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POEM AT A LUNAR ECLIPSE 

Thy shadow3 Earth3 from PoZe to CentraZ Sea 

Now steaZs aZong upon the Moan's meek shine 

In even monochrome and curving Zine 

Of imperturbabZe serenity3 

How shaZZ I Zink such sun-cast symmetry 

With the torn troubZed form I know as thine 3 

That profiZe3 pZacid as a brow divine 3 

With continents of moiZ and misery? 

~And can immense MortaZity but throw 

So smaZZ a shade3 and Heaven's high human scheme 

Be hemmed within the coasts yon are impZies? 

Is such the steZZar gauge of earthZy show3 

Nation at war with nation3 brains that teem3 

Heroes 3 and wamen fairer than the skies? 

Thomas Hardy 

--- How big a shadow does an atom throw? --

Cor 
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SUMMARY 

We have performed experiments yielding the total elastic cross 

sections of neon in the metastable Ne*(ls3) and Ne*(ls5) state, and the 

shortlived Ne**(2p9) state on Ar. By employing a dye laser to modulate 

the state populations ~n the neon beam originating from a gaseaus 

discharge, we have determined the cross sections of the metastable 

states state resolved. For the potential well parameters, E and rm' we 

find 

E ls3 0.97 E ls5 

r m, ls3 
1.005 r m, ls5 

As the 2p9-state forms a two-level system with the metastable ls5-

state, we were able to create a quasi stationary population of the upper 

level by optical pumping, allowing for experiments on this short-lived 

state. We find an average cross section, in the velocity range of 1250 

2 to 850 m/s, of 300 Ä . The large oscillatory contribution, estimated on 

200 t\.2 , is in agreement with the predictions · based on the potential 

curves given by Bussert et.al •. As can be tinderstood from the JWKB 

phase shifts, this large oscillation amplitude is a result of the 

potential hump that creates an extra region of stationary phase. Apart 

from these large and slow oscillations, the JWKB calculations predict 

fast oscillations due to the potential well (i.e. the conventienel 

glory undulations). However these rapid oscillations will be damped by 

Penning ionisation and interferences between the different n-states. 
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1.1 INTRODUCTION 

The main subject of research in the "Atomie Collisions and 

Spectroscopy"-group concerns collisions between atoms and/or molecules. 

A major part of this work is concentrated on interactions between rare 

gas atoms. The ultimate goal is to determine the interatomie potential 

energy functions and to understand the callision dynamics involved. As 

the group's interest has shifted from ground state - ground state to 

excited state - ground state collisions, inelastic channels appear in 

the collis ion process, e.g. intramultiplet mixing and Penning 

ionisation. The latter process of Penning ionisation is commonly 

described by an optica! potential [Mic76], consisting of a real part, 

referred to as intermolecular potential, and an imaginary part, known as 

the auto-ionisation width. Thi~ technique is analogous to the complex 

index of refraction used in optica! theory, hence its name. 

This report wil! deal with the experiments concerning the total 

elastic cross sections of the following atomie systems (Paschen notation 

will be used throughout this report) 

* 
Ne (1s3) +Ar 

* 
Ne (1s5) +Ar (1.1) 

** 
Ne (2p9) + Ar 

The first two systems (1s3,1s5), being metastable (with J=O and 2 

respectively), can be prepared well befare the scattering centre. The 
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2p9-system, with J=3, is part of a two-level system with the Ne*(1s5, 

J=2) state as a partner. Although the natura! lifetime of Ne**(2p9) is 

only T = 23 ns, multiple excitation will increase the effective 

lifetime for scattering experiments according to the length of the 

scattering region. 

1.2 STATE SELECTED 1S5 / 1S3 TOTAL CROSS SECTIONS 

An abundance of scattering data on the statistically mixed 1s5/1s3 

system has been publisbed the last several years (see e.g. [Gre81]). As 

the ratio of these metastable states, according to their statistica! 

weight, is 5:1 in favour of the 1s5 state, this allows a rather good 

estimate of the 1s5 potential curves. However, Verheyen [Ver84] has 

found a considerable difference in the Penning ioniaation cross sections 

between these systems. As a natura! consequence of his work we performed 

experiments to measure the total elastic cross sections with state 

selected beams. This yields information on the differences in the v/d 

Waals coefficient C6, as well as the well-position rm and depth E • 

Furthermore the glory-damping offers extra information on the inelastic 

processes. Apart from some effects on the inelastic cross sections, we 

do not expect the omega splitting of the 1s5 state to be of any 

importance as the intermolecular potentials show only a slight n 

dependenee up the repulsive branch [Mor83]. 

1.3 2P9 TOTAL CROSS SECTIONS 

As our understanding of the interaction of a laser beam with 

partiele beams has grown considerably the past few years [Ver84],[Ruy84] 
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and [Kro85], and with that the experimental facilities, we are now well 

prepared to perform experiments on the short-lived states of the 2p

multiplet. These experiments wil! serve to fill up the gap between 

metastable atom scattering, where the ion-atom character only dominates 

the interaction at small internuclear distances, and scattering 

experiments with Rydberg atoms with the outer electron at very large 

distances, resulting in an ion-atom character of the interaction 

throughout the whole range of r-values. 

The only fine structure state, for which velocity resolved total 

cross section experiments are feasible at the present time, is the 2p9 

state, that as a part of a two-level system can be quasi stationary 

populated by optica! pumping. Ab initio calculations presented by 

Bussert et al [Bus84a] show that ~ -splitting results in four quite 

different potentlal surfaces. As a result, polarisation will have a 

considerable effect on the experiments. Moreover, the transformation of 

the polarisation from the space fixed frame (mj) to the body fixed frame 

( ~ ) is poorly understood and bas to be worked out from the 

experimental results. From this it may be clear that a large 

experimental effort is demanded. Therefore, apart from the experiments 

described in this report, three other experiments are performed by other 

members of the group. These four experiments yield, 

i I intramultiplet mixing cross sections [Ruy84], [Man85c] 

ii I total ionisation cross sections 

iiil large angle differential cross sections 
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iv I total elastic cross sections 

Experiments on i and ii deal with the inelastic channels of the 

collision process. Large angle elastic scattering probes the repulsive 

branch of the intermolecular potential, and the loss of particles on 

these trajectories due to the inelastic processes. The total elastic 

cross section is mainly sensitive to the long range v/d Waals 

interactions and the potentlal well (c.q. threshold). The glory 

trajectories, which probe the well area, are again also influenced by 

the loss particles. Experiments ii through iv are resolved as a function 

of collision energy, using a single burst Time of Flight technique. 

Future expansions of experiment i will include an extension with a 

pseudo random correlation Time of Flight method. 

1.4 NEON SINGLY EXCITED STATES 

The excited states, of interest in our experiments, are those 

where one of the 2p core electrons is excited to either a 3s or 3p 

state. The 3s multiplet has, due to Coulomb interaction and spin-orbit 

coupling, four fine structure states, whereas the 3p state is split into 

ten. In Paschen notation these are denoted respectively 1s2, 1s3, 1s4, 

1s5 and 2p1,2p2, •••• ,2p10. Of particular interest are the 1s3, 1s5 and 

2p9 states. The first two states are not coupled to the ground state by 

dipole interaction, and therefore are metastable (i.e. T > 1 sec.). 

This means that, once produced (e.g. by electron bombardment), they will 

live throughout the experiment (unless a collision with a photon, or 

other particle, occurs). The special status of the 2p9 (J=3) state 

results from the fact that it is only accessible (from lower states) 



6 

through the 1s5 (J=2) metastable state, and thus forms a two-level 

system. This allows preparation of a quasi stationary population of the 

2p9 state by optica! pumping. 

~~o.z nm 

I 
I 

I 
I 

I , / 
I , 

I / 
I / 

I I 
/ /1 fSnm 

I/ 
;I 

1.'/ 

--Ls. 
ZaO 7a1 

figure 1.1 : Energy level diagram of Ne, showing the first two 

electronic configurations [Ruy84]. 
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1.5 INELASTIC COLLISlONS 

The excitation energy carried by the Ne* atom exceeds the 

ioniaation limit of Ar. This opens inelastic channels in the collision 

process denoted as Penning- and associative ionisation. 

* + 
Ne + Ar --> Ne + Ar + e 

(1.2) 

* + 
Ne + Ar --> NeAr + e 

Typical cross sections for Penning ioniaation are 10 and 40 

respectively for the 1s- and 2p-states. 

TABLE I energy levels with regard to the ground state 

---------------------------
Ne(2p9) 18.555 eV 

Ne(1s3) 16.715 eV 

Ne(ls5) 16.619 eV 

+ 
Ar + e 15.759 eV 

Other inelastic processes to be considered are the collision 

induced transitions within a multiplet, e.g. 2pk -> 2pl or 1sk -> 1sl 

(note: if k ) 1 the process is endotherm). The cross sections for these 
02 

processes are, if exotherm, in the order of 1 A , and decrease rapidly 

with increasing energy gap if endotherm [Ruy84],[Bey83]. Penning 
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ionisation shall therefore dominate the inelastic processes in the 

collisions under study. For this reason we neglect intra multiplet 

mixing when considering effects of inelastic channels on our 

experiments. 
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2.1 THEORY OF CLOSED SHELL ATOM SCATTERING 

Befare we go further into the physics of open shell atoms, we 

first discuss the scattering theory for closed shell atoms. The concepts 

and formulae presented in this chapter will serve as a basis for the 

some what more sophisticated techniques used to describe the dynamics of 

open shell collisions. 

2.2 QUANTUM MECHANICAL COLLISION THEORY 

The basis of this theory is, of course, the Schrodinger equation. 

By ad ding suitable boundary conditions to the time-independant 

Schrodinger equation we provide a link with experimental reality. 

2 

- É.._ V2 1jJ + VljJ = Et!J 
2].1 

boundary conditions: 

lim l}J(r,e,cp) 
r+o 

where k = ]Jg/n 

0 

C normalisation factor 

2 
note: the flux of the incident wave = g lel 

(2.1) 

(2.2) 

(2.3) 

Condition (2.2) states that the wavefunction in its asymptotic form 

consists of the incident plane wave and an outgoing spherical wave 
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descrihing the scattering. The function "f(8,<P)" is generally 

known as the scattering amplitude. From the definition of differentlal 

cross section and (2.2), it follows that 

(2.4) 

When we confine ourselves to spherically symmetrie potentials, we can 

drop the variable <P in the foregoing formulae and separate the radial 

from the angular dependenee in equation (2.1). This procedure is called 

the "method of partlal waves" yielding for the scattering amplitude 

1 
f(B) = 2Îk 

oe 

L (2~+1)[exp(2in~)-1] P~(cos(8)) 
~=o 

(2.5) 

Where n~ is the phase shift of the lth partlal wave due to the 

potential. This expression is generally known as the Rayleigh sum. 

Integration of lf(8)l
2 

over the sphere yields the total elastic 

cross section Q. However, using the orthogonality of the Legendre 

polynomials, one can derive a much more elegant formula, known as the 

optica! theorem. 

Q = 4
: Im [ f ( 0) J ( 2. 6) 

The physical basis for this expression is the conversation of particles 

in elastic collisions. 

A detailed discussion can be found in [Sch68]. 

2.3 SEMICLASSICAL APPROACH JWKB PHASES 

As shown in the last paragraph, we can calculate all the 
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observables through the phase shift n~ • In case that the Bernstein 

parameter A ( = r /"1. ) is much larger than 1 (semiclassical region), 
m 

which it almost always is in our experiments, we can compute nt using 

the JWKB method. The assumptions made in this metbod are 

JWKB 
V [~]' « 1 and 1~1 « 1 (2. 7) 

Both criteria demand that the relative change of the wavenumber k over a 

wavelength is small. The JWKB metbod shows that k can then be regarded 

as a local wavenumber so that the phase is computable by integration. 

x 
cp(x) f k(x') d x' 

This yields for the phase shifts, 

JWKB 
nt 

co 

J (k-k ) dr 
0 

- k r 1 + (t+l/2)~/2 
0 c 

(2.8) 

(2.9) 

The same result can be obtained through the Hamilton Jacobi equation 

using the concept of classica! action [Lan74]. 

In evaluating the Rayleigh sum (2.5) we see that only those 

partial wave for which ld 2 n I d ~I= e , in effect, contribute to the 

scattering amplitude f(8) (concept of stationary phase). From the 

classica! expression for e and equation (2.9) we can deduce the 

following relation between phase shift and deflection angle 

8(b) (2.10) 
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This means that the main contribution to the scattering amplitude 

originates from the classica! trajectories. 

For a Lennard Jones type potentlal there are two regions of 

stationary phase (for e = 0 ). 

glory 

figure 2. 1 : The phase shift n as a 

function of partial wave number 51, , 

attractive 
n ca1cu1ated for a Lennard Jones 

potentia1 (A=340). 

We therefore seperate the scattering amplitude into two parts, 

originating from the long range attractive v/d Waals farces and the 

potentlal well responsible for glory scattering, respectively, 

f(O) f (0) + f (0) (2.11) 
a gl 

Using the Jeffreys Born approximation and assuming the long range 

attractive forces to be of the v/d Waals type we get 

[

2 f(s) C ] 2/(s-1) s (s-3) 
Ii g r s-1 exp i<f> . a 

(2.12) 

<f>a = rr/2 - rr/(s-1) (2.13) 

where s is the power of the v/d Waals interactions 

f(s) is tabulated in appendix A of [Bey80] 

f(6) = 3rr/16 
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To calculate the glory contribution we approximate the phase shifts 

around lglory by a parabola, yielding for the scattering amplitude 

2 k ln"(.Q. )jl'2 
o g1ory 

lrr (.Q. 
1 

+ 1/2) 
g ory (2.14) 

( 2n - rr/4 ) + 3rr/2 .Q.g1ory 
(2.15) 

Using the optica! theorem (2.6), we get the total cross section Q, 

showing the well-known glory undulations. In a first order 

approximation, n (lglory) is inversely proportional to the relative 

velocity g of the colliding particles. Furthermore it shows to be 

proportional to the product of well depth with position, E: r 
m 

Therefore, rather than as a function of g, we plot the total cross 

section as a function of Ç , where 

2 E r -----m (2.16) 
n g 

In order to show the oscillations more clearly we multiply Q by g**0.4 

thus getting rid of the slope in Q caused by the non-oscillatory 

contribution fa. These sealing techniques result in plots like the one 

shown in figure 2.2. 

N = 1 2 

figure 2.2 : The scaled total cross 

section Q**0.4 as a function of 

!;; ' calculated for the 

Ne*(metastable)Ar potentlal of 

Gregor and Siska [Gre81]. 

'0 2 4 6 11 10 12 14 16 

I; 
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For conventionel interatomie potentials the N = 1 maximum lies at ~ = 

5.3 For larger ~ values the two regions of stationary phase can be 

considered to be independent, allowing seperate evaluation in the 

Rayleigh sum (as introduced before). 

2.4 OPTICAL POTENTlAL 

The "loss" of particles, due to the inelastic processes, is 

commonly described by adding an imaginary part to the potential. Because 

of the analogy with the complex index of refraction in opties, this is 

called the optica! potential model. 

V (r) = V(r) - if(r)/2 
opt 

wheré r(r) IiW(r); 
-1 W(r) = absorption rate [sec ] 

The optica! potential causes complex phaseshifts. 

(2.17) 

(2.18) 

In a first order approximation we can set the real part of the 

phaseshift equal to the JWKB-phase and calculate the imaginary part with 

00 

I (2.19) 

Although the condition on which this approximation is based [Mic76], 

(2.20) 
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is not satisfied for r-values close to the classica! turningpoint, 

relation (2.19) still holds within a one percent deviation [Ver84]. As 

the physical basis for the optica! theorem (2.6) is conservation of 

particles, we have to reconsider its meaning when inelastic processes 

are included. The optica! theorem now yields the sum of the total cross 

sections of both elastic and inelastic scattering. Substitution of the 

complex phases in the Rayleigh sum (2.5) and integration over the sphere 

yields the elastic total cross section (2.21). Substraction of (2.21) 

from (2.23) gives the inelastic contribution (2.22). 

Qe1 
7T I (2)1,+1) lexp(2iot)-1! 2 (2.21) =-p-

)', 

Qine1 
7T I (2)1,+1) (1 - exp(-4Z::,Q,)) --p- (2. 22) 

)', 

Qtot 
7T I (2t+l) (2 - 2cos(2n,Q,)exp(-2Z::,Q,)) =-p- (2.23) 

)', 

Note that through (2.19) and (2.22) we have an exact correspondence with 

the classica! opacity function derived by Milier [Mil70]. 

In our experiments, where we measure the 1oss of beam intensity, 

the tota1 cross section Qtot is the relevant observable. 

2.5 GLORY DAMPING 

When we study the complex phaseshift o~ (fig. 2.3), we see 

that for the impact parameter range relevant for fa, is 

negligible. However, the impact parameter interval, in which the second 

region of stationary phase is situated, shows considerably higher values 

of Z::t .• This results in a decrease of fgl, i.e. the glory 
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contribution to the scattering amplitude. In semi-classica! terms this 

reads, the glory trajectory is attenuated. Hence the glory undulations 

are damped by the inelastic processes. Let us consider the partial waves 

model again. The constant term "1" in equation (2.5) is only relevant 

for the non-oscillatory contribution to the scattering amplitude, and is 

therefore evaluated in fa. This means that the glory contribution is 

given by 

1 
ik (2.24) 

As can be seen from (2.5) when inserting the complex phase shift, the 

amplitudes of the trajectories are damped by 

damping factor = exp(-2 Ç~) (2.25) 

Consequently the glory undulations are damped by the same factor. Note 

that this is the square root of the opacity function, as only one of the 

interfering trajectories is damped. 

figure 2.3 Complex phase shift 

for the n = 3 branch of the 

Ne**(2p9)+Ar potential. 

~~------~------~----~ 'a 

b* = (Z~)/A 
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As the glory trajectory is virtually independent of g, for the collision 

energy range at our disposal, the imaginary phaseshift is proportional 

to the interaction time (i.e. inversely proportional to the relative 

velocity). This yields for the glory amplitude 

Qg1 
Qundamped 

g1 exp[- =-;!~! ] (2.26) 

For small values of ç this can be approximated by 

Qg1 
Qundamped 

(1 - 2 ç f/g) (2.27) 
g1 re 

Using the Jeffreys Born approximation, and assuming the auto ionisation 

width to be an exponentlal function, we can express Ç~ in terms of 

one of the modified Bessel functions [Gra65]. 

b 1 E:. 

çg1ory = _g ___ ~~ 
K1 (S. b 1/r) (2.28) 

2 n g ~m g m 

with r(r) = E:. exp (- S. r/r ) (2.29) 
~m ~m m 

For large values of the argument, this function can be approximated by 

K (z) 
1 

lT -z 3 1 15 1 2 
e {1 + -(-) - ---(-) •••• } 

2z 8 z 128 z 
(2.30) 
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figure 2.4 The modified Bessel 

function Kl as a function of real 

argument z [Abr74]. 

The multitude of potentlal energy curves (three for the ls5 and 

four for the 2p9 state) results in extra interferences as can be seen 

when reconstructing the optical theorem on basis of partiele 

conservation. In order to keep the formulae as simple as possible, we 

consider the case of two evenly populated states. However the 

results can easily be expanded to other, more complex situations. First, 

we expand boundary condition (2.2) to allow for scattering through 

another potential. 

lim w 
r+oo 

= 
ikr 

e 
r 

(2.31) 

Note that we have changed the normalisation with regard to (2.2) in 

order to yield two normalised cross sections. By substituting the 

foregoing wavefunction (2.31) in the quanturn mechanica!· probability 

current relation (2.33), the continuity constraint yields 
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TI 

Q1 + Q2 = 
4~fim f 1 (O)+f2 (0)]- 2 J ~k Re[f;(8)f2 (8)] 2n sin(8) d8 

0 

(2.32) 

quanturn mechanica! probability current: 

j - 2~~ (~* ~- e.c.) (2.33) 

The different potentials have similar tails and meet, in the 

absence of electrical and magnetic fields, at infinity. Therefore, the 

attractive contributions to the scattering amplitude, will have (nearly) 

the same phase. Hence, the only extra oscillations in the total cross 

section will originate from interferences between glory trajectories 

(interglory oscillations). However, as the amplitude of the interglory 

oscillations will be as small compared to the glory undulations as the 

glory undulations are with regard to the average cross section, they 

will not show up in our experiments. 



Progress is the realization of Utopias. 

-- Oscar Wilde --

3.1 OPEN SHELL ATOM COLLISlONS 
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We will now discuss the specific aspects of collisions between 

rare gas atoms in an excited state (Ne*) with ground state rare gas 

atoms (Ar). The major differences between closed- and open shell atom 

scattering results from the fact that the latter system, as distinct 

from the former, carries excess electronic energy and in most cases 

angular momentum. Where necessary, the formulae presented in the 

preceeding chapters will be adjusted or expanded. 

3.2 OMEGA SPLITTING 

The electron distributions determine the collision process between 

two atoms. When the atoms are at infinitely large distance, we can 

expect the electron wave functions to be atomie eigenfunctions. However, 

when the atoms approach each other the interactions between the two 

atoms will distort the electron wave functions. Ultimately the electron 

wave functions will be molecular eigenfunctions. In a diatomic molecule, 

the force field has axial symmetry. Consequently the component of the 

orbital momenturn along the internuclear axis, ML, is a constant of 

motion. This is a result of the electrostatic field of the two nuclei 

that causes the orbital momenturn L to precess around its symmetry axis. 

As we are dealing with an electric field, the energy of the system does 

not change if we reverse its direction. We can thus classify the 

electronic states by the absolute value of the projection of the 
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molecular orbital momenturn on the internuclear axis. 

A = IMLI (3.1) 

This leaves us to consider the spins of the individual electrons, and 

their vector sum S. The total spin S does not couple to an electric 

field but will couple to the magnetic field induced by the precession of 

L about the internuclear axis. This means that, provided A I 0, s 

is coupled to the internuclear axis as well. The quanturn nurnber L 

classifying the spin can take the following values 

s, s-1, ...... , -s (3.2) 

We can combine these two quanturn nurnbers, A and L , by algabraic 

designating the resultant addition into a quanturn nurnber ~ , 

electrooie angular momenturn about the internuclear axis [HerSO]. 

~ = IA+LI 

As one can easily demonstrate, see 

depends on Consequently 

(3.3) 

figure 3.1, the potential energy 

the splitting of the potential energy 

curve is known as ~ splitting. The total angular momenturn of the 

molecule consists of two parts, the sum of the internal angular momenta 

of the separate atoms and the external angular momenturn due to the 

relative motion of the atoms. The latter part is by definition 

perpendicular to the internuclear axis. So if we consider the projection 

on the internuclear axis we only have to take the internal angular 

momenta into account. The Ar atom (noble gas) in its ground state 

carries no angular momenturn, therefore the omega range is determined by 

the state of Ne. 



TABLE II ~ values for the systems under study 

The ~ ) 0 states are twofold degenerate as 
the projection can either be positive or negative 

I 
callision partners I J(Ne) values 

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

Ne(ls3) +Ar 1 0 0 

Ne(lsS) +Ar 2 0,1,2 

Ne(2p9) + Ar 3 0,1,2,3 

3.3 TRANSFORMATION FROM THE SPACE FIXED TO THE BODY FIXED FRAME 
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The foregoing discussion of conaiders the nuclei to be fixed 

in space. When we introduce the callision dynamics into this picture we 

have to take into account the rotation of the internuclear axis in 

space. In order to follow the internuclear axis, the electron wave 

functions have to be rotated as well. Obviously this has to be done by 

the farces that couple the angular momenta to the internuclear axis. 
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When these forces are not strong enough to accomplish this, A andjor 

and thus will not be conserved. The coupling of the 

different angular momentais characterized by Hund's cases [HerSO]. The 

velocity of rotation of the internuclear axis n d~/dt (= centrifugal 

coupling term), in comparison with the electrastatic and magnetic 

coupling forces, defines the Hund's case at hand. Recent experiments are 

interpreted in terms of locking radii [Ber84] or locking angles [Hab84]. 

In other words, the transformation from the space fixed frame to the 

body fixed frame is believed to be instantaneous and to occur at the 

same radius or angle,respectively,for all impact parameters. However, 

Bussert [Bus84b] has shown, by means of '~lose coupling" calculations, 

that this picture is too simple for the Ne**(2p9)Ar callision system. 

3.4 POTENTlAL SURFACES INTERATOMie POTENTlAL 

We now turn to the potential surfaces. Here we will present the 

physics that constitutes the specific potential shapes observed. We will 

discuss both the interatomie potentlal and the auto ionisation width. 

Wh en the physical picture has been established we shall, more 

specifically, describe the potential surfaces for the systems under 

study. Generally a potential has an attractive tail due to the v/d Waals 

forces (induced dipole dipole interaction), and a repulsive branch for 

small values of r due to the overlap of electron wave functions 

(electrostatic repulsion). This results in a potential curve 

characterized by a well at interatomie distance rm and with depth - E • 

Since the Lennard Jones potential, a lot of refinements have been 

applied in order to constitute potentials that will reproduce the 



24 

scattering phenomena observed. One of the most recent, segmented, 

potentials is the Ion Atom Morse Morse Spline v/d Waals potentlal (3.4). 

This potentlal is especially suited for open shell atoms, as it includes 

both an ionic and an atomie part linked together by a switch over 

function. 

3.5 

V(r) [1-f(r)] V (r) + f(r)V (r) 
+ 0 

1on part (MSV function) 

+ V (r) = ê. z (z-2) 
+ 

[ + + z = exp -~ (r/r -1)] 
m 

cubic sp1ine po1ynomia1 

4 - c4(r 

atom part (~SV function) 

V (r) 
0 

ê.z(z-2) 

z = exp{-~1 (r/r:-1)] 
z = exp(-~2 (r/r~-1)] 

V (r) = cubic sp1ine po1ynomial 
0 

V (r) 
0 

switch over function 

f ( r} = Ü + exp t ( r -r) I dJ }-l 
0 

0 < 
+ 

r < r1 
+ + 

r1< r < r2 

+ = r2< r < 

0 < r 
0 

< r m 
0 0 

rm< r < r1 
0 0 

r 1< r < r2 
0 

(X' r2< r < 

POTENTlAL SURFACES AUTO IONISATION WIDTH 
--------- -------- - ---- ---------- -----

(3. 4) 

Before we can propose a function for the auto ionisation width 

f(r) we have to take a closer look at the physical mechanism behind 
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Penning ionisation. At present, two roodels are considered, electron 

exchange and a radiative mechanism. As electron-exchange is believed to 

be by far the most favourable mechanism in the systems we investigated 

[Bus84b], we shall keep to this model [Hot69]. The processof ionisation 

can be viewed as the "tunneling" of one of the electrons, originally 

bound to Ar, through the potentlal harrier between Ne* and Ar. As a 

result, the Ne* valenee electron will loose its electrostatical bound 

and disappear. 

+E* figure 3.2 The energetics of -lP 

0 electron exchange as a mechanism 
-lP 
+E* for Penning ionisation [Hot69]. 

-lP * * E Ne + Ar potential energy 
+ potential IP Ne + Ar energy 

-lP 

Consequently the probability for Penning ionisation to occur depends on 

the overlap of an Ar-electron with the Ne care hole. A commonly used 

function to describe electronic overlap is the exponentlal function. 

Hence we expect the autoionisation width to be of the farm 

r (r) = E:. exp{- B. (r/r )} 
~m ~m m 

(3.5) 

The r-dependence given by (3.5) is generally considered to be adequate 

for the r-range in which Penning ionisation occurs. At energies E ) 1 

eV, however, the auto ionisation width saturates to a constant value, as 

discussed by Verheyen [Ver84] and Kroon [Kro85]. This can easily be 
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understood if we consider that the overlap of electrooie wave functions 

does oot increase infinitely, but also levels off or even decreases at 

smal! internuclear distances. To account for the observed polarisation 

dependenee of Penning ioniaation [Ver84], [Bus84a],[Bus84b], E. cao 
l.ID 

be made a function of the projection of the orbital angular momenta of 

the "active" electroos m+ (Ar electron), me (Ne core hole) and mv (Ne 

valenee electron) [Bus84b]. 

3.6 Ne(ls5/ls3)+Ar POTENTlAL SURFACES 

Numerous experiments, employing statistically mixed Ne*(ls5/ls3) 

beams, have been performed over the years. The ratio of these metastable 

states, according to their statistica! weights, is 5:1 in favour of the 

lsS state, allowing a rather good estimate of the lsS potentlal curves. 

Moreover, the interatomie potentials are, on theoretica! grounds 

[Bus84b], believed to be, nearly identical (see fig. 3.3). Therefore, 

and for lack of state resolved data, Gregor and Siska [Gre81] inter-

preted their differential scattering data, together with measurements on 

Penning ionisation by Tang [Tan72] and Neynaber [Ney75] and quenching 

rates obtained from flowing afterglow experiments by Brom etal [Bro78], 

assuming one and the same potentlal for both systems. In order to get a 

sat~sfactory match with the expertmental data, they constructed the 

IAMMSV potentlal (3.4). The introduetion of this highly segmented 

multiparameter potentlal is partially justified on theoretica! grounds. 

However, one should not forget that the more parameters one introduces, 

the more ambiguous the interpretation of their values becomes. The data 

used to fit the potentlal curve to allows a reliable determination of 
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IAMMSV parameters as determined by Gregor and Siska [Gre81] 

and Verheyen [Ver84] 

ls3 ls5 Gregor 
==========~==========z=====~s~==========••=•-===aa 

5.45 
idem me V 

5.0 

-----------------------------------
82 

ro 
m 

6 
E C ft.r 3 6 m 
<1l 8 
I C8/Erm 

B C /E 10 
~ 10 rm 

-Vo(r1)!E"' 

r /ro 
2 m 

5.333 

5.229 R 

1.436 

0.955 idem 

0.831 

0.8 

1.6 
-------4--------------------------

C/E+r+ 1.284 -
e rn 
3 -V ( +)/e:+ 
<!l + r1 

I +/ + 
c: r2 rm 
0 

H + 
E 

0.8 

2.0 idem 

187 me V 

-------------------------------........ 
_::. d 
..... 

0.69 idem 
R , 

=••••aaaa•••••••--•••.a•••••••---·--·----••••--•--

0 
5.62 5.62 4.17 me V e: 

81 3.75 3.75 5.98 
----- ----- ·----·-----

+ 2.04 2.04 2.65 ~ r m 

a+ 34.4 8.0 4.83 
(4.1) (0.9) 

------ ·---- ----------
r 1.14 1.14 3.6 ~ 

0 ----- ----· -------
4.54 20.87 30.27 IJeV 

e:. (0.9) (0.3) l.m 

8im 
16.32 9.24 7.35 
(0.7) (0.07) 

r. l.m 2.6 2.1 ~ 
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the potential well. However, for lack of experimental resolution, fast 

oscillations were nat observed. This leaves room for a little doubt 

about the determination of rm, the position of the well. Relying on one-

electron-calculations and the analogy with alkali systems they estimated 

rm=S.O +/- 0.2 A. After substituting the theoretica! values for the v/d 

Waals coefficients, the IAMMSV parameter set was determined (see table 

III). However, recent experiments on Penning ionisation with state 

selected beams [Ver84],[Bus84a] resulted in considerable differences 

between the two states. Same doubt has risen now about the assumption of 

a single potential. Verheyen [Ver84] proposed the use of two seperate 

IAMMSV parameter sets to explain his results (see table III). However, 

only experiments on elastic scattering using state selected beams will 

clarify the situation. 

-1800 

Ne(2p5 3sl • Ar' figure 3. 3 The Ne(lsS)Ar and 

3~ 
- 0 Ne(ls3)Ar potential as calculated 

-1850 

by Morgner [Bus84a]. 
V (me V) 

-1900 

3p2 

-1950 
5 6 7 8 9 10 11 12 13 

r (a ) 
0 

Let us consider the inelastic processes more closely. Gregor and 

Siska suggested that at low callision energies the radiative Penning 

mechanism should be considered to play a role. This idea originated from 
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the fact that the inelastic cross sections for slow collislons are 

larger than they expected from the exchange mechanism alone. As we know, 

the latter model leads to autoionisation widths proportional to the 

overlap of electronic wavefunctions and therefore are expected to vanish 

rapidly for large internuclear distances. To allow for the initially 

metastable states to radlate they suggested mixing with radiative states 

as a result of the collision. Note however, that this also implies 

rather small internuclear distances. Gregor and Siska are supported in 

their view by Aguilar etal [Agu84]. However, they add neither 

experimental nor theoretica! arguments to the matter. 

A more elegant model, based on spin conservation, was constructed 

by Morgner [Mor81]. In studying experiments on Penning ionisation, 

postulating spin conservation during the transition from the discrete 

into the continuous state, he found that the Penning ion is formed 

dominantly in the cr state, implying the transferred electron to have 

cr -nature (assuming the target is a closed shell atom). Let us 

introduce the matrix elements u , defined by mm 

u = <1 'm' , Ç, I U llm, ( n+ 1) s) 
m'm e 

designating the probability amplitude for the transfer Ar electron (l'm' 

belonging to the Ar ion left behind) to the Ne core hole (lm) under 

simultaneous ejection of the Ne valenee electron ((n+l)s). According to 

Morgner we thus conclude that the dominant contribution to Penning 

ionisation originates from uoo (3p cr Ar-electron --> 2p cr Ne-co re 

hole). However to reproduce the data of Hotop etal [Hot81], Morgner hàd 
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to include a smal! fraction uil (3p rr --> 2p rr) (ull/uoo = -0.115). The 

dominanee of the cr+cr over the rr + rr transfers can be made 

plausible by a rough sketch of the electron distributions (fig. 3.4). At 

the same internuclear distance the a wavefunctions show a larger 

overlap than the rr wavefunctions. 

Ne (2p5 3p) 

figure 3.4 : Electron distributions 

3p{·~~d-
electron hole 

for rr + rr and a + a 

collisions respectively [Bus84a]. 

I uool 
3pd--- 2pd transfer 

As the orientation of the angular momenta has entered the picture 

through this model we have to consider the polarization of the Ne* beam. 

The interatomie potentials show only a slight ~ dependenee up the 

repulsive wall (r<31) [Bus84b],[Gre81]. As theelastic potentials are 

hardly seperated (fig. 3.5), centrifugal coupling will thus scramble the 

initia! orientation. These theoretica! findings are supported by 

experiments performed by Bussert etal [Bus84b] who could not find 

polarization effects in their Penning data. However, in our experiments, 

where we effectively only probe a very smal! impact parameter interval, 

we might find a smal! polarization effect. As we do not probe the 

repulsive wall, we only expect to find a slightly different 

glorydamping. 
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3.7 Ne(2p9) + Ar 
-------

Up till now, 

on Ar have been 
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figure 3. 5 splitting of the 
Ne'Ossi-Ar 
11-0-, ---

2 Ne*(ls5)Ar potentlal [Bus84b]. 

,ss 

POTENTlAL SURFACES 
--------- --------

no experimental data on elastic scattering of Ne(2p9) 

reported. Only experiments prohing the inelastic 

callision aspects have been performed, yielding intramultiplet mixing-

[Ruy84] and ionisation cross sections [Bus84a+b] at thermal energies 

only. In order to analyze this data, however, the interatomie potentials 

have to be known. For this reason Morgner [Bus84a] performed ab initia 

calculations to get a first approximation of the potentlal energy 

curves. The work described in this report presents therefore the first 

serious confrontation of these curves with experimental data. The 

calculations resulted in potentlal energy values at several internuclear 

distances for all the states in the 3p-multiplet (accidently also for 

the 3s-multiplet where a good match with the experimentally constructed 

potentlal of Gregor and Siska was obtained). 

However, the number of points and their range do not suffice for 

our JWKB calculations. Therefore we employed a spline interpolstion 

scheme to fill up the gaps, tagether with a v/d Waals extension for the 

tail (r > 16 a ) and an exponential function to represent the repulsive 
0 

wall (r < 4 a) (see appendix A). This rendersus the four n potentials 
0 

plotted in figure 3.6 . 
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figure 3.6 The four 
100 

1 .n. 
0 

potentials for Ne**(2p9) on Ar, 

> 0 constructed out of the results of 

the ab initio calculations 
-100L-------'-------L.------' 

0 2 3 
r* performed by Morgner [Bus84a]. 

3.8 DYNAMIC COUPLING OF OMEGA STATES 

When we consider the callision dynamics we have to include the 

coupling to other ~ -states. Evaluation of the time-dependent 

Schrodinger equation in the body-fixed frame yields a set of coupled 

differentlal equations descrihing the evolution • 

• e d 
c (t) = l: (- <nliJ lm> - r <nl--lm>) c (t) 

n m h -y dr m 

i 
exp(- -

h 

with n and m indicating the different 

T )-E ( T ) )d T ) 

n 

~ = n and ~ = m 

(3.6) 

states 

respectively. The first term on the right hand side describes the 

rotational coupling (coriolis coupling) and is due to the rotation of 

the internuclear axis in the space fixed frame. The second term, 

designating radial coupling, originates from electrostatle interaction. 

Let us consider these coupling terms in a semi-classica! framework, 

starting with the coriolis coupling. The velocity of rotation of the 

internuclear axis, d 8/d t , follows from the conservation of 

angular momenturn in a central force callision and is given by 
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(3. 7) 

The corresponding matrix elements of lY can be worked out with the use 

of ladder operators [Lin82]. As those operators only work on the angular 

dependent part of the wavefunction, they yield simple, r-independent 

coefficients (see table IV). 

TABLE IV : matrix elements for rotational coupling (J=3) 

<n I iJ lm> /ti 
-y 

I 

I mi 3 2 1 0 I 
n I 

1-~----- ---------------------------------------
3 0 0.5 V6 0 0 

2 - 0.5 vr; 0 0.5 vTö 0 

1 0 - 0.5 VTö 0 0.5 V6 

0 0 0 - 0.5 V6 0 

-----------------------------------------------
The coupling to other n states will be effective when the coupling 

terms are bigger than the splitting of the corresponding potential 

energy curves (i.e. the phase term in equation (3.6)). The shape of the 

difference curves, for Ne(2p9) on Ar, compared to the rotational 

coupling energy are such that we can approximate them by a block 

function (see fig.3.7). Table V lists the height of these difference 

curves in this approximation, together with their position. 
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TABLE V block approximation of the difference potentials: parameters 

0 's 0-1 0-2 0-3 1-2 1-3 2-3 unit 

~ V 0.48 0.72 0.88 0.24 0.40 0.16 

r 
0 

r 
1 

0.94 

1.91 

r 
m 

r 
m 

If we confine ourselves to rotational coupling only, this yields r1 as 

locking radius provided that the rotational coupling term does not rise 

above ~ V • In symbols, this reads, the locking radius model is 

valid, with locking radius r1, if 

rl 

internuaZear distance 

(3.8) 

figure 3.7 : The difference curves, 

of which one is shown together with 

the r-dependence of the rotational 

couplings term, can be replaced by 

a block function to suit our simple 

locking radius model. 
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TABLE VI limits to our locking radius model 

limiting values for ~ and g, as a function of the 

various impact parameters leading to glory trajectories, 

for which the locking radius assumption (3.8) is valid 

according to the Ne**(2p9)Ar potentials 

g g 

0 5.55 10200 4.08 13900 2.37 23900 

1 14.02 4050 8.90 6370 6.19 9170 

2 15.31 3700 7.97 7110 

3 14.31 3960 

Let us turn to radial coupling now. We can evaluate dr/dt, the 

radial velocity, in the Jeffreys Born approximation yielding 

2 0.5 
r = g (1-(b/r) ) (3.9) 

However, the accompaning matrix element is much harder to evaluate. We 

have used preliminary results of Manders [Man85b] on the corresponding 

term in Ne(2p9)He calculations (fig. 3.8) to obtain a first order 

approximation for this matrix. As the operator is purely electrostatic, 

and the calculated potential energy curves for Ne(2p9) on He are very 

similar, both in shape and size, to the Ne(2p9) on Ar set, we expect 

this approximation to be a sound one. Figure 3.8 shows that for 

trajectories that do not penetrate further than 9 ao, radial coupling 
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can be neglected. Moreover, as the value of the maximum is relatively 

low, we do not expect radial coupling to play a role at all for 

measurements of the total cross section. 

3.1 3.0 
A 2.1 2.0 
~ N ~ 

~ 
0.1 

~ 1.0 
~ 0.2 V 

~ ~ 

12 l• 12 •• 
internuatear distanae (a

0
) 

figure 3.8 : The matrix elements for radial coupling as calculated 

for the Ne**(2p9)He wave functions [Man8Sc]. The numbers in the figures 

denote the specific transitions, listed in order of decreasing top 

value. 
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4.1 NUMERICAL MODEL REAL PHASE SHIFT 

The calculation of the phase shift through the JWKB 

approximation is rather straight forward, and well understood. However, 

in order to produce accurate phase shifts, quite a bit of numerical 

effort, either processing- or 'thinking' time, is required. As the 

latter is a one time investment, Verster designed a rather clever 

algorithm that computes a phase shift curve in less than 4 'B7900'-

seconds. This programm was written for Lennard Jones type collislons at 

energies above the orbiting threshold. This includes most of the noble 

gas systems in the ground state, and those with one of the collision 

partners in the first excited level (1s multiplet), as studied 

previously in our group. However, as the Ne(2p9)Ar potentials have a 

much deeper well ( E = 65 meV) and deviate from the Lennard Jones form, 

we have to deal with orbiting. 

TABLE VII orbiting threshold for the Ne**(2p9)Ar potentials. 

2 
with K = 0.5 ~ g /E 

and g = relative velocity 

I n I K j t: [K] I g [m/ s] 
orbit orbit 

~---~-----~~~~-----;~~~;-------~;;~-------, 
I I 1 1.31 550.0 950 

2 0.74 667.0 780 

3 0.45 759.7 650 

note: The orbiting threshold for a Lennard 

Jones potential is K = 0.8 • 
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This peculiar phenomenon, orbiting, occurs when the collision 

energy Eo is equal to a local maximum in the effective potential (fig. 

4.1). In approaching the maximum, the radial component of the velocity 

will go to zero while the tangential part will maintain its value. This 

results in extremely large deflection angles. 

":' 

~ 

"! 

veff 
"'! 

y 
0 ~-

"'! 
I 

"': 
'a 2 

r x 

figure 4.1: An effective potential figure 4.2: Classica! trajectories 

for a Lennard Jones potential. The around the orbiting impact 

local maximum can give rise to parameter for a Lennard Jones 

orbiting. potent ia! (K=0.8). This demon-

strates how smal! the interval 

is in which these large 

deflection angles appear [Bey77]. 

As the values of the local maxima have an upper limit, orbiting 

disappears for callision energies beyond that limit. For a Lennard Jones 

potential this threshold can be computed analytically, yielding 

~J(=reduced energy=Eo/ E ) = 0.8 [Bey77]. 

When we consider orbiting in this framework, we face two problems. 

Firstly, near the local maxima in the effective potential the JWKB 
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criterium is violated, and secondly tunneling through the potential 

harrier can possibly distort the usual semi-classica! picture. However, 

the effect of orbiting on the total elastic cross section wil! be very 

smal!, as the impact parameter interval for which either of the two 

problems mentioned above appear, is very smal! (see fig. 4.2). This 

allows us to deal with orbiting in a very simplified way. More 

specifically, the part of the phase shift curve that cannot be computed 

with the JWKB metbod is filled in by a third order interpolation scheme 

(this means that the interpolated curve matches in zeroth and first 

order derivative with the computed curves). The only problem left, is to 

identify the range of the orbital angular momenta 1 (= impact parameter 

= b/X ) for which the JWKB metbod is inadequate. 

We use a second order approximation of the local maximum in the 

effective potential to derive the necessary conditions. 

E 
0 

where 

V'' 
V (O) eff,t x2 
eff,t + 2 

(4.1) 

x = r - r . orb1t 

PoPbit 

internuaLear distanae 

note: V'' < 0 eff,t 

figure 4.3 : A local maximum in the 

effective potential. 
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Let us first consider the JWKB criterium. The wave number k is given by 

k = 2
1-1 (~E- 1/2 V" x 2 )

1 /
2 

n eff,t (4.2) 

Inserting this in the JWKB criterium leads to the requirement 

(-1/2 V" x) 2 
eff,t 

<< 1 (4.3) 

The maxiurn value for (4.3) is easily found by differentlal calculus, 

yielding for the position and value of this maximum 

x 
ma x 

± C~ I V" ) 1/2 
eff, t 

(4.4) 

(~12 1 n2 I V" I 
JWKB' 

eff,t 

Jmax 
- 27 v ~E2 (4. 5) 

For positive values of~ E, i.e. when the partiele goes over the top of 

the local maximum, we have found a suitable criterium. However, where 

the partiele finds its turn~ng point, the JWKB criterium is always 

violated (k(rcl) = 0 k'(rcl) 'f 0). In order to deal with turning 

points, we have to conneet the exponentlal solution of the wave equation 

in the classical forbidden region to the oscillatory solution in the 

classica! dominion. This results in a penetration into the classical 

forbidden region. However, the first order solution to this problem has 

the same asymptotical behaviour as the JWKB solution. Furthermore, it 

uses the same expression to calculate its phase. Consequently we can 

stick to the JWKB method, knowing that, although the WKB assumptions are 
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violated at the classica! turning point, it renders the correct phase 

shifts. 

This leaves us to derive the harrier penetration factor P given by 

xc1 

p exp{-2 J K(x) dx} (4.6) 

-x 
cl 

where K(x) = 2].1 (6E - 112 V" x2)112 (4. 7) -w eff,.Q. 

and xc1 (26EIV" ) 112 
eff,.Q. (4.8) 

Inserting (4.7) and (4.8) into (4.6) yields 

(
rri]J 6E ) 

p = exp Ii I v" 11 I 2 
eff,R. 

(4.9) 

note: 

When we compare this with equation (4.5) we find that 

(
1) 3 I 2 

P = exp{-rr 3 JWKB'} 
(4.10) 

In other words if JWKB' << 1 then P << 1 • Therefore we can work with 

one and the same criterium for bath problems. 

4.2 NUMERICAL MODEL IMAGINARY PHASE SHIFT 

The imaginary phase shifts Ç.Q, are computed using the method 

described by Verheyen [Ver84]. Again the phase shifts for the 

trajectories that cannot be computed semi-classically are filled in by a 

third order interpolstion scheme. 
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4.3 NUMERICAL RESULTS Ne(ls3/ls5) ON Ar 

The total cross section is determined by the v/d Waals attraction 

(for absolute value) and the potentlal well (glory undulations). As 

Verheyen [Ver84] did not probe these parts of the potentlal very 

effectively, he left them unchanged with regard to the Gregor and Siska 

potentlal [Gre81]. Therefore we used the results of the 

calculations with their potential as starting point for both states. 

However the auto ionisation width, as pointed out by Verheyen, does 

depend on state. We take this into account by applying the appropriate 

glory damping factors to the elastic total cross sections. Figure 4.4 

shows the real phase shifts calculated under the JWKB approximation, 

showing the usual behaviour. 

7~--------~----------~--------~ 
0 2 

b* - (Z+~J/A 

figure 4.4 : The JWKB phase shifts figure 4.5 : The total elastic 

claculated for the Gregor and Siska cross sectien for the Gregor and 

potentlal for g = 11000, 5500, 3680, Siska potential, showlog the N=1, 

2760 and 2200 m/s. 1.5 and 2 glory extrema. 
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Using the auto ionisation widths proposed by Verheyen, we find that the 

glory undulations are hardly affected by the inelastic processes. The 

glory damping factors are 0.987 and 0.997 for the lsS and ls3 state 

respectively. As the ionisation processes occur mainly at short 

internuclear distances (fig. 4.6), we hardly observe any state 

dependenee in our total cross sections (fig. 4.5). 

~ ls5 ~ ls3 

~ ~ 

ç~ 

1 ~ ~ 

~ ~ 

2 2 

b* = (Z+~)/A b* = (Z+~)/A 

figure 4.6 : The imaginary phase shifts Ç~. This shows that the 

inelastic processes occur at internuclear distances too short for 

the glory trajectory to cross. 

4.4 NUMERICAL RESULTS Ne(2p9) ON Ar 

In order to get a first estimate of the cross sections for Ne(2p9) 

on Ar, we have performed JWKB calculations on the potentials presented 

by Bussert et.al. [Bus84a]. To yield the accuracy and range demanded by 

our JWKB programm we have used spline interpolation between the reported 
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energy values and have extended the resulting curve with a v/d Waals 

tail and exponentlal repulsive wal! (see appendix A). The resulting 

potentlal energy curves are shown in figure 4.7 • In order to understand 

the somewhat unconventionel results, we have to take a closer look at 

the corresponding phaseshift curves. We will discuss the phase shift 

curves for the different n 's seperately, starting with the most 

familiar one, belonging to the n = 3 potential. 

~ g 

100 

> 0 

.n. 
0 

1 
--2 

-3 
-100L----~---~------J 

0 2 3 
r* 

figure 4.7 The interatomie 

potentials for Ne**(2p9) on Ar 

based on ab initio calculations 

performed by Morgner [Bus84a]. 

The n = 3 potential has a conventionel shape and therefore 

renders a familiar phase shift curve (fig. 4.8). We see the two well-

known regions of stationary phase, originating from the potential well 

and the v/d Waals forces respectively. The glory undulations are, as a 

result of the deep well ( E: =65 meV), relatively fast in comparison with 

the corresponding oscillations observed in the cross sections for the 

metastable states. As the differentlal cross section is proportional to 
fl 

impact parameter (= ( Z + ~ )/A ), we find according to the smal! 

value of the well position rm, a rather smal! relative glory amplitude, 

which could point to an over estimated v/d Waals coefficient. 
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b* = {Z+lf) /A inverse velocity 1000/g 

figure 4.8 : The JWKB phase shifts figure 4.9 : Total elastic cross 

for the ~ = 3 potential, showing section for the ~ 3 potential 

two regions of stationary phase. showing rapid, but smal! glory 

undulations. 

Turning to the ~ = 2 state we see that, due to the flat part in 

the ~ = 2 potential, the phaseshift curve (fig. 4.10) acquires a third 

region of stationary phase. As this region is larger than the one 

belonging to the potential wel! and situated at a larger impact 

parameter, the corresponding "hump"-undulations wil! dominate. So 

turning to the total elastic cross sections (fig. 4.11), we observe a 

slow oscillation with large amplitude, due to the virtually constant 

part of the potential, superimposed with rapid glory oscillations of 

smaller amplitude as a result of the potential well. 
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b* - rl+~)/A inverse veZocity 1000/g 

figure 4.10 : JWKB phase shifts figure 4.11 : Total elastic cross 

for the rl = 2 potential, section for the rl = 2 potential. 

showing three regions of As a result of the extra region of 

stationary phase. stationary phase, the cross section 

has acquired a second glory 

undulation pattern. 

The rl = 1 potential, shows a distinct hump around 1.7 rm, 

causing a wel! in the phase shift curves (fig. 4.12). This yields four 

regions of stationary phase. The first one of these regions, due to the 

potentlal well, is shifted inward by the potentlal hump, resulting in a 

decrease in glory amplitude with respect to the unperturbed case (i.e. 

the rl = 3 potential). As the top values are hardly affected, the 

oscillation frequency wil! be comparable. The second region of 

stationary phase, is the direct result of the potentlal hump. One could 

say, its 11 fingerprint 11
• However the top values are very smal! in 

comparison with the other maxima, leading to a very low oscillation 

frequency. Furthermore the limited region contributing to the Rayleigh 

sum, results in a small glory amplitude. Therefore the direct 

information about the potential hump is lost. The third region of 

stationary phase is similar to the corresponding region in the n = 2 
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curves. With respect to the n = 2 results, the large, but slow 

oscillations will be virtually the same. However, due to the inward 

shifted absolute maximum, the fast oscillations will have a smaller 

amplitude. 

n = 1 ~~ n = 1 
~ 
~ 

~ -
""' . 
c:::, 

......_ 
c c:::, 

i 
c:::, 
c:::, 
'1"'--1 -....._"_ 

I \!) 
'-
Q' 

~ '-
~ I 

N 

0~----~----~~----~----~----~ "! 
•O 2 3 ~a 

b* = (l+~)/A inverse velocity 1000/g 

figure 4.12 JWKB phase shifts figure 4.13 : Total elastic cross 

for the 1 potential, section for the n = 1 potential. 

showing four regions of The fast oscillations due to the 

stationary phase. potential well, hardly show up. 

This leaves US to diSCUSS the n = Ü potential. Here the 

deviation from the conventienel potential shape is largest. This shows 

up in the phase shift curves (fig. 4.14), that are dominated by the well 

caused by the potentlal hump. Again the potential well contribution is 

shifted more inward, leaving only a smal! region of stationary phase. 

With respect to the other regions we now can neglect its contribution to 

the Rayleigh sum. However, the potential hump bas left its print on the 

phaseshifts such that it shows up as the fast oscillation in the total 

cross sections. Balancing of the loss in amplitude because of the region 

size against the gain due to the larger glory impact parameter, it 
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results in comparable amplitudes with respect to the ~ = 3 glory 

undulations. 

0 ~ = 0 
t.,.~~ (\ ~=0 

0 1--------,~------------l ~ -

t\1 
c 

I 

"' c 
I 

2 3 4 

b* = (l+t) /A 

figure 4.14 : JWKB phase shifts 

for the ~ = 0 potential. The 

potential hump dominatea the 

phase shift curve. 

""' 
c::.~ ct---ti _____________ __, 

c::. 
c::. 
~--: 

l:::))l 
'-

~{\, :s· 
"' 10~-------~-------~ 

inverse velocity 1000/g 

figure 4.15 : Total elastic cross 

sections for the ~ = 0 1 potential, 

showing two glory undulation 

patterns. 

Let us consider the effect of the inelastic processes on the total 

cross sections. As pointed out before, if penetrating into the potential 

well, the auto ionisation width leads to damping of the glory 

undulations. The slow oscillations originate from trajectories that do 

not come close enough to the target to be affected by Penning 

ionisation. This leaves us to consider the effect on the fast 

oscillations. 

Let us start with the ~ = 3 case. As the core hole of this state 

is bound to have n-nature, the auto ionisation width is considered to 

be small. In comparison with a a natured core hole, the auto 

ionisation width is believed to be approximately 9 times smaller. 
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Relying on the Penning data supplied by Bussert, we conclude that it 

will not affect the total cross sections for the n = 3 state. 

For the fast oscillations of the n = 2 state we find 

considerable damping, predicted by the imaginary phase shifts (fig. 

4.16). 

n = 2 
'X? figure 4.16 : The imaginary phase 

shift zet a for the n = 2 state. 
"? 

r,;.Q, 

.... 

1 

No te the large values for the 

impact parameters responsible for 

N j the rapid oscillations. 

0 

0 2 

b* - (l+~)/A 

The region of stationary phase, resulting in the fa st 

oscillations, of the n = 1 cross section, is shifted inward with 

respect to the preceeding states. Therefore the particles penetrate 

deeper into the potentlal resulting in larger ionisation rates. Together 

with the dominant cr -nature of the neon core hole this leads to 

almost complete damping of the fast oscillations, obscuring the 

potentlal well. 

Although the neon core hole has cr -nature, the effect of the 

inelastic processes on the n = 0 cross sections will be negligible, 

because the origin of the fast oscillations lies at relatively large 

impact parameters. 
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figure 4.17 : The totalelastic cross sections (dashed) together with 

the total cross secions (solid), showing the damping due to the 

inelastic processes. 

note: In the caZeuZations that constituted these totaZ cross sections, 

we did nat distinguish between a-a and ~-~ coZZisions. Therefore 

the n = 3 cross section is damped more than expected when considering 

Morgner 's mode Z. 

Summarizing the results, we can say that the r2 = 3 cross section 

should deliver information on the potential well. The potential hump has 

the most pronounced effect on the r2 = 0 cross sections. However, the 
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corresponding rapid oscillations will be difficult to disentangle from 

mixed data as they will interfere with those from the other states. 

Amplitude and frequency of the slow oscillations will render information 

not as much about the height as well as the position of the potentlal 

hump. 

The preceeding discussion falls into a semi classica! frame work 

when we replace the regions of stationary phase by their glory 

trajectories. Figure 4.18 shows the deflection angle theta as a function 

of impact parameter and ~ state, demonatrating that for every region 

of stationary phase, (as follows directly from equation (2.10)), there 

is a glory trajectory. Attaching the approriate phases to these 

trajectories leads to the same qualitative picture as outlined above. 

e 

0 
0 

~ = 3 

I deg] o 1------T----==~---1 

0 

OL-------~--------~------~ 
-;'o 

0 
0 

e 
[deg] o 

0 

~ = 1 

OL-------~--------~--------
-;'0 

b* = (Z+~)/A 

0 
0 

0 

~ = 2 

0~------~--------~------~ 
-;'o 

0 

OL-------~--------~------~ 
-;'o 

b* = (Z+~) /A 

figure 4.18 Deflection angle e as a function of impact parameter 

and state. 
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5.1 EXPERIMENTAL SET UP 

The experiments are performed using the crossed beam apparatus 

known as "looptijd 2" (i.e. "time of flight 2"). As this machine has 

been used extensively over the years, numerous reports form a detailed 

history of its evolution. Beyerinck [Bey75] and van der Kam [Kam81] give 

a thorough description of the time of flight machine as such. The two 

metastable sourees and metastable detector it acquired since are 

explained by Theuws [The81], Verheyen [Ver84] and Vlugter [Vlu83]. 

Therefore I shall suffice by giving a general description of the 

apparatus, referring to the authors mentioned above for more details. 

However, I will expatiate on the changes we made to prepare the machine 

for the experiments we performed. More specifically, attention will be 

paid to the adaptions made to allow for the use of a beam of metastable 

neon atoms and the optica! guidance system that transfers the laser beam 

from the laser room to the experiment. 

5.2 "LOOPTIJD 2" 

The total cross section for elastic scattering can be determined 

on basis of the attenuation of one beam of particles by another, called 

respectively primary and secondary beam. A schematic view of "looptijd 

2" (fig. 5.1) shows how this is accomplished in our laboratory. 

Essential for total cross section measurements is a smal! detection 

angle (to minimize the effect of smal! angle scattering on the data). 

This implies the use of long and narrow beams, demanding extensive 

pumping facilities. 
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figure 5.1 : schematic overview of the crossed beam apparatus "looptijd 2". 

i souree chamber i i calibration chamber iii chopper chamber 

iv scattering chamber V ground state detector chamber vi metastable 

detector chamber 

1 plasma souree 2 differential pumping stage 3 cryo surface 

4 chopper 5 scan diafragma 6 secondary beam 7 scattering region 

8 metastable detector 9 mirror (state selection) 10 mirror (short lived) 
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N 



53 

The metastable souree is differentially pumped by two turbo molecular 

pumps (see also par. 5.4). The cryo pump facilities of the callibration 

chamber have been partially dismantled to avoid pressure built up by the 

gas load from the neon beam. The secondary beam, consisting of argon 

atoms, is dumped in a 20 Kelvin cryo trap. The cryo pumps are backed up 

by oil diffusion pumps. The detector chambers are pumped by ion getter 

pumps. 

TABLE VIII typical pressures in the various chambers of looptijd 2 

I chamber I plasma diff. 
I I souree stage 

pressure 
[Torr] 1. 5e-2 8e-4 

length I 14 
[nnn] I 

5.3 BEAM SOURCES 

callib. chopper 
souree 

7e-7 2.7e-8 

600 600 

scatt. 
region 

detect. I 
I 

2.3e-8 < 1e-8 

550 1450 

The metastable sourees available at present, the hollow cathode 

are (HCA) and thermal metastable souree (TMS), produce a beam of 

metastable atoms with veloeities ranging from respectively 10000 to 2000 

m/s and 1900 to 600 m/s. The secondary beam originates from a supersonic 

expansion. For argon this results in a Boltzmann distribution of the 

velocities, characterised by a souree parameter yielding a speed 

ratio of 18 ( ~ =90) and 14 ( ~ =50) for the two souree conditions used 

throughout the experiments, and mean velocity 595 m/s. The light beam is 

obtained from a single mode c.w. dye laser with an absolute frequency 
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stabilisation yielding a 0.5 MHz bandwidth [Ver82],[Man85]. 

5.4 DIFFERENTlAL PUMPING STAGE METASTABLE SOURCE 

As the machine has been designed originally to perfarm experiments 

on the noble gasses argon, krypton and xenon, extensive cryo pumping is 

employed. However, as the primary beam in our experiments consists of 

neon atoms, we have to reduce the gaslaad on the mainly cryo-pumped 

chambers of the apparatus. This is achieved by installing a seperately 

pumped chamber inside the metastable souree campartment (fig. 5.2). This 

chamber is pumped by a turbo molecular pump with a capacity of 110 1/s. 

Let us consider the differential pumping stages' vacuum characteristics 

(fig. 5.3). When we "turn on" the primary beam we abserve a pressure 

rise in the next vacuum chamber of 4e-7 torr. As this chamber is pumped 

by an oil diffusion pump with a capacity of 200 1/s this implies a 

gaslaad of 8e-5 torr 1/s. The conductivity of the skimmer between the 

differential stage and callibration souree chamber, with a diameter of 1 

mm, is approximately 0.1 1/s. Thus we estimate the pressure inside the 

I ~ = 8 10-4 tor::;J 

/ .,p.1 Z/s ..... ~,-----~~ 

-7 6 p = 4 10 torr I 
_j I 910-2 ' -5 L ,,~ v· _"'!, ,, "'~ ,;, 

110 Z/s turbo 

mo l.ecu lar pwnp 
200 l/s oil 

diffusion pump 

figure 5.3 :· schematic view of the differential 

pumping stage showing gas loads and vacuum characteristics. 
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differential pumping stage on 8e-4 torr. To minimize the "loss" of 

metastable atoms, by collisions with neon atoms inside the pumping 

stage, we have used a conical skiromer to reduce the scattering length to 

14 mm (a scattering length of approxiately 30 mm results in a 1/e 

2 
attenuation of the metastable output using a cross section of 100 Ä as 

input). This results in a metastable intensity of 2.5e13 sec-1 sterad-1. 

Furthermore the stainless steel souree end anode has been replaced by a 

molybdenum end anode, which is necessary for the increased thermal load 

of a neon are on the end anode. 

5.5 LASER GUlDANCE SYSTEM 

In the experiments on state selected beams we have used an optica! 

fibre to transport the laser beam from the laser room to the experiment. 

We exploited the fact that the fibre scrambles the initia! laser 

polarization to obtain full pumping of all the mj-states. Rowever, for 

the measurements on Ne in the 2p9 state we need optima! laser power 

throughput tagether with a well defined polarization state. For these 

reasans we built a light transport system consisting of four mirrors (by 

light we mean laser light; to suspend one of the mirrors (weight 4 gr.) 

we constructed a pillar that weighs 100 kg (i.e. almost 5 orders of 

magnitude difference!)). An overview of the system is given in figure 

5.4 • Leaving the laser room, the beam is elevated to prevent it from 

forming an obstacle in the laboratory. Initially we used standard coated 

aluminium surface mirrors obtained from Spindler und Hoyer with a 

reflectance coefficient of 80 percent. After 4 mirrors this results in a 

beam attenuation factor of 0.40. This leaves us with roughly 5 mW of 

laser power on the optica! rail of the crossed beam apparatus (this 

result is obtained with Rhodamine 610 (B) as dye). 
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I~ 

figure 5.4 : laser guidance 

system 
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600 650 700 

wavelength run 

figure 5.5 : reflectance coefficients figure 5.6 : Power yield as a 

for several metals as a function function of wavelength for 

of wavelength. Rhodamine 610 pumped by an 

argon ion laser. 

By depositing a gold layer of approximately 1000 A on the mirrors we 

have increased their reflectance to 92 percent. Together with further 

optimalization of the optical system around the laser we managed to get 

12 mW of laser power on the optical rail. In order to use the laser 

power most efficiently we have formed an elliptical beam profile 

matching the shape of the scattering region. This was achieved by 

inserting two cylindrical and one spherical lense into the lightpath 

(fig. 5. 7). 

ayZ. sph. ayl. 

f = 2000 f = 4000 f = 1000 

• • • > .. 
laser 

scattering region 

0 1450 2650 10335 12035 

figure 5. 7 lense coordinates and strength 
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This set up yields an elliptical beam profile with parameters as given 

in table IX. 

TABLE IX laser beam profile 

waist 0.195 tmn 

x 
waist 0.675 tmn 

y 
waistlength 187 tmn 

x 
waistlength 2200 tmn 

y 
w 0.7 +/- 0.1 tmn 

x 
w 4.5 +/- 0.4 tmn 

y 
theta 1. 0 mrad 

0.5,x 
theta 0.28 mrad 

0.5,y 

2 
where w = half width at 1/e in the interaction region 

2 
theta = divergence at 1/e in the scattering region 

0.5 

The divergence in the y-direction is sufficiently small to avoid 

noticable doppler shifts. The divergence in the x-direction is 

unimportant as it yields deflections perpendicular to the neon beam and 

therefore does not cause a doppler shift. 

5.6 EXCITATION RATE 

In case of a weak laser field, the relevant time constant follows 

from the excitation rate R given by 

R = a cp (5.1) 



60 

witb a [m2] tbe cross section for absorption/stimulated emission and 

~ [m-2s-1] tbe pboton flux. Assuming a gaussiarl beam profile, tbe 

pboton flux is given by 

cp = 
n w 

f(x,ylz) 

f(x,ylz) 

2 

'Tr w w 
x y 

ff f(x,ylz) dx dy = 1 

2 
exp- 2{(~-) + 

w 
x 

(5.2) 

The average value of cl> over the surface witbin the 1/e2 contour is 

given by 

0.432 cp 
0 

(5.3) 

with ~ the pbotonflux at the beam centre. According to the Wigner 
0 

Eekart theorem we can write the matrix element for the transition 

between state i and k as the product of the Clebsch-Gordon coefficient, 

scaled on the degeneration of the initia! state, and the reduced matrix 

element containing only the radial part of the wavefunctions. 

(J m LMIJ m ) 
k k i i 

(a J m ILMia J m) = -------------
k k k i i i 1/2 

(2J + 1) 
i 

<a J 11 r 11 a J > 
k k i i 

(5.4) 

The Clebsch-Gordon coefficients, that describe tbe angular dependenee of 
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the transition probability, are computable by simple recursion formulae, 

reported in most textbooks on quanturn mechanics. Direct evaluation of 

the reduced matrix element is much harder. However, it can be expressed 

in terms of the transition rate ~i which, in most cases bas been 

determined experimentally. 

3 
1 w 2 2 

A = ------------3 e I<J llriiJ >I (5.5) 
ki g 3 1T E: fi. c k i 

k 
0 

where (J I Ir I IJ ) is the reduced matrix element for dipole transitions 
k i 

This yields for the cross section sigma for absorption/stimulated 

emission for ~w = 0, i.e. at the line centre 

2 
(J m LMIJ m ) 

k k i i 

a(O) = -------------
2J + 1 

i 

6 1T g 
k 

);_2 

A 
ki 

A+A 
k i 

(5.6) 

In case that the laser frequency does not exactly match the · transition, 

sigma has to multiplied by a factor L given by 

with 

2 -1 
(1 + (~w,~w~) ) 

2 

~w = w - w laser o 
and 

is the unscaled Lorentz function. 

(5. 7) 

• Please note 

Inserting the values for our two level system (table X and figure 5.8) 

we get 



cr - pol (J 

TI - pol (J 

= 1.96 e-13 

= 1.09 e-13 

[m2] 

[m2] 
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(5.8) 

assuming assymptotic orientation and alignment 

respectivel~ The first transition concerns the 12,2) -> 13,3) component, 

the second a weighted average over the five allowed ~= 0 transitions. 

The pboton flux in the beam centre ~0 is under our conditions given by 

14 

<1>0 = p 6.51 10 
laser 

yielding for the excitation rate R 
0 

cr - pol R = p 1.28 10 
0 laser 

-1 -2 -1 
[mW mm s ] 

8 -1 -1 
[mW s 

8 -1 -1 
TI - pol R p 0.708 10 [mW s ] 

0 laser 

using the excitation cross sections of equation (5.8) as input. 

TABLE : values for our two level system 

I 
w 

x 
w 

I Y I 
~--~----

ki 
A 

k 

0.7 e-3 

4.5 e-3 

4.33 e7 

4.33 e7 

A 0 
i 

---~----~----;~;~;-~î;---

m 

m 

s-1 

s-1 

s-1 

rad s-1 

(5.9) 

(5.10) 
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figure 5.8 Relative transition 

probabilities for Ji=2 and Jk=3. 

For a more thorough treatise on the interaction of laser light 

with beams of atoms, see e.g. [Bey84],[Ver84],[Bey82] or [Kro85]. 

5.7 BEAM PREPARATION 

In our experiments we use a tunable single mode cw-dye laser 

[Ver84],[Man85a] toprepare the Ne~beam. Initially the Ne-beam consists 

of statistically mixed Ne*(1s3) and Ne*(1s5) atoms (ratio 1:5), by 

nature of the beam origin (gaseous discharge). As we employ natura! 

neon, 10 percent of the atoms will be either 21Ne or 22Ne. The 

electronic states of these isotopes are shifted by approximately 1.8 GHz 

with respect to 20Ne (i.e. the so-called isotope shift). We can neglect 

the presence of neon atoms in the ground state, as we only detect the 

metastable species (ratio of ground state to metastable atoms is roughly 

10e6:1). In order to study the dynamics, of metastable neon atoms 

colliding with ground state argon, state resolved, we have to modulate 

the population ratio. 

note because of the isotope shift, the 21Ne, 22Ne populations will not 

be affected by tuning the laser to a 20Ne transition. 

We chose to modulate the 1s5 population, as this makes up 75 % of the 

metastable atoms initially, allowing the largest possible modulation. 

Tuning the laser on the 1s5 (J=2) -> 2p6 (J=2) transition ( À = 

614 nm), results in a total depletion of the 1s5 state, leaving the 1s3 
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population unchanged. This can be seen, most easily, from the energy 

level scheme (fig. 5.9). Every time an atom is excited to the 2p6 state 

a certain chance exists that it will radlate back, through the ls4 or 

ls2 state, to the ground state. Eventually the ls5 state will be totally 

depleted. 

figure 5.9 : Pumping scheme for the 

lsS -> 2p6 transition. 
gl'OWid lev•l IJ=O) 

note Excitation to other J=2 states in the 3p-multiplet (2p8,2p4) will 

have, asymptotically, the same result. However, the laser power 

available at the wavelength corresponding to the ls5 -> 2p6 

transition is higher than for the other two, thus allowing a 

better approximation of the assymptote. 

When we change the laser frequency to match the ls5 (J=2) -> 2p5 

(J=l) transition ( À = 597 nm), the laser light will also deplete the 

lsS population. However, in this case a certain fraction of the pumped 

atoms will end up in the ls3 state, increasing the ls3 population. This 

is demonstrated by figure 5.10 • The fraction of the atoms, initially in 

the ls5 state, that will radlate into the ls3 state is determined by the 

spontaneous transition probabilities, Aki, of the involved states, and 

given by 

transfer fraction = A I 
k3 

}: A (5.11) 
i=2,3,4 ki 

Of the four possible J=2 -> J=l transitions, the ls5 -> 2p5 yields the 



65 

largest transfer fraction, 0.455 according to the reported transition 

probabilities. 

2pS (J=J! 

figure 5.10 : Pumping scheme for 

the 1s5 -> 2p5 transition. 
ground !eve! (J=O) 

This leaves us to explain how to create a 2p9 population in the 

Ne-beam. The 2p9 state is a special one in the neon spectrum as it forms 

a two-level system with the 1s5 state as a partner (i.e. when excited to 

the 2p9 state, the only state to which a neon atom can radiate back is 

the 1s5 state). This allows us to create a quasi stationary 2p9 

population in the interaction region of the laser- with the neon-beam. 

Consequently we have to direct the laser beam through the scattering 

centre. In case of a strong laser field, spontaneous emission can be 

neglected with regard to stimulated emission. Stimulated emission and 

absorption will then balance out to an even population of the states in 

the two-level system. 

2p9 (J=JJ 

-yr-
l~-o1 
" = 2 1 

figure 5.11 : Pumping scheme for 

the 1s5 -> 2p9 transition. 
grozmd !evo! (J=O) 

We have summarized the results in figure 5.12, where we plotted 

the asymptotic composition of the neon beam as a function of the pumped 

transition. 
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unpumned ls,5 + 2n6 1s5 + 2n5 ls5 + 2p9 
100 r------. r------.100 r-----

20 Ne(2p9) 

2 0Ne (lsS) 
591-----1 

62~-----1 

20Ne(ls5) 

20Ne(ls3) 
25 -- 25 25 

20
Ne0s3) 2 0Ne (ls3) 20Ne(ls3) 

10 
21Ne + 2 2Ne 

10 
21Ne + 22Ne 

10 r.:--;--;;--
21Ne + 2 2Ne 

10 --",--
21Ne + 2 2Ne 

figure 5.12 : Beam composition as a function of the pumped transition, 

assuming a strong laser field. 

5.8 POLARIZATION 

For the state selected Ne* metastable measurements we have used 

quasi unpolarized light, obtained by transporting the laser beam in an 

optical fibre. For the 2p9 experiments we have employed polarized light 

to create preferential m.-populations. 
J 

We can distinct between three types of polarization, yielding left 

hand circularly ( + a ) , right hand circularly ( a ) and linearly 

( TI) polarized light. These polarization types induce distinct ~m 

transitions (see fig. 5.13). For our two-level system this results in 

alignment of both the upper and lower state when pumped with TI-

polarized light. The asymptotic mj-populations, relative to the E-vector 

of the laser field, are given by 

m -3 -2 -1 0 1 2 3 
j 

,---;--- --------------------------------------------
N 1/42 10/42 20/42 10/42 1/42 

m2 
E 

N 0 1/42 10/42 20/42 10/42 1/42 0 
m3 
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m': - 1 0 1 
tigure 5.13 The distinct fyn 

transitions as a function of 

polarization. 
m : 0 

When we use circularly polarized light, eventually only the 13,3> and 

12,2> ( cr+ ) or 13,-3> and 12,-2> ( a ) sublevels will be 

populated. Thus leading to orientation of the angular momenta, relative 

to the k-vector. 

Larmor precession will not affect the polarization state of the 

neon beam as the natural lifetime of Ne**(2p9) is to short to allow for 

noticable mj state mixing. 

5.9 ASYMPTOTIC OMEGA POPULATIONS 

In order to interpret the effects of polarization on the 

Ne**(2p9)Ar collisions, we have to determine the n -populations. As 

the evolution of the n distributions during the callision process is 

rather obscure, we have to be satisfied with the asymptotic n 

populations (i.e. the n populations before the collision). When we 

choose the internuclear axis as quantisation axis, n , before the 

collision, relates to mj(Ne) simply as 

lm.> 1112 {In+>+ In->} m. > 0 
J J 

lm.> lnP+J > m. 0 (5. 12) 
J J 

lm.> 
J 

(-l)P+J 112 {in+>- In->} ID• 
J 

< 0 

with n = lm.l 
J 
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figure 5.14 : Geometry of the beam 

set up in our experiments on the 

short lived state. 

Figure 5.14 shows the orientation of the laser beam in the experiment. 

At present, the only possible direction in which the laser beam can 

reach the scattering centre is anti-parallel to the argon beam. As the 

laser beam covers the neon beam starting approximately 1mm before the 

scattering region, the two-level system (1s5 -> 2p9) can be considered 

to be in its asymptotic polarization state throughout the scattering 

region. Provided that the laser field is strong enough, the neon atom 

will have, on the average, experienced 2.2 to 31 spontaneous emissions 

before it reaches the scattering region. From the relative transition 

probabilities (fig. 5.8) ·we see that there exists a natura! tendency 

towards alignment, resulting in a very fast approach of the asymptotic 

distributions (see table XI), when employing rr -polarized light. For the 

same reason, orientation through the use of circularly polarized light 

is achieved somewhat slower (table XII). 

This means that we can use the mj populations given in paragraph 5.8 

However, we have to transfarm the quantisation axis in which these 

distributions are given, to the internuclear axis (see appendix C). We 

consider the mj populations to be incoherent, as spontaneous emission 

will have destroyed the initia! coherency before the neon atom enters 

the scattering region. This allows the use of the rotation matrix in the 
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following way 

g !: E,k 2 
N = N <m IR ( y ) lm') (5.13) 
m m' m' j y j 

j j j 

where the superscript denotes the quantiaation axis 

g internuclear axis 

E E-vector laser field (in case of 7T ·polarization) 

k k-vector laser field (in case of ; a -polarization) 

y = the angle between the quantiaation axes 

In case of 7T -polarization gamma is gi ven by 

y = arccos( cos(a)cos(B) ) (5.14) 

and for · · a -polarization it is simply 

with 

y = TI/2 - a 

2 2 1/2 
a= arctan(VAr/(g -VAr) ) 

(5.15) 

When studying the rotation matrix we see that for rotation angles 

smaller than TI/8 the populations are reasonably constant (fig. 5.15). 

figure 5.15 populations as 

a function of rotation angle. Note 

that these populations are given by 

the diagonal elements only, as we 

consider the states seperately. 

... .a 

Potation angZe * (TI/2) 
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TABLE XI : alignment as a result of TI -polarization 

mj populations as a function of the number of spontaneous 

emissions, as can be derived from the branching ratios. 

--------------------------------------------------------------------
N M=-3 M=-2 M=-1 M=O M=1 M=2 M=3 

--------------------------------------------------------------------
0 0.000 0.200 0.200 0.200 0.200 0.200 0.000 
1 o.ooo 0.080 0.280 0.280 0.280 0.080 o.ooo 
2 0.000 0.045 0.259 0.392 0.259 0.045 o.ooo . 
3 0.000 0.032 0.247 0.442 0.247 0.032 o.ooo 
4 o.ooo 0.027 0.242 0.463 0.242 0.027 o.ooo 
5 o.ooo 0.025 0.239 0.471 0.239 0.025 0.000 
6 o.ooo 0.024 0.239 0.474 0.239 0.024 0.000 
7 0.000 0.024 0.238 0.475 0.238 0.024 o.ooo 
8 0.000 0.024 0.238 0.476 0.238 0.024 0.000 
9 o.ooo 0.024 0.238 0.476 0.238 0.024 o.ooo 

10 o.ooo 0.024 0.238 0.476 0.238 0.024 o.ooo 
--------------------------------------------------------------------

TABLE XII : orientation as a result of a -polarization 
----- --- - ----------- -- - ------ -- ---------------

mj populations as a function of the number of spontaneous 

emissions, as can be derived from the branching ratios. 

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

N I M=-3 M=-2 M=-1 M=O M=1 M=2 M=3 

--------------------------------------------------------------------
0 0.000 0.000 0.200 0.200 0.200 0.200 0.200 
1 o.ooo 0.000 0.013 0.147 0.280 0.280 0.280 
2 o.ooo o.ooo 0.001 0.036 0.205 0.365 0.392 
3 o.ooo o.ooo 0.000 0.008 0.104 0.360 0.527 
4 o.ooo o.ooo o.ooo 0.002 0.046 0.297 0.655 
5 o.ooo o.ooo o.ooo 0.000 0.020 0.223 0.757 
6 o.ooo o.ooo 0.000 o.ooo 0.008 0.159 0.833 
7 o.ooo o.ooo o.ooo- 0.000 0.003 0.111 0.886 
8 o.ooo o.ooo 0.000 0.000 0.001 0.075 0.923 
9 0.000 o.ooo o.ooo o.ooo 0.001 0.051 0.948 

10 0.000 o.ooo 0.000 0.000 o.ooo 0.034 0.966 
--------------------------------------------------------------------
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As we derive most of our results from the g-dependence of the total 

elastic cross sections we need the asymptotic Q -populations to be 

reasonably constant. Only when the original quantiaation axis is 

perpendicular to the plane of scattering, we find g-independent Q -

populations. In our experimental set-up we are therefore restricted to 

linearly polarized light with the E-vector perpendicular to the plane of 

scattering. This yields for the asymptotic Q populations 

0 1 2 3 

N 0.089 0.208 0.173 0.530 

Circularly polarized light with the k-vector perpendicular to the plane 

of scattering is the (only) other set up that renders a g-independent 

orientation. However to allow for this a considerable change in the cryo 

body of the scattering centre bas to be made. We leave this job for 

future interested parties. Still, to show the polarization dependenee of 

2p9 scattering we need a second beam preparation scheme. As the Q = 0 

and Q = 3 potentials differ most, we seek for a preferential Q = 0 

population. For lack of better, we used circularly polarized light 

perpendicular to the neon beam and in the plane of scattering. 

note As the laser power available is too small to make 

dependent Doppler shift we have to align 

perpendicular to the neon beam. 

up 

the 

for a g

laserbeam 

The Q populations that result from this set up are, as a function of 

the relative velocity g, plotted in figure 5.16 • 
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figure 5.16 asymptotic 

populations for sigma polarization 

with the k-vector perpendicular to 

the neon beam, and in the plane of 

scattering. The long vertical lines 

;: (\1 2 denote the mean veloeities for the o· ... 
0.. 

~ 3 
"'~-~ 

two metastable sources. The short 
a: 0 ...._ _______ ......... __ =-..;::",..:.... _ ___,J 

0 

1000/g 
lines mark the points where the 

partiele flux has dropped to 10 

·percent. 

As we can see from figure 5.16 the g-dependence is rather unimportant 

for the measurements performed with the hollow catbode are source. 

However, we have to keep in mind, when we analyze the data, that this is 

not the case for the thermal metastable source. For large values of the 

velocity of the neon beam compared to the argon beam the n 

population converges to 

In I o 1 2 3 I 
1-----------------------------------------

N I 0.312 0.469 0.188 0.031 

5.10 PHOTON IMPACT 

The relatively large interaction region ( 1 = 9 mm) 
laser-atorn ' 

tagether with the short lifetime of the upper level in our two-level 

system ( T = 23 ns) result in a considerable momenturn transfer between 

the laser and neon beam. The effect on the neon beam is twofold. First 
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of all, the neon beam is deflected and secondly it is blown up. We are 

only concerned with those interactions that end up in spontaneous 

emission of a pboton (stimulated emission returns the atom in its 

original momenturn state). Let us consider such a case. At the moment of 

absorption the atoms' momentum becomes the vectorsum of its original and 

the photons' momentum. As spontaneous emission bas an emission 

probability point-symetrical with regard to the angle with the 

quantisation axis, the momentum transfer due to the emission process 

will balance out over a number of spontaneous emissions. As a result 

neon atoms moving perpendicular to the laserbeam, are defleéted over an 

angle e given by 

N p N h 
sp ph sp 

e = ------- --------- (5.16) 
m V À m V 

where N = number of spontaneous emissions 
sp 

m = mass of atom 

V = velocity of atom 

p = pboton momentum (= h/ À ) 
ph 

In the strong field approximation, where stimulated emission is more 

important than spontaneous emission, the number of spontaneous emissions 

is given by 

N 
sp 

1 
laser-atom 

= ----------- (5.17) 
2 V T 

Inserting our experimental values (table X) yields for the deflection 
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angle (under the assumption of assymptotic population, over an effective 

interaction length of 7 mm), 

1 h 1000 2 
e = ---------------2 = 4. 72 (----) [mrad] (5.18) 

2 À m T V V 
Ne 

The enlargement of the beam is a result of the discrete character 

of the momentum transfer. We find, by means of "Monte Carlo"-simulations 

that the density of an initially infinitely small beam can be described 

by a gaussian curve 

f ( <P ) 
n ( r, <P ) r dr d <P ----------2 

2 pi a 

where a /u = 0.6 v'N /N 
sp sp 

r 2 
exp- 0.5 (-----) r dr d~ 

a 

u = mean deflection = e 1 
laser-detector 

2 7T 

Î f(theta)/2 7T d e = 1 
0 

(5.19) 

Note that "f( 8 )" is a result of the anisotropy of the emission 

probability for spontaneous emission. Therefore, f( e ) is determined 

by the polarization of the laserbeam, the J's of the involved energy 

levels and the number of spontaneous emissions. 

When we blame ourselves we feel that no one else 

has a right to blame us. It is the Confession not 

the priest~ that gives us absoZution. 

- Oscar Wilde 
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6.1 ANALYSIS 

We can write the attenuation of a mixed beam by a secondary beam 

as follows 

N (v) 
on 

------ = 
N (v) 
off state 

g 
Fr (state) exp - - (nl)Q (g) 

V state 

where N (v) 
on 

= partiele count with secondary beam on 

N (v) partiele count with secondary beam off 
off 

Fr(state) = fraction of the beam population in a 

certain state , with L Fr(state) = 1 
state 

Q (g) = total cross section 
state 

g = relative velocity of colliding particles 

v velocity of particles in primary beam 

(nl) density length product of secondary beam 

(6.1) 

By intelligent modulation of the beam composition we can determine the 

attenuation of the beam due to the seperate states (see also paragraph 

5.7). The 1s5 cross sections can be worked out by comparison of the data 

acquired with the unprepared statistically mixed neon beam and the beam 

when pumped at À =614 nm. The 1s5 modulation follows directly from 

the laser pump fraction s614 ,i.e. the fraction of metastables leftin 

the beam when pumped with the laser tuned to the 1s5 -> 2p6 transition
1 

that is measured at set times during the experiment. The attenuation due 
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to 1s5 collislons is then given by 

N (v) 
Ë.614 

N (v) 
g 1 I on I I on I 

exp - - (nl)Q (g) = ------- 1;--(~)1 - ------- 1;--<~>1 V 1s5 1- Ë.614 1- Ë.614 
off st.mixed off 614 

Assymptotically (i.e. if full depletion of the lsS state is achieved 

when pumped at 614 nm) this yields for the coefficients on the right 

hand side 4/3 and -1/3. It may be clear that the different data sets 

have to be corrected for differences in their (nl)-product. Therefore we 

adjusted the measured attenuation as follows 

N (v) corrected 
I on I 
1;--(~>1 

off x 

= 

N (v) (nl) /(nl) 
I on I ref x 

I;--(~> I 
off x 

• 

(6.3) 

Deconvolution, necessary because of the finite angular and velocity 

resolution is achieved by well established techniques [Kam81],[Bey82]. 

To determine the ls3 state collision probability we need to 

modulate the 1s3 population. We did this by pumping the neon beam at the 

1s5 -> 2p5 transition resulting in a considerable increase of the 1s3 

population. Depletion of the 1s3 state is also possible, but yields a 

smaller modulation depth. As our strategy implies a change in the lsS 

population as well, we also need the results from the experiments 

described above. If pumping the lsS -> 2p5 transition would lead to 

total depletion of the lsS state, which it will if there is sufficient 

laser power over a long enough interaction region, we can work out the 
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1s3 modulation directly. However as the available laser power at 597 nm 

was insufficient to achieve total depletion of the 1s5 state we have 

determined it by fitting both the transfer fraction (as defined in 

paragraph 5.7) and the pumping efficiency to the measured beam 

attenuation. (i.e. laser pump fraction). This yielded for the transfer 

fraction (trf) 

trf = 0.51 (6.4) 

This is approximately 10 percent larger than expected from the reported 

Aki's. However, this lies within the error limits (10 percent) of these 

values •. This yields for the 1s3 collieion probability 

1- E597 -(l-trf)(l-E614) 
g 

exp (nl)Q (g) = ---------------------.--
v 1s3 trf (1- E614 )(1- E597 ) 

trf (1-:E614 ) 

E597 ( 1-trf) 

+ ------------
trf ( 1- E597 ) 

with E597 defined similar to E614 • 

N (v) 
I on I 
1;--<~>1 

off st. mixed 

N (v) 
I on I 
I;--(~> I 

off 614 

N (v) 
I on I 
1;--(~>1 

off 597 

(6.5) 

If maximal modulation is achieved these coefficients are 0, -0.65 and 

1.65 respectively. 
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For the 2p9 cross sections we face the problem that we cannot 

determine the modulation by measuring the beam attenuation due to the 

laser interaction (the 1s5- and 2p9-state form a two-level system and 

therefore the number of excited particles in the beam is not changed by 

this wavelength (640 nm)). We have to work out the 2p9 population by 

solving the rate equations using accurate estimates for the laser beam 

profile in the interaction region. Pumping the two-level system we have 

observed an interesting physical phenomenon, namely pboton recoil (see 

also paragraph 5.10). As aresult of numerous pboton 

absorptions/spontaneous emissions the neon particles initially (and 

finally) in the 1s5 state are deflected from the original beam axis. The 

angle of deflection is inversely proportional to the square of the 

velocity of the neon particles. For this reason we do not observe this 

phenomenon when using the hollow catbode are as primary beam source. 

Therefore we have to ~istinguish between the two metastable sourees when 

analyzing the data. 

For the HCA the 2p9 attenuation can be written as 

g 
exp - - (nl)Q (g) = 

V 2p9 

+ 

fr -(1-:E614 ) 
2p9 

( 1- E
614 

) fr 
2p9 

1 

fr 
2p9 

N (v) 

1-~~---
IN (v) 

off st .mixed 

N (v) 
on I 

;--,~;1 
off 640 

(6.6) 
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with fr2p9 the effective fraction of the beam in the 2p9 state. 

If we assume asymptotical population of the upper level in the 

interaction region this yields for the coefficients from equation (6.6) 

-4/3, -1/3 and 8/3 respectively. 

So, as a result of pboton recoil we have to measure the 2p9 

attenuation off line when using the thermal metastable source. This has 

both advantages and disadvantages. The main advantage is that we again 

have information on the 2p9 population in the scattering centre. From 

the deflection angle theta we can determine the number of spontaneous 

emissions Nsp that a partiele has to have experienced in order to get 

deflected over this angle. 

N = e À mv/h 
sp 

This yields for the 2p9 population in the scattering region 

with 1 

fr 
2p9 

N T V 
sp 

= ---------
1 
scr 

2 
8 À m T V 

= --------------------
h 1 

laser-atom 

= length of the interaction region 
laser-atom 

and the other variables as defined before. 

(6. 7) 

(6.8) 

The main disadvantage lies in convolution effects, both in angle and in 

velocity, i.e. flight time. These are magnified by the enlargement of 

the neon beam, due to the statistica! nature of pboton recoil. A minor 

advantage follows from the fact that the deflected beam only contains 

20Ne particles in the lsS state. In other words we have lost the 
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influence of particles in the ls3 state and of the other isotopes. This 

yields for the 2p9 scattering probability (measured off line) 

1-fr N (v) 
g 2p9 on I 

exp - - (nl)Q (g) =- -------------- ;--,~>1 V 2p9 fr (1- E614 ) 
2p9 - off st.mixed 

(1-fr )E614 N (v) 
2p9 - on I 

+ -------------- ;--,~>1 (6.9) 
fr (1- E614 ) 

2p9 off 614 

N (v) 
1 I on I 

+ I;--(~> I fr 
2p9 off 640 

Asymptotically this renders for the coefficients -4/3, 1/3 and 2 

respectively. 

6.2 THERMAL METASTABLE SOURCE DIAGNOSTICS 

From the data on the attenuation of the neon beam by the laser 

beam we can work out the relative populations of the different particles 

in the original neon beam. We assume the ratio of the 1s5- to the 1s3-

state to be 5:1 according totheir statistica! weight. The composition 

of natura! neon is 

20 
Ne 90.92 percent 

21 
Ne 0.26 percent 

22 
Ne 8.82 percent 
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We find that for the thermal metastable souree the relative population 

of 20Ne at high veloeities exceeds the value that follows from the 

natura! composition. The indication for this assumption is the dip in 

the attenuation factor at short flight times (fig 6.1). 

w 
~ 

~ À = ~4~ a 
·~ 
~~ 

~· 
~ 

~ 
~~ 

~. -~ 

~~ 
~ ' ~ 

~ 
~ 
~ 

0 
0 1 

inverse velocity 1000/g 

figure 6.1 : attenuation of the neon beam when the laser is tuned to the 

1s5 -> 2p6 transition. This leads to total depletion of 20Ne in the 1s5 

state. Following the natural composition and the · statistica! weights 

this should yield an attenuation of 75.8 percent. The rising tail in the 

pump fraction is due to the short transit time of the fast particles 

resulting in incomplete depletion of the 20Ne 1s5 state. 

This we believe to be an isotape effect in the supersonic expansion. 

Instead of treating 20Ne and 22Ne as one and the same partiele with a 

weighted average mass we have to consider the expansion theory for 

seeded beams. If we assume full equilibrium between all isotapes forT// 

and no velocity slip we get the following velocity profiles 



P (v)dv 
i 

where 

and 

a 
//i 

(u > 
()() 

V v-(u > 2 
exp - (----oo) 

3f = (2 kT·/m.) 
t. t. 

= (2 c T /<m>J3f 
p 0 

al /i 

age of the two values for 

pure gas expansions 
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(6.11) 

As a result of this, the 20Ne velocity distribution will be braader than 

the 22Ne profile. A slight difference in flow velocity u
00 

between the 

isotapes can be found as a result of slip. For the relative populations 

(20Ne/22Ne) as a fu!lction of velocity we find 

ratio(v) - r _:: (1-
(

m ~1/2 
nat m 

20 

exp -

m -m 
22 20 

m 
20 

) exp 

m 
22 

m -m 
22 20 

6. (u > 2 
(-------oo) 

a 
20 

v-(1-m /(m -m ))<u > 
22 22 20 00 

( ---------------------- ) 
a 

20 

2 

(6.12) 
where r = ratio of natural composition 

nat 

u = (1- 6. )u 
oo,22 oo 

When we fit this ratio to the measured pump fraction we find that uoo,22 

= 0.98 (uoo>. 

6.3 EXPERIMENTAL RESULTS Ne*(1s5) AND Ne*(1s3) ON Ar 

We have fitted our data on the state selected cross sections to 

the semi classical model function described by Beyerinck [Bey80] and 

given by 
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0.37 3 'TT 3 
Q(x) = p x + p cos ( ---- + p x + p x ) (6.13) 

1 2 4 3 4 

where x = 1000/g 

The results of the least squares analysis are tabulat.ed below. 

TABLE XIII numerical values from least squares analysis 

-1 Q (1000 m/s) [Ä2] [Ä?) state 8N=1 [ms ] p1 = P2 = Qg1 p3 p4 a 
------- ------------- ------------------------ -------------- ------ --------

1s5 1859 ± 5 326 59 7.49 -1.70 

1s3 1801 ±18 328 63 7.30 -1.69 

The position of the first glory maximum is proportional to the product 

of we11· depth and we11 position. 

(6.14) 

The collision cross section due to the attractive v/d Waals forces can 

be given as 

Q = c 
( _:~ ) 2/(s-1) 

a 2 fi g 
(6.15) 

* s 
with c = c e: r 

s s m s = 6.4 

* 
and 1.3 < c < 1.8 

s 

From (6.14) and (6.15) it follows that 

e: = 0.97 e: 
1s3 1s5 

r = 1.005 r 
m, 1s3 m, ls5 



84 

t.-.~ 
1s3 

~ 1s5 
\)) 
~ 

~ 
'<:11 

0 0 

<::;) 
........ 
<::;) ~ "'! 
<::;) 
<::;) I I 

' t:J> • ~ '- . 
Q> I I 

'-
~ 

N 
~ ~ 
10 10 

inverse velocity 1000/g inverse velocity 1000/g 

figure 6.2 : The measured cross figure 6.3 : The measured cross 

sections of Ne*(ls3) on Ar. sections of Ne*(lsS) on Ar. 

The difference in rm does not come as a surprise. To explain bis results 

on Penning ioniaation with state selected beams, Verheyen had to 

introduce a rather large effect in the repulsive wall (fig. 6.4) between 

the metastable states, in order to leave the potentlal well fixed to the 

Gregor and Siska potential. Using our results, to distinguish between 

the states for the potentlal well, would reduce this effect. 

figure 6.4 : The ls3 (dotted) and 

lsS (full line) potentlal as given 

by Verheyen, tagether with the 

Gregor and Siska potentlal 

(dashed). No te the · difference 

between the ls3 and lsS potentials 

up the repulsive wall. 

Moreover, Bussert et.al. [Bus84b] allready came up with the 

same result, based on ab initia calculations. 
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There are three kind of lies: lies, 'damned lies, 

and statisti'cs. 

~ Disrae Zi ~-

6.4 . EXPERIMENTAL RESULTS Ne**(2p9) ON Ar 

The measurements of the 2p9 cross sections using the therma1 

metastab1e souree were performed with the detector at a position 1.67 

mrad off the beam axis. 

Using equation (6.8) thus yields an effective population of the upper 

level in the scattering region of approximately 10 percent. However, 

analyzing the data with this population fraction leads to unrealistic 

attenuatlon factors (larger than 1 !) in an even more unrealistic range 

(from 1.2 to 0.01) implying the glory contribution to be as big as the 

v/d Waals contribution. Moreover, when we campare the average excitation 

rate in the scattering region to the transition rate for spontaneous 

emission, we find, using a moderate estimate for the laser power in the 

scattering region (5 mW), that the former is more than 6 times as large, 

implying the strong field approximation to be valid. This yields an 

effective upper level population of 50 percent. Using this fraction to 

analyze the data, realistic cross sections are found. 

2 The average value of the cross sections is roughly Q f = 300 Ä • 
re 

This is considerably smaller than expected from our JWKB calculations. 

Over the same range, our potentials predict an average total cross 

section of 700 A2 for the omega = 0, 1 and 2 states and 530 A2 for the 

omega = 3 state. This raises doubt about the v/d Waals coefficients used 

to de termine the total cross sections. These coefficients were 

calculated under the assumption that the v/d Waals forces are the only 
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forces operating effectively beyond r = 16 ao (see appendix A). 

Moreover, the higher order dispersion terms were neglected. However, 

estimating C6 on basis of the well depthand position (C6,well = 1.7 

6 
Ër ), we get an average total cross section in agreement with our m 

experimental results. 

-78 
C (omega=3) = 9.52 10 

6 
[Jm ] 

6 ,well 

c /C 0.26 
6,well 6,num 

and therefore 

Q 
a,well 

2/(s-1) 
= (0.26) 

o2 
= 310 A 

figure 6.5 : The experimental cross 

sections of Ne**(2p9) on Ar. 

2p9 

7~------._ ______ ._ ______ ._ ______ ._ ______ ._ ____ ~ 
•' o6 oS 1 1o2 lo4 . 

inverse velocity 1000/g 



Deep in the human unconscious ~s a pervasive 

need for a ZogicaZ universe that makes sense. 

But the reaZ universe is aZways one step beyond 

Zogic. 

-- Frank Herhert --

6.5 CONCLUSIONS 
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We have succeeded in producing accurate, state resolved data on 

the cross sections for the metastable states. The results of our 

experiment are in agreement with the Penning data of Verheyen. 

Furthermore, we have observed an isotope effect in the thermal 

metastable source, that can be understood on basis of seeded beam 

theory. 

Turning to the experiments on the short-lived state we can say 

that theory and experiment as presented in this report are in agreement. 

We have observed the large oscillation , due to the extra region of 

stationary phase introduced by the potential hump, as predicted by our 

JWKB calculations. 

Furthermore, we would like to remark that experiments on the glory 

undulations in the total cross sections of the short-lived state, might 

prove to be a very elegant tool in order to study polarization effects 

due to the different omega potentials. This remark is based on the fact 

that these oscillations are determined by only a very small impact 

parameter interval. This prevents interpretation problems because of 1-

summation. Moreover, the omega evolution over a glory trajectory can be 

described by a relatively simple locking radius model (paragraph 3.8). 
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A.l SPLINE REPRESENTATION POTENTlAL ENERGY CURVES 

Quantum-mechanical calculations on the potential energy of a 

diatomic system often are very laborious. In order to keep computertime 

within practical limits, one has to be satisfied with potential energy 

values for a very limited number of internuclear distances. This number 

hardly ever suffices for accurate scattering calculations. To fill up 

the gaps between the computed points, an interpolation scheme is 

required. 

A.2 SPLINE INTERPOLATION 

The function V(r,b) (r=internuclear distance, b=parameterset) used 

to represent the potential energy curve, has to satisfy the following 

conditions: 

i I V(ri,b)=Vqm(ri) i=o, •••• ,n 

where Vqm(ri) is the quantum-mechanically calculated ·potential 

energy at internuclear distance ri 

ii I V(r,b), V'(r,b) are continuous on (ro,rn) 

iiil V(r,b) is a "smooth" function of r 

In order to use condition iii one has to define "smoothness". A suitable 

indication for smoothness is given by eq.(al) 

rn 2 
J[v"(r)] dr 

ro 
minimal (al) 
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These requirements are met by the cubic spline [Ve180],[Dah74]. A cubic 

spline is a set of third order polynomials that is continuous in zeroth, 

first and second order derivative on (ro,rn). Condition i together with 

two boundary conditions uniquely determine the parameter set b. Of all 

functions with continuous zeroth, first and second order derivative 

satisfying condition i and the boundary conditions, the cubic spline is 

the smoothest as defined by eq. (al) [Ve180]. This statement is easily 

verifiable through the Euler-Lagrange equation. 

A.3 THE NE(2P9)-AR POTENTlAL ENERGY CURVES 

For our theoretica! predictions we used the results of ab initio 

potentlal curve calculations presented by Bussert et. al. [Bus84a]. 

Energy values over the range (4ao,l6ao) were calculated (see table III). 

Omega-splitting is responsible for the existence of four separate curves 

(fig. al). The collision energy range, attainable in our experiments 

(O.Ol,lOeV) however, forced us to expand the internuclear distance 

range. This we did in fitting the function 

V(r) = V(ro) exp -alfa(r/ro-1) (a2) 

to the first two calculated energy curve points (ro=4 ao,rl=4.25 ao). 

This function is a common choice for the overlap of electronwave-

functions, which is responsible for the repulsive wall. We also provided 

these numerical potentlal curves with a v/d Waals-tail, of the form 

-6 
V(r) = - C6 • r (a3) 

to fit to the value at the highest internuclear distance calculated 
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(r=16ao). The parameters alfa and C6 as a function of omega are 

presented in table I. 

TABLE I potential parameters 

I 
omega I alfa 

I 
V(ro) @-20 [J] I C6 * @-78[Jm6] 

-----------------------------------------------------------
0 1 14.90 10.12 91.58 

I 

I 
1 15.11 9.77 

67.62 

85.70 

2 15.07 9.54 

3 I 13.99 12.06 36.01 

note These extensions cause discontinuities in the second order 

derivative at the connecting points r=4 and r=16 ao. To avoid 

these discontinuities one could use fourth order polynomials to 

attach the extensions to the cubic spline. 

A. 4 SMOOTHNESS 

By varying the first order derivatives in the boundary points ro 

and rn (i.e. boundary conditions), we have calculated the smoothest 

possible spline through the given potential energy points (ri,V(ri)). 

The results are compared with those from the previous section and given 

in table II. 
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TABLE II smoothness 

V''rms is insensitive to realistic changes in s (= power 

of the v/d Waals-tail). Alfa is determined such 

that V(ro) exp -alfa(r/ro-1) fits in zeroth and second order 

derivative in r=4 ao to the smoothest possible spline 

through the given energy points. 

I I 
omega I alfa V''rms I V''rms,* I 

---------------------------------------------1 
I I I I 0 10.97 35 52 

I 
1 11.01 34 51 

2 10.97 33 50 

3 10.46 38 57 

* V''rms for the spline potentials described in the previous section 

A.5 COMPUTERTIME 

The potential energy curves, using spline interpolation including 

repulsive wall and v/d Waals tail, are implemented in Algol "real 

procedures" with only one parameter, the internuclear distance r. Phase 

shift calculations make innumerable calls (over 12000 calls per relative 

velocity value g) to these procedures. The processing time needed is 

therefore highly dependent on the speed of the potential energy 

procedures. By using an expression to find the spline-interval needed 
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and an Algol "case-statement" to direct the programm to it, a highly 

efficient procedure is written (typical processor time (B7900) 56 

microsec/call). Smoothness is also important with regard to computer 

time. An increase in smoothness of the potential curve representation 

results in a decrease of processing time needed for e.g. phase shift 

calculations (this is due to the decrease in steps needed to integrate 

the effective potential within a certain error-limit). 

note typical processing time for phase shift calculations on the B7900 

is 3.6 sec (per value of relative velocity g) 

figure al: The four branches of the 

Ne(2p9) + Ar potential 

100 
.......... .n >w 
g 0 

> 0 ----

1 
--2 
---3 

-100 
0 1 

r* 
2 3 
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TABLE III : potentlal energy values Ne(2p9) + Ar 

------------------------------------------------------------
potentlal energy [me V] 

R [a ] = 0 = 1 = 2 = 3 
0 

------------------------------------------------------------
4.00 631.68 609.67 595.68 752.76 
4.25 248.88 236.94 232.37 313.76 
4.50 75.611 62.813 59.664 94.963 
4.75 3.3999 - 13.220 - 16.845 - 7.2933 
5.00 - 20.355 - 41.488 - 47.817 - 50.137 
5.25 - 22.311 - 47.375 - 57.083 - 64.060 
5.50 - 15.616 - 43.583 - 55.865 - 64.787 
5.75 - 6.4412 - 36.339 - 50.297 - 60.143 
6.00 2. 5511 - 28.504 - 43.480 - 53.800 
6.25 10.374 - 21.267 - 36.825 - 47.387 
6.50 16.774 - 15.016 - 30.859 - 41.527 
6.75 21.821 - 9.7788 - 25.702 - 36.390 
7.00 25.634 - 5.4667 - 21.315 - 31.957 
7.25 28.346 - 1.9522 - 17.602 - 28.147 
7.50 30.009 o. 8713 - 14.467 - 24.863 
7.75 30.611 3.0943 - 11.818 - 22.013 
8.00 30.084 4.7825 - 9.5877 - 19.527 
8.25 28. 311 5. 9511 - 7.7365 - 17.350 
8.50 25.363 6.6231 - 6.2271 - 15.440 
8.75 21.551 6.7921 - 5.0303 - 13.750 
9.00 17.402 6.4668 - 4.1216 - 12.247 
9.50 9.7026 4.4889 - 3.1132 - 9.7333 

10.00 3.9217 1.6564 - 2.9379 - 7.7367 
10.50 0.0975 - 0.8477 - 3.1995 - 6.1600 
11.00 - 2.2016 - 2.5459 - 3.5054 - 4.9100 
12.00 - 3.9180 - 3.8349 - 3.5807 - 3.1400 
13.00 - 3.7499 - 3.5747 - 3. 0272 - 2.0300 
14.00 - 2.9905 - 2.8209 - 2.2914 - 1.3300 
15.00 I -

2.1972 - 2.0613 - 1.6403 - 0.8900 
16.00 - 1.5516 - 1.4519 - 1.1456 - 0.6100 

------------------------------------------------------------
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B.l CLASSICAL TRAJECTORIES 

We compute the classical trajectories using the constante of 

motion in polar coordinates. 

(energy) 

E = ~r 2 /2 + V(r) + L 2 /2~r 2 
(bl) 

(angular momentum) 

(b2) 

These constants of motion yield two first order differential equations. 

• 2 I 2 2/ 2)112 r = ± (g - 2V(r) ~ - g b r (b3) 

(~ ingoing, + outgoing part) 

(b4) 

B.2 NUMERICAL APPROACH 

We define the time axis so that on t=O we have r=rcl (=classical 

turning point). The sealing we introduce, 

t = t/(n/2 E) 
SC 

(b5) 
r = r 

SC m 

is in agreement with normal procedure. As the trajectories are mirror-

symmetrical in rel, we only compute the outgoing part. 

First we evaluate (b3) by a second order Runge-Kutta metbod 

[Vel80]. We cannot start at t=O because at that specific time dr/dt=O 

and thus this essentially one step method will not propagate. We 
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initiate the process by assuming r(t) to be a parahole between t=O and 

dt. 

r(dt) = r 
cl 

r'' 2 
+ -- (dt) 

2 
(b6) 

Together with (b3) this yields an implicit expression for r'', which is 

solved through a regula falsi algorithm [Ve180]. With these results we 

simply integrate (b4) using the trapezium approximation. 

If we want the trajectories, for different impact parameters b, to 

start parallel for t=-oo we have to calculate the half deflection angle 

theta according to 

00 • 

theta = pi/2 - J phi dt 
0 

(b7) 

The integral in (b7) we split into two parts, of which the first part is 

allready calculated in order to construct the classica! trajectory for t 

in (-tend,tend). 

00 • 

Jphi dt = 
0 

tend • 1 phi dt 
0 

()() . 
+ J phi/r 

r(tend) 
dr 

In the second part we substitute 1/x for r yielding 

(b8) 

00 

/ phi/r dr 
r(tend) 

1/r(tend) \r2 2 2 2-
= J g b dx/( V g -2V(l/x)/mu - g b x ) 

0 

(b9) 

Finally we evaluate this expression using the trapezium metbod again. 

note Equations (b3) and (b4) are solved using one step methods. This 

allows the time increment dt to be changed whenever the situation 
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calls for it. In practice this means that for large r, where dr/dt 

is virtually constant, we can increase dt. 
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C.l ROTATION MATRICES 

The orientation of any coordinate frame x' ,y' ,z' relative to 

another frame x,y,z can be defined in terms of Euler's angles alfa, beta 

and gamma. 

figure Cl: Euler's angles 

The rotation matrix, that transforma the angular momentum from one frame 

to another, can be constructed out of the partial rotation matrices for 

rotations over the z- and y-axis. 

In 

be 

R(alfa beta gamma) = R (gamma) R (alfa) 
z y 

case that j=l/2 (e.g. a single electron), 

derived from symmetry arguments. 

TABLE IV rotation matrices 
----- -- - -------- --------

m 

R (phi) 
z 

m 

the 

for 

R (beta) 
z 

rotation 

j=l/2 

R (phi) 
y 

(cl) 

matrices 

j 1/2 -1/2 j 1/2 -1/2 
m' m' 

j j 

1----------------------------- ------------------------------
1 i phi/2 I 

1/2 e 0 1/2 I cos phi/2 sin phi/2 

-i phi/2 I 
I -1/2 I 0 e -1/2 ~-sin phi/2 cos phi/2 

can 
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From these results we can, by assuming j to be built up out of j=l/2 

parts taking into account every possible permutation, derive the 

following general formulae that generate all matrix elements for any 

value of j. 

1/2 
(jm'IR {phi)ljm) = [(j+m)!(j-m)!(j+m')!{j-m')!] 

y 
(c2) 

k 2j+m'-m-2k m-m't2k 
( -1) (cos phi/2) (sin phi/2) 

(m-m'+k)! (j+m'-k)! (j-m-k)! k! 
k 

i m phi 
(jm'IR {phi)ljm) =delta e (c3) 

z m,m' 

Table V gives the Ry matrices for j=3. 

Fora more detailed discussion see e.g. [Fey66]. 
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