<p

Equation (27) can be rewritten in terms of the energy of the electron

ee in the emitter frame

e = e. + SE - 2/öe.E'cosY
e Je X.

with E = |Mov
2 the energy of the emitter and 6 = m„/M. the ratio of

c cc

the electron mass to the mass of the emitter.
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For the case v^sini^ » vsin9, i.e. in low energy ion-atom

collisions, when electrons are detected at non-zero angles, we can

approximate equation (27) by

(28) i> = i?. + arcsini— (cos9sini>. - sinecos(p.cosi?.)
e I [vx A H I j

The change in the azimuth angle in this approximation is small:

ip = (p.. If also v,cos#\. » vcos0 holds, one can deduce from equation

(27), that then also the change in polar angle is small: # = #„.
e X.

These two approximations have been used in the preceding section,

b. The heavy particle collision

The velocity of the emitter, which can in principle be the projectile

or the target, Is fully determined by the primary energy EQ and the

scattering angle 0 of the projectile. To deduce the relation between

energy and direction of the particles after the collision, and EQ and

9p, It is convenient to transform the scattering process from the

laboratory frame to the centre-of-mass (CM) frame. In this frame a

particle with reduced mass u = ÏLM^/M and reduced energy E*ed =

M TEQ/M is scattered in a central potential V(R), with R the inter-

nuclear distance between projectile and target.

After the collision part of the reduced energy is converted into

electronic excitation energy, the inelastic energy loss Q.

<29> ELd - ErPH ~ Q

Using the fact, that in the CM-frame before and after the collision

the impulses of the projectile and target are equal in magnitude and

opposite in direction, one can deduce (Boskamp 1983)
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(30) E = -4 iM COS9

P M2 [ P P

Energy conservation then gives Ê .

(31) ET = Eo - Ep - Q

For the scattering angle 9̂  of the target follows

MET + H O
(32) cos0 =T 2^w T
One other important parameter is the scattering angle 9,-̂  in the CM-

frarae. This is the direction of the internuclear axis after the

collision. This angle is given by

M/ÊT cos6 - M /Ë7
/ii\ *o P P P 0(33) cos9rM = — ^ = = = r -

- MQ)

c. The impact parameter

The scattering angle 6 ™ is related to the impact parameter b.

Solving the classical equation of motion of a particle in a central

potential yields (Torrens 1972)

with RQ the distance of closest approach.

2 V (V
(35) 1 Q f

red

In the case of collisions of alkali ions with rare gas atoms we can

use at large distances a Born-Mayer potential with a potential added

to account for the polarisabilxty of the atoms by the alkali ions.
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(36) V (R) = V exp(^) - a/R4

? I K . .

To account for the strong repulsion at small distances we use a

screened Coulomb potential

(37) V<(R) = exp(^)^

These potentials are linked at the matching distance

dV dV
(38) V V ( | R = R

There remain two fitting parameters, which can be determined by

comparison with theoretical calculations of the alkali ion-inert gas

interaction (Catlow et al 1970, Kim and Gordon 1974).

Figure 2 shows the good agreement between the calculations and

the fit potential. The fit parameters are shown in table 1. Numerical

integration of equation (34) with this potential yields the relation

between 0QJ and b.

Table 1. Potential parameters (a.u.) for several alkali ion-inert gas
pairs, fitted to theoretical calculations (Catlow et al
1970, Kim and Gordon 1974).

vl
V2
Rl
R2

a

«m

alkali

inert gas

Li+

He

5.0

25.9

0.69

0.38

0.69

1.18

Li+

Ne

26.4

47.9

0.49

0.39

1.33

1.75

Na+

He

19.1

40.2

0.58

0.41

0.69

1.54

Na+

Ne

80.3

108.8

0.51

0.41

1.33

2.02
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Figure 2: Alkali ion-rare gas atom potential energy V(R) at
internuclear distances R. fit-potential, with
parameters from table 1; ( # ) theoretical calculations of
Catlow et al (1970); theoretical calculations of Kim and
Gordon (1974): ( O ) Li+-He, ( V ) Li+-Ne, ( » ) Na+-He,
( O ) Na+-Ne.

2.6. COLLISION AMPLITUDES

The object of our experiment is to obtain the dependence of the

complex transition amplitudes on the scattering angle 9_ and the
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collision energy EQ. In this paragraph we will look more closely to

the amplitudes.

a. Scaling the amplitudes

In order to compare amplitudes, measured at different 9 - and EQ-

values, it is convenient to characterise the interatomic interaction

by only one parameter. Therefore we plot our results as a function of

b/v; the ratio of impact parameter and relative velocity. Small b and

large v result - due to the deep penetration of the electron clouds

of the particles into each other - in a strong interaction; large b

and small v in a weak interaction.

We measure relative intensities, so we do not detect the

absolute coincident intensity (or cross section) at a certain

scattering angle 9_ (see equation (18)).

By scaling all the amplitudes with the square root of a(6 ), we

obtain the relative amplitudes a T M

(40)

The square of a relative amplitude aLM gives the relative occupation

p L M of the level (L,M)

The sum of p^j over (L,M) is thus equal to one.

b. Rotation of the coordinate fraae

Rotations in three-dimensional space are generally expressed by the

'.uler angles (afty). By a rotation over the Euler angles the
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coordinate frame is firstly rotated over the angle y around the z-

axis, secondly over the angle P around the y-axis and thirdly over

the angle a around the z-axis, where (x,y,z) are the coordinates of

the old frame. We will use the convention used by Messiah (1969),

Brink and Satchler (1962) and Rose (1957) that a rotation over

positive values of (aPy) rotates the system in a positive direction,

in contrast to the convention used by Edmondi. (1957). The rotation

can then be written as

(42) D(apy) = exp(-iaLz) exp(-ipLy)

Rotation of the state |LM>, given in the old frame, to the state

|LM), given in the new frame, yields

(A3) |LM) = D(apY) |LM> = I |LM'> D£\
M' "

with

(44) DM'M(apY) = ^ f 1 ^ ' + Y M )

where we have made use of the fact that |LM> is an eigenfunction of

Lz, and

(45) dM'M(P) = <LM'hxp(-ipLy) |LM>

The functions dJj.M(f!) are tabulated for L < 2 in Brink and Satchler

(1962).

Because |(3 > is fixed in our experiment;

(46) |p**> - I a |LM> = I a' |LM')
LM LM1

this can only be the case if the amplitudes transform according to
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( 4 7 )

In the experiment we measure all angles with respect to the collision

frame, where the z-axis is in the direction of the incoming ion beam

and the x-axis in the scattering plane. When fitting the data with

equation (10) we determine the amplitudes with respect to this frame.

However if the amplitudes are compared to predictions based on the

Electron Promotion Model (Lichten 1967, Barat and Lichten 1972), the

amplitudes must be given with respect to the asymptotic internuclear

axis. The collision frame must therefore be rotated in the scattering

plane over an angle 6^» resulting in the rotated frame. Using (af3y)

= (0 9CM 0) we find

,,„. rot v col .L , a •.(48) aLM, = I aLM d ^ - 9 ^ )
M

For explicit expressions for a^1" see appendix B.

Another frame with respect to which the results can be given, is

the natural frame (Hermann and Hertel 1982). The z-axis of this frame

is perpendicular to the collision plane, i.e. the direction in which

the transferred angular momentum is orientated. The x-axis of this

frame is in the direction of the incoming ion beam. The trans-

formation from the collision frame to the natural frame is given by

(OCPY) = ("it/2 -it/2 0), or

.... nat v col f-iuM) ,L /if»(49) aLM, = I a^ exP(—) d^^)
M

For explicit expressions for anjjc see appendix B. In the natural

frame we can perform a rotation over an angle a around the z-axis in

order to try to make the amplitudes real. Namely using (apy) = («00)

yields
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(50) a' = I a™ 1 exp(iaM)
M

So the phases of amplitudes with different M-values transform

differently under a rotation over a.

The collision process is mirror symmetric with respect to the

collision plane. A reflection through the collision plane is

Identical with a rotation over the Euler angles (0 n 0), followed by

the space inversion operator P. So we have

(51) P exp(iitLy) |f3**> = |P**>

Using the parity of the state

(52) P|LM> = (-) * * |LM>

with i^ the angular momentum of electron i, and

(53) d^M(tt) = ( M M

equation (51) holds, if the following relation is true for the

amplitudes

, L+E. I. +M ..
(54) a L M = (-) aL_M

So only (L, + 1) complex amplitudes are independent for an given state

L.

c. The observables of the collision

The amplitudes obtained from the measurements can be converted into

parameters, which reflect directly the intensity distribution of the

electrons or enbody a physical quantity. These parameters are called

observables. In the first case the angle y of maximum intensity in
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the collision plane can be used; in the second case the transferred

angular momentum L. is very useful. Due to the reflection symmetry

with respect to the collision plane, the angular momentum is

transferred perpendicular to the collision plane.

An S-state is spherically symmetric and cannot contain any

angular momentum. So only the relative intensity PQQ of an S-state is

of importance.

A P-state can fully be described, apart from its absolute

population (p?^ + P?^)» b v Yp and Li*

(55)
, J . / nat / nat •> IHit + arg(a1_1/au Jh

S-STATE P- STAT E D-STAT E

Figure 3: Intensity distribution in the scattering plane of an S-
state, a P-state, indicating yp> and a D-state, indicating
YD and T).

In the case of a D-state, besides Y and L a third parameter T) can be

used to describe the amplitudes. The intensity distribution of a D-

state usually contains in the upper part of the collision plane two

maxima; the larger one by definition determines the angle Yp» and the

smaller one an angle Y' (see figure 3). The deviation of Y' fr°m "V +

u/2 is called r\. We can derive
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(56) arctanl - ; il
nat, nat-i _

a 2-2 / a 22 ' YD

(
nat nat %P22 ~ p2-2
é£ £_i

nat nat natP22 + P20 + p2-2>

APPENDIX A: Atomic units

The equations in atomic physics are considerably simplified if

Hartree's atomic units (a.u.) are used. These units are given in

Table A.I (Bransden and Joachain 1983).

Table A.I: Atomic units

Quantity

Mass

Charge

Angular momentum

Length

Velocity

Momentum

Time

Energy

Unit

me

e

n

a0

v0 = etc

PO = mev0

V,vo
e

4 l ü eo ao

Value

9.10953xl0~31 kg

1.60219xl0~19 C

1.05459xl0~34 Js

5.29177xlO~U m

2.18769X106 m/s

1.99288xlO~2A kgm/s

2.41889xlO"17 s

4.35981xl0~18 J - 27.2116 eV
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APPENDIX B: Rotation of the coordinate frame

We will use in this appendix the following abbreviations

Pm =

d =
m

col
alm ;

col
a2m ;

Pm

d
m

rot
= alm ;

rot
" a2m ;

p
tn

d
m

nat
= alm

nat
= a2m

Due to the reflection symmetry with respect to the scattering plane

and even values of L + J A , we get
i

col . .iii col rot , .m rot
aT = (-) aT : a. = (-) aTLm L-m ' Lm L-m

nat , .L-hn nat
aLm • ("> aLm

so in the first two cases only the relations for positive ra will be

given, and in the last case is a^o' = a"ffc = anfj = 0.

a. Rotation from collision to rotated frame

P-state

Po

2 /—• 2

='i(cos p + l)d2 + sinPcospdj + |/6 sin pdQ

= -sinpcospd2 + (2cos p - l)d1 + |/6"cospsinpd0 D-state

pd. - /^"cosPsinPd, + |(3cos p - l)dQ
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b. Rotation from collision to natural frame

- 30 -

P-state

d0 = ~*d0 " ^ Ai D-state



REFERENCES

Barat M and Lichten W 1972 Phys. Rev. A _6_ 211

Boskamp E, Griebling 0, Morgenstern R and Nienhuls G 1982 J. Phys. B

_15_ 3745

Boskamp E 1983 Thesis University of Utrecht

Boskamp E, Morgenstern R, van der Straten P and Niehaus A 1984 J.

Phys. B JJ_ 2823

Bransden B H and Joachain C J 1983 Physics of Atoms and Molecules

(Longman, London and New York)

Brink D M and Satchler G R 1962 Angular Momentum (Oxford Univ. Press,

London)

Catlow G W, McDowell M R C, Kaufman J J, Sachs L M and Chang E S 1970

J. Phys. B 2 833

Clef f B and Mehlhorn W 1974 J. Phys. B _7. 593

Edmonds A R 1957 Angular momentum in Quantum Mechanics (Princeton

Univ. Press, New Jersey)

Eichler J and Fritsch W 1976 J. Phys. B 9_ 1477

Hermann H W and Hertel I V 1982 Comments At. Mol. Phys. _12̂  61

Kim Y S and Gordon R G 1974 J. Chem. Phys. _60_ 4323

Lichten W 1967 Phys. Rev. 164 131

Macek J and Jaecks D H 1971 Phys. Rev. A _4_ 2288

Messiah A 1969 Quantum Mechanics 4th ed. (North Holland, Amsterdam)

Morgenstern R 1976 Proc. IX ICPEAC, ed. J S Risley and R Geballe

(Seattle: University of Washington Press)

Rose M E 1957 Elementary Physics of Angular Momentum (New York: Wiley

and Sons)

van der Straten P and Morgenstern R 1986 Comments At. Mol. Phys. _1_7_

243

Torrens I M 1972 Interatomic Potentials (Academic Press, New York)

- 31 -



-[COINCIDENCES

, \ \ \ \ \ \ \ \ \ \

-ION
SPECTRO-
METER

e" SPECTRO-
METER

COLLIMATOR #0.7

ION GUN

Figure 1: Overview of the apparatus.
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CHAPTER 3

EXPERIMENTAL SET-UP

3.1. INTRODUCTION

In the preceding chapter it is described, in which way Che triple

differential cross section (da(0 )/dk) for electron emission in ion-
P

atom collisions allows the determination of the transition amplitudes

a^M. The cross section is differential in electron energy £
 = i|k| >

in electron emission direction Q = k and in scattering angle 9 of

the projectile. The transition amplitudes a ^ describe the excitation

of the target from the ground state to the excited state (L,M). These

amplitudes yield complete information on the excited state of the

atoms and contain - apart from the spin of the electron - the maximum

information, that can be gained by observing the collision system

after the collision.

In order to measure the cross section (do"(0 )/dk) one has to
P

collide ions (the projectiles) with atoms (the targets) under well

defined conditions and subsequently detect the scattered projectiles

and emitted electrons. Both, projectile and electron, must be

selected in energy and direction. This, however, is not sufficient.

One has to arrange the experimental set-up in such a way, that one

measures of a collision both the projectile and the electron. This is

usually called a coincidence analysis. In this way one can determine

the emission direction of the electron with respect to the direction

of the scattered projectile. Only in this way the excited state of

the target atom can be described by a pure state, which was one of

the premisses in the preceding chapter.
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In order to satisfy all conditions mentioned above, one needs

the following components in the experiment:

(i) an ion beam, producing particles with well defined energy and

direction,

(ii) an effusive gas target,

(iii) an electron spectrometer, detecting electrons under well

defined emission direction and with well defined energy,

(iv) a projectile spectrometer, detecting projectiles, scattered

through a well defined scattering angle and with well defined

energy,

(v) an electronic circuit performing the coincidence detection.

An overview of the apparatus used to perform the measurements is

shown in figure 1. All parts are situated in a vacuum chamber with a

minimum background pressure of 10 Pa to avoid collisions between

projectiles and the residual gas. The detection chamber is doubly

shielded by fi-raetal to reduce the magnetic fields inside the chamber

to ± 20 mGauss. The components (i)-(v) will be discussed in more

detail in section 2, 3, 4, 5 and 6 respectively. In the last section

of this chapter we describe experiments, which clearly show the

limitations of the coincidence technique. These limitations are

discussed.

3.2. ION BEAM PREPARATION

In the experiments three Ion sources were used to produce three

different ion species; He —, Li - and H"~-ions.

For the production of He+-ions a low pressure gas discharge

source Is used (see figure 2a). Due to the fact, that we want to

detect low energy electrons, a magnetic field usually used to improve

the performance of the source is not applied. The cathode consists of

a tungsten wire with a diameter of 0.3 mm, twisted In a spiral. The

cathode-anode voltage is 200 V and the emission current of the

discharge is stabilised at 100 mA by regulating the current through
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Figure 2: Ion sources
used in the experiments.
(a) He+-gas discharge

source
(b) Li -source
(c) H~-gas discharge

source.
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the filament.

Li -ions are produced by heating a tungsten wire with a diameter

of 0.5 mm, twisted in a spiral and covered with p-Eucriptite (see

figure 2b). The salt is known to emit ions at a temperature of ~

1000°C (Allison and Kamegai (1961), Hughes et al (1980), Ul Haq

(1986)). p-Eucriptite (chemical composition Li2O.Al2O3.2SiO2) was

produced by heating a mixture of id^CC^, AI2O3 and SiO2 to I400°C.

During the formation of p-Eucriptite C02 is released at ~ 850°C.

After cooling the substance down, the salt is grinded to powder. The

ion-source is prepared by twisting a tungsten wire to a spiral,

inserting the wire into a small container of boron-nitride and by

filling up the container with p-Eucriptite, dissolved in amyl

acetate. Care should be taken to create a smooth surface, from which

the ions will be extracted. The amyl acetate is evaporated in situ in

the vacuum chamber.

For the production of H~-ions also a low pressure gas discharge

source is used. The anode-cathode voltage is 250 V and the emission

current of the filament is 500 mA. In this case, however, it has to

be prevented, that due to the negative extraction voltage, also

electrons will be extracted from the source. Therefore the aperture

of the source is screened from the filament. A magnetic field (~ 1000

Gauss) is applied in the direction from the filament to the aperture.

This field and the applied cathode-anode voltage causes the electrons

and negative ions to spiral around this direction. Due to the small

mass of the electron, the diameter of the spiral of the electron

motion will be small and the electrons will generally hit the screen.

The ions will spiral in larger orbitals, pass the screen and can be

extracted. Despite these precautions the extracted electron current

is ~ 30 pA, which hindered a proper focussing of the extracted

negative ions and therefore limited the beam current. The current

through the filament can be turned off, when the discharge is on. Due

to the magnetic field, the increased length of the electron path in

the source increases the propability of ionising atoms and causes a

sufficient electron production to maintain the emission current.
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Figure 3: Ion optics.

Turning off the current through the filament increases the lifetime

of the filament. The applied magnetic field, however, reduced the

resolution of the electron spectrometer.

The ions from the source are extracted with a Pierce-type optics

(von Ardenne 1962, Wilson and Brewer 1973) focussed with two sets of

Einzellenses and mass-selected with a Wien-filter, consisting of a

crossed electrostatic and magnetic field (see figure 3). The beam is

limited to a diameter of 0.7 mm in the scattering centre by a

colliraator. A condensor at the end of the ion optics is used to

direct the beam through the diaphragms of the collimator. Typical

beam currents at a beam energy of 2000 eV are 200 nA of He+-ions,

100 nA of Li+-ions and 50 nA of H~-ions.

3.3. TARGET BEAM PREPARATION

The gas target is prepared by effusion of gas through a long tube (10

mm) with a small inner diameter of 0.1 mm. The density of gas outside

the tube is inversely proportional to the square of the distance at

the outlet of the tube and directly proportional to the square of the

cosine of the angle with the direction of the gas flow inside the
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tube (Ramsey 1956). To obtain a large signal the Ion beam has to be

crossed with the gas beam right above the tube. To avoid an

electrical charging of the gas tube, however, the minimum distance

between the scattering centre and the tube may not be too small. A

distance of about 3 mm was found to be a good compromise.

3.4. ELECTRON SPECTROMETER

The electron spectrometer is built by Thielmann and a detailed

description thereof can be found in his thesis (Thielmann 1977). Here

we will confine ourselves to a short description.

A schematic view of the spectrometer is shown in figure 4. The

electrons are angle-selected with two apertures aQ and aj, focussed

with three lenses Llt L2 and L3, and energy-selected with a 180°

SCATTERING
,-CENTRE

TARGET GASj

Figure 4: Schematic view of the electron spectrometer.

- 38 -



hemispherical electrostatic analyser. Finally a condensor is used to

focus the electrons to the most sensitive spot of the multiplier

(Balzers SEV 317).

The lenses Lj, L2 and L3 can be used to influence the angular

acceptance angle Ai>. If no focussing occurs, the resolution is

determined by the slits ag and a^ and amounts to A# = 1*. With the

lenses the acceptance angle can be increased to Ai? = 3°, increasing

the intensity considerably.

The analyser is operated in a mode, in which the transition

energy eD of the electrons through the analyser is kept constant by

accelerating or decelarating the electrons. By scanning the de- or

accelerating voltage and adjusting all other voltages properly (see

Thielmann 1977) an energy spectrum is obtained. The transmission

energy e^ determines the energy resolution Ae and the transmission

efficiency of the spectrometer. Imhof (1976) gives

10 20 30 40 50 60

- 100%

- 75'/.

- 50°/.

- 257=

Figure 5: Energy resolution Ae (abscissa on the left side) and
transmission efficiency (abscissa on the right side) of the
electron spectrometer, as a function of the transmission
energy eD of the electrons through the spectrometer.
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(1) -^ = 0 . 4 3 ^
ED R0

with dj the diameter of aperture a^ and Rg the radius of the sphere.

In our case this yields Ae/eD = 1.1%. Due to residual magnetic fields

inside the spectrometer the minimum width Ae is restricted. In figure

5 the width Ae is shown as a function of the transmission energy ËQ.

The minimum value achievable is 20 meV; the proportionality between

Ae and e^ is in agreement with relation (1). Also the transmission

efficiency is shown in figure 5. The efficiency exhibits a linear

dependence on eD for low £D-values and reaches a maximum above e^ =

50 eV.

3.5. PROJECTILE SPECTROMETER

In the experiments two projectile spectrometers were used. The first

one, built by Boskamp (1983) detects scattered ions. In order to

investigate collision systems, in which neutralisation of the projec-

tile takes place, we have also developed a neutral spectrometer. Both

spectrometers will be described in this section.

a. Ion spectrometer

This spectrometer is described by Boskamp (1983). It consists of four

wings, each wing containing a multiplier (Hamamatsu R515) to detect

ions (figure 6). The scattered ions are energy-analysed by two

concentric cones. The potential of the inner cone can be varied in

order to vary the energy of the scattered projectile. The resolution

of the detector, which is in fact a parallel plate analyser, is given

by

AE
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Figure 6: Schematic view of the ion spectrometer.

with d the sum of the widths of the slits at the entrance and exit of

the analyser and Ü the distance between the two slits. Using d =

1.0 mm and I = 35 mm yields a resolution of 2.8%. The resolution can

be improved by using a lens in front of the analyser (Boskamp 1983).

To compensate for small disalignments between the four analysers, the

inner cone is divided in four parts, where the potential on the

quarters can be varied in a limited range with respect to each other.

The scattering angle 9 of the projectile is determined by slits. The

resolution achieved amounts A6 /9 = 2.5%, and the azimuthal
P P

acceptance angle is A<p = 8°.
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Figure 7: Photograph of the neutral spectrometer (photograph Frans
Verdonk).
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b. Neutral spectroneter

The neutral spectrometer Is shown In figure 7 and 8. It is built

using the same principles with respect to the detection of scattered

particles as the ion spectrometer. However, an electrostatic field

cannot be used to select the energy of the neutral scattered

particles. Under certain conditions, discussed in section 6, it is

not necessary to perform this selection. Namely, one can use the

coincidence detection to determine, whether or not the projectile is

originated from a collision, which has led to electron emission. The

restrictions to the measurements, caused by the absence of an energy

selection will be discussed in section 6. For the moment we discuss

SCATTERING
CENTRE^

FARADAY
CUP

SLIT- "~
L=- ^CONDENSOR

MULTIPLIER

Cu-Be
-ELECTRODE

•LENSES

Figure 8: Schematic view of the neutral spectrometer
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the properties of the spectrometer.

The scattered particles are angle-selected by two slits (see

figure 8). The angular resolution A9p/8p is 2%. Scattered ions are

deflected out of the scattered beam with a condensor. The neutrals

hit a Cu-Be anode in the detector, creating one or more electrons.

These electrons are focussed with three lenses onto the first anode

of the multiplier (Hamamatsu R515), using an acceleration voltage of

200 V between the Cu-Be anode and the multiplier.

In order to test the performance of the spectrometer, we have

measured time-of-flight (TOF) spectra. To perform these measurements

we chop the ion beam by changing rapidly the voltage between the two

plates of one of the condensors at the end of the ion optics from

positive to negative, sweeping the ion beam over the diaphragm of the

collimator. In this way ions can only pass through the collimator for

a short period (= 8 ns). With a coincidence circuit the time between

the passing of the ions through the collimator and the detection in

the analyser is determined.

0 20 40 60 80 100 120 140 160 180
TIME OF FLIGHT [ n s ]

Figure 9: TOF-spectrum of the scattered projectiles in the He+-He
collision system with primary energy Eg • 1 keV and
scattering angle 9 * 8".



Figure 9 shows a typical measurement. One observes three dif-

ferent peaks in the time-spectrum, corresponding to three different

inelastic energy losses Q of the projectiles in the collision. The

width of a peak is -» 10 ns. This shows that the neutral spectrometer

adds a small contribution to the spread of the arrival time of

scattered particles, which can be expected from the absence of an

energy selection (see section 6).

3.6. THE COINCIDENCE TECHNIQUE

a. The electronics

The coincidence technique depends on the condition, that the time

between the collision and the detection in the analyser is fixed for

both the projectiles and the electrons, due to the fixed flight path

between the scattering centre and the first anode of the multiplier,

and the almost constant energy of particles. An electronic circuit,

measuring the time difference between the arrival of the pulses of

the multipliers is then sufficient to determine, whether or not the

detected electron and projectile belong to the same collision

process.

Figure 10 shows a schematic diagram of the electronic circuit

and in table 1 the components used are listed. The pulses from the

multipliers are amplified (AMP) and shaped by a constant fraction

discriminator (CFD), that forms a pulse, whose risetime is

independent on the initial height of the pulse. The intensity of the

pulses is measured with a rate-meter (RM). The pulses of the (CFD)

are fed into a time-to-pulse-height converter (TPHC), converting the

time delay between the two pulses into a specific pulse height. An

analog-to-digital converter (ADC) converts the pulse height into an

address, used by the multichannel sealer (MCS) to increase the

contents of this address by one. In this way a time-spectrum is

accumulated.
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Figure 10: The electronic circuit.

Figure 11 shows an example of a time-spectrum. One observes a

peak with a width x at a specific time t^, corresponding to the time

delay between the arrival of the electron and the projectile in the

spectrometer. Subtracting the background and dividing the contents of

the peak by the total number of detected ions, accumulated in a

sealer (SC), yields the coincidence intensity.

Usually the energy of the emitted electrons is varied during

this type of detection mode, and an intensity averaged over the

electron energy is obtained. If information on the electron energy is

important, however, another detection mode is used, which applies

fast coincidence units (FC). These units deliver an output pulse,

whenever two input pulses both arrive within a short time interval T.
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Figure 11: A time spectrum.

The pulses from the electron spectrometer are delayed to bridge the

time-gap tj between the two signals. At each energy of the electrons

the counts from the FC are collected and stored in the MCA. The

background is counted using a second FC, for which the electron

signal is delayed by an arbitrary time X-2* yielding an improper total

delay time t^ + t,. To ensure that the width T is the same for the

"true" and accidental signal, both signals are first measured with

the same FC (Cj) and afterwards identified according to their delay

times by two FC's (C2 and C3). After the measurements the signals Nj

and N2 are subtracted to yield the coincident electron energy

distribution.

b. The statistics of a coincidence analysis

The coincidence technique, described in the preceding section, allows

to obtain very detailed information on the collision system under

study (see chapter 2). The intensity of coincidences, however, is
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considerably smaller than the intensity of the signals, from which

the coincidence signal is derived. This is a consequence of the fact,

that in a coincidence measurement one has to detect both the

projectile and the electron from one collision. Since the accepted

solid angle Ag of the electron spectrometer is small (Ae - 10 )

compared to 4u, the probability of detecting the electron, whenever

the corresponding scattered projectile is detected, is very small.

Table 1: List of all electronic components used in the experiment.

component

AMP

RM

SC

CFD

TPHC

GD

OR

clf c2, c3
MCA

description

amplifier

rate meter

sealer

constant fraction

discriminator

time-to-pulse-height

convertor

gate and delay

or-gate

fast coincidence

multi channel sealer

type

Le Croy 612 AM

Elscint RM-N-1

Canberra 1774

ESN CF 4000 (electrons)

Ortec 934 (projectiles)

Ortec 467

Ortec 416A

-

Elscint FC-N-1

Tracor TN4000

Furthermore, the specific detection mode of a coincidence technique

puts a limitation to the maximum obtainable accuracy or signal-to-

noise ratio in a given accumulation time T. This is well known

(Eminyan et al 1974, Slevin 1984, McConkey et al 1986), however, the

concept is repeated here in order to clarify the reasons, discussed

in section 7, why we were not able to apply the coincidence technique

to certain collision systems.

The relative standard deviation 6r of the true coincidence
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signal Nj-N2 is given by

Denoting N, - N-> = N T and N = N T, with N and N the intensity of
^ ~ t 2. a t a

the true and accidental signal respectively, and T the accumulation

time, one obtains

+ 2N

K
So 6r is inversely proportional to the square root of T, or to put it

in another way, an increase of the accumulation time by a factor of

four leads to improvement of the accuracy by a factor of two.

To derive the dependence of 6r on the experimental conditions,

we assume for simplicity, that all detected electrons and projectiles

belong to the process under study and that the electron and

projectile spectrometer detect their signal from the same interaction

volume Vlnt. The number N of collisions in one unit of time in this

volume amounts to

(5) 5c = of j+ngVint

with 0 the cross section for electron production (see chapter 2.4),

j + the current density of the ion beam and n the gas density in the
. ?

scattering centre. The count rate N and N of the electron and
e p

projectile signal, respectively, are given by

(6) ^ = p ^ ^ i = (e,p)

with pj the probability for emission of the electron (i = e) or

scattering the projectile (i = p) in the direction of the respective

spectrometers and r\^ the efficiency of the spectrometer. In the case

of an isotropic emission of the electrons, which is, when you come to

think on it, the most uninteresting case, pe amounts to Ag/4-rc, with
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Ae the acceptance solid angle of the electron spectrometer. The cross

section da/d8 for scattering the projectile through an angle 9 is

certainly not isotropic (see chapter 6 for the case of the Ll+-He

collision system) and this do*is not allow a simple general approxi-

mation for p . The true coincidence rate N is

(7) N = p n p T) N
' t e e*p p c

and the accidental coincident rate N , counted in the time interval t
a

(see figure 1')» is

(8) N = N N T = p n p n N 2 T
a e p e e p p c

Insertion in equation (4) yields for 6

1 + 2TN
(9) /T 6 -" '

T) p TI N ) !; 2tN « 1

p t) p T) N
*e e*p p c

In the limit of small or large N this yields
c

(10)

The accuracy achieved in a certain accumulation time T can only be

improved by increasing the number of collisions per unit time N , if

2TN < 1. This corresponds to 2N < N , so it can easily be verified

in the experiment by comparing the background to the peak height,

whether or not it is useful to increase for instance gas pressure or

beam intensity in order to obtain a higher accuracy. This is not the

case in our experiment; 2N /N ~ 4. So in our case it is only useful

to increase the efficiencies of the detectors, which is not easy to

achieve, or to decrease the time window t, which will be discussed in

the next section. pe and p_ determine the respective angular

resolution of the detectors, and thereby the observable structure in
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the differential cross section. This limits the extend to which pg

and p may be increased.

These conclusions are only slightly modified, when a more

realistic coincidence experiment Is considered. For Instance, usually

projectiles can also be scattered in processes, that do not lead to

electron emission. In the case of the neutral spectrometer, these

projectiles will also be detected, due to the absence of an energy

selection. If we denote the cross section for these processes by "3^,

the count rate of accidental coincidences N will be increased with a
a

factor Y = (% + c?)/a, with respect to the case of an "ideal"

experiment, although the count rate of true coincidences N remains

unchanged. So we obtain in this realistic experiment

(11)
p n p T) N ,
. *e e*p p c'

Due to the fact, that In our case 2xN is larger than one, the

accuracy is decreased by the square root of y. To obtain the same

accuracy, however, the detection time must be Increased by y.

In the case of the Ion spectrometer, the situation is more

favourable. The energy analyser of the spectrometer can now be

adjusted to detect projectiles from the process under study. Due to

the different Inelastic energy losses of different processes, the

efficiency of detecting projectiles from "unwanted" processes will

then be smaller and this can reduce Y considerably.

It is clear, that all other possible deviations from an "ideal"

experiment will make the situation worse and will in fact lead to an

increase of Y- More elaborate formulas to describe this, can be found

in the references mentioned at the beginning of this section. The

concept derived in this section, however, is sufficient for our

purpose.

c. Width of the time peak

One way to increase the accuracy of the measurement without

- 51 -



increasing the accumulation time, is to reduce the width of the time

peak t. This window is caused firstly by a spread in flight time of

elec . -ons and projectiles from the interaction volume to the

multiplier, and secondly by a spread in time between the impact of a

particle on the multiplier and the detection in the coincidence

circuit. Using fast timing electronics, the contribution of the

second effect can be reduced to 0.5 ns. This section will only

discuss the first one.

The spread in flight time of particles (electrons or

projectiles) from the interaction volume to the multiplier has three

origins (Völkel and Sandner 1983):

(i) detection of particles, travelling from different places in the

interaction volume to the detector (

(ii) detection of particles with different energies (r e n e r gy),

(iii) detection of particles, entering the energy analyser under

different angles (tgeo)-

The spread in flight time in the first two cases is obvious; in the

last case the spread is caused by different paths of the particles in

the analyser leading to different flight times. In the case of

scattered projectiles a fourth origin can be mentioned:

(iv) detection of projectiles, scattered through different angles

According to equation (30) in chapter 2.5 different scattering angles

lead to different kinetic energy losses in the collision. Because the

spread is inversely proportional to the velocity of the particle in

all four cases, the detection of the projectiles has a larger

contribution to the time spread than the detection of the electrons.

The various contributions (i) to (iv) are listed in table 2 for

electrons and projectiles. One major contribution stems from

projectiles scattered from different places in the interaction

volume. This can only be reduced by reducing the interaction volume

in the beam direction, which reduces the signal as well. The signal

can be increased by increasing the beam diameter, however, this is

not suitable in our case, since this reduces the accuracy of 8_
-p.
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which reduces the accuracy of the coincidence cross section, which is

differential in 0 , and which increases the spread according to (iv).

As always, when experiments are performed, the chosen experimental

conditions are a compromise.

Table 2: Contributions (in ns) to the width T of the peak in the time
spectrum (see text for explanation of the symbols).

electrons projectiles

electron spec. ion spec. neutral spec.

7

9

4

4

Tvol
Tenergy

Tgeo
Tscatt

0.5
0.4

5

—

3.7. LIMITATIONS OF THE COINCIDENCE METHOD

The coincidence technique has been applied in our group for studying

double electron excitation in the following collision systems: He+-He

(Boskamp et al 1984), He+-Ne (Boskamp et al 1982) and Li+-He (chapter

7 of this thesis). Preparations for studying the Li+-Ne collision

system are in progress and it turns out, that the application of the

coincidence technique to this collision system yields good results.

We have applied the technique to other collision systems, but

were not able to detect coincidences between scattered projectiles

and emitted electrons. This was the case in the He -Ar, He -Kr and

H -He collision system, and the reasons will be discussed in this

section.

Figure 12a shows an electron spectrum of the He -Ar collision

system. One observes many distinct peaks In the energy range from 5
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ELECTRON ENERGY

15 20

Figure 12s Electron spectra from the He -Ar (a), He+-Kr (b) and H~-He
(c) collision system, with a primary energy EQ » 2 keV and
detection angle i> - 90*.
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to 20 eV, belonging to autolonlsation levels of the target. He auto-

ionlsatlon electrons have energies In the range of 30 to 40 eV, and

In this range no appreciable intensity was measured at low (~ keV)

collision energies. It is not clear, If the autolonlsation peaks

belong to Ar or to Ar+, formed after charge exchange with He . The

main peak at e = 7.95 eV, however, was identified by Jorgensen et al

(1978) as belonging to the Ar+(3s3p54p)2P doubly excited state. So It

is not clear, whether coincidences between electrons and He or

between electrons and He can be detected.

First we have tried to detect coincidences between electrons and

ions with the Ion spectrometer. No coincidences were detected,

although changing from Ar to He as a target yielded again a large

coincidence signal. Replacing the ion spectrometer by the neutral

spectrometer yielded the same result; no coincidences between

electrons and neutrals could be detected. In this case, however, it

was even difficult to measure coincidences between scattered

projectiles and electrons in the He+-He collision system. In order to

detect He -ions, the deflection voltage was not applied to the

deflection plates. The reason is clear: with the neutral spectrometer

all scattered projectiles are detected with equal probability and

therefore contribute equally to the background in the time spectrum,

whereas only those projectiles that are scattered in collisions,

which lead to electron emission contribute to the coincidence rate.

Therefore measuring all scattered projectiles reduces the signal to

noise ratio In the true coincidence rate, as explained in the

preceding section. In cases where, the cross section of all "unwanted"

processes is a factor of 10 or more larger than the process, that

lead to electron emission, it is not even possible to detect a

coincidence peak at all in a reasonable accumulation time (24 hr).

The He+-Kr collision system is almost identical with the He+-Ar

collision system. The electron spectrum (figure 12b) looks alike,

although the peaks of autoionlsing states seem to be superimposed on

a broad structure. This structure probably arises from autoionisation

of the quasimolecule (He-Kr)+, the so-called molecular autolonlsatlon
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(MAI). Such (MAI)-systerns have until present not been studied using

the coincidence technique. Since details on the (MAI)-raechanism may

in principle be obtained using this technique, it would be very

interesting to study the (He+-Kr)-system in this way.

Unfortunately the results obtained by us for the He+-Kr

collision system are the same as the results for the He+-Ar system:

no coincidences detected. The reasons are the same as the ones

outlined in the discussion of the He -Ar system.

Finally we applied the coincidence technique to the H -He

collision system. This system is iso-electronic with the Li+-He

system, and a comparison of the results obtained for this system,

with the result obtained for the Li+-He system (chapter 7 of this

thesis) would yield very direct information on details of the

excitation process. A spectrum of autoionlsing electrons is shown in

figure 12c. The peaks can be identified as autoionlsing states of H :

^ and H~(2s2p)1p with nominal energies E 0 = 9.59 eV and t± =

60' 70* 80' 90* 100' 110' 120* 130'
EMISSION ANGLE \t

Figure 13: Shift of the peaks in the spectrum of autoionlsing
electrons in the H~-He collision system.
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10.18 eV respectively (Risley et al 1974). The shift of the electrons

as a function of the polar emission angle # is shown in figure 13 and

is in agreement with the calculated Doppler shift for emitted

electrons, emitted by the projectile. Since the projectile H~

neutralises upon electron detachment, coincidences are to be expected

between electrons and neutral H-atoms.

Again no coincidences could be detected. At first we obtained a

signal of scattered neutrals as large as 10 counts/sec. The largest

fraction could be attributed as being neutralised by a deflection on

the edges of the hole in the last diaphragm of the collimator.

Changing the sequence of the diaphragms of the collimator, the one

with the smallest hole first, reduced the signal considerably. But

still no coincidences could be detected.

In conclusion one can state that it is important to use an

energy analyser in order to select the proper class of scattered

projectiles. The coincidence technique itself is no proper instrument

to make this selection. If one wants to detect coincidences between

scattered neutrals and electrons, one has to choose collision

systems, in which it is possible to choose collision conditions such

that the largest fraction of the scattered neutrals belong to the

collision process under study.
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CHAPTER A

INTERFERENCE OF AUTOIONISING TRANSITIONS IN FAST ION-ATOM COLLISIONS

ABSTRACT - We show that the influence of post-collis.ion interaction
(PCI) on the energy spectra of autoionisation electrons can not be
neglected in ion-atom collisions, even at collision energies as high
as several hundred keV and light projectiles. By means of a classical
treatment we derive simple formulae that allow to take PCI effects
properly into account also at high collision energies. From electron
energy spectra calculated with these formulae it becomes obvious that
interferences of autoionising transitions can significantly influence
the apparent peak intensities even if these peaks seem to be well
separated and no typical interference structures are to be observed.
We reanalyse experimental data of Itoh et al (1985) who investigated
electron spectra from high energy He + He collisions and who found
peculiarities in the collision energy dependence of the observed
electron intensities. Recently Arcuni (1986) has also given a
quantitative treatment of the emission angle-dependent PCI. We show
that our formula for the PCI-induced energy shift is much more
accurate and at the same time valid over the whole range of
projectile velocities V. We compare the analytical formula with
numerical calculations of the classical three-body problem and find
excellent agreement. The PCI-process also changes the emission
direction of the electrons. We will show the consequences of this
deflection for the angular distribution of the electrons.

4.1. INTRODUCTION

In slow ion-atom collisions it is well known, that the post-collision

interaction (PCI) (Barker and Berry 1966, Morgenstern et al 1976,

1977) has an important influence on the energy spectra of electrons

emitted in the process

A+ + B + A+ + B** -> A+ + B+ + e~
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Autoionlsation at relatively small internuclear distances of the

collision partners A and B causes a decrease of electron energies

that is equal to the Coulomb interaction between the remaining,

positively charged ions. For an exponential decay with lifetime t of

the autoionising state and a relative velocity V of the collision

partners this results in a broadening B = 1.07/VT and a shift S =

1/2VT of the corresponding lines in the electron energy spectra

(atomic units are used except where otherwise stated). ïf, due to

this, autoionisation lines overlap, one can in principle no longer

distinguish which state was excited intermediately, and therefore

interferences of autoionising transitions occur, leading to

oscillatory structures in the energy spectra (Morgenstern et al

1976,1977).

For slow collisions (V « 1) the line width B is much larger

than the natural width V = 1/x and PCI-effects obviously have to be

taken into account. For V ^ 1, however, it is often assumed that PCI-

effects can be neglected. It is the purpose of this paper

(i) to show that this assumption is not justified even when the lines

in the electron spectra seem to be reasonably separated, and

(ii) to give simple formulae, for the case of fast ion-atom

collisions, that allow PCI and interference effects to be properly

taken into account.

In section 2 we dsrive the complex transition amplitude for

autoionisation and its dependence on the electron energy as a

function of the collision velocity. We start with the same general

expression as Morgenstern et al (1977) and proceed in a similar way

as Russek and Mehlhorn (1986) did for the case of electron-atom

collisions, i.e. we determine the shift S of the electron energy due

to PCI in a classical way. In our case, however, the treatment is

simpler since, as opposed to electron-atom collisions, the relative

velocity of the collision partners can be regarded as being

unaffected by PCI.

In section 3 we investigate the extent to which interferences

influence the apparent intensities, positions and line shapes of
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autoionisation lines in the energy spectra of electrons. In section A

we apply our results to a realistic example by reanalysing electron

spectra of Itoh et al (1985) and Arcuni (1986). Finally we will

discuss in section 5 the deflection of the electron due to PCI and

the effect the deflection will have on the angular distribution of

the electrons.

4.2. THE TRANSITION AMPLITUDE FOR AÜTOIONISATION

We start in the same way as Morgenstern et al (1977) from the

expression for the time-dependent amplitude fpcj f°r transitions,

caused by a perturbation V(t) between an initial state with

electronic energy Ej and a final state with electronic energy Ej

(Messiah 1969):

(1) fpci(T) = -1 f | e xP[-iV T ' t^if^) exp[-iE1t]|dt

We assume an exponential decay of the state L with lifetime T, =

1/r^. Using the golden rule and taking the exponential decrease of

the initial state population into account this yields for the matrix

element

(2) Vlf(t) = (rL/2n)* exp(-t.rL/2)

By normalising the energy scale such that E = 0 for A , B and e~ at

Infinite relative distances and the electron at rest, we obtain E^ =

e-, , the nominal kinetic energy of the autoionisation electrons. The

electronic energy of the final state depends on the decay time t' and

is given by

(3) E f(f) = ed + S(t')

with C(j the kinetic energy of the emitted electron at the detector
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and S(t') the energy shift that the electron suffered between

emission and detection, and which is caused by PCI.

Due to the time-dependence of Ej we have in (1) to replace
fT

- t) by J E (t')dt'. Omitting a phase that is only dependent on e^ -

and which therefore cancels whenever an electron intensity is

determined - we obtain

+ i[(e - e )t + ƒ S(t• )dt')] fdtd L J
This expression is analogous to equation (6) of Morgenstern et al

(1977), except that here we have not yet given an explicit expression

for S(t'). It is also identical to expression (9) of Russek and

Mehlhorn (1986) with two exceptions, (i) Russek and Mehlhorn obtained

from the Fourier transformation of a Lorentzian line shape an

amplitude with the sign of the phase opposite to ours. Since they did

not consider Interference and polarisation effects this

unconventional sign had no further consequences, (ii) They define S

(caused by electron-ion interaction) with an opposite sign.

As was discussed by Russek and Mehlhorn (1986) equation (4)

yields an appropriate description of line-shapes at all collision

velocities. Only the approximations made by Morgenstern et al (1977)

for its evaluation lead to deficiencies at high collision velocities.

These approximations were as follows.

(i) S(t') was set equal to the Coulomb energy of the two ions at the

time of decay. This is a good approximation only if the collision

velocity V Is much smaller than the velocity VQ of the ejected

electron (V « v Q ) . (ii) The integral in (4) was evaluated by the

stationary phase approximation. In the limit of infinite V this leads

to a 6-functlon for the electron line shape Instead of a Lorentzian

line shape. In the following we deduce a simple expression for S(t')

that can be integrated analytically.

The determination of the shift S(t') is rather complicated in
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case of electron-atom collisions (Russek and Mehlhorn 1985). For ion-

atom collisions a simpler treatment is possible, since the relative

velocity of the collision partners is, to a very good approximation,

not Influenced by PCI effects. For simplicity we assume that the

electron emitting atom B is at rest in the laboratory frame. In a

reference frame moving with the projectile A the PCI shift is simply

given by

(5) -l/R' = - 1/Vt1

Transformation back to the emitter frame yields a shift S given by

(6) S = i(v'2 - v2) = - YT+ V(v'cosa' - vcosa) = -1/Vt' + VAv

where v,v' and a, a' are the velocity and angle of the ejected

electron before and after the PCI process respectively.

Figure 1: Visualisation of the geometrical situation at time t' when
the electron is ejected with velocity VQ from B, and A+ at
a distance R' is receding with velocity V.
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For an explicit determination of VAv we start from the equations

of motion for the components ux and u y of the electron velocity u in

the projectile frame and use Av = Au. For ux we find (see figure 1)

(?) -rr u = -r~2cos9 = (Ru sinp)"1 ~ sin9
at x at

where r is the position vector of the electron with respect to the

projectile and where u and r form angles P and 9 respectively with

the ion velocity v. In (7) we have used the conservation of the

angular momentum r d9/dt = -Ru sin|3. Integration of (7) yields

(8) u' cosp' - u cosp = sinP'/R'u sinp

With the approximation the sin{3'/sin|3 = 1, i.e. for relatively small

deflections of the electron in the field of the ion, we obtain

(9) V.Au = $.Av = 1/ut' = l/|v - V|t'

With this the PCI-shift becomes

This approximate expression is in excellent agreement with results of

numerical calculations of electron trajectories, except for angles a

very close to a = 0* and v > V. In that case the electron is

considerably deflected in the field of the ion. An improved version

of equation (10) can be obtained by integrating the equation of

motion for u y also

(7a) 77 u = ~( R u sine)"1 -£ cos9
at y at

which yields

(8a) u' sinp1 - u sinp - -(1 + cosP')(Ru slnB)"1
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Combining (8) and (8a) we obtain

2 2
,n N + ,-> V(Rv u' sin a - u' - v cos a + V)
(9a) V.Av = — =-=—= y

R v u' sin a + 1

Since u' is a simple function of t', V, v and a we get again an

analytical expression as in (10) for the energy shift S. This

improved expression is also valid near a = 0°, but In most cases (10)

is a sufficiently good approximation. For V « Vg (10) yields again

the function S(t') = 1/Vt', adopted by Morgenstern et al (1977),

which for larger V, however, causes an overestiraation of the shift

and for V > VQ even yields the wrong sign of the shift.

The functional form of (10) has the advantage of being

analytically integrable, yielding a logarithmic phase in (4). By

introducing the parameter <

(11)

and reduced quantities

(12) ë = 2(e - e )/r I = t.T /2
a a L L L

we obtain for the transition amplitude (4)

(13) W
, f \

(2/r_irr ƒ exp -t + i(e.t + K. lnt)dt.exp[iic In2/r, ]
L 0 V J

Integration over t yields (Devdarlani et al 1977):

(14) fPCI(eL'Ed) = (r^)*exp{i< *n(^)} (1 - iid)
±K"1r(l + IK)

L L

Elaboration of the complex power yields our final result.

- 65 -



WW'
2kT

P. (1 + ë,2)slnh(itK)
L, d

exp

(15) ,

ars(fpci(eL'ed» m - ^ t o ^ V +

- arctanl

with F(x) the normal F function. For the limit of K =

yields the Lorentzian line shape.

To present a realistic example we have calculated the line

shapes in electron energy spectra, i.e. |fpci(GL»ed^ I » an^ t n e

phases arg(fp(,j-) for various values of K between K = 0.5 and K = 5.

The results are shown In figure 2. For the case of He projectiles

and autolonisation electrons emitted at a = 90°, K = 5 and K = 0.5

correspond to collision energies of ~ 3 keV and ~ 100 keV respective-

ly. One can see a pronounced deviation of line shapes from the

Lorentzian profile even at collision energies of 100 keV. The shift S

of the line-maximum Is well described by the classical formula S =

K/2TL- For a collision energy of 3 keV we have also evaluated (13) by

the stationary phase approximation with the point of stationary phase

(d<p/dt = 0) given by tQ = -<l\. The resulting line shape cannot be

distinguished from the one obtained by equation (15). In figure 2b we

give the results of the phases of i^QI' F o r K = ° t n e Phase varies

from 0 to u, as expected. For lower collision energies a larger phase

variation occurs. For E c on = 3 keV we again compare the result of

the stationary phase approximation with the correct analytical

result. For e^ £ -2, I.e. in an energy range where in this case the

main electron intensity occurs, there is almost no difference in the

results. For higher ëd> however, the stationary phase approximation

yields too fast a variation of the phase, becoming infinitely fast

when ëd - 0 is approached.

- 66 -



-20

Figure 2: (a) Line shapes of autolonlsation lines in an electron
energy spectrum for different collision energies as a
function of the reduced electron energy ë^ » 2(ej - EQ)/T.
(b) Phases of autolonlsation amplitudes as a function of

Lorentzian line (limit of V + •)
V - corresponding to Ecol2(He) » 100 keV.

— . V - corresponding to E^^CHe) » 40 keV.
— .. V » corresponding to Eeoil(He) - 10 keV.
— V • corresponding to ECQ2j(He) - 3 keV.
i V - stationary phase approximation 3 keV.
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A.3. INTERFERENCE OF AUTOIONISING TRANSITIONS

If two autoionising states are excited and there Is a region in the

electron energy spectrum where the transition amplitudes fpciCGi.E^)

and fpci^e2»ed^ corresponding to these states are both finite,

Interferences of these transitions have to be taken into account. The

energy-dependent electron intensity in a direction Q is then given by

(16)

where AJ(Q) are complex amplitudes that characterise the initial

population of the autoionising state and the angular distribution of

the ejected electrons. To give a realistic example we have calculated

the energy spectrum of collision induced He autolonisation electrons

from states He (2p2)1D and (2s2p)*p with nominal electron energies

of eL = 35.30 eV and 35.54 eV and natural line widths of TL = 0.072

eV and 0.042 eV respectively (Hicks and Comer 1975). The result is

shown in figure 3. Various relative phases between the amplitudes

A^(Q) were assumed. It is remarkable that Interferences do Influence

the spectra considerably although the electron emission lines seem to

be well separated and no typical oscillatory structures are to be

seen at this collision energy of 100 keV.

It should be pointed out that also the total electron intensity

I(Q) at a certain angle Q is influenced by the interferences. The

intensity is given by

CO

(17) 1(0) - ƒ I(e.,Q)de
0 d d

with I(ed,Q) as given by (16). Since fpci(EL»ed^ is norraalised we

obtain

(18) 1(0) « |A1<Q>I
2 + |A2(Q)|

5
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Figure 3: Energy spectra resulting from autoionisation of He ( p )

and He (2s2p)LP states, induced by 100 keV He + + He

collisions. Different relative phases between the

amplitudes A(Q) are assumed.

independent PCI-proflies, ^"^o = ^»
u.

Inserting (4) into (18) with natural widths F1 and T 2 and nominal

energies ej and Z2 " z\ ~ A e respectively, for the two states

Involved, we obtain for the integral G in the cross term of (18)

CO flO

(19) 72G - ƒ de' ƒ dt, ƒ dt (T T )72n x expH-i(r,t
-oo O O r

with

(20)
t.

t) - ƒ s(f)df
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The integration over e' can be performed by using the relation

(21) •£ ƒ de' exp[ie'(tl - t.,)] - 6(tl - t2)

Due to this the U-terms in (19) cancel and the integral G and

therefore the cross term in (18) become independent of the PCI-shifts

S and the collision velocity. Also the integrations over dt^ and dt2

in (19) can now be performed analytically and we obtain

(22)
r2)

With this the total electron intensity becomes

(23) KQ> - (A^Q)!2 + |A2(Q)|2 + 2^(0)11^(0)1 r cos( + -

with

(24)

and

(25) 4>0 - arctan 2Ac/(T1 +

(26) « - arg(f1(£J)) - arg(f2(Q))

We therefore find that the influence of interferences on the total

electron intensity at a certain angle Q does not depend on the

collision velocity. It depends only on the separation Ae of the

states and on their natural widths F^ and is not caused by PCI. The

quantity r given in (24) allows to estimate the possible importance

of interferences. For the He-states of figure 3 we obtain a value of

r » 0.216. This means that the total electron intensity at a certain

angle can vary as much as ±22% when the relative phase <J> of the

amplitudes A(Q) is varied.

- 70 -



These results have another remarkable Implication. As long as

states with different angular momenta are involved, the Interference

term In (21) will be positive or negative, depending on Q. In the

total electron intensity I = Jl(Q)dQ it will cancel. This cancelling

of interference effects In the total electron intensity was earlier

pointed out by Taulbjerg (1980). If, however, states with the same

angular momentum are involved - e.g. two S states - their transition

amplitudes will Interfere in the same way, constructively or

destructively, at all emission angles. This implies a change of the

effective lifetime of the states involved, which can either be

increased or decreased.

4.4. APPLICATION TO EXPERIMENTAL DATA

a. Excitation cross sections at high collision energies

Recently Itoh et al (1985) published electron energy spectra from He+

on He collisions, at collision energies between 75 and 500 keV, that

were measured with high resolution. They were able to determine the

areas under the peaks from the well known autoionising states by

assuming Gaussian line shapes. Some of their results are reproduced

in figure 4. Plotted as a function of the collision energy the

Intensity of the (2p2)1D peak displays a remarkable feature: a

pronounced dip in the apparent ^-Intensity Is observed around

200 keV (for He+ projectiles), whereas the intensities of the other

observed states show a smooth behaviour. Possible reasons for that

dip were discussed by Itoh et al.

Since, as we have demonstrated in the preceding section, the In-

state can be strongly influenced by interferences, and Itoh et al

have not taken this into account, we want to reanalyse the data in

order to find out the extent to which interferences can be

responsible for the observed dip.
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100 200 300 400 500
Projectile Energy(KeV)

Figure 4: The experimentally determined peak intensities as a
function of the collision energy for autoionisation
electrons due to He(2p2)1D (o) and (2s2p)1P (a) as found by
Itoh et al (1985). The corresponding excitation cross
sections as determined by our analysis are shown as solid
lines. Peak intensities calculated with these cross
sections are shown for the D state (x) and for the *P
state (+) respectively and can be seen to be in good
agreement with the measured values.

First of all we have to be aware of the fact that in the

presence of interferences it is not longer possible to identify the

separate peak-intensities with the corresponding excitation cross

sections. The calculations of electron spectra shown in figure 3 were

performed for a situation that corresponds to the experimental

conditions of Itoh et al (1985) at 100 keV. (Since In their case the

electrons move In a direction opposite to the PCI-inducing collision

partner one has to take a - 180* in equation (11).) Figure 3 clearly

shows that the apparent peak intensities vary considerably although

the same excitation cross sections are assumed for all cases. In the
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following we will show that the measurements of Itoh et al, and

especially the rapidly varying D-peak intensity, are compatible with

a smoothly varying excitation cross section, if suitable relative

phases between the (2p^)*D and (2S2P)1? states are assumed for the

various collision energies. To this end we have calculated spectra

similar to those shown In figure 3 and have determined the apparent

separate peak intensities numerically by assuming independent PCI

profiles for the two peaks adding up to the total intensity. We made

a computer fit to the experimental data of Itoh et al, in which a

smooth variation of the excitation functions was Introduced as a

condition and in which the relative 1D-1P phase at each collision

energy was treated as a free parameter. The cross sections obtained

in this way are shown as solid lines in figure 4. With the cross

sections the measured peak intensities could be reproduced nearly

perfectly.

First of all this demonstrates that one can not generally assume

a one-by-one relation between measured peak intensities and

excitation cross sections. This result also shows that the

experimentally observed dip of the apparent *D peak intensity is not

necessarily due to a corresponding dip in the excitation cross

section, but could equally be due solely to a variation of the

relative phase between the amplitudes Â (S2) occurring in equation

(14). On the other hand we find that a considerable phase variation

of the AJ(S) would be necessary to explain the experimental results.

This means that the reason for the dip in the *D intensity as

function of the collision energy still has to be found in some

peculiarities of the excitation process. In this sense the discussion

of Itoh et al about possible reasons is still valid.

b. Emission angle-dependent post-collision interaction

In a recent publication Arcuni (1986) also investigated the influence

of post-collision interaction (PCI) on the energy spectra of

autoionisation electrons for the case of fast ion-atom collisions. He
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pointed out that the energy shift of an ejected electron, caused by

its Interaction with the ionised collision partner, becomes dependent

on the electron emission angle when the relative velocity V of the

collision partners is no longer negligible with respect to the

velocity v of the ejected electron. Also, Arcuni derived a formula in

order to describe this effect quantitatively. According to this

(equation (4) in Arcuni 1986) the energy shift S(tg) for an electron

emitted at time tQ after the excitation process is approximately

given by

(27) S - Q ' AcOSOt

" A c o s 7 co
where A = VQ/V is the ratio of the initial electron velocity VQ

undisturbed by PCI, and the ionic velocity V. For A < 1 equation (1)

seems to describe the main features reasonably well. Especially, it

predicts the effect of positive energy shifts for A < 1 and

sufficiently small emission angles a of the electron with respect to

the receding ion - i.e. for the case that the electron is emitted

more or less into the direction of the receding ion, which is faster

than the electron and therefore always exerts an accelerating force

on the electron. This effect leads to high-energy tails In place of

the usual low-energy tails of the corresponding peaks in the energy

spectra of autoionisatlon electrons. Such high-energy tails have

qualitatively been predicted by Dahl et al (1976) and have, In fact,

for the first time been observed in the spectra presented by Arcuni.

Equation (1) seems to give an appropriate description.

However we would like to point out:

(i) that the formula (27) is much less precise than is implied by

the agreement between measurements and fit calculations using

(27) and

(ii) that our simple formula (10) can be given In place of (27) which

represents a better approximation and which Is valid not only

for V > VQ but also for V < v0»
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Figure 5: Comparison of the energy shifts S for electrons emitted at
tg = 400 a.u. with an initial energy Eg = 35 eV, calculated
by means of our equation (10) ( ), Arcuni's
approximation corresponding to equation (27) ( ), and
by the electrostatic 'Barker-Berry' approximation (-.-,-.).
Various S values as obtained by a numerical calculation of
the classical three-body problem are inserted as open
points: O V = 0.14 a.u.,D V = 1.0 a.u. and A V = 2.25 a.u.
For the cases of V = 0.14 a.u. and V = 1 a.u. Arcuni's
approximation is not applicable and is therefore not shown
here.

Equation (10) has to be compared with Arcuni's result given in

equation (27). The main difference in the derivation of the formulae

is the unnecessary assumption of Arcuni that the electron's velocity

component perpendicular to V remains unchanged. Our expression (10)

has the advantage of being valid for V > Vg as well as for V < vg and

of yielding the 'correct' Barker-Berry limit S = -l/VtQ for V « vg,
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whereas Arcuni's expression - as was also pointed out by himself - is

not at all valid for V < VQ since it yields unphysical singularities

for S in this region.

For a comparison of the two expressions we show in figure 5

emission angle-dependent energy shifts S which have been calculated

for the case that He-autoionisation electrons with an initial energy

of £Q = 35 eV have been ejected at time tg = 400 a.u. after the

excitation process. We see pronounced differences between the two

approximations. In order to check the validity of the approximations

we have performed numerical calculations of the classical three-body

problem. In the calculations, of course, the initial electron

velocity is adjusted such that the interaction between electron and

emitter is taken into account. The corresponding results for S are

indicated as dots in figure 5. We see that our equation (10) is in

excellent agreement with these calculations except for those cases in

which for V < VQ the electron is emitted at very small angles a with

the consequence that PCI causes a strong deflection of the electron.

But even for |v| = |v | our approximation is good for sufficiently

large angles a.

In order to demonstrate that also spectral line shapes of

electron energy spectra as measured by Arcuni can correctly be

described by means of our equation (10) we have performed

calculations of such spectra, in which moduli and phases of the

relative population amplitudes for the contributing autoionising

states were treated as fit parameters. We performed the calculations

with a well defined value for the energy shift S as given by (10).

Figure 6 shows as an example the result for the spectrum, measured by

Arcuni for the case of Li + He collisions at a collision energy of

1.5 MeV and an electron emission angle of a = 20°. In this case (10)

yields a value of S corresponding to K = 0.942. Although this is

significantly different from the value obtained by Arcuni from fit

calculations (K = 1.09 ± 0.04) and from the result of his formula (K

= 1.09) we obtain an agreement between measurement and calculation

which is by no means inferior to the agreement obtained by Arcuni.
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Figure 6: Comparison of the measured energy spectrum of He-auto-
ionisation (Arcuni 1986) with our fit-calculation, using a
K value of 0.942 (see text).

Fit calculations with similar results were also performed for the

other spectra presented by Arcuni. In table 1 we compare the K values

as obtained by Arcuni with those resulting from our equation (10).

The ranges of error for K resulting from the fit calculations are

obviously too small.

Finally we would like to point out that our approximated

equation (10) is valid for the case discussed also by Arcuni (1986)

that a scattered electron instead of a scattered ion is inducing the

PCI shift. Numerical calculations for the classical three body

problem indicate that in that case (10) is valid for energies of the
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Table 1: Comparison of K values determined by Arcuni with those
resulting from this work.

1500

1500

2000

2000

3500

EP

keV

keV

keV

keV

keV

Li 3+

Li 3 +

He+

He 2 +

Li 3+

20°

40°

30°

30°

30°

K

Arcuni

1.09

0.706

0.066

0.112

0.310

± 0.

± 0.

± 0.

± 0.

± 0.

04

08

05

03

03

K

This work

0.942

0.483

0.090

0.180

0.270

scattered electron above ~1 eV. For suitable conditions it should

therefore be possible to observe electron impact induced

autoionisation electron spectra with peaks having low energy tails in

place of the high energy tails that are normally observed in case of

electron impact excitation. In case of PCI between two electrons the

relatively simple formula (15) has to be replaced by the more

complicated ones given e.g. by Helenelund et al (1983) or by Niehaus

and Zwakhals (1983), which take into account that - due to the PCI-

deceleration of the scattered electron - the energy shift S is not

longer a unique function of time, as can be assumed for the case of

ion-atom collisions. In order to incorporate the modified PCI-effect

in this case one only has to introduce an effective charge q =

-[1 - V/|v - v. |] which replaces the charge of the electron, inter-

acting with the Auger- or autoionisation electron. The PCI-effect in

the case of inner-shell photoionisation followed by Auger deexcita-

tion is the subject of discussion in the next chapter of this thesis.
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4.5 ANGULAR SHIFT INDUCED BY PCI

In the preceding section PCI was treated as a phenomenon, that

changes only the energy of the emitted electrons. However, the PCI-

process in principle changes energy and direction of all three

interacting particles, i.e. target, projectile and electron. Due to

the large difference between the electron mass and the masses of the

collision partners, the changes in energy and direction of the target

and projectile are to small to be detected. Even the change in

emission angle of the electron is in most cases to small to be

observed experimentally.

However, for those cases, where the electron is emitted at small

angles a with respect to the direction of the receding projectile,

the electron can be considerably deflected by the projectile. Due to

this deflection our elegant expression (10) is not valid for small

angles and consequently one observes a large discrepancy between

numerical calculations and expression (10). This can be seen in

figure 5.

In order to calculate the electron deflection, one can again

transform the electron velocity from the laboratory frame to the

projectile frame, as discussed in section 2 to calculate the energy

shift. Now one can apply the Rutherford formula, which describes the

deflection of a particle in a static Coulomb potential:

(28) p' - p = -2 arctan -±-

The impact parameter b can be expressed as a function of the emission

angle |3 in the projectile frame and the distance R between the

projectile and target at the time of emission

(29) b - R

Transformation back to the laboratory frame yields the angular shift

a'-a of the electron. Figure 7 shows the shift as a function of the
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Figure 7: Deflection angle a'-cc of electrons, emitted at tQ =
400 a.u. with initial energy eQ = 35 eV, deflected in the
Coulomb field of the projectile for various values of the
projectile energy.

emission angle a for various values of the projectile velocity. The

deflection of the electron is larger due to the increase of the

interaction time, if the velocities of electron and projectile are

comparable with respect to each other.

Usually the angular distribution of the emitted electrons

contains broad structures and one would not expect, that the

deflection of the electron is visible in the angular distribution of

the electrons. Namely the PCI-process only spreads out the electrons

emitted at small angles over a large angular range and no typical

structure would result. For each projectile velocity, however, there

exists a range of emission angles for which the electrons are

deflected by the PCI process nearly in the projectile direction,

corresponding to a' - 0. Due to the conservation of the emitted

intensity the cross sections (da/da) and (da/da1), before and after
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the PCI-process respectively, are related by

(30) (|£) sina da» (|2 ) sina' da'

It Is clear, that the cross section (da/da') Is considerably enhanced

In the case of a' = 0 and even becomes infinite for a' = 0. To put It

in another way, electrons emitted in a cone directed around the

projectile direction are focussed in the projectile direction, which

yields an increase of Intensity In this direction. We call this

Coulomb focussing.

The singularity for a' can not be observed In reality due to the

finite acceptance angle of the detector. Integration of (dö/da') over

this acceptance angle removes the singularity. As an example we have

calculated (dö/da) for the case of an acceptance angle Aa • 2*. For

• ' 3
O)

2

1'

KVI 8071

'E

\

«He

500 eV
3keV

10 keV
100 keV

I i , , , Ii i i i

-10° -5° 0° +10°

Figure 8: Intensity distribution of electrons, deflected In the
Coulomb field of the projectile, assuming an initial
isotroplc emission by the target at tQ - 400 a.u.
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simplicity we assumed an isotropic emission of the electrons by the

target, which is normalised to unity. The enhancement of the cross

section (see figure 8) is restricted to a small angular range \a\ <

10*, but can become as large as a factor 6 in the case of E = 500

eV.

So the Coulomb focussing can be an important effect in electron

spectroscopy, especially in the case of zero-degree electron

spectroscopy. This kind of spectroscopy has regained a lot of

interest recently in ion-atom collisions due to the large increase in

research with highly charged ions (Yamazaki et al 1986). Often the

intensity measured at zero-degree is used to calculate the total

cross section, assuming an isotropic distribution. It is obvious,

that due to the Coulomb focussing the crosrs section calculated in

this way can be one order of magnitude to large.

However, one must be careful with what is meant by zero-degree.

In our analysis of the PCI-process zero-degree corresponds to

electron emission In the direction of the receding particle, which

Induces PCI. However, emitted electrons are detected in zero-degree

spectroscopy under zero degrees with respect to the beam direction.

If electrons emitted by the projectile are measured in zero-degree

spectroscopy this corresponds to a » 180* in our analysis.

It is important to point out that Coulomb focussing can only

occur firstly if the projectile is slower than the electron,

otherwise the electron never catches up and no considerable

interaction between electron and projectile takes place, and secondly

if the electron is attracted by the projectile, which must therefore

be positively charged. Increasing the velocity of the projectile

beyond the electron velocity or changing the sign of the projectile

charge from positive to negative, causes the Coulomb focussing to

vanish. Also the direction of the projectile in the laboratory must

be determined. Otherwise one has to integrate the enhanced cross

section over all possible directions of the projectile, which reduces

the effect considerably. For the determination of the projectile

direction one can for instance use a coincidence technique or perform
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high energy collisions. In the last case the projectile Is only a

weakly deflected by the collision.

4.6. CONCLUSIONS

We have shown that PCI effects are Important in ion-atom collisions

even at collision velocities as high as V = 2.6 a.u. (corresponding

to an energy of 500 keV for He+ projectiles). By means of a

classical treatment we have obtained simple formulae that allow to

take PCI effects properly into account. By the application of these

formulae to the calculation of electron energy spectra in realistic

situations It became obvious that peak intensities In these spectra

are not necessarily a direct measure for the corresponding excitation

cross sections. Interferences between closely spaced states can have

an important influence on the Intensities even if no typical

Interference structures can be observed and the peaks seem to be well

separated (see figure 3). An application of our results to the

experimental data of Itoh et al (1985) shows that interference

effects have certainly to be taken Into account, but that, on the

other hand, they do not allow a simple explanation of the

peculiarities observed in the collision energy dependences of

electron peak intensities.
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CHAPTER 5

ANGULAR DEPENDENT POST-COLLISION INTERACTION IN AUGER PROCESSES

ABSTRACT - We have reformulated the theory of post-collision
Interaction (PCI) for Auger decay following inner-shell photo-
ionisatlon in order to take the time into account which the Auger
electron need to overtake the slow electron. The energy shift of the
Auger electron due to PCI is calculated by solving in a reasonable
approximation the classical equation of motion for the Auger
electron. In contrast to the theory of Russek and Mehlhorn we derive
analytical expressions for the transition amplitude, the line shape
and the line shift of the Auger electrons. If in our model the Auger
electron and the slow electron are treated uncorrelated in direction
our analytical expressions agree well with the numerical results of
Russek and Mehlhorn. However if we account for directional electron-
electron correlations, we show that deviations from the theory of
Russek. and Mehlhorn are to be expected. The possibility of detecting
these deviations is discussed.

5.1. INTRODUCTION

In recent years there is much interest in post-collision interaction

(PCI) in autoionisation (>ran der Straten and Morgenstern 1986a,b,

Arcuni 1986) as well as in Auger processes (Russek and Mehlhorn 1986,

Borst and Schmidt 1986, Graf and Hink 1986, Sandner 1986, Armen et al

1987, Tulkkl et al 1987, Ogurtsov 1983). PCI is induced by a charged

particle (Ion or electron, called PCI-inducer), which interacts with

the electron emitted by autoionisation or Auger deexcitation some

time after the primary excitation process. This Interaction causes

the lines In the electron energy spectrum to shift In position and to

obtain broadened non-Lorentzian shapes.

The renewed interest In PCI of recent years is caused by the
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idea first formulated by Ogurtsov (1983), Chat it takes some time for

the emitted electron to escape from the Coulomb field of the PCI-

inducer. Earlier theories (Niehaus 1977, Helenelund et al 1983) made

use of a 'sudden' approximation, i.e. the emitted electron was

assumed to move instantaneously to infinity at the time of the

deexcitation. In this approximation the energy gain or loss of the

electron Is simply equal to the potential energy E_ot of the electron

in the field of PCI-inducer at the time of emission. It is clear,

that this approximation no longer holds, when the velocities of

electron and PCI-inducer are of the same order. Also, when this

interaction between electron and PCI-inducer is calculated

classically, it depends on the angle between velocity vectors of

electron and PCI-inducer.

In the case of autolonisation following heavy particle

collisions this angle-dependent PCI was recently measured by Arcuni

(1986) and described theoretically by Arcuni (1986) and by van der

Straten and Morgenstern (1986a,b). In this case a semi-classical

description with well defined trajectories for the heavy particles

was clearly justified. In addition one could assume that the

velocities of the heavy particles are practically unaffected by PCI,

resulting in a direct proportionality of the time that elapsed since

the excitation process, and the relative distance between target and

PCI-inducer at the moment of the decay process. Due to this a

relatively simple expression could be given for the PCI-shift of the

electron energy.

The case of Auger deexcitation following inner-shell ionisation

by electron or near-threshold photon impact is more complicated. The

kinetic energy of the PCI-inducer (a 'slow' electron) can be of the

same order or even smaller than the potential energy E_ot. So the

PCI-inducer is strongly decelerated in the field of the excited ion |

and even more so, when the ion charge is increased due to the Auger J

process. Also a semi-classical treatment with the assumption of a ij

well defined trajectory for a low energy electron Is questionable. ^

Russek and Mehlhorn (1986) have reformulated the PCI description ;
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for the Auger case given by Niehaus (1977) in order to incorporate

the idea of Ogurtsov. However there are three limitations to their

work.

(i) They make the approximation that the slow electron is emitted as

an S-wave. The Auger electron interacts with a spherical charge-shell

and therefore the energy shift is angle-Jjidependent. Such a treatment

is analogous to a Hartree-Fock treatment of atomic states In which

explicit electron-electron correlations are not taken Into account.

(11) The transition amplitude is written as a double Integral, which

must be solved numerically. It is therefore not possible to give a

closed expression for the energy shift. This is disavantageous for

comparisons between the theory and experiments, where usually the

shift is determined for different values of the excess energy,

(iii) The Ansatz used implies the approximation that the excess

energy of the PCI-inducer is large compared to the width of the Auger

line.

It is the object of this paper to extend our expressions derived

for the case of energetic ions as PCI-inducers, to the case of low

energy electrons as PCI-inducers. We will derive simple analytical

formulae for transition amplitudes, line shapes and line shifts.

The fact that our semiclassical treatment takes directional

electron-electron correlation into account will give rise to

deviations from the results of Russek and Mehlhorn. We will

investigate if such differences are experimentally observable by

measuring energy spectra of Auger electrons at well defined angles

with respect to the primary photoelectron (the PCI-inducer) and to

what extent our results agree with those of Russek and Mehlhorn when

an average over the relative emission angle of the two involved

electrons is taken.

5.2. THEORY

The derivation of the theory will be along the lines described by
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Niehaus and Zwakhals (1983) and by Helenelund et al (1983), and will

be shortly repeated here in order to clarify the modifications

introduced to account more accurately for the interaction between

electron and PCI-inducer. PCI can be described by a transition of the

initially excited state $^ to the final state $p of ionised target

plus emitted electron. (Atomic units will be used in all theoretical

expressions.)

(1) fprT(
e> = (TÈT) < M R > K(R)>

The wave functions <Pn(R) of the emitted electrons will be described

by outgoing JWKB-wave functions.

(2) tp (R) = k~* exp(i ƒ k dr)
n

n

with RpC11 = i»f) t n e radii at which slow and Auger electron

respectively start out.

The influence of the PCI-inducer is reflected in the wave

numbers k^ and kj.

1 1 . 1

(3)

*kf
2 = Ej - e + Vf(R)

The energy e is the difference between the electron energy E and the

Auger energy E^, and E^ is the excess energy of the photoelectron.

The potential Vi(R) is simply the Coulomb potential 1/R between PCI-

inducer and target. The imaginary part of the initial state energy,

VI2, accounts for the finite lifetime x = 1/T of the system in this

state. The potential Vf(R) consists of the Coulomb potential 2/R

between PCI-inducer and doubly ionised target and a part, describing

the interaction between PCI-inducer and electron. This part has been

neglected in earlier theories assuming that the electron travels

instantaneously to infinity. In the potential diagram (figure la) the
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Figure 1: Potential curve diagram describing the influence of the
slow electron on the Auger process, in the case of (a) the
'sudden' approximation, used in earlier theories (Niehaus
1977) (b) calculating the interaction between slow and
Auger electron explicitely (see text).

transition is drawn vertical. In reality it takes some time for the

electron to escape from the field of the PCI-inducer. The transition

can therefore no longer be represented by a vertical line.

The main trick to obtain the correct PCI-shift in case of an

energetic ion as PCI-inducer was a transformation to the moving

inducer frame, a calculation of the shift in this frame, where it is

simply equal to the Coulomb energy E p o t, and a transformation back to

the laboratory frame. In that case the resulting shift can in a good

approximation be written as (van der Straten and Morgenstern 1986a)

(4) S(t)
-1

V
1 -

lir - v,1 e 1

with v and v-^ the velocity in the lab-frame of electron and PCI-

inducer respectively. If Vj « vg the old expression (Barker and

Berry 1966) S(t) = -1/v^ is obtained.
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The same, trick can be applied for the case of slow electrons as

PCI-inducers. One only has to keep in mind that - due to a decelara-

tion of the PCI-inducer - the internuclear distance R is no longer

proportional to the time t. So we have to stay in the R-domain. In

order to obtain the shift in this domain we substitute R = vjt in

equation (4). In this way we account properly for the deceleration of

the slow electron In the field of the remaining ion. For the velocity

Vj between the brackets In equation (4) we use the asymptotic

velocity of the slow electron. In doing so we Introduce only a minor

error. In the case of high excess energy the slow electron has

already obtained the asymptotic velocity at the time of Auger

deexcitation; in the case of low excess energy the factor between the

brackets nearly equals one and is independent of Vj. If we still

assume that the transition in the potential diagram can be drawn

vertical, we have to adjust the potential Vf(R) in order to obtain

the correct shift of the electron (see figure lb).

(5)

In equation (5) we use the asymptotic velocity Vj in the correction

factor within brackets, which accounts for the dynamics of the

process. However it should be pointed out, that the deceleration of

the slow electron within the effective potential Vf(R) is still

properly taken into account. We substitute this potential in equation

(3) and use the stationairy phase method to approximate the integral

of equation (1) in the same way as Niehaus and Zwakhals (1983) and

Helenelund et al (1983) with the point of stationairy phase z .

(6) z* = i_ = JL+.Ü/2

R

with the abbreviation C

(7) C = 1 -

lve ' vl
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We arrive at the following result.

r.i2 acp(2^*(8) P ( O = |fpcI(

with

, E2 + ̂, lj - if**, E1 + |£,

- I(E , E - e, 1 + C + Ilz , Ej - £, 1 + C

and

I ( 2 > E > X )

EA is the potential energy of the electron at the radius R< of escape

and does not influence the line shape. The angular dependence is

determined by the parameter C, which will be subject of discussion in

paragraph 4.

5.3. HIGH EXCESS ENERGIES

If the quantities V, e and 1/R are small compared with the excess

energy Ej equation (1) can be approximated by (Russek and Mehlhorn

1986)

(9) fprT
(e) " fe) ' dt e xH" ' lJ+ i(£ " S.OO^'fVLL ZU 0 [ 0 I A j

As opposed to (1) the transition amplitude is not longer given in the

R-domain, but in the time-domain. It is expressed as a double

integral with the time t' at which the transition occurs taken as a

parameter. The problems are concentrated in the shift Sŷ (t) of the

electron, which is a complex function of t, as is demonstrated by

Russek and Mehlhorn.

However if the kinetic energy of the slow electron is large in

- 91 -



comparison with the potential energy, as is the case for high excess

energies, we can use the same expression we derived for the case of

heavy particle projectiles.

Substitution in equation (9) and integrating over t yields

with the reduced energy ë = 2e/F. Elaboration of the complex power

yields

(12) f r o i ( e ) - |f p c I(O|PCI

with

|fpcl(e)|=f f — ) expfc- arctan(i)]PCI \ ^ 2J V
and

<t> (e) = arctan(e) - — U n 4 -
PCI v.i r

The shape of the Auger line as a function of the reduced energy £ =

2e/T is now completely determined by one parameter: C/vj. One only

has to calculate C/vj (see paragraph A) and use expression (12) in

order to calculate the whole line shape. This is a great advantage

over the theory of Russek and Mehlhorn, where for each point of the

line shape one has to solve a double integral numerically. From

expression (12) the maximum ~^maK of the line shape is easily

determined.

(13) i = — or e - CI"
max v max 2v1
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We can use expression (12), if the potential energy E t = 1/R

is small compared to the kinetic energy Ej. If we use for R the

average distance R = v^/P, this approximation is valid for

(14) 372 « i
El

In many experiments only the shift of the line maximum is

determined. This experimental shift is not only caused by the shift

of the line itself, but also by an apparent shift due to the limited

energy resolution of the detector in connection with the asymmetric

line shape. If we assume the spectrometer-function to be Gaussian and

scale the width with the natural line width, FWHM = 2 FWHM/r, we

expect the shift of the line maximum to be a simple function of C/vi

and FWHM. After some trial and error we arrive at the following

empirical expression.

<15>

[ 1 + FWHM —
V J vl

+ FWHM + 0.8 FWHM — ] 2

Vl/
This agrees well with a numerically calculated line shift for 1

FWHM < 10 and 0.2 < C/v1 < 2. So in the case FWHM > 1 corresponding

to FWHM > r/2 the observed shift is to a large extent caused by the

convolution with the spectrometer-function and only to a smaller

extent by a shift of the line itself. In order to test the validity

of a theory by only measuring the shift of the Auger line, it is

therefore important to choose the width of the spectrometer-function

smaller than the natural line width.

5.4. ANGULAR DEPENDENT LINE SHIFT

The angular dependence in our model is described by the parameter

C(0).
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(16) c(0) = l --r1-
v - v.1 e 1

with

|v - v,I = v + v, - 2v v, cosO1 e 1 ' e 1 e l

where 0 is the angle between the velocity vectors of slow and Auger

electron. In the case of high excess energies the shift of the line

is

Emax

When the slow electron is measured coincident with the Auger

electron, equation (17) applies where 0 is the angle between the two

detectors. Figure 2 shows the angle-dependence of the energy shift

for different values of the excess energy. If Ej equals EA the

largest variation of the shift is obtained. In the case Ej is less

then E^ care should be taken for small angles, where the deflection

of the electron by PCI can lead to a drastic modification of the

emission-angle. In that case equation (17) does not apply and a more

complicated expression should be used (equation (9') in van der

Straten and Morgenstern 1986a).

But even when the slow electron is not at all detected the

angle-dependence should be taken into account. The factor C(0)

however raust be integrated over all possible directions of the slow

electron.

ƒ dQ C(0) (|§)
(18)

with da/dO the differential cross section for the slow electron to

scatter in the direction dQ. This cross section depends on the method

of excitation of the target. If the target is excited by photons and

the linear polarisation of the incoming photon beam is denoted P, the
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Figure 2: Energy shift of the Auger transition ArCLg-t^ 3M2 3 SQ) at
E = 201 eV and width T ( L ) = 013 eV as a function of th

C g ^ 3 2 3 SQ)
EA = 201 eV and width T (L3) = 0.13 eV as a function of the
angle 0 between the direction of the slow electron and the
direction of the Auger electron for different values of the
excess energy Ej. Ej = 5.0 eV (-B-), E, = 25.0 eV (-#-), E
= 125.0 eV (-A-),
(-D-).

E 625.0 eV (-O-), E1 6000.0 eV

cross section can be written as (Derenbach and Schmidt 1984)

(19) O - - r -

with the asymmetry parameter p, which must be determined In the

experiment under study and # the angle between the direction of

observation and the direction of linear polarisation. Usually the

spectrometer measures the electrons in a plane perpendicular to the
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photon beam. If the polarisation vector makes an angle a with the

direction of the spectrometer, we can transform # into Q = (Q,<p).

(20) cosi? = cosO cosoc + sin0 since cosip

Substitution in equation (18) and integration over Q yields

-c(a) = 1 -]/5 - i i ! i V PPt _ ](3cOs
2a - 1);

(21) V V V J

We see, that when the slow electrons are emitted isotropic, for

instance if the photon beam is unpolarised (P = 0) or the asymmetry

parameter f3 is zero, the parameter C(a) becomes isotropic, as would

be expected.

c i S 0 " ' -~]/ir > Ei < \
(22) y A

Ciso - ° I E l > \

If the beam is completely polarised (P = 1), equation (21) yields

'\fh l (Ri\3/2 2

(23) y, u/
C
Pure

( a ) =-lè(Ê7jP ( 3 c o s 2 a- l) ' h> EA

The largest variation In the value of C r e for different values of a

will be reached at Ej = E^, where the parameter C^so becomes zero.

5.5. RESULTS

We have calculated line shapes of the Ar(L3~M2 3M2 3 So) Auger

transition at EA = 201 eV and width T(L3) = 0.13 eV induced by inner-
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shell photolonisatlon processes with excess energy in the range from

1 eV to 6000 eV. We have calculated the line shapes in three

different ways: (i) using the theory of Russek and Mehlhorn, (ii)

using the theory of paragraph 2, where the PCI-inducer is allowed to

decelarate in the field of the target, and (iii) using the theory of

paragraph 3, where the velocity of PCI-inducer is assumed to be

constant. In the last two cases the cross section for emission of the

slow electron is assumed to be isotropic. In this way our line shapes

can directly be compared with the line shapes of Russek and Mehlhorn,

who have approximated the wave function of the slow electron by an S-

wave. The resulting line shapes are shown in figures 3-7.

We see, that at all excess energies there is overall agreement

between the theory of Russek and Mehlhorn and our theory of paragraph

2. At small excess energies there are some deviations. These are

ELECTRON-ENERGY tEV]
k«0 &?0 U0

0.60 0.80
ELECTRON-ENERGY [EV]

Figure 3: Calculated line shapes of the Auger transition Ar(L3~
M2,3M2,3 s0> a t EA = 2 0 1 e V a n d w l d t h r (L3> = °>13 eV«
The excess energy Ej of the incoming photon is 1.0 eV.
( ), theory of paragraph 2; ( ), theory of paragraph 3
and (...), theory of Russek and Mehlhorn (1986).
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Figure 5: As figure 3, but for Ej = 25.0 eV.
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caused either by the fact that Russek and Mehlhorn have used a

transition amplitude which is an approximation of our amplitude for

the case that the width T and the shift are small compared to the

excess energy Ej or by the fact that we used the asymptotic value of

Vj between the brackets in expression (5) instead of the velocity of

the slow electron at the time of emission. In the case E^ = 1 eV,

T/Ej amounts to 0.13 and it is questionable whether the approximation

of Russek and Mehlhorn, Ej » Tt still holds. In the same case C l s o =

0.929, if one uses the asymptotic velocity v^ and C l s o = 0.917, if

one uses the velocity of the slow electron at the mean life-time T =

200 a.u. So our approximation introduces only an error of no more

than 1%. The deviations at large excess energies are caused by a

break up of the stationary phase method used in deriving equation

(8), because the parameter C£SO becomes small and the corresponding

point of stationairy phase moves to infinity.

The line shapes of Russek and Mehlhorn are calculated first by

fitting their parameters A, B and C to obtain a function for the

shift SA(t) and then by numerically solving their double integral for

the transition amplitude. This takes about half a hour CPU-time on a

DEC VAX-11/780 computer using standard NAG-routines. Our analytical

expressions of paragraph 2 and 3 take about 0.56 and 0.03 second

respectively. Although the integration of the transition amplitude of

Russek and Mehlhorn can be drastically simplified by analytically

solving their integral of the shift S^(t) (see Appendix), reducing

the computer-time needed to calculate one line shape to about one

minute, it is still clear that our analytical expressions provide an

easy and clear way to calculate line shapes.

If we compare the theory of paragraph 3 with the theory of

paragraph 2, we see that for excess energies larger than 5 eV the

approximation of paragraph 3 is valid. So we can assume a constant

velocity for the slow electron if the following condition is

fulfilled.
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(24) -L— < o.Ol
El

In order to demonstrate the angle-dependence of our model we

have calculated the shift of the Auger line in Auger decay of Xe (N5-

°2 3°2 3 0) following inner-shell ionisation with an Auger energy

EA = 29.97 eV and r - 0.11 eV. Borst and Schmidt (1986) have measured

the line shift as a function of the excess energy E^, where Ej was

varied in the range from 0.3 to 57.73 eV. Their aim was to prove the

no-passing effect, i.e. the energy shift becomes zero when the excess

energy is larger than the Auger energy, as is predicted by the theory

of Russek and Mehlhorn.

For excess energies larger than 5 eV we can use the theory of

paragraph 3. In the experiment the degree of polarisation is almost

one and the angle a between the direction of the detector and the

polarisation vector is the quasi-magic angle ®QM* which obeys the

relation (Schmidt 1987)

(25) 1 + 3 P cos$QM = 0

So in this special case the last term in equation (21) vanishes and

the parameter C ($_,,) accidentally becomes identical with the

parameter Ciso, which describes the case that the slovj electrons are

emitted isotropically. The calculated shift is indicated by the solid

line in the center of the lower hatched area of figure 8 and

coincides with the results obtained by Russek and Mehlhorn. There is

a large discrepancy between the theoretically calculated line shift

and the experimentally determined line shift at excess energies

smaller than the Auger energy, which is caused by the convolution of

the Auger line with the spectrometer-function. The energy resolution

in the experiment was 0.7%, so the scaled FWHM is 3.8. If we take

this into account, the theoretical shifts indicated by the solid line

in the upper hatched area are much larger and in agreement with the

experiment.

- 101 -



30.25 -

20 30 40

EXCESS-ENERGY [eV]

50

Figure 8: Line shift of the Xe(N5-O2 3O2 3
 lSQ) Auger transition at

E A = 29.97 eV and T(N5) = .il eV. Dots with error bars
represent the experimental results from Borst and Schmidt
(1986). The theoretical line shift Is located in the lower
hatched area depending on the angle of a between the
polarisation vector and the direction of detection. The
upper hatched area shows the shift after convolution of the
line shape with the spectrometer-function. The solid curves
In the middle of the hatched areas are calculated assuming
an isotropic distribution of the slow electron.

In order to demonstrate the angle-dependence we have calculated

the shift, if the angle a is not fixed to $ Q M , but varied. The

asymmetry parameter varies strongly with the excess energy, between

-1.0 and 2.0 (Southworth et al 1981). In order to obtain the largest

variation of the shift with the angle a we take p to be equal to 2.0

over the entire range of the excess energy. The calculated shift

varies with the angle a and the possible range of variation Is

indicated in figure 8 by hatched areas. The lower hatched area is for

the unconvoluted case and the upper hatched area for the case of

convolution with the spectrometer-function. One can see that the
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variation of the shift with the angle a is of the same order as the

uncertainty in the determination of the shift. So if one wants to

confirm the angular dependence of our model by measuring the shift as

a function of the angle a, it is necessary to determine the shift

with smaller uncertainty from spectra, which are measured with better

energy resolution. However the PCI-process not only changes the line

position, but also modifies the shape of the Auger line. The

modification of the shape is also determined by the parameter C (a)

and it will probably be easier to confirm the angle-dependence of our

model by observing the changes in the line shape, then by determining

the line shift.

Another experiment with which our treatment can be compared was

performed by Armen et al (1987). These authors have studied the line

shift of Xe L2-L3N4 (J=3) Coster-Kronig transition with line energy

EA = 226 eV and line width V = 3.06 eV. In their case the electrons

were measured with a cylindrical mirror analyser (CMA) with the main

axis perpendicular to the incoming photon beam and perpendicular to

the polarisation vector of the linearly polarised photon beam.
o

Electrons emitted under an angle with the CMA-axis ranging from 39.3
o

to 45.3 were collected (Armen and Crasemann 1987). The Gaussian

width of the spectrometer-function was 1.15 eV, (Armen et al 1987),

so the scaled FWHM is 1.7 (see paragraph 3). The degree of

polarisation of the photon beam was practically one and we will again

assume that the asymmetry-parameter p is 2.0. Due to the complicated

arrangement for collecting the electrons we are not able to use the

simple analytical expressions of paragraph 3. So we have numerically

integrated equation (18) in order to obtain an averaged shift for the

Auger electrons.

In figure 9 the resulting effective shift is shown together with

the result for the case of an isotropic distribution of the slow

electron. The shifts are in this experiment again to a large extend

caused by the convolution with the spectrometer-function. The

agreement between theory and measurement is very good except for the
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Figure 9: Line shift of the Xe L2-L3N, (J=3) Coster-Kronig transition
at EA = 226 eV and T = 3.06 eV. Dots with error bars
represent the experimental results from Armen et al (1987).
The solid line represent the theoretical line shift
assuming an isotropic distribution of the slow electron;
the broken line represent the theoretical line shift
assuming an unisotropic distribution with f3 = 2. The dotted
curves show the influence on the line shift of the con-
volution of the line shape with the spectrometer-function.

point at E, = 200 eV. This energy happens to be the one at which

there is the largest difference in the theoretically determined shift

with the assumption of an isotropic distribution of photoelectrons on

one hand and the unisotropic distribution with P = 2 on the other

hand. The experimental point clearly favours the unisotropic case,

indicating that there is indeed an angle-dependent line shift of the

Auger electrons caused by electron correlation effects. Stronger

evidence can be gained if the Auger electrons are not collected in a

complicated manner with a CMA, as was done by Armen et al but are
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measured in a well defined direction with respect to the polarisa-

tion-vector of the photon beam.

At this point it is useful to comment on the so called 'no-

passing' effect. As is indicated in figure 8 the shift of the line

only vanishes, when the excess energy goes to infinity. This is

caused by the fact that the Auger electron always interacts with the

slow electron, regardless the velocity of the 'slow' electron. The

shift can be positive or negative, depending on the direction and

velocity of the 'slow' electron. The 'no-passing' effect is only

caused in the theory of Russek and Mehlhorn by the approximation,

that the slow electron is emitted as sn S-wave. If one omits this

unnecessary approximation the shift is non-zero at excess energies

larger than the Auger energy in the case of a polarised photon beam

and a non-zero asymmetry parameter p or in the case of coincidence

measurements.

If the inner-shell hole is created by electron impact, the

situation changes. In that case the Auger electron interacts with two

electrons. The shift of the Auger line can be calculated by adding

the interaction of the Auger electron with both electrons separately.

If the two slow electrons are not measured together with the Auger

electron in a triple coincidence measurement, we have to integrate

over both directions of the slow electrons. This smooths out the

angular dependence and one can expect, that it will be appropriate to

calculate the isotropic shifts. The isotropic shift has been applied

by Sandner (1986) for calculating the PCI-shift in the case of Auger

excitation induced by electron-impact.

5.6. CONCLUSIONS

We have reported the state of affairs of PCI in Auger processes

following inner-shell photolonisation. We have reformulated the

theory of Niehaus and Zwakhals (1983) and Helenelund et al (1983) in

order to account for the time it takes for the Auger electron to
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overtake the slow electron. Our treatment leads to analytical

expressions for the transition amplitude, line shape and line shift

In contrast to the numerical expressions derived by Russek and

Mehlhorn. We have shown that the so called "no-passing" effect - the

Auger electron Is not affected by PCI in the case that the Auger

energy Is smaller than the excess energy of the primary photoelectron

- which is predicted by the model of Russek and Mehlhorn, is a result

of their assumption of an isotropic emission of the slow electron,

i.e. of the neglection of directional electron-electron correlation

in the final state. In reality the Auger electron always gains or

loses energy in the PCI-process, regardless of the energy of the

Auger and the slow electron. 'Tnder appropriate circumstances this can

be verified experimentally: most directly by measuring the Auger

electrons in coincidence with the slow photoelectrons. But even in

non-coincident measurements an effect could be visible, although a

PCI-shift averaged over all emission angles of the slow photoelectron

would be observed. Only in special cases this averaged shift becomes

zero, namely for the case that the photoelectrons are faster than the

Auger electron and are emitted isotroplcally. In all other cases

deviations of the experimental shifts from the theory of Russek and

Mehlhorn are to be expected. In conclusion we suggest that

coincidence measurements or high accuracy non-coincident measurements

are performed to observe correlation between the two ejected

electrons.

APPENDIX

Russek and Mehlhorn (1986) approximate their shift SA(t) by

( A 1 > SA(t) = Atfifr+C

In order to calculate the transition amplitude fpcj(c), they have to

determine U(t).
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(A2) U(t) = ƒ Sft')df
O A

If we substitute equation (Al) in equation (A2) and use x

get a Standard integral

(A3) U(t) = 2 ƒ -

we

xdx

0 Ax + Bx + C

This integral yields (Gradshteyn and Ryzhik 1965)

(AA) U(t)

i A n R - (TÊ) ; A > O
; A = 0

with

and

R = At + B/F + C; T = B + 2A/F

A = 4AC - B2

Using this formula for U(t) gives the following transition amplitude

fpcl(e)

(A5)
1

+ i(et - ü(t))Fdt

This expression must be evaluated numerically.
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CHAPTER 6

QUASIMOLECULAR OR KINEMATICAL BROADENING OF AUTOIONISATION ELECTRON

SPECTRA FROM Li+/He COLLISIONS ?

A COINCIDENCE STUDY.

ABSTRACT - We have measured energy- and angular distributions of
autoionisation electrons from LI /He collisions in coincidence with
the scattered Li projectiles. The coincident energy spectra do not
exhibit the broad structures that are observed in the non-coincident
spectra and which in the past were attributed to quasiraolecular
autoionisation of the (LIHe) system. We show that these broad
structures are caused by kinematlcal shifts of electron spectra from
pure atomic autoionisation following different scattering events.
With an exploitation of published inelastic differential scattering
cross sections and with the assumption that the angular electron
distribution with respect to the asymptotic internuclear line Is
nearly Independent of the scattering angle we are able to reproduce
the non-colncidetit electron spectra satisfactorily.

6.1. INTRODUCTION

The electron spectrum arising from Li /He-collisions in the low keV-

collision energy range is rather complicated. It shows sharp peaks,

superimposed on a quasicontinuous part extending over a range from

~30-40 eV, and, in addition, there are oscillatory structures

indicating some interference effect. As a function of collision

energy and observation angle with respect to the Li+-beam direction,

these features change and shift in a complicated manner. Several

attempts have been made in the past to interprete the spectrum in

terms of excitation-Ionisation mechanisms. In the present paper we

present results of the first coincidence studies of the LI /He
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ionisation processes. These results lead us to the conclusion that

all earlier Interpretations of the dramatic broadening of

noncoincident spectra below ~3 keV collision energy are incorrect to

some extent.

The first non-coincident electron spectra of slow Li+/He

collisions were obtained in 1974 (Thielmann 1974, Morgenstern 1975)

but no satisfactory interpretation could be offered. Electron spectra

from Li+/He collisions at somewhat higher collision energies,

measured by Stolterfoht and Leithauser (1976) and by Bisgaard et al

(1981) could satisfactorily be explained as being due to auto-

ionisation of He** and Li** atoms. Yagishita et al (1978, 1980)

carried out extensive measurements of spectra at various angles and

energies, and concluded that two different ionisation mechanisms

contribute at low collision energies (1) atomic autoionisation (AAI)

of doubly excited He, and (ii) molecular autoionisation of the

excited (Li-He)+ -quasimolecule (MAI). The peculiar variations of the

spectra with energy and observation angle they ascribed to the

combined effects of post-collision interaction (PCI) (Barker and

Berry 1966, Morgenstern et al 1977) on AAI, and of the Doppler effect

on both AAI and MAI. Some features of the MAI-part of the spectra

they described by a semiclassical model (Gerber and Niehaus 1976)

that relates these features to the molecular potential curves

involved. In an attempt to improve the quantitative description of

the MAI-part, Koike (1982) developed a modified formulation which

allows for a Doppler effect that varies with internuclear distance in

the decaying quasimolecule. Application of this modified MAI-m^del

description reduced the discrepancies with experiment (Furune et al

1983) but significant deviations between calculated- and measured MAI

spectra remained. A somewhat alternative model for the description of

the MAI-spectra was proposed by Zwakhals et al (1982): the whole

width of the MAI-spectra is attributed to the Doppler effect caused

by a "distribution of travelling velocities" of the "sources" from

which, within the quasimolecule, the electrons are ejected, while a

possible broadening effect caused by the potential curves is
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neglected. Calculations of electron spectra for observation angles of

0° and 180°, and for various collision energies, were found to be In

very good agreement. In these calculations the MAI- and AAI-

contrlbutions were added incoherently, while different states

contributing to AAI were treated coherently using the semlclasslcal

PCI-description (Morgenstern et al 1977). The rather pronounced

oscillatory structures appearing at higher collision energies in the

0°-spectra are thus interpreted as an interference of the AAI-

amplltudes belonging to PCI-broadened contributions from He(2p2)1D

and H e ^ s 2 ) ^ .

The surprising result of our present coincidence study of the

lonisation in Li+/He collisions is that the coincident electron

spectra do not exhibit broad structures, which could be ascribed to

MAI, but can completely be explained in terms of AAI alone. This

suggests that - opposed to the earlier interpretations - the broad

structures In the non-coincident spectra are not caused by MAI, but

have to be interpreted as being caused by a superposition of kine-

matically shifted narrow AAI spectra. In the earlier interpretations

the collision kinematics has in fact only partly been taken into

account: it was assumed that mainly collisions at a reduced

scattering angle of x = 15 keV deg are responsible for excitation of

autoionislng states. Lorents and Conklin (1972), however, measured

values for the corresponding inelastic cross section of up to t

values o' 60 keV deg. In this paper we will demonstrate that the

large range of He-recoil-veloclties connected with the broad range of

contributing scattering angles is responsible for the broad

structures in the electron energy spectra.

For a quantitative interpretation of measured non-coincident

electron energy spectra one requires the knowledge of angular

electron distributions connected with the different Li+-Scattering

angles 0p. Only for a selected value of 0 p = 8° we have determined

such a distribution by coincidence measurements. As a first

approximation we will assume that the angular electron distribution

with respect to the asymptotic internuclear line is independent of
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the Li+-scattering angle. This assumption is based on results from

He+/He collisions, which were investigated by coincidence measure-

ments (Boskamp et al 1982, 1984) for a large variety of collision

conditions. This assumption allows to calculate electron spectra for

comparison with the measurements.

We will concentrate on the question, how the published non-

coincident Li+/He-electron spectra can be understood in terms of He-

autoionisation following well defined excitation events. An analysis

of the excitation process Itself on the basis of the coincidence

measurements Is presented In chapter 7 of this thesis.

6.2. EXPERIMENT

The new interpretation of non-coincident electron spectra Is based on

measurements, in which energy spectra of autoionisation electrons are

measured in coincidence with scattered Li' projectiles. A more

detailed description of the apparatus is given in chapter 3 of this

thesis. A Li+-ion beam at keV energies is produced by extracting LI -

ions from an indirectly heated ion emitter (Spectramat company). The

ions are mass selected In a Wien filter, focused electrostatically

and collimated to a beam of 0.7 mm diameter (beam current ~2.10~' A).

The target is formed by He-gas, effusing from a tube a few milli-

meters below the scattering centre. Li ions scattered through an

angle of 0 p = 8° and azimuth angles of if, <(> + 90°, $ + 180° and $ +

270° (with variable 4>) are energy analysed in an ion spectrometer,

consisting mainly of two concentric cones, and detected simultaneous-

ly. Autolonisatlon electrons produced In Li + + He collisions are

energy analysed in a hemispherical electron spectrometer that can be

rotated about the scattering center in a range of electron emission

angles t? between 60° and 135".

Energy spectra of non-coincident electrons and of electrons

coincident with scattered ions at the 4 different azimuth angles are

measured simultaneously in a multichannel analyser, the channels of
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which are switched synchronously with the voltage controlling the

transmission energy of the electron spectrometer. The various

coincident electron spectra are normalised to each other by dividing

through the number of ions detected in the corresponding channel.

This is to compensate for different detection efficiencies of the 4

ion multipliers and for variations in target pressure and projectile

beam intensity. The electron energy spectra are measured with a

transmission energy of Et = 10 eV in the spectrometer yielding a

resolution of 200 meV (AE/Et = 2%). To obtain total coincident

electron intensities at certain angles # the electron energy spectra

are measured at a higher transmission energy of 30 eV and sub-

sequently integrated over the emission energy. In this case shorter

measuring times are sufficient due to the higher electron signals.

Non-coincident electron spectra at electron emission angles i? =

0° and # = 180° were measured earlier (Zwakhals et al 1982) and these

spectra will be reanalysed in this report.

6.3. RESULTS

A set of coincident electron energy spectra, measured at a collision

energy of 2 keV and at various detection angles is shown in figure 1

together with a non-coincident spectrum. The most striking feature is

the relatively small width of the peaks in the coincident spectra,

which is also observed for spectra obtained at different collision

conditions (e.g. for E c o l l = 1.2 keV, 0p = 8° or E c o l l = 2 keV, 9p =

10°). The shift of electron spectra with respect to each other agrees

exactly with the one predicted from the recoil velocity of the He

target, which is kineraatically defined in the coincident measurement.

Both, width and shift of the spectra indicate that mainly AAI of He

is responsible for the electron emission and that MAI of the (LiHe)

system does not play an important role. The solid lines in the

spectra are in fact calculated by assuming pure He autoionisation

in the Coulomb field of the slowly receding Li+-projectile as is

- 113 -



1/1

'E
D

t_

2

*->
c

c

O

u
ü)

c

-

•

•4

2

1 i

•0.8

•0.4

2

-1

(a)
' = 135° ./"

i • • •

<t> = 0 *

—i 1 1 r~

t> = 80°

. u i »iM
/i'Wv»W

$x 180°

1 iM'̂ Jtî .
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Figure 1: Energy spectra of autoionisation electrons from 2 keV Li+ +
He collisions as measured at electron emission angles & =
135° (a) and # = 90° (b). Single spectrum (top) and
spectra, measured in coincidence with Li ions scattered
through 0 = 8 " and azimuth angles of 0 = 0°, $ = 90°, <j> =
180°.
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described In more detail In section 4.

Total angular electron distributions as obtained by integrating

the electron energy spectra measured at various observation angles

are shown in figure 2. The solid lines represent integrals over the

corresponding theoretical spectra and again do not take MAI into

account.

6.4. ANALYSIS OF RESULTS

To obtain a consistent Interpretation of coincident as well as non-

coincident electron energy spectra, and of angular distributions, we

will proceed In subsequent steps: (i) we will analyse energy spectra

and angular distributions of electrons, measured in coincidence with

Li+-ions. In this way we will obtain the complex transition ampli-

tudes aLjj for the magnetic sublevels of He states, collislonally

excited at a specific Li+ scattering angle 0p. (li) By exploiting the

differential cross section measurements for inelastic Li+/He

collisions of Lorents and Conklin [13], we will determine angular-

and energy-dependent electron intensities for all possible scattering

angles 0p under the assumption that the relative a^-values with

respect to the asymptotic Internuclear line as z-axis are Independent

of 0p (iii) Summation over electron intensities corresponding to

collisions at various scattering angles 0p and, at given 0p, to col-

lisions with different angles <t> between collision plane and electron

detection plane, will finally yield the total energy dependent

electron intensity, to be compared with non coincident electron

spectra.

a. Analysis of coincidence Measurements

The basis of our analysis Is an approximate theoretical relation

between the electron intensity observed at energy e and emission

angles u = (#, <|> = 0) on the one hand, and the wave function of the
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Figure 2: Angular distributions of autoionisation electrons from 2
keV Li+ + He collisions as obtained by integrating electron
energy spectra. Distributions in various planes are given,
that can be regarded as cuts through the 3-diraensional
distribution, (a): cut in the scattering plane (x-z-plane,
with z in the Li+-beam direction), (b): cut in a plane
perpendicular to the Li -beam (x-y-plane). (c): cut in the
y-z-plane.
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autolonlslng system created In a collision leading to a well defined

energy loss Q and to well defined centre of mass scattering angles Q

= ( Q Q O 40 on the other. In the relation the conditions of post-

collision interaction (PCI) between the autoionising particle and the

receding ion at the instant of autoionisation, as well as the

conditions of relative motion between the electron emitter and the

laboratory are taken into account. A derivation has been given

earlier (Morgenstern et al 1977), and also, the validity of the

relation has been demonstrated by its application to the analysis of

coincident He+/He-electron spectra (Boskamp et al 1982, 1984). It

therefore suffices to give a short description here:

(i) the autoionising system is represented by a coherent super-

position of states of well defined energy e,. In the case of

autoionising He these different states are characterised by a

well defined orbital angular momentum quantum number L because

the fine structure splitting of the relevant states is small

compared to their widths. Each of the L-states is further

characterised by the (2L + 1) sublevel transition amplitudes

ajM. The coherence of states of different energy becomes

relevant because electron emission by decay of these states can

yield the same observed electron energy e due to PCI

(Morgenstern et al 1977).

(ii) The system after excitation is described semi-classically. PCI

is accounted for by using a Coulomb potential curve for the

collision system after ionisation. This yields transition

amplitudes that are specific for states L, whereby both,

modulus and phase, are functions of (eL - e) and of the

relative velocity (V) of the collision partners. These

functions are further determined by the lifetimes T^.

(iii) The motion of the electron emitter is accounted for by

performing a Galilei transformation. The main effect of this

transformation is that e has to be replaced by e - D, the

energy of the emitted electron in the emitter frame, whereby

the Doppler shift D is a function of the velocity vector v of
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the observed electrons and of the velocity vector V of the

emitter. The transition amplitudes therefore may be designated

by fp£j(eL,e-D) (see footnote).

With these quantities the approximate relation reads (in atomic

units)

(1) -^
dk

with

LM

|f p c I(e L, e-D)|=
exp(-(e - - (e -

e " D)J = : T
D(V ,v) = v V - v 12

e e e

(vtL)
T(eL - (e - D))

Y^(iJe,(t)e): spherical harmonies; z// primary beam direction.

w_ = (!?„,<()„): electron emission angles in the emitter frame.

- D) ^e
de

A possible phase difference for states of different energy, that

might arise from the excitation, is contained in the complex

amplitudes a^. The last factor in expression (1) stems from the

Galilei transformation and guarantees conservation of intensity in

the transformation. The emitter velocity vector v is, in the present

case, the recoil-velocity vector of He. It is uniquely connected

kinematically with the velocity vector of the scattered projectile,

footnote: The formulas, used in this chapter to describe the PCI-
process, are derived by Morgenstern et al (1977). As is shown in
chapter 4 these formulas yield the same result at low collision
energies then the more elaborate formulas derived in chapter 4.
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which is observed In the coincidence measurement.

Relation (1) can directly be applied to the calculation of

electron spectra that are measured in concidence with the scattered

projectile. Once the states that contribute are recognised from an

inspection of the singles spectra obtained at a certain angle £, the

only unknown quantities to be determined by comparison with the

coincident spectra are the transition amplitudes a^. ^ e energy

positions e-̂  of autoionisation lines as well as the corresponding

lifetimes x-̂  are known, for the relevant states of doubly excited He.

The number of parameters to be determined is reduced by the

requirement of mirror symmetry of the excited state wave functions In

the case of Li /He-collisions, where interactions involving the spin

may be neglected for excitation and decay, and where, consequently,

the Hamiltonian of the system is invariant with respect to reflection

at the collision plane. Due to this the transition amplitudes a ^ of

the excited states investigated in these experiments fulfil the

relation

if the z-axis is chosen in the scattering plane. Together with the

normalisation and with the free choice of one overall phase the

relations (2) reduce the number of parameters contained in the

£(2L + 1) complex amplitudes to
L

(3) N = I J2[(2L + 1) - L]i - 2

b. Coincident electron spectra

To analyse the spectra shown In figure 1 we consider contributions

from the following doubly excited He-states: (2s2)1S, (2p2)1D,

(2s2p) P. According to relation (3) we then have 10 parameters. By

least squares fit of relation (1) to the spectra these parameters are
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Table 1. Moduli a,w and phases x of the complex transition amplitudes
aLM (see footnote). The two sets of values are given with
respect to the quantisation-axis z parallel to the beam
direction (amplitudes aLM) and z perpendicular to the
asymptotic internuclear line (values a T M ) . The excitation
probabilities for lD (56%), *P (42%) and *S (2%) differ
considerably from the case of He+ + He collisions, where
more than 95% of the doubly excited He atoms are found in
the 1D state.

state

M

a

a

x/n

(2s2)1S

0

0.14

1.03

0.14

0.64

(2s2p)

0

0.15

0.48

0.56

1.68

h
I

0.45

1.11

0.23

1.84

0.

0 .

0 .

0

25

0

64

0

(2p2)1D

1

0.24

0.33

0.14

0.60

0 .

0 .

0 .

1.

2

44

39

24

84

determined. The resulting transition amplitudes are given in table 1

(see footnote), and the fit is shown in figure 1 as the solid lines.

Nearly all spectra are well reproduced by the calculations. Remaining

discrepancies (e.g. in the spectrum at i? = 135°, tf> = 180°) could

possibly be ascribed to an influence of PCI on the angular electron

distributions. Since only PCI-influenced AAI was considered - and no

MAI - this result proves that no MAI occurs at the scattering angle

0^ = 8° for which the coincidence measurement was performed.

Measurements at 0^ = 10° gave the same result: no indication of any

contribution from MAI.

footnote: The transition amplitudes a^w given in table 1 were
obtained in 1984 from fit-calculations with the data shown in figure
1 and 2. These data are reanalysed In 1987 using a new fitprocedure
resulting in more reliable results (see chapter 7). However, the
amplitudes of table 1 are used for calculating the solid lines in
figure 4 and are therefore maintained in table 1.
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c. Coincident angular distributions

The coincident angular distributions shown in figure 2 should of

course be reproduced using the same set of parameters as determined

by fitting the energy spectra. The corresponding theoretical relation

is obtained from relation (1) by integrating over the electron

energies e. We have performed this integration numerically. Using the

parameters given in table 1 we obtain the angular distributions shown

in figure 2 by the solid lines. The agreement with the experimental

data within the possible experimental errors proves the consistency

of the parameter set used. Although the effect of the PCI-

interferences is largely averaged out in the angular distribution,

there remains a significant effect of the PCI-mixing of states of

different parity, visible as a deviation of the distribution from

inversion symmetry, which one would obtain for the decay of states of

defined parity. The parameters of table 1 are in fact obtained as a

result of a compromise yielding the best possible fits of energy

spectra on the one hand, and of angular distributions on the other.

It is difficult to estimate the accuracy of the numbers in table 1. A

variation of the moduli by more than 10% or the phases by more than

.lOit, however results in theoretical curves that show considerable

worse agreement with the experimental points.

d. Inelastic differential cross section for He -excitation

For an analysis of the singles electron spectra we need to know what

the probability is for the occurrance of certain recoil velocities of

the autoionising He-atoms. This information can be obtained from the

differential cross section for Li -He scattering leading to double

excitation of He. Lorents and Conklin (1972) have experimentally

determined this quantity. They report the reduced cross section

p(0CM) - o-(9CM).0CM.sin 0CM, as a function of x =
 0CMErel w i t h ®CM

the centre of mass scattering angle and E r g l the relative collision

energy. What we need for the analysis is the quantity a(9 ).sin(9 )
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at E c o l l = 2 keV, with 0 T being the laboratory angle formed by the

recoil velocity of He** with the beam axis. This quantity can be

obtained by the unique transformation 0 ^ * 0T. A minor problem

arises for scattering angles 0 C M > 85°, which are not covered by the

experiments of Lorents and Conklin. Since appreciable electron

contributions - at least at certain emission angles - can be expected

from scattering events with higher QQ^ we extrapolate the results of

Lorents and Conklin. The extrapolated quantity a(0CM).sin 0CM> which

up to an angle of 0^,
85° is obtained from Lorents and Conklln

(1972), is shown in figure 3. The pronounced peak In the function

0(0^).sin 0QJ has in the past been the basis for the evaluation of

AAI spectra using a single value of x = E^.O^j = 15 keV deg (e.g.

In Koike 1982).

Figure 3: Differential cross section cr(0).sln0.dQ for in-elastic Li+-
He collisions at a collision energy E j^ = 2 keV and an
Inelastic energy energy loss of Q = 60 ev, as obtained from
the experimental results of Lorents and Conklln (1972).
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e. Non-coincident electron spectra

Energy spectra of non-coincident electrons at emission angles of 0°

and 180° are shown in figure 4. From such spectra it was earlier

concluded (Yagishita et al 1978, Zwakhals et al 1982) that MAI

occurs. Inspection of the singles spectrum in figure 2a, however,

shows that its width can - qualitatively - already be explained by

integrating the coincident spectra at well defined <|> over all <j). This

is another qualitative argument that no MAI occurs. To make this

argument more quantitative we tried to construct singles electron

spectra from AAI spectra belonging to well defined scattering events

leading to angles 0^ and <)>. Such a construction implies - in addition

to an integration over $ - also an Integration of spectra over ©T. A

difficulty arises, because scattering events with different 0 T will,

in general, lead to different populations of the various sublevels.

It is therefore not sufficient to know the differential cross section

0(0™), but, for each 0-p, the complete set of the a ^ must be

incorporated. These data are not available. However, based on our

work on He /He we can make a rather realistic estimate on the

variation of the a ^ with the collision event characterised by 9̂ .:

For He+/He we found that the amplitudes a-^, defined in a frame with

a z-axis that is rotated in the scattering plane by an angle (QQM +

n/2) with respect to the beam axis, are nearly independent on ©Q^.

This Is to say, one has approximately a "molecular" fixed constant

angular distribution which just rotates according to the asymptotic

orientation of the collision system given by 9(;M* ̂ e a s s u m e t n e

situation to be similar for the Li /He-system. In view of the fact

that in both systems the main contribution to the electron spectra

comes from the 2p ( D)-state of He - leading to very similar observed

coincident angular distributions - we believe this assumption to be

rather realistic and sufficiently accurate for the present goal.

For the construction of singles electron spectra we proceed as

follows:
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Figure 4: Energy spectra of non-coincident electrons at t! = 180° (a)
and t? = 0° (b). The solid lines represent calculations of
spectra in which only atomic autoionisation of He** was
taken into account with He transition amplitudes aLM as
given in table 1. The dotted line represents a calculation,
in which the *S amplitude is increased by a factor of 3.
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(i) we derive the amplitudes aLj^ from the a-ŷ , (see table 1),

determined for 9° = 8°, i.e. for 9° = 22.7° , by application

of the corresponding rotation matrix d (p ), with p =
MM O

(9° + it/2). These a-^ are assumed to be independent of OQ,J

(values are given in table 1).

(ii) The differential cross section a(0̂ .) necessary for the

integration over 0 T is obtained from figure 3.

(iii) The integration of expression (1), with amplitudes a^CO^)

obtained from the constants aLM» by application of the rotation
matrix d .(-p) O = 9 + u/2) is carried out numerically over

MM CM
<j> and 9y at constant velocity V:

The resulting function can be compared to the experimental singles

spectra obtained at observation angles J?. In figure 4 comparisons are

shown for * = 0° and t? = 180°. Considering the rather complicated

structure of the individual spectra, and their drastic change when

going from & = 0° to i? = 180°, the agreement achieved by the

calculation is quite satisfactory. Deviations are to a certain extent

expected because the assumption of a constant "molecular-fixed"

angular distribution for scattering events with T-values ranging from

almost zero to T = 200 keV.deg can of course only be approximate.

Especially, it is to be expected that the relative populations of the

different L-states depend on T. The largest discrepancy, in both

spectra of figure 4, is observed in an energy region where the

(2s v S-state contribution strongly influences the shape. This

discrepancy can be considerably reduced by assuming an increase of

the S amplitude by a factor of 3 (see figure 4).

We conclude from the agreement achieved between measured and

calculated singles electron spectra that - in the whole range of

values of the collision parameter % - AAI of doubly excited He is the

only relevant ionisation mechanism in Li+/He collisions at keV-

energies.
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6.5. DISCUSSION AND CONCLUSIONS

The preceding analysis demonstrates that molecular autoionisation

does not have to be invoked for the interpretation of the broad non-

coincident electron spectra. Together with the result that coincident

electron spectra do not exhibit broad structures this leads us to the

conclusion, that MAI does not contribute significantly to the

ionisation in keV Li+ + He collisions. Rather, the broad quasi-

continuous part of the non-coincident spectra is the result of an

averaging over the Doppler shifted AAI spectra belonging to the atoms

having different recoil velocities as a result of the momentum trans-

fer in the different excitation events. The reason why the MAI model

of Zwakhals et al (1982) gave good agreement with the experimental

observations is, that in this model a "distribution of travelling

velocities" was correctly identified as the cause of the broad

spectra and their variation with observation angle. Only - according

to our present results - Instead of a "distribution of velocities" of

the "electron sources" within the quasimolecule, in reality a

distribution of recoil velocities of the autoionising He atom is

responsible. The fact that attempts to describe the Li+/He-spectra

using the MAI-raodel which accounts for a broadening caused by the

potential curves (Yagishlta et al 1980, Furune et al 1983) -

especially by a maximum in the difference potential of initial and

final state of the molecular lonlsation process - have been

unsatisfactory, is explained by the actual absence of such a

broadening.

Finally, It should be pointed out that also the electron spectra

from Li+/He collisions measured by Stolterfoht et al (1979) may be

strongly Influenced by the kinematical effects described here. In

this case the observed asymmetries of the electron peaks could not

exclusively be ascribed to the post-collisional Stark-mixing of

different states, as it is done by Stolterfoht et al.

The coincidence measurements presented here cannot only be used

for the above stated identification of the relevant ionisation
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mechanisms in Li /He-collisions but also contain information about

the mechanisms that lead to the excitation of the various magnetic

sublevels of He states. For He /He collisions we have reported a

corresponding analysis of coincident electron spectra (Boskamp et al

1984). For Li+/He collisions this is done in chapter 7 of this

thesis.

- 127 -



REFERENCES

Barker R B and Berry H W 1966 Phys. Rev. 151 14

Bisgaard P, Dahl P, Fastrup B and Mehlhorn W 1981 J. Phys. B _1^ 2023

Boskamp E, Morgenstern R and Niehaus A 1982 J. Phys. B _L5_ 4577

Boskaiap E, van der Straten P, Morgenstern R and Niehaus A 1984 J.

Phys. B \T_ 2823

Furune M, Koike F and Yagishita A 1983 J. Phys. B J^ 2539

Gerber G and Niehaus A 1976 J. Phys. Z 9_ 123

Koike F 1982 J. Phys. Soc. Japan 51 618

Lorents D C and Conklin G M 1972 J. Phys. B _5_ 950

Morgenstern R 1975 in "The Physics of Electronic and Atomic

Collisions" (J.S. Risley and R. Geballe, eds.) Univ. of

Washington press, p.345 (1975)

Morgenstern R, Niehaus A and Thielmann U 1977 J. Phys. B _10_ 1039

Stolterfoht N and Leithauser U 1976 Phys. Rev. Lett. _36_ 186

Stolterfoht N, Brandt D and Prost M 1979 Phys. Rev. Lett. _43_ 1654

Thielmann U 1974 Diplom Thesis, Freiburg (unpublished)

Yagishita A, Oomoto H, Wakiya K, Suzuki H and Koike F 1978 J. Phys. B

J_l_ Llll
Yagishita A, Wakiya K, Takayanagi T, Suzuki H, Ohtani S and Koike F

1980 Phys. Rev. A 22 118

Zwakhals C J, Morgenstern R and Niehaus A 1982 Z. Phys. 307 41

- 128 -



CHAPTER 7

A COINCIDENCE ANALYSIS OF THE EXCITATION MECHANISMS FOR TWO ELECTRONS

IN LOW ENERGY COLLISIONS OF Li+ AND He

ABSTRACT - We have performed a coincidence analysis of two-electron
excitation in the Li -He collision system at low energies (1 keV < E
< 3 keV). We measured the emitted autoionisation electrons In
coincidence with the scattered projectiles. The results show that
excitation take place via two mechanisms: the (Isa22pa2)1S-
(lstf^pTi2)1^, '•A-, and the (Isa22p02) lT,-(. Isa22pa2pn)1n rotational
coupling. Because two excitation mechanisms participate in this
system we cannot use the simple MO model to derive predictions for
the transition amplitudes for this case, In contrast to the case of
one-electron excitation, and in contrast to two-electron excitation
in the He -He system. Therefore we confine ourselves to discuss the
important points which an elaborate theoretical description should
take into account. Our results show that the primary population of
the 2, II and A is shared at large internuclear distance between the
(M = 0)-, (M = 1)- and (M = 2)-levels of the He(2p2)1D and He(2s2p)1P
respectively.

7.1. INTRODUCTION

The Li -He collision system is one of the simplest collision systems

with closed electronic shells of both collision partners in their

Initial states. In fact, only two electrons are active during low

energy collisions, because the two electrons of Li are much more

tightly bound to the nucleus than the He-electrons. Therefore this

system Is especially suited for a detailed comparison between

theoretical calculations and experimental results.

There have been a large number of theoretical and experimental

investigations dedicated to this system. Differential cross sections
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measured by Lorents and Conklin (1972), Francois et al (1972) and

Park et al (1975), showed elastic scattering at low values of the

reduced scattering angle t < 10 keV.deg (r = E^9p, Ep Is the primary

energy of the projectile, 9 is the scattering angle of the

projectile), one electron excitation at medium T-values, and two

electron excitation at high T-values (T > 15 keV.deg). Although It

was clear from the experiments that only the lowest lying singly and

doubly excited states are populated, the energy resolution In the

experiments was insufficient to determine which excited states are

populated.

Theoretical work done by McCarroll and Piacentinl (1972), Lesech

et al (1973) and Sidis et al (1977) showed the Importance of the 2pa-

2pir rotational coupling for the excitation of both the singly and

doubly excited states. In the case of two electron excitation the

rotational coupling of both electrons from the (2pcr)- to the (2pit)-

orbital will lead to excitation of the (2p2)1D doubly excited state

of helium. Recently Andersen et al (1985) performed a coherence study

of the singly excited states of LI and He to investigate the 2pa-2pn

coupling mechanism based on the simple MO diagram of the Li -He

system. The electron cloud is found to be always aligned perpendicu-

lar to the asymptotic internuclear distance and this is independent

on whether the electron remains on helium, or is transferred to the

Li+-core.

It is the object of this paper to investigate the 2pa-2p-rc

rotational coupling mechanism for the case of two electron

excitations. Therefore we analysed the electrons emitted from the

doubly excited states of helium in coincidence with the scattered

projectiles with well defined scattering angle. This yields complete

Information on the excited state and therefore gives the maximum

obtainable information on the excitation mechanism. We will compare

our results with predictions of the (2pa-2pit) rotational coupling

mechanism for both electrons. These predictions can be derived from a

model, discussed by Boskamp et al (1984) for the He+-He collision

system.
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One can expect some similarities between doubly excitation in

He+ + He and in Li+ + He collisions, since in both cases the two

electrons to be excited have - in a quasimolecular picture - to be

excited via the 2po" orbital. However in the Li+-He system the parity

of quasimolecular states - i.e. the 'gerade' and 'ungerade' property

of the orbitals - is no longer a conserved quantity and this might

give rise to differences in the behaviour of both collision systems.

As already mentioned, our data contain the maximum information on the

excited state, and therefore allow the most stringent test for

theoretical calculations. In the discussion we will compare our

results with the calculations of Sidis et al (1977).

Part of our measurements have been published before (van der

Straten et al 198A, van der Straten and Morgenstern 1986b). These

data are now analysed together with additional data using a new fit

procedure, which leads to more reliable results.

7.2. EXPERIMENT

The experimental set up is almost identical with the one used by

Boskamp et al (1984) to perform coincidence measurements in the case

of the He+-He collision system. This paragraph will only give a short

description of the set up and the modifications made in order to

perform coincidence measurements for the Li -He collision system.

In Li -ions are created in the ion source by heating a tungsten

spiral covered with p-Eucrlptite (Li2O.Al203.2Si02) to about 1000°C.

At this temperature the salt is known to emit ions (Allison and

Kamegai 1961). The ions are extracted and focussed with two sets of

Einzellenses, mass-seperated with a Wienfliter and collimated to 0.7

mm in the scattering centre. Typical beam current in the scattering

centre is 200 nA.

The ion beam is crossed with an effusive target beam. The

emitted electrons are energy and angle selected with a 180°

hemispherical electrostatic analyser. The energy resolution is about
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2% of the transmission energy of the electrons through the analyser.

This energy is kept constant during the measurements and the

electrons to be measured are accelerated or decelerated accordingly.

The ions are energy and angle selected with an ion spectrometer,

which consists of four wings. Each wing contains an electrostatic

parallel-plate analyser for the energy selection (energy resolution

2%) and slits for the angular selection (A9 = 1°). With this

spectrometer it is possible to detect in coincidence with measured

electrons simultaneously ions scattered through four different

azimuth angles <p at one polar angle 9_.

7.3. THEORY

The multiply differential cross section da(9 )/dk for the formation

of electrons emitted in a direction k with an energy e = i\k\ and

with the extra condition, that during the collision the projectiles

are scattered through an angle 9 , can be vi

1984, van der Straten and Morgenstern 1986b)

are scattered through an angle 9 , can be written as (Boskamp et al

«> % v -
LM

- < L | | V A | | L >

with 3^(9 ) the transition amplitudes for excitation of the excited

states (L,M), fpci(£L»e^ t'le pCI-function which describes the shift

of the electrons due to Post-Collision Interaction (PCI) from the

nominal energy e-̂  to an energy e and <L||V^|[L> the reduced matrix

element for a transition due to autoionisation from the excited state

L to the final state, consisting of an ion in the ground state and an

electron. The PCI-process (Barker and Berry 1966) - the interaction

of the emitted electron with the receding projectile as a result of

the long range Coulomb force - is taken into account In a dynamical

way by van der Straten and Morgenstern (1986a). The reduced matrix

element is connected with the line width P^ through the "Golden Rule"

for time-independent transitions ^
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(2) rT =
2*I<L||V.

L 2L + 1

This relation determines the absolute value of the reduced matrix

element; the phase of the reduced matrix element Is given by van der

Straten and Morgenstern (1986b). A fit to equation (1) of the

coincident energy spectra, measured at different angles Q, yields the

transition amplitudes aLM^p^ # Measurements of coincident energy

spectra are time consuming and in order to avoid long-term instabili-

ties we also performed In a relatively short time coincidence

measurements in which we only determined the total cross section

do"/d£5 at different angles Q irrespective of the electron energy.

Integration of equation (1) over the electron energy e yields for the

corresponding cross section da(9 )/dQ:

da(9 ) A

- l / - =
L M L

I , M , a W ( V a L < M ' ( V HL
* < L | | V | | L > < L ' | | V A | | L ' > *

HLL' Y L M ( Q )

/(2L + 1)(2L' + 1)

with

HLL' = / fPCI(eL'£) fPCI ( eL" E ) d £

Van der Straten and Morgenstern (1986a) have proven, that H^i Is

independent of the quantities that determine the PCI-process and can

be written as

Although a fit of the angular distribution of the electrons to

equation (3) also yields the transition amplitudes aLM(9 ), equation

(3) is less sensitive for a variation of the amplitudes than equation

(1). In the case of equation (1) an energy spectrum measured at a

detection angle Q is compared with the theoretical expression,

whereas in the case of equation (3) only the total cross section at a
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detection angle Q is determined. However due to the fact that it

takes less time to measure the angular distribution da/dQ this type

of measurement Is less sensitive to long-term Instabilities. In order

to combine the advantages of both type of measurements we use the

shape of the energy spectra, measured at several angles Q in

combination with the angular distribution to completely determine the

amplitudes aiM^p^ • Tllis procedure is repeated for several

combinations of scattering angle 9 and primary energy E of the

projectile.

7.4. RESULTS

We have measured coincident energy spectra at various angles Q =

(t?,<p) and the coincident angular distribution of the emitted elec-

trons In four cases with different combinations of (E ,9 ). In table

1 we give an overview of all measured coincident energy spectra. An

example of coincident energy spectra is shown In figure 1 for the

case of (E ,9 ) = (3 keV, 10°). Shown on the top is the non-

coincident energy spectrum measured at i? = 120°. Below four colncl-

Table 1: Overview of coincident energy spectra measured at Q = (i?,
with t? listed in the table and cp = 0°, 90°, 180° and 270°.

EP
(keV)

1.4

2.0

2.0

3.0

(•)

10

8

10

10

O

60,

90,

60,

60,

90,

135

90,

90,

110,

120,

120,

135

135

135
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35 '
ELECTRON ENERGY [eV]

Figure 1: Energy spectra of autolonlsatlon electrons from 2 keV Li -
He collisions measured at i> - 90*. Single spectrum ' (top)
and four coincident spectra, measured at $ - 0*, 90', 180*
and 270*. In the last cases the Li+-ions are scattered
through 9 - 8*.

- 135 -



dent spectra at the same polar angle are shown with - from the top

downwards - cp = 0°. 90°, 180° and 270°. All energy spectra were

detected simultaneously. One can observe the typical PCI-shape of the

coincident energy spectra with a large low energy tail and a fast

cut-off at high energies. One can further observe especially at ip =

0° and tp = 180°, the interference due to PCI between different
O 1

levels, in particular the interference between the (2p ) D- and

(2s2p)*P-state. The relation between these interferences and the

charge motion, induced by the collision, is discussed in detail by

our group (van der Straten and Morgenstern 1986b).

If one compares spectra measured at different azimuth angles ip

between the emitted electron and the scattered projectile, one

observes the Doppler shift of the spectra with respect to each other

connected to the recoil velocity of the atom emitting the electrons.

This dependence of the electron energy on ip is mainly responsible for

the broadening of the non-coincident energy spectra, as is shown

earlier by our group (van der Straten et al 1984).

Figure 2 shows angular distributions of the electrons measured

for all combinations of HL and 9 . The distributions are measured in

three different planes: the x-z plane with fixed <p (<p = 0°, 180°) and

varying i9, the x-y plane with fixed # (<? = 90°) and varying ip and the

y-z plane with fixed ip (ip = 90°, 270°) and varying £. The intensity

distribution has Its maximum in the scattering plane (x-z plane) at

an angle Y with respect to the beam axis.

The solid lines in figure 1 and 2 represent calculated curves

fitted to the data by using equation (1) and equation (3) respective-

ly. The transition amplitudes aLM(9_) are used as fit-parameters. For

the fit-procedure all the spectra measured at various angles Q =

(<9,tp) as well as the angular distribution were used. Accordingly the

lines In figure 1 and 2 are obtained using the same set of

amplitudes. Table 2 shows the transition amplitudes resulting from

these fit-calculations. Due to the fact that the cross section is not

linearly dependent on the amplitudes, it is not easy to estimate the

errors In the fit-parameters. However variation of the absolute value
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of the amplitudes by 5% or variation of the phases by 0.05n yield

fit-curves which are In significant disagreement with the data.

In order to compare the amplitudes obtained for different

combinations of E and 9 , we have plotted our results as a function

of the parameter b/v, I.e. the ratio of the impact parameter b and

the relative velocity v of the colliding particles. For the deter-

mination of b we used at large Internuclear distances a repulsive

Born-Mayer potential In combination with an attractive potential that

Figure 2a: Angular distribution of autoionisatlon electron? from Li+-
He collisions for (Ep, 9p) - (1.4 keV, 8°). The
distributions are measured in three different planes: x-z-
plane (top, left), x-y-plane (top, right) and y-z-plane
(down, right). For this combination of (E , 9 ) no energy
spectra were measured. Therefore the transition
amplitudes, calculated by fitting this distribution only,
are not shown in table 2.
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Figure 2b: As figure 2a, but for (Ep> 9p) = (1.4 keV, 10").

Figure 2c: As figure 2a, but for (E , 8 ) - (2.0 keV, 8*)
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Figure 2d: As figure 2a, but for (Ep, 0p) - (2.0 keV, 10*)

Figure 2e: As figure 2a, but for (E , 6 ) - (3.0 keV, 10').
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Table 2: The transition amplitudes aAm = |aAm|.exp(iXj^m) with respect
to a quantisation axis which makes an angle 9 Q { in t n e

scattering plane with the beam axis. The absolute values of
the amplitudes are normalised to unity and the phases are
given in units of it.

EP
(keV)

1.4

2.0

2 .0

3.0

6 state lS

( ° )

10°

10° |

10° |

SL
m

*Jlm

aAm
Urn

aZm
Urn

aZm

0
0

0.06

1.76

0.16
0.80

0.18
1.51

0.18
1.66

0

0

0
1

0
1

0
1

0

.34

.93

.45

.67

.48

. 9 3

.39

. 5 5

! P

1

0

1

0
0

0
1

0
0

1

.20

.38

.35

. 9 3

.25

.19

.29

.84

0

0.15

0

0.14
0

0.16
0

0.45
0

0

1

0
1

0
1

0
0

*D

2
1

.32

.38

.12

.08

.21

.55

.11

.71

2

0.53

1.82

0.49
0.84

0.50
1.22

0.46
0.64

accounts for the polarisability of the helium atom by the Li -ion;

(5) V (R) = 1

The polarisability constant a is 0.69 a.u. (Dalgarno and Kingston

1961). At small distances we used a screened Coulomb potential in

order to account for the strong electron-electron repulsion;

V? _R

(6) V(VL) = -=• exp(=£)

These potentials are matched at a certain matching distance R^ where

the absolute value and the deriative of both branches of the

potential must be equal. The remaining free parameters can be fitted

- 140 -



Table 3: Impact parameter b calculated using the potential given in
equation (5) and (6).

EP
(keV)

1.4

2.0

2.0

3.0

9P
C)

10"

8°

10°

10°

b

(a.

0.

0.

0.

0.

u.)

37

36

30

22

b/v

(a.u.)

4.41

3.45

2.88

1.75

using the calculations of Catlow et al (1970). This yields: V1 = 5.0

a.u., V2 = 25.9 a.u., Rj = 0.69 a.u., R2 = 0.38 a.u. and Rm = 1.18

a.u. The impact parameters b calculated using this potential are

listed in table 3.

In figure 3 we show the excitation probability of the three

levels involved: the He(2s2)1S, (2s2p)1P and (2p2)1D. Over the entire

range of b/v-values (1.5 < b/v < 4.5) the (2p2) ̂D-state is excited

with the highest probability, the (2S2P)1? is mainly excited at

medium b/v-values and the (2s ) S is excited by no more than 5% for

all values of b/v. The dashed lines in the figure are drawn as a

guide to the eye.

In figure 4 we show the transition amplitudes of the magnetic

sublevels of the ^P-level and the *!)-level. Due to reflection

symmetry with respect to the collision plane amplitudes for +M and -M

are connected by

Therefore only amplitudes with M > 0 are shown. The quantisation axis

of the coordinate frame is chosen in the direction of the asymptotic

internuclear line since the predictions of the M0 model are
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0.8 -

4.0

b/v [a.u.]

Figure 3: Excitation probabilities of the He-autolonisation levels
(2p2)1D (^7), (2S2P)1? ( D ) and (2s2)1S ( O ) . Dashed lines
are drawn as a guide to the eye.

formulated in such a frame. Over the whole range of b/v-values the D

(M = 2)-amplitude is the largest one. Except for this amplitude,

which is nearly constant, all amplitudes vary strongly with b/v.

Possibly not all oscillations of the amplitudes are identified by the

measurements due to the limited number of b/v-values.

Although the amplitudes vary strongly with the parameter b/v,

the angular distribution of the emitted electrons Is almost fixed in

space. Figure 5 shows the change of the angular distribution in the

scattering plane with b/v. The solid lines are calculated by using

the amplitudes of table 2. Due to the ^P-^D Interference there is no

simple relation between the angle y of maximum Intensity and the

amplitudes aLM* In the case of a P-state the orientation of the

distribution can be characterised by the orientation angle i n
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Figure 4: Transition amplitudes a^, of the magnetic sublevels of the
(2s2p)XP (top) and the (2p2)Estate (down) of He. (o) M =
0; ( D ) M = 1 and CK7 ) M = 2. Dashed curves are drawn as a
guide to the eye; dashed dotted lines represent the model
predictions of Boskamp et al (1984).

the case of a D-state by the angles YD ant* 1» These angles are

defined in van der Straten and Morgenstern (1986b) and shown in

figure 6. yp and YD define the maxima of the intensity distribution

in the scattering plane of the P- and D-state respectively; T)p
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b/v =4.4 b/v = 3.5 b/v = 2.9 b/v = 1.8

Figure 5: Angular distribution of autoionisation electrons in the
scattering plane (x-z-plane) for various b/v-values,
calculated using the measured transition amplitudes of
table 2.

defines the deviation of the direction of the second maximum of the

intensity distribution in the scattering plane of a D-state from the

direction perpendicular to the direction of the first maximum. The

orientation angles derived from the transition amplitudes are shown

in figure 7. The angles Yp a n d YD a r e nearly constant except for b/v

= A.4. In the latter case the population of the P-state is small and

therefore the angle Yp can only be determined with large uncertainty.

The transferred angular momentum <L > is due to the reflection

symmetry with respect to the scattering plane directed perpendicular

to the collision plane. Its value can easily be determined from the

transition amplitudes a given In the natural coordinate frame bya

(8) < L > - 1 M
X LM

The transformation from the collision frame, for which the transition

amplitudes are given In table 2, to the natural frame is done by

rotation matrices (Brink and Satchler 1962, explicit formulas are

given e.g. by Hermann and Hertel 1982 in the case of a P-state and by

Andersen et al 1983 in the case of a D-state).
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S-STATE P- STAT E D-STATE

Figure 6: Intensity distribution in the scattering plane of an S-
state, a P-state and a D-state. The angles Yp» YD a n d ^ a r e

defined by van der Straten and Morgenstern (1986).

t 2.0 taö t

b/v [a.u.]
40

Figure 7: Alignment angles in the scattering plane Yp (•)» YD (̂ 7)
and TI ( O ) of the (282?)^- and (2p^)Estate of He (see
also figure 4).
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Figure 8: Transferred angular momentum <L.>
(•), of the (2p2) Estate ( D ) a
state (O) (see also figure 4).

of the (2s2p)1P-state
and of the total excited

In the case of excitation of one L-state the sign of <L.> cannot

be determined from an angular distribution of emitted electrons. This

is because the angular distribution does not changes if another set

of amplitudes is used, in which |a | is replaced by a and a

proper adjustment of the phases Is made. This transformation does

change the sign of <L.>, which can therefore not be determined by

measuring the angular distribution of one L-state. However if two

states with different parity interfere, which is the case in the Ll+-

He collision system, It is impossible to make such a transformation

of the amplitudes, without changing the angular distribution. There-

fore In our case the transferred angular momentum can completely be

determined. Figure 8 shows values of <L >, as determined from the

transition amplitudes of table 2. <L.> increases as b/v increases,

but decreases very abruptly and even changes lr.s sign for b/v - 4.4.

- 146 -



7.5. DISCUSSION

In order to test to what extent the 2pu-2pit rotational coupling plays

a role in the LI -He collision system for two electron excitation,

one can compare our results with the predictions of the model, dis-

cussed by Boskamp et al (1984) for the 2pa-2pit rotational coupling

mechanism for doubly excited states. Making this comparison one has

to keep in mind the approximations made in their first order model

(see figure 9):
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(2p2)'O
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Figure 9: Correlation diagram of the Li -He collision system, showing
only the most important potential curves for doubly
excitation of helium.
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(i) The only excitation mechanism Is the 2po"-2pn rotational coupling,

which takes place at small internuclear distances between the

(lsa22p02)1S-, (lsö^p^pit)^- and (lsa22pn2)1E, ̂ -states by

successive one-electron excitations. Although at zero Internuclear

distance the B+(2p ) D- and B+(2p2) S-states are separated in energy,

they are treated degenerate In the model.

(ii) At large internuclear distances the amplitudes of the

(lsa'L2pitli) 12,1A-states are projected onto the final states

He**(2p2)1D and He**(2p2)1S with probabilities given by Clebsch-

Gordan coefficients, although these states are non-degenerate.

The predictions of the first order model are

(9)

These predictions, which agreed in first order very well with the

results found for the He+-He collision system, are shown In figure 5

by dashed dotted lines. Comparing these predictions with our results

one can draw the following conclusions:

(1) The 2po-2pTt rotational coupling Is the most prominent excitation

mechanism. It explains the dominant excitation of the *D (M - 2)-

level, although this excitation Is less strong than predicted by the

model.

(ii) Another coupling plays a role, which excites the (M » l)-level

of the 1P- and ^-state. Probably this will be the rotational

coupling from the (lsa22pa2)1E- to the (ls<r22stj2pit)1Il-level. This

coupling is forbidden In the He -He collision system due to the

different (ungerade, gerade)-symmetry. This explains, why this

coupling plays no role in the He+-He system. However the (u,g)-

symmetry is lost In the Ll+-He system due to the different nuclei and

this explains why It can be effective in this system.

The fact that two primary excitation mechanisms play a role In

the LI -He system complicates a theoretical description of the
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excitation process. In the He+-He system only one excitation

mechanism plays a role and by making reasonable approximations one

can achieve good agreement between a relatively simple theoretical

model and the measurements, as was shown by Boskamp et al (1984).

However the presence of a second excitation mechanism in the Li+-He

system complicates the situation and in place of a simple model a

more elaborate theoretical study is needed. We will therefore confine

ourselves to discuss In the remaining part of this paragraph the

Important points such a theoretical description should take into

account, In order to explain the main features of our experimental

results.

Our results show that the excitation of the *D (M » 0)-level is

much weaker than predicted by the model. This can possibly be

ascribed to a sharing of the initial amplitude of the (lso"22pn2)*£-

level between the lV (M = 0)- and h (M = 0)-level. Such an

Interpretation is supported by the observation that the oscillations

of these amplitudes, displayed in figure 5, are out of phase with

each other. The same can be observed for the (M = 1) amplitudes of

the D- and P-state. In order to test this idea we have added the

population of different levels with equal |M| but different L and

plotted the result in figure 10. The probabilities now vary linearly

with (b/v). This supports our Idea of a primary excitation of the

(lso22pn2)lX,lA- and (Isö22sfflpn)^-level. At large internuclear

distance this Initial excitation Is shared by the (M - 0)-levels of

the 1P- and ^D-state In the case of excitation of the (Isa22pii2) *£-

level, the (M « l)-levels in the case of the (Isa22sa2pn)1n-level and

the (M - 2)-level of the D-state in the case of the (ls022pn2)1A-

level. This sharing occurs when the internuclear distance increases,

as can be seen In the potential energy diagram of Sidls et al (1977).

At large Internuclear distance the calculated potential curves of the

levels leading to the (2p2)1D- and (2s2p)^-state are nearly

degenerate.

At small b/v-values, corresponding to violent collisions, the

excitation probabilities for the (M - 0)- and (M - 2)-level are
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0.8 -

Figure 10: Excitation probabilities of the (M = 0)- ( O ), (M - 1)-
(D) and (M • 2)-sublevels (V), calculated by adding the
various sublevel populations for fixed M of the (2s2)1S-,
(2s2p)1P- and (2p2)1D-state. Dashed lines are drawn as a
guide to the eye.

equal. At larger b/v-values, corresponding to more gentle collisions,

the probability for exciting the (M - 0)-level is lowered with

respect to the (M - 2)-level. This Is consistent with the tendency

that at higher collision energies the united atom states B+(2p2)1D

and B+(2p2)*S - along which the excitation process proceeds - can be

regarded as nearly degenerate as a consequence of the higher energy

uncertainty corresponding to shorter collision times. However this

apparent degeneracy Is removed In the case of more gentle collisions

and one observes a decrease of the excitation of the (M - 0)-levels,

which proceeds along the (Isa22pit2)^-level. The reason, that this

decrease Is not observed In the He+-He system, Is that in the He+-He

system the energy separation between the (2p2)*D- and (2p2)^S-states

In the limit of united atoms Is much smaller, i.e. 1.87 eV for the

He+-He system in comparison with 3.14 eV for the Ll+-He system. The
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excitation probability for the (M = l)-levels increases as b/v

Increases. This is consistent with the fact, that the (Isa22pn2)-

(lsaz2so-2pit)-coupling, which causes the (M = l)-levels to be excited,

takes place at larger internuclear distances than the (2pa-2pn)

coupling and is therefore more likely at larger impact parameters.

Finally, it is interesting to compare our results with the

theoretical calculations of Sidis et al (1977). Their calculations

indicate that the (2pa-2pu) coupling is by far the most important

excitation mechanism for two electron excitation in the Li -He

collision system at low collision energies (2 keV). Except for very

small impact parameters all other excitation mechanisms seem to be

absent. As our results show this cannot be the case. Perhaps their

assumption of a "quasi" (ungerade, gerade)-symmetry at small inter-

nuclear distances, which obstructs the excitation of the (M = 1)-

levels, is not valid.

Therefore it would be Interesting to carry out a theoretical

study in order to find out whether the primary excitation takes place

in different M-levels, and Is shared at larger internuclear distances

between different L-states, as is suggested by our data. Such a

theoretical study should take into account both the (lsa 2pa ) £-

(lsa22pn2)1A,15: and the (lsa22pa2)1E-(lso-22sa2pn) lTÏ rotational

coupling. Also it should take into account the actual non-degeneracy

of the (2p2)1D- and (2p2) ̂-states in the limit of united atoms. Such

primary excitation mechanism could possibly reproduce the observed

linear dependence of the excitation probabilities of the M-levels on

b/v. Furthermore it would be interesting if such a theoretical study

yields more information on the subsequental sharing of the initial

population of the M-levels between different L-states at large

internuclear distances.
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CHAPTER 8

SHAPES OF EXCITED ATOMS AND CHARGE MOTIONS INDUCED BY ION-ATOM

COLLISIONS

ABSTRACT - We discuss how the shapes of colllslonally excited
autoionising atoms, I.e. the angular dependence of the electron
density, can be deduced from angular distributions of ejected
autoionlsatlon electrons. We present experimental data and show that
It Is possible to observe highly asymmetric atomic shapes. The
asymmetries are caused by a coherent superposition of excited states
with different angular momentum L, and they vary rapidly after the
collision due to the energy separation Ae between the L-states. This
results in a collislonally induced collective charge motion that can
be observed experimentally. Finally we discuss the question whether a
coherent superposition of different states corresponds to a
correlated motion of the excited electrons. We show that this is not
the case.

8.1. INTRODUCTION

In Inelastic Ion-atom collisions there are various mechanisms that

can cause an electronic excitation of the collision partners.

Information about these mechanisms can in many cases be obtained from

an analysis of photons or electrons, subsequently emitted from the

collision partners. Such an analysis allows to determine the "shape"

of the excited atoms to a certain extent, and this yields Information

about the excitation process. In this report we will discuss the

angular shape of excited atoms, i.e. the probability of finding an

electron at an angle w - (i?,tp) irrespective of its distance r from

the nucleus.

Of course, the shape as seen by an observer also depends on the
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way he is looking. If he looks at a photograph caused by photons from

a large variety of scattering events, he will always get the

impression of an averaged atomic shape produced in these various

events. As an example, without special precautions all azimuthal

orientations of the scattering plane will contribute to the

photograph with equal probabilities and therefore the averaged shape

will exhibit a rotational symmetry about the projectile beam

direction. In order to get a more detailed picture one has to select

a well defined class of scattering events, e.g. one in which the

orientation of the scattering plane is kept fixed. In an ideal case

one will obtain excited atoms in a pure state, i.e. the atoms can be

described by means of a wave function instead of only a density

matrix.

Also, it is desirable to obtain a "momentary" picture of the

excited atoms since excitation usually occurs into non-stationary

states and thus will lead to time-dependent charge motions within the

atoms, i.e. to an atomic shape varying in time. This variation will

average out if the observation is not restricted to a well defined

time after the excitation process.

In the past, various experiments have been performed in which

coherences between magnetic sublevels - so called Zeeman coherences -

of collisionally excited atoms were investigated by analysing emitted

photons or electrons in coincidence with scattered projectiles

(Kleinpoppen and Williams 198C, Kempter 1981, Andersen et al 1983,

Heydenreich et al 1983, Kessel et al 1979, Boskamp et al 1982, 1984,

Hippler et al 1985, Grosser and Neitzke 1982, Neitzke and Andersen

1984). There are only a few investigations in which also coherences

between states with different angular momentum L were studied,

yielding information about collision-induced charge motions (Gaupp et

al 1974, Havener et al 1984, Burgdörfer 1983, Burgdörfer and Dubé

1985).

In this paper we want to discuss the method of electron analysis

and show that detailed information about the (time-dependent) shape

of collisionally excited atoms can be obtained from energy spectra
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and angular distributions of autoionisatlon electrons. As opposed to

the case of photon emission from quasi-one electron atoms, which have

only one active electron outside a completely filled shell, the

relation between angular distributions of autolonisation electrons

and the corresponding atomic shapes is not that straightforward. This

is caused by the fact that two active electrons are involved in the

autoionisation process. We therefore first discuss how the atomic

shape can be deduced from angular electron distributions. Secondly we

will discuss the relation between asymmetries in angular and energy

distributions of electrons on the one hand, and time-dependent charge

motions within the excited atom on the other. Finally we will discuss

the question whether a coherent superposition of various excited

states - which is responsible for time-dependent charge motions -

corresponds to a correlated motion of the excited electrons.

8.2. ANGULAR DISTRIBUTIONS OF AUTOIONISATION ELECTRONS AND ATOMIC

SHAPES

The angular distribution of autoionisation electrons is determined by
•*

their angular momentum Ü.. In the general case where autoionisation Is
->•

caused by Coulomb interaction between the electrons involved, I is

simply given by Ü + L^ = L with L and L^ the angular momenta of the

excited atom and the remaining ion respectively. A general descrip-

tion of angular electron distributions was given by Eichler and

Fritsch (1976). For simplicity let us confine ourselves to cases with
->•

Lf = 0. Such a situation Is met, e.g. for autoionisation of doubly

excited He atoms decaying by electron emission to He (ls)^S. Then we
-y •>

get I - L and the angular electron distributions completely reflects

the angular momentum of the excited atom.

In chapter 3 of this thesis the experimental setup is shown for

measuring angular distributions of electrons, ejected from atoms that

were excited by well defined scattering events. Energy analysed

electrons are detected at a variable angle tf in coincidence with
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projectiles scattered through a fixed angle 9„ and a variable angle

<t>. Energy analysis of the scattered projectiles guaranties that

electrons due to only one type of inelastic process are detected.

Often the described experimental procedure is sufficiently selective

to make sure that the excited atoms are in a pure state and can be

described by a wave function,

(1) •« = I \nK^
PL

where the a^M represent complex transition amplitudes for the

magnetic sublevels with wave functions |(3 LM>. The cross section for

emitting electrons in the direction Q is then given by (see chapter

2.4):

/(2L + 1)(2L' + 1)'

As long as only one state |6 LM> is excited the reduced matrix

element <L, | |Vĵ  | [IJ> and the PCI-overlap integral HJ^I represent

constant factors that can be omitted if we are only interested in the

angular shape of the atoms. However, the situation is different if

two or more states are excited coherently - a situation discussed in

the following section of this report. Then the relative moduli and

phases of the different <L||va||L> and H^i have to be taken into

account. Therefore we give a derivation of the <L||va||L> in an

appendix and use relation (15) of chapter 2.3 to determine H^i. F°r

the moment we do not take them into account and realise that a

comparison of (2) with measured angular electron distribution allows

to determine the complex transition amplitudes a^M for the excited

autolonising state.

As an example figure 1 shows experimental results of Boskamp et

al (1984) for He+ + He collisions at 2 keV and a scattering angle 0p

= 10". Angular distributions of He autoionisation electrons are
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Figure 1: Angular distribution of autoionisation electrons from He+ +
He collisions at 2 keV and 9p = 10° as measured in
different planes. The figures represent cuts through the 3-
dimensional distribution and are presented in a way
analogous to a workshop drawing, a) distribution in the
scattering plane (x-z plane), b) in the plane perpendicular
to the projectile beam direction (x-y plane), c) in the
plane obtained from the scattering plane by rotation of 90°
about the beam direction (y-z-plane). Solid lines represent
fit-calculations.

measured in various planes. These distributions can be analysed with

equation (2) using the additional information - obtained from elec-

tron energy spectra - that the electrons are due to autoionisation of
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He(2p2)1D, i.e. a state with L = 2. Once the a L M are determined, we

have all the Information at hand that can be obtained from the

angular distribution. It is now possible, for instance, to calculate

a complete angular distribution of electrons. Figure 2 shows a three-

dimensional view of the complete distribution corresponding to the

measured data of figure 1. We would like to call this an

"electrograph" of the excited atom in analogy to a "photograph" that

is obtained from photons coming from an object.

.•V

Figure 2: (left) Three-dimensional view of the complete angular
electron distribution.

Figure 3: (right) Three dimensional view of the "shape" of the
collisionally excited atom, i.e. the angular dependence of
the electron density, as determined from the distributions
of figure 2.

On the first glance one is tempted to regard such an electrograph as

representing the shape of the excited atom. This would in fact be

justified for a one-electron atom, since in that case the electron

density function contains the spherical harmonics Y,u in the same way

as the angular distribution function. However for an autoionising
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atom with two active electrons the charge density depends In a more

complicated way on the coefficients aj^.

For a two-electron wave function with a configuration specified

by the electrons angular momenta Z^ and Jl£ t n e spatial part of the

|PpLM> can be written as

(3) | P p M > - (1 + <-) SP 1 2)\ i, i(r 1)R V 2(r 2)[Y A i < Y ^ o , , , ) ^

Here the R ^ are radial wave functions, the permutation operator Pj2

Interchanges electron 1 and electron 2, and the functions [ ]̂ JJ are

given by

A V Y (Bl) T (
m.m„ 1 1 2 2

with < | > being Clebsch-Gordan coefficients.

The angle-dependent atomic charge density is given by

(5) P(Q) = 2e

where the factor 2 reflects the symmetry of <|>ex with respect to

electron exchange. Inserting (1), (3) and (4) Into (5) we obtain

MM' A2t ̂

lml
(0)

If the amplitudes aLM are known, relation (6) allows to calculate the

angle-dependent charge density, i.e. the "shape" of the excited atom.

Figure 3 shows as an example the three-dimensional view of the

electron density that corresponds to the angular distribution of

figure 2. The density obviously exhibits less structure than the dis-

tribution of ejected electrons. This reflects the fact that electron
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ejection Is induced by an operator containing the coordinates of both

electrons, whereas the charge density is given by a sum of terms,

each of which depends on the coordinates of only one electron. On the

other hand the distributions of figure 2 and figure 3 resemble each

other to some extent. They are oriented In space in the same way and

the direction of maximum charge density coincides with that of

maximum ejection intensity.

These similarities of the two distributions allow to deduce some

properties of the atomic shape rather directly if the a ^ are known.

The relations between the a L M and the atomic shape p(i?,<p) have been

discussed in detail for the case of quasi-one-electron atoms by

Hertel et al (1985) (for P-states) and by Andersen et al (1983) (for

D-states). They have shown that the charge cloud has an orientation

that can be characterised by a tilt angle y through which it Is

tilted in the scattering plane with respect to the projectile beam

direction. This tilt angle y can directly be obtained from the

amplitudes aLM. If the a^M are given in a so called "natural frame"

(Hermann and Hertel 1982), (I.e. z perpendicular to the scattering

plane, x in projectile beam direction) one can derive simple

expressions for y. For P-states we find

(7) Y _: ^ f

and for D-states

(8) 2y = arctan (d_2slnx_2

where the pm and dm are the moduli of transition amplitudes for P-

and D-states respectively and the ^ the corresponding phases.

Relations (7) and (8) are also valid for the characterisation of the

angular distribution da/dQ of ejected electrons, and - due to the

similarities of da/dQ and the density p(i?,(p) - also for the atomic

shape In our case of two active electrons. For the example of figures

1 to 3 we obtain a tilt angle y - 108* which can in fact be found In
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the figures.

Other characteristics like the ratio of "length" and "width"

discussed by Hermann and Hertel (1982) can not generally be

transferred to our situation since they are different for different

configurations.

8.3. ASYMMETRIC ATOMIC SHAPES AND CHARGE OSCILLATIONS INDUCED Bï L-

COHERENCES

The electron distributions of figures 1 and 2 exhibit an inversion

symmetry, i.e. do/dQ - do(u - #, <p + u)/dQ which is always found for

100485 PS

Li+ B E A M

4» = 180

<t>=90°

Figure 4: Angular distribution of He autoionlsatlon electrons In
the scattering plane, measured for Ll+ + He collisions at 3
keV and 9„ - 1OÓ.
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autoionisation of states with well defined parity. Some measured

distributions, however, show a deviation from this symmetry. As an

example in figure 4 we present an angular distribution of He

autoionisation electrons in the scattering plane, induced by Li + He

collisions at an impact parameter b » 0.22 a.u. (9p » 10*). The

electron intensity in the lower half of the scattering plane ($ »

180') is significantly higher than in the upper half ($ « 0*). This

34 34.5 3 5 35,5 36

»—
z

ID
IT

34,5 35 35.5 36

Figure 5: Energy spectra of autoionisation electrons from 2 keV Li+ +
He collision, measured in the scattering plane at opposite
positions of the electron detector, a) £ - 90', <p » 0', b)
<J - 90*, <p - 180*. Electron energies I refer to the emitter
frame. Solid lines represent fit-calculations.
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deviation from inversion symmetry is even more pronounced when

electrons at specified emission energies are observed instead of

energy-integrated intensities. This can be seen in figure 5, which

shows two electron energy spectra, measured in the scattering plane

at opposite positions, at an angle of & =• 90* with respect to the

beam direction. As a remarkable feature we see that at emission

energies where the electron intensity has a maximum in one direction,

it has a minimum in the opposite direction. We therefore can state,

that we observe highly asymmetric angular electron distributions for

well defined emission energies, and that the asymmetry varies

drastically with the emission energy.

The oscillatory structure in the electron energy spectra has

been observed and analysed earlier (Morgenstern et al 1977), however

the implications for the atomic charge distributions were not

discussed at that time. The oscillations are caused by interferences

of autoionising transitions from different states (in the case of

figure 5 from H e U p 2 ) ^ and He(2s2p)1p). These interferences depend

on the relative phase f of the corresponding transition amplitudes,

and ip in turn depends on the transition time t according to <p - <PQ +

t.Ae with AL the energy separation of the states involved.

Transitions at different times on the other hand correspond to

transitions at different internuclear distances of the collision

partners, and lead - in the semiclassical picture of post-collision

interaction (PCI) - to different electron energies, since the

transitions end on a repulsive Coulomb potential curve (in this case

for Li+ + He+). To some extent the energy scale of figure 5 therefore

resembles a scale of emission times, with higher electron energies

corresponding to later emission times. This implies that we observe

time-dependent oscillations in the angular distributions of ejected

electrons, which - as we will see - reflect time-dependent

oscillations of the atomic charge cloud.

For the evaluation of both the energy spectra and of the angular

distributions of ejected electrons one has to take into account that

the reduced autolonisation matrix elements <L||V||L> and the PCI-
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integrals H^' are different for different L states (see discussion

of equation 2 and the appendix). A proper data analysis eventually

yields the a^M for the coherently superimposed L-states and this

allows to determine the charge density of the excited atom in an

analogous way as by equation (6) for the stationary situation. In

stead of (6) we now obtain an expression in which an additional

summation over L,L' is performed and where the cross terms in L,L'

get a time-dependent phase factor. The charge density then becomes

LL. J' A

with the Ü££« being integrals of radial wave functions

Rn,,(r) r
2dr

!

,'x

,y

t=0 t=V,T t=VT t=3/4T t=T

Figure 6: Three dimensional view of the shape of collisionally
excited He at different times after, the collision between
t - 0 and l-'T - 712 a.u. - 1.7X10"1 sec. The oscillation
period T is determined by the energy separation Ae of the
two states involved.
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Figure 6 shows a three dimensional view of the resulting atomic shape

and Its time-dependence as determined from experimental data, a few

of which are shown in figures 4 and 5. The time evolution is

determined by the energy separation Ae - 8.8x10"^ a.u. * 0.24 eV of

the two He states involved. One obtains an oscillation period of 712

a.u. * 1.7X10"1* sec. At time t - 0, i.e. at the distance of closest

approach, the electron cloud is apparently attracted by the positive

charge of the Li+ projectile. Subsequently it starts to oscillate in

space. We observe in fact a collective charge motion that is induced

by the collision process and which continues after the collision.

8.4. COMPARISON WITH RELATED WORK

In first place one is reminded of quantum beats that are observed

e.g. in beam-foil excitation processes (Andra 1979). A closer view

however shows that such beats are different from the charge

oscillations observed here. Quantum beats are due to interferences

between fine structure states witb the same angular momentum L.

During the excitation process the L-state is aligned, but due to

recoupling of the spin S to L the atom subsequently starts a

precession about the total angular momentum J. In a simple picture

this means that the atom rotates about the J direction but keeps its

shape. Charge clouds as described by equation (10) and shown in

figure 6 on the other hand change their shape periodically.

The L-states coherences observed here can be compared with those

discussed by Eurgdörfer (1983) and by Burgdörfer and Dubé (1985) for

hydrogenic systems. These authors relate the coherence parameters of

the complete n-shell density matrix to multipoles of the angular

momentum L and of the Runge-Lenz vector (Pauli 1926). This leads to a

quaBlclasslcal Interpretation of coherences, yielding quantities that

characterise the electron orbit, such as its eccentricity and the

orientation of its major axis. Havener et al (1984) have used this

theoretical treatment to analyse the measured patterns of radiation
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from excited H atoms, produced In electron transfer collisions of H"1"

on He. They determined a current density In the excited H atom from

the coherence parameters which they found in their analysis.

Properties like an effective eccentricity, orientation in space and

current density can also be deduced in our case from the amplitudes
aLM' However, in our case they vary in tine, whereas for hydrogenic

systems they are constant due to the L-degeneracy which is unique for

these systems. In both cases these properties are connected to the

electron rearrangement and a charge motion that takes place during

the collision. This can be exploited to obtain Insight Into the

collision dynamics.

A detailed theoretical description of collision processes In

terms of collective charge motions has recently been given by Elchler

and Ho (1985). Such a description is especially attractive for many-

electron systems and for collisions with highly charged ions, where

significant charge motions can be expected. In such systems the

observation and analysis of L-coherences is important in order to

obtain a realistic picture of the dynamical processes that take place

during the collision.

8.5. DO OSCILLATING CHARGE MOTIONS CORRESPOND TO EXTRA CORRELATIONS?

In the preceding sections we have discussed the "shape" of the

excited atoms, i.e. the probability density p(Q) of finding one

electron at an angle 0, Irrespective of the direction of the other

electron. However It would be Interesting to see if the excitation

also Induces a correlated motion of the two electrons. Or to put It

In a more explicit way, we are Interested in the conditional

probability density p ( O ^ °^ finding the electrons at directions r.

en r2» with 9j2 the angle between r̂  en ^ . Keilman and Herrlck

(1980) have suggested, based on group-theoretical considerations, a

new classification scheme of doubly-excited states, their so called

supermultlplet classification. Their work reveals similarities



between correlated electron motion on the one hand and the normal

vibration and rotation modes of a 3-atoraic X-Y-X molecule on the

other. The similarities were confirmed In broad outline by Lin (1984)

and Ezra and Berry (1983), who performed computer calculations on

electron correlations for various doubly excited stationary states.

As an extension of this work we will address the question, whether

colllslonal excitation leads preferably to one of these 'normal'

modes of electronic motion. For instance whether the asymmetric shape

of figure 6 can be described by an asymmetric stretch mode of the

correlated electrons. The formulae of Lin and Ezra and Berry are not

applicable In our case, since they assume an lsotropic population of

all magnetic sublevels. The conditional probability density Pc(6j2)

Is defined by

(ii) Pc<e12) = Jd?1 / d ^ t f ^ l w 1 2

With <!» = I aiu\$ W* a n d |P ̂  a s defined in (3) this becomes
e x p p

,,) - I a a exp[itAe(LL')] Jdu /dw [Y (» )
LML'M' 1

LM

(12) Pr(8,,) - I a

where the functions [ JLM are given by (4). They can be written as

product of the function [ ] L N taken at angles üj - (5<p) - (0,0) and

a>2 * Oi2>0)» a n d a rotation matrix DL(aPy) which rotates this

function about Euler angles (agy) to the original angles (atj.d^)*

I [Y (0,0) « T (ei2,0)]LN.D^(aPy)

Then the Integration over db)̂  and dw2 becomes an integration over

Euler angles (a(3y) and we can exploit the relation (Brink and

Satchler 1968)
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2ir 2n n * L»

(14) ƒ ƒ ƒ [D (<XPY)] D , ,(«PY) sinP dp do dY
0 0 0

= 8it2(2L + l)" 1 6(MM') 6(NN')

This implies that all cross terras in (12) vanish that correspond to

states with different angular momenta L and L'. One can show that

also those cross terms vanish which correspond to states with

different parity, even if these states have identical L. This can be

done by exploiting the symmetry relations that exist between Clebsch-

Gordan coefficients and between the amplitudes SL+JJ for positive and

negative M-values respectively (e.g. a L M = (-) aL-M i f tlle

scattering plane is chosen as x-z-plane). This means that in (12) all

cross terms vanish which correspond to different stationary states.

There remains only correlation between the two electrons within one

stationary state. These correlations are extensively discussed by Lin

and Ezra and Berry. We can therefore conclude that no extra

correlated angular electron motion is induced by a coherent

superposition of different states. Consequently the asymmetries of

the charge cloud and the oscillations as shown in figure 6 can not be

interpreted in terms of electron correlation.

APPENDIX

The reduced matrix elements <L| |va | |L> for autolonisation are given

by

(Al) <L||Va||L> -<*el+f|l/r12|*ex>

and can be determined in the follow'•.>;• way. Their modulus is related

to the lifetime t^ (which often Is known from experimental

determinations) by
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(A2) ƒ <L I ï V I l o l 2 = U L + 1 ) / 2 H T

a L

To determine the i r phase we s t a r t with rea l wave functions <|>ex and

<\if. The phase of <L | |v a | |L> i s then given by the phase of the

e lec t ron wave function <l>e£. Assuming a Coulomb wave for i\>e^ we get

(Messiah 1969)

(A3) ((, = ( k r ) " 1 I (2A + l ) i A e * F. (ykr) P,(cos <»

with Coulomb phases 6^ and functions 7^ that are real except for a

factor exp(ikr). Since the electron momentum k is always identical

for interfering transitions this factor can be neglected. If we again

assume that the remaining ion is in a state with Lf = 0, i.e. i = L

the phase can be written as

(A4) arg(<L||v | |L>) = Lit/2 + 6
a L

The 6-̂  can be expressed (Messiah 1969) by the ratio y = Z/v of the

charge Z of the remaining ion and the velocity v of the ejected

electron as

(A5) & = arg T(L + 1 + iy)

Using the general relation (Abramowitz and Stegun 1970)

(A6) arg T(z + 1) = arg T(z) + arctan(Im(2)/Re(z))

we obtain

L
(A7) ó = 6 + I (arctan y/L')

L ° L'-l

where 6Q is independent of L. With (A2), (A4) and (A7) the matrix

elements <L I |v„ I |L> are completely determined.
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Centre of the collision experiments, showing on the right the

collimator of the ion optics, in the middle the electron spectrometer

and on the left the ion spectrometer (photograph the author).
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SAMENVATTING

In dit proefschrift worden metingen beschreven, die verricht zijn aan

botsingen tussen Li+-ionen en He-atomen. Tijdens een botsing kan er

een dusdanige excitatie van het doel-atoom optreden dat er een elek-

tron uitgeworpen wordt. Analyse van de elektronen levert informatie

op over het aangeslagen atoom. Van één botsingsgebeurtenis werd zowel

het verstrooide projectiel als het uitgeworpen elektron gedetecteerd.

Een dergelijke meting wordt een colncidentiemeting genoemd. Door de

gekozen experimentele omstandigheden kunnen deze metingen als com-

pleet beschouwd worden. Compleet wil in dit geval zeggen dat de

maximale hoeveelheid informatie, die behaald kan worden volgens de

wetten van de quantummechanica, daadwerkelijk ook behaald is.

In hoofdstuk 2 wordt in een theoretische analyse beschreven wat ge-

leerd kan worden van colncidentiemetingen. De overgangsamplituden,

die alle informatie bevatten die uit een botsing gehaald kan worden,

worden ingevoerd. De amplituden worden in verband gebracht met groot-

heden die een grotere fysische betekenis hebben voor een botsingspro-

ces, zoals het impulsmoment overgedragen van het projectiel naar het

doel-atoom en de oplijning van de aangeslagen toestand na de botsing.

In hoofdstuk 3 wordt de gebruikte opstelling getoond. Na de be-

handeling van de elementaire componenten uit de botsingsfysica (bron

en detectoren), wordt de coïncidentietechniek behandeld. Tevens

worden de beperkingen van de techniek bediscussieerd.

De resultaten verkregen voor het Li -He botsingssysteem worden

beschreven In hoofdstuk 7. Omdat een quantltatieve vergelijking met

het algemeen toegepaste MO-model voor dit systeem niet mogelijk is,

beperken we ons tot het uitduiden - aan de hand van onze resultaten -
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van belangrijke punten. Deze punten zullen in een meer uitgebreid

theoretisch model meegenomen moeten worden.

Als de overgangsamplituden bekend zijn, is de volledige golf-

functie van het aangeslagen atoom bepaald en weet men alles van de

aangeslagen toestand. In hoofdstuk 8 leiden we de vorm ven de elek-

tronenwolk af uit de amplituden. Deze wolk is onmiddellijk na de

botsing gericht in de richting van de as van het twee-atomige quasi-

molecuul op het tijdstip waarop de atomen elkaar het dichtste

naderen. Vervolgens, als het projectiel wijkt, begint de wolk een

trillende beweging, een quantumtrilling. Het verband tussen deze

trillende beweging en de correlatie tussen de twee elektronen van het

aangeslagen atoom wordt bediscussieerd.

In hoofdstuk 6 wordt aangetoond, dat brede structuren die geme-

ten worden in de niet-colncidente elektronen energiespectra van het

Li -He systeem in het verleden ten onrechte in verband werden

gebracht met emissie vanuit het (Li-He)+-quasimolecuul. Een model

wordt gepresenteerd wat - gebruik makend van de gegevens bereikt met

de colncidentiemethode - de niet-coïncidente elektronen energiespec-

tra verklaard.

In de eindtoestand van de botsing kunnen de drie geladen deel-

tjes (projectiel, doel-atoom en elektron) wisselwerken door de lange

dracht Coulomb kracht, wat bekend staat als post-collision inter-

action (PCI). Dit proces wordt behandeld in hoofdstuk 4. De nadruk

ligt op botsingen met hoge botsingsenergieën, waarvoor het algemeen

aangenomen werd dat PCI niet belangrijk is. Wij passen onze vergelij-

kingen toe op recente experimenten om het belang van PCI bij hoge

botsingsenergieën aan te tonen.

PCI speelt ook een belangrijke rol bij foto-ionisatie van

atomen, gevolgd door Auger-verval. In hoofdstuk 5 worden de resulta-

ten van hoofdstuk 4 toegepast op dit PCI-proces. In ons werk worden

correlaties tussen de richtingen, waarin de elektronen uitgeworpen

worden, meegenomen in de berekeningen, wat leidt tot verschillen met

de tot dusver gebruikte theorieën. Om dit in de praktijk te toetsen

worden nieuwe metingen voorgesteld.
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NAWOORD

Het is zondagavond 11 oktober en op mijn bureau ligt een stapeltje

met de diverse hoofdstukken van mijn proefschrift, waarvan de drukker

binnenkort een boekje gaat maken. De neiging is groot tevreden te

zijn met wat ik bereikt heb. Net zoals de machinist zich zal voelen

wanneer hij zijn trein van plaats A naar B gereden heeft en op het

perron tevreden achterom kijkt naar de trein en denkt: "Dat heb ik

weer mooi gedaan". Maar net zoals de machinist besef ik terdege dat

de trein nooit aangekomen zou zijn als de directie de reis niet van

te voren gepland had, als niet elke wissel in de juiste positie gezet

was door een wisselwachter en als er zo nu en dan geen steun was van

een conducteur.

In mijn geval heb ik geluk gehad, dat de "directie" bestond uit

Arend Niehaus en Reinhard Morgenstern. Hun jarenlange samenwerking

heeft altijd een grote produktiviteit tot gevolg gehad en ik ben

blij, dat ik hieraan gedurende vier jaar een bijdrage heb mogen

leveren. Van hen heb ik geleerd, dat wetenschap alleen tot stand komt

in een goede samenwerking.

Arend, ik ben nog steeds versteld van het schijnbare gemak,

waarmee jij de atoomfysica in een begrijpelijk model weet te

vertalen. Ik herinner me nog steeds de ochtend waarop jij, toen de

metingen iets anders opleverden dan wij verwacht hadden, in één

kwartier een model op bord schetste dat hiervoor een verklaring

opleverde. Het duurde nog éën maand en vele uren computer-werk om

jouw conclusies te verifiëren. Het leverde echter wel meteen een

publlkatle op.

Reinhard, onze samenwerking is altijd heel plezierig geweest en

ik heb het altijd erg stimulerend gevonden om samen met jou een
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bepaald gebied van de atoomfysica uit te diepen. De manier waarop jij

vele punten voor mij verduidelijkte, is voor mij onmisbaar geweest om

mij staande te kunnen houden in de voor mij nog relatief onbekende

wereld van de atoomfysica. Hoewel jouw vertrek naar Groningen voor

mij een wetenschappelijke en persoonlijke "aderlating" betekende, kon

ik het vanuit jouw positie volledig begrijpen. Jouw interesse voor

het onderzoek heeft er echter niet onder geleden.

Gerard Nienhuis, hoewel jij niet tot de "directie" behoort heb

je mij altijd met raad bijgestaan. De "andere" kijk op de fysica van

jou heeft me geholpen mijn eigen experiment beter te doorgronden.

Zoals gezegd zijn ook vele "wisselwachters" onmisbaar geweest

voor het welslagen van mijn promotie-werk. Wim Post, onder andere aan

jou heb ik de neutralen-detector te danken. Op een dag liep ik met

een schetsje bij je binnen en enige tijd later lagen er complete

tekeningen op mijn bureau met constructies die mijn verwachtingen te

boven gingen.

Bert Crielaard, jouw doorzettingsvermogen heeft de

automatisering van mijn opstelling opgeleverd. Gebruik makend van

gezond verstand ontwikkelde jij een eenvoudige, maar doeltreffende

methode om de verschillende detectoren vanuit de raulti-channel

analyser te sturen. Het bood mij de mogelijkheid om me 's avonds en

In de weekeinden met ander zaken bezig te houden.

Kees-Jan den Adel, bedankt voor de keren dat je assistentie

verleende op het gebied van de computers. De keren dat ik een

terminal van slag kreeg, waren talrijk.

Van belang voor de voortgang van het onderzoek was de "kleine"

werkplaats van Gerrit Dirkse en Gerard Hörchner. Zowel het maken van

de kleine als de grote dingen, de aeutralen-spectrometer (t),

schuwden jullie niet en het vakmanschap wat jullie daarbij aan de dag

leggen is binnen en bulten de vakgroep erkend.

Ad van Eerden, bedankt voor jouw aandeel, het vervaardigen van

p-Eucriptiet. Het was onmisbaar voor de metingen die In hoofdstuk 7

gepresenteerd zijn. Hoewel het niet tot je gebruikelijke werkzaam-

heden behoorde, was je altijd bereid tijd voor mij vrij te maken.
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Dat het proefschrift in een nette vorm voor u ligt, is met name

te danken aan Corine Lamberts. Corine, sorry dat ik jouw capaciteiten

op de tekstverwerker misbruikt heb door met alles op het laatste

moment te komen. Desondanks heb jij kans gezien aan al mijn wensen

tegemoet te komen. Tineke van der Meij, bedankt voor het nog eens

kritisch doorlezen van het manuscript.

Op delen van de "reis" ben ik bijgestaan door verschillende

"conducteurs". Paul Koenraad, jij was de eerste en met een enorm

enthousiasme heb jij verscheidene computer-programma's op poten gezet

en geassisteerd bij de eerste metingen. Robert Dijkgraaf, jij hebt

jouw naam als theoreet eer aangedaan. De elegante manier waarop de

PCI-verschuiving berekend wordt, is afkomstig van jouw hand. Ar jen

Molendijk heeft gewerkt aan de neutralen-detector. Arjen, het grondig

testen van de detector en de daaropvolgende metingen zijn van jouw

hand en geven blijk van een goede experimentele vaardigheid. Tot slot

heeft Henk Nijland een deel van de "reis" meegemaakt. Henk, ik hoop

dat de metingen met neon het succes opleveren wat wij ervan

verwachten.

Tot slot gaat mijn dank uit naar de mensen, waarvan hun aandeel

niet terug te vinden is in de feitelijke weergave van mijn

proefschrift, maar die in het verschijnen ervan een groot aandeel

hebben gehad. Allereerst mijn ouders, die mij altijd gesteund hebben

in mijn wetenschappelijke studie en werk. En natuurlijk Wilma, die me

niet alleen met raad en daad heeft bijgestaan, maar die er samen met

Lieke voor gezorgd heeft dat er de laatste tijd ook nog wat te lachen

viel.
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