
 Eindhoven University of Technology

MASTER

Intermolecular potentials for the metastable rare gas-molecule systems

Kerstel, E.R.T.

Award date:
1987

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/041bf32e-b9b2-4e34-9105-2e7e860ded69


INTERMOLECULAR POTENTIALS FOR THE 

MET AST ABLE RARE GAS - MOLECULE 

SYSTEMS 

E.R.Th. Kerstel VDF/N0-1987-15 



".Ma aiio"ta," a"tdLL commenta"te, "a.Lete anco"ta iontano 

daiia a.oia~Lone . .. " 

"'€L a.ono 19-LcLnLa.a.Lmo," dLa.a.e '!Jag-iLeimo, "ma non a.o a 

qpaie." 

"Q.aLndL non a19-ete ana a.oia '1-La.p.oa.ta aiie 19-00.t"te 

domande ?" 

"sdda.o, a.e i' a19-eO.a.L Lna.eg-ne"teL teoiog-La a ~a'l-Lg-L" 

"..4 ~a"tL!fL kanno a.emP."te ia '1-La.p.oa.ta 19-e"ta ?" 

".MaL," dLa.a.e '!Jag-Ueimo, "ma a.ono moito a.Lca"tL deL 

io"to e"t"to"tL." 

"8 19-0L," dLa.a.e con LntantLie LmP.e"ttLnen~a. "non 

commettete maL e"t"to"tL ?" 

"'J'p.ea.a.o," '1-La.p.oa.e. ".M.a Ln19-ece dL conceP.L"tne ano a.oio 

ne Lmmag-Lno moitL, coa.L non dL19-ento a.chLa19-0 dL 

nea.a.ano." 

1i nome deiia '1-oa.a 

- Umberto Eco - 1980 



SUMMARY 

The absolute value and velocity dependenee of the total cross-section 

Q(g) have been measured in a crossed-beam machine, for the metastable 

rare gas systems Ar*, Kr*( 3 Po, 3 P2) -Ar, Kr, Xe and Ne*( 3 P0 ,
3 P2) -Ar, 

Kr, Xe, N2. 02, CH4, 002. The cross-section Q(g) was determined from the 

attenuation of the, statistically mixed (ratio of fine-structure state 

population is 5:1 in favor of the 3 P2 state), beam of metastable atoms, 

due to its interaction with a secondary beam. The absolute value and the 

velocity dependenee of the non-oscillatory part of Q(g) provide impor

tant information on the long range attractive forces and the well-area 

of the potential. The absolute value is related to the Van der Waals 

constante C6 ~ é R~ and the higher order dispersion terms Cs and C10 (é 

is the well-depth, Rm the well-position). The larger influence of the Cs 

and C10 terms, compared to the corresponding al kal i a torn sys tems re

flects the presence of the (np)- 1 core hole in the former systems. 

Combining measurements wi th two types of primary beam sourees we are 

able to cover a wide range of veloeities (in energy: 30 meV to 7 eV), 

such that even for the systems with a rather shallow well (Ne*-N2 , 02) 

the interesting N=1 glory maximum is well-resolved. 

The total cross-seet ion experiment is extremely sens i tive to any 

non-linear behaviour of the apparatus. After introducing the reader to 

the field of elastic scattering (chapter 1) and descrihing our experi

mental set-up (chapter 2), we extensively discuss the way we traeed and 

eliminated all systematic errors (chapter 3). In chapter 4, descrihing 

the data-analysis, we also describe how we traeed an error in a previous 

paper, concerning a correction factor for the finite velocity resolution 

of the apparatus. 

The results of chapter 5 for the Ne*-rare gas systems are in excel

lent agreement with predictions based on the Ion-Atom-Morse-Morse

-Spline-Van der Waals potentials of Gregor and Siska, both with regard 

to the absolute value (1.5 %), the position and the amplitude of the N=1 

glory maximum (2.7 %, respectively 4.3 %). The predictions basedon the 

potentials proposed by Hausamann are less satisfactory, most likely due 

to the specific switch-over function used to conneet the weU-area at 

RIRm ~ 1.1 to the Van der Waals long range attractive branch at RIRm = 

2. 



By applying a semiclassical sealing law, and using the Gregor and 

Siska IAMMSV potential for the NeH-Xe system as a reference, the poten

tial parameters é , Rm and C6 (Van der Waals constant) have been deter

mined for the NeH-molecule systems. The c6 values are in fair agreement 

with the polarizability a of the molecule. 

The data collected for the ArH, KrH- Ar, Kr, Xe systems, was analy

sed with the same IAMMSV potential for the NeH-Xe system as a reference, 

resulting in accurate values for é, Rm and C6 (chapter 6). The long 

range pure Van der Waals constants C6 (i.e. without the influence of Ca 

and Cto) are in excellent agreement with the calculated valllues of 

Dalgarno for the corresponding alkali atom - rare gas systems, when 

scaled with the ratio of the polarizabilities. The glory-damping due to 

scattering on multiple potentials is described in terms of a r .m. s. 

spread A(éRm) in the éRm product. E.g. for ArH-Ar we find A(éRm)/(éRm) = 
0.13. For the heteronuclear KrH-Xe system a strong veloei ty dependent 

damping of the glory oscillations is observed, which can be described by 

an excitation transfer toa near-resonant short-lived XeHH(5p5 6p) state. 

This work supports the analysis of results on inelastic scattering, 

for which reliable information on the diabatic potential surface is 

absolutely necessary. The inelastic processes stuclied in our group are 

e.g. the excitation transfer processes ArH, KrH( 3 P;) + N2(X) --->Ar, 

Kr( 1So) + N2(C), the intramultiplet mixing in NeHM(2p5 3p) +He and the, 

fine structure state resolved, 

NeM( 3 Pa, 3 P2)- rare gas systems. 

Penning ionization process in 
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1 . INTRODUCfiON 

In the next sections we introduce our experiments. In doing so, we 

start with a brief discussion of the theory of elastic scattering. The 

total cross-seet ion and i ts relation to the intermolecular potential 

surface are introduced. Subsequently, in section 1.2 we describe the 

experiment that is to be carried out in order to determine the theoreti

ca! quantities of section 1.1. Finally, section 1. 3 describes the 

history of the experiment and our contribution to it. Section 1.3 

closes with a guide for the reader. 

1.1 THEORY OF ELASTIC SCATTERING 

Quantum-mechanically, the process of elastic scattering, on a sphe

rically symmetrie potential V, is described by the Schrödinger equation 

(see e.g. the textbooks of Messiah [MES65]) 

[-V2 + ~ V(R)] ~(R,e) = k2~(R,9) ( 1.1) 

with k = (~gin) = (~2 ) 112 the wave number of the incident wave. The 

callision process is described in the reduced system. A partiele with a 

reduced mass ~ (= m1m2/(m1+m2)) and relative velocity g (= ~1 -~2) inter

acts wi th a fixed scattering centre. A typical potential surfae is 

given in figure 1.1. The position and depth of the well are denoted by 

Rn and c, respectively. 

w 
> 
or----r--------~====------------~ 

V ·1 

Figure 1.1.: A typicaL potentiaL surface, describing the interaction 

between two individuaL moLecuLes. 

We are only interested in the asymptotic (R ~ 00 ) behaviour. The solu-
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tion in this case, representing the incoming plane wave and outgoing 

spherical wave, can be written as: 

ikR ikRcose e 
~(R,S) ~ e + f(S) -R--- (1.2) 

The so-called scattering potential amplitude f(S) determines the abser

vables of the scattering process. The differential cross-section a(S), 

defined as outgoing intensity ( i.e. current per solid angle, equal to 

glf{S)I 2 
) per incoming flux ( i.e. current per area, equal to g ), is 

given by: 

a(S) = lf{S)I 2 {1.3) 

The total cross-seet ion Q can be obtained by integration of a(S). A 

more elegant expression for Q follows from conservation of particles 

41T 
Q =kIm f{O) (1.4) 

which is generally known as the optica! theorem. The reference to 

opties here, should not surprise us. The whole concept of scattering is 

in close analogy to the diffraction of light in a refractive medium. In 

fact, in this formalism inelastic processes are commonly described by 

introduetion of a complex potential, as compared to the absorbtion of 

light being described by the imaginary part of the index of refraction. 

In solving the Schrödinger equation for f(S) we expand the incoming 

and outgoing waves in a series of radial partial waves. This way, we 

effectively separate the radial from the angular dependency. The result 

for f(S) is given by the (Rayleigh) sum of partial waves: 

(1.5) 

with Pi the Legendre polynomials. The summation is over the (orbital) 

angular momenturn quanturn number i. lts relation to the impact parameter 

b is given by 

e(R+1)n2 = (Mgb) 2 

b ~ {i+~) A" 

- 2 -
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The entire effect of the scattering potential V(R) is now contained in 

the phase shift 2~2 of each outgoing partial wave, as compared to the 

situation in absence of a potential. 

Returning to our analogy of opties, we can say that the refracted 

"part iele rays" show a phase difference wi th the non-refracted rays. 

Hence, we can expect interference (constructive or destructive) there 

where rays radiate in the same direction. This is best illustrated by 

figure 1.2, which gives the classica! trajectories for different impact 

parameters. 
3 

2 

E 
.::: 0 
.D 

-1 
-t. -3 -2 -1 2 3 

Figure 1.2.: Ctassicat trajectories. The gtory-trajectorie has b* = b/Rm 

~ 1.1 fora reaListic potentiat. 

The scattering wi th deflection angle S ~ 0, determining the total 

cross-section, takes place at two ranges of the impact parameter. The 

dominant contribution comes from the interaction at large b. The 

attractive branch of the potential V(R) in this region is usually des

cribed by the dispersion series 

(1. 7) 

* * with c2N on the order of unity. For large values of R the term with c6 
dominates and the total cross-section is calculated in the semiclassical 

Landau Livshitz approximation by replacing the summation by integration 

in equation (1.5) and by calculating the phase-shifts in the high-energy 

approximation. This procedure yields 

Oa = 8.083 (~) 215 (1.8) 
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At smaller impact parameters, prohing the 

potential at R-values closer to Rm. the higher order dispersion terms 

* * {Ca. C10 ) become important, too. This effect can be calculated in an 

effective c6 becoming larger, when we hold to {1.8). Another approach 

is to approxirnate (1.7) by : 

V (r) s 

R 
C* (-m)s = -E. s R 

The result for Qa now becomes 

Qa = a(s) (~)2/Cs-11 

wi th a(s) = 21r f'(s-3) 
s-1 

s-1 
IL 1(-2 ) 

( lr72 _.....;;;. __ ) 2 I C s - 1l 

f'(i) 

= 8.083 for s=6 

(1.9) 

(1.10) 

* * The contribution of the Ca and C10 terms is now contained in the value 

of s (s ~ 6.2 - 7). Thus, determination of the absolute value of the 

average behaviour (i.e. without the glory-undulations discussed here

after) of the total cross-section, yields absolute values for C6 (pre

dominantly determined by Rm)· 

The second contribution to Q comes from the so-called glory-trajec

tories with b9 t ~ 1.1 Rm. These trajectories are determined mainly by 

the well-area of the intermolecular potential. As can be seen from 

figure 1.2, the glory-trajectories show a phase shift with respect to 

the trajectories at large b. Interference will result in an oscillating 

contribut ion (as a function of veloei ty) to Q, superimposed on the 

attractive part Qa. The total cross-section, including the glory-

contribution, is then given by : 

( l.lla) 

(l.llb) 

to Qa is roughly equal to 0. 17. The maximum phase The ratio of A9 1 

shift depends on 

given by : 

the relative veloei ty and is in good approximation 
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2t.R 
m 

TJ =Co --
l!max hg -· Co !fg_ 

g 
( 1. 12) 

The constant c 0 ~ 0.48 depends on the precise shape of the inter

molecular potential. In termsof the reduced inverse velocity f = g0 /g, 

the position of the first maximum, denoted by N=1, is given by 

f ~ 5 
N=1 

(1.13a) 

and the spacings between the maxima (glory-period) 

~ 7 {1.13b) 

The typical behaviour of Q is given in figure 1.3. 

0 2 

" 
.. 0 
1.. 

~ \ 0 

"---.../ 

(\ 
". 

0 
bO 

- 2 t er 
L-.J 
~ ....... 

-.4 
() 1() I) 2() 

Figure 1.3 VeLocity dependenee of the totaL cross-section, showing the 

N=l and N=2 gLory-maxima and the N=1.5 and N=2.5 gLory 

-minima. 

As equations {1.12) and (1.13) show, determination of the glory-undula

tion structure reveals additional information on the well-area. 

1.2 THE TOTAL CROSS-SECfiON EXPERIMENT 

The total cross-section is determined by measuring the attenuation 

of a molecular beam (the primary beam), due to its interaction with a 

second molecular beam that crosses at a 90 degree angle. This experi

ment is captured schematically in figure 1.4. 
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Figure 1.4 

secondary 
beam 

detector 

The (nearLy ideaL) totaL cross-section experiment. 

The relation between the total cross-section Q and the attenuation of 

the primary beam, due to the secondary beam, is given by 

Non(g) - exp(- ~ nLQ) 
Noff{g) - V1 

{1.14) 

where the density of secondary beam molecules at the scattering center 

is given by n and where L represents the length of the scattering region 

{in the direction of Vt). The primary beam signa! with secondary beam 

switched on and off is denoted by N0 ,.. and Noff, respectively. In the 

ideal situation, to which (1.14) refers, the primary and secondary beams 

are mono-energetic. Also, the opening angle of the secondary beam is 

neg! igibly smal!. Consequently the veloei ty resolution is infini tely 

high. The angular resolution is infinitely high, too and therefore the 

contribution of small-angle scattering to the total cross-section is 

negligible. 

In order to approach the ideal situation as close as possible, the 

actual experiment uses the time-of-flight method for velocity selection. 

This method also enables us to use a primary beam souree that covers a 

wide velocity-range. The secondary beam is obtained from a cryo-pumped 

supersonic expansion, with high speed-ratio ( S is 10 or higher). The 

intensity is sufficient to allow for a rather large nozzle to scatter

ing-center distance and a smal! opening angle (cf. table 2.3). The 

angular resolution is of the order 10- 4 radian. The corrections for 

finite velocity and angular resolution are both limited to about 1% or 

less. Moreover, calibration of the velocity scale allows for an accu

rate determination of the glory-extrema pos i ti ons (bet ter than 1%). 

Absolute total cross-section measurements are possible through the 

careful calibration of the (effective) densi ty-length product <nD. 

This requires a good knowledge of the secondary beam behaviour [HAB77] 
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[BEY81], in combination wi th accurate data on the secondary beam geo

metry. 

1.3 OVERVIEW 

1.3.1. Ristory 

The beam machine we used became operational at the end of 1974. At 

that time i t was used by Beyerinck in a prel iminary study of elastic 

scattering of ground state rare gas atoms. Major emphasis was still on 

developing the experimental techniques necessary (time-offlight method, 

molecular beam sources) [BEY75]. In a, partly overlaping, study the 

machine and most notably i ts 20 K cryo pumping facil ity was used by 

Habets to investigate the supersonic expansion under near ideal condi

tions [HAB77]. Van der Kam was the last to measure total crosssections 

for the ground state rare gas systems [KAM81]. Like the work of 

Beyerinck and Habets, the work of van der Kam was the basis for a "pro

motie" (roughly equivalent to the work constituting a Ph.D thesis in the 

Anglo-American system). 

In 1982 a new era was inaugurated for two reasans. Firstly, the 

focus of the research now shifted towards the elastic scattering of 

excited state rare gas atoms on ground state rare gas callision part

ners; and secondly from now on the work was carried out by "afstu

deerders" (Master' s degree students). The first of these students, 

Vlugter, measured the total cross-sections for elastic scattering of the 

systems Ar*,Kr* - Ar,Kr,Xe, after carrying out the necessary modifica

tions for the use of a primary beam of metastable atoms [VLU83]. These 

data have finally been analysed and reported on in the paper of chapter 

6. The last one to carry out total cross-section experiments, befare we 

took over, was Van Kruysdijk. The aim of his research project was to 

introduce optica! pumping, both for state selection of metastable (J:O 

and J=2) Ne*atoms and to measure total cross-sections for short lived 

Ne**( 3 D3 ) on Argon [KRU85]. This work has not been published, because 

of serious doubts concerning the calibration of the secondary beam (and 

thus the absolute value of the cross-sections). At the end of 1985, the 

machine was modified once again. This time to aceomadate experiments on 

photon statistics (sub-Poisson distribution, determined from beam 

deflection by photon impact) [SEN86]. Finally in early 1986, the 

collimators in the machine were replaced by ones, sui table for total 

- 7 -



crosssection experiments. Here, and more particularly in chapter 5 we 

report on these experiments. 

1.3.2 Our Contribution 

The aim of our research project was to measure the total cross

sections for scattering of Ne* (J=O, J=2) on smal! molecules, like N2, 

02. 002 and CH4, in order to support the analysis of inelastic data on 

these systems as collected by Van de Berg e.a. [BER86]. 

resulted in the paper of chapter 5. 

This work 

We started out with measurements on the Ar*-Ar and Ar*-Kr systems, 

in order to check the calibration of our experiments on the data collec

ted by Vlugter. Since the machine, including i ts brand-new computer 

system, showed several bugs, we ran into many causes of systematic 

errors. Af ter elimination of all systematic errors our data st i 11 

resulted in about 19% larger cross-sections, as compared to the results 

of Vlugter. A careful consideration of all errors that we could have 

possibly made in the calibration of the density-length product, revealed 

an incorrect determination of the nozzle-skimmer distance Zs as the only 

acceptable cause {at least by far the most probable). At that time the 

question whether we or Vlugter made a eaUbration error remained un

answered. Repeating our measurements on the secondary beam geometry, 

and especially Z 5 , reproduced to within the accuracy (0.1 mm for Z 5 ). 

The answer had to come from a thorough confrontation of the experimental 

data with that of other laboratories and/or theory. 

For the heavier rare gas systems (Ar*, Kr* -Ar, Kr, Xe) the only 

good reference, concerning the diabatic intermolecular potential, are 

the corresponding alkali atom - rare gas systems. However, the in

fluence of the (np)- 1 core-hole on the long range attractive forces and 

on the repulsive branch of the potential cannot be neglected. 

The Ne* - Ar, Kr, Xe systems, however, have been stuclied in much 

more detail. The resul ts of Gregor and Siska [GRE81] on the energy 

dependenee of the elastic differential cross-section and the total 

ionization cross-section, are especially promising. They have been able 

to determine the intermolecular potential from the direct inversion of 

their scattering data. The total cross-sections and C&-values, as 

calculated from the Gregor and Siska Ion-Atom-Morse-Morse-Van der Waals 
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(IAMMSV) potentials are in excellent agreement with our data. Moreover, 

using the Gregor and Siska IAMMSV potential for the Ne* - Xe system as a 

reference we analysed the Ar*, Kr* -Ar, Kr, Xe data of Vlugter. The 

resulting values for the long range pure Van de Waals constants C6 (i.e. 

without the influence of Cs and C10 ) are in excellent agreement with the 

calculated values of Dalgarno [DAL67] for the corresponding alkali atom 

- rare gas systems, when scaled with the ratio of polarizabilities ánd 

when assuming that the nozzle-skimmer distance Zs as reported by Vlugter 

was actually larger (such as to yield 19% higher values for the total 

cross-sections in his case). Therefore we claim to have solved the 

calibration problem, through the comparison of Vlugter's data with the 

better stuclied Ne* systems. As a result we are finally able to report 

on the Ar*, Kr* -Ar, Kr, Xe systems in a paper written in a joint 

effort with Beyerinck (chapter 6). 

1.3.3 Guide for the reader 

As became apparent in the previous section, this report contains two 

chapters that are both manuscripts of papers submitted for publication 

(in Chemica! Physics). These chapters, 5 and 6, are completely self-

contained. Therefore they contain their own references and the se-

quence of numbering of equations, tables and figures, as used in the 

chapters 1 to 4, does not continue into the following chapters. 

At the start of this chapter we introduced the reader to the field 

of ( elastic) molecular collisions. Firstly, by presenting some impor

tant elements of the theoretica! framework and, secondly, by descrihing 

the history of the experiments carried out in the Atomie Collisions and 

Spectroscopy group at Eindhoven University and by descrihing the evolu

tion of our experimental work and data-analysis. 

In chapter 2 the experimental set-up is described. Al though the 

papers of chapter 5 and 6 both contain a section on the same subject, 

the information contained therein is necessarily 1 imi ted. Important 

parts of the beam machine, we have extensively dealt with, are therefore 

treated in more detail. 

In chapter 3 we deal with some of the experimental difficulties we 

encountered that are essential for a careful study of the callision 

process in a total cross-section experiment. 

For chapter 4, descrihing the data-analysis, a remark can be made 
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similar to the one we made for chapter 2. 

In the paper of chapter 5 we report on the measurements of the 

velocity dependenee of the total cross-section and the analysis in terms 

of parameters of the intermolecular potentials for the systems Ne* - Ar, 

Kr, Xe, Small Molecules. This work consitutes the body of our research 

project. For this reason, but also because the data of Vlugter could 

only be analysed correctly with the help of the work of chapter 5, we 

present the work on Ar*. Kr* - Ar, Kr, Xe in a later chapter, even 

though the data of chapter 6 was collected earlier. This explains why 

some aspects and, most important, the data-analysis are treated in much 

more detail in chapter 6 ( as compared to chapter 5). It also explains 

why we have chosen chapter 6 to be distributed under a separate cover, 

to limit the size (and weight !) of this report. 
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2. EXPERIMENT AL SET -UP 

The experimental set-up has been extensively discussed before, most 

recently by Kruysdijk [KRU84]. The apparatus was modified several times 

in its existence. lts changes reflect the focus of the research shif

ting from ground state - ground state rare gas col! is i ons to exci ted 

state atom - ground state molecule collisions, with state selection of 

the excited state rare gas atom. We wil! limit ourselves to discussing 

only those parts or features of the experimental set-up that are of 

direct importance for a proper understanding of the experiments or that 

have been added or changed by us. 

In the next section we discuss the physical properties of the appara

tus, most notably the vacuum system and the two metastable atom sources. 

In the sections following thereafter, the calibration of the secondary 

beam and, finally, the automation of the experiment are discussed. 

For an in-depth treatment of the primary beam chopper, the cryo 

system and the primary beam sourees (hollow cathode are and thermal 

metastable atom souree) the reader is referred to Beijerinck [BEY75], 

Habets [HAB77]. Theuws [THE81] and Kroon [KR085], and Verheijen [VER84]. 

respectively. 

2. 1 THE BEAM MACHINE 

The molecular beam machine is schematically represented in figure 

2.1, with a mm-scale along the primary beam axis. Zero is chosen (quite 

arbitrarily} at the leftmost flange of the second vacuum chamber (number 

III in the figure) and therefore wel! fixed in space (in contrast to 

more obvious reference points like primary beam origin or the location 

of the first chopper disk, that are bound to be affected by e.g. align

ment procedures). 
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Figure 2.1 

I! I! I !\' V 

dye-laser beam 

flieht-path 2357 = 

-331 0 557 1059 1193 2837 291~ 

The beam machine. Important parts of it are discussed in 

the text. 

Both primary beam sourees are located in chamber I and can be inter

changed without breaking the vacuum conditions. The thermal metastable 

atom souree (TMS) produces metastables at sufficient intensity in the 

(translational) energy range from roughly 30 to 700 meV. The fraction 

of metastable atoms is typically a few times 10-5
, resulting in 

metastable atom center-line intensities of approximately 5•1013 s- 1 sr- 1 

[VER84]. 

The hollow catbode are (HCA) yields intensities on the order of 1018 

s- 1 sr- 1 for ground state atoms. With an excitation fraction of about 

10- 4 the metastables are producedat intensities of 1013-1014 s- 1 sr- 1 . 

We have been able to operate the HCA on Argon and Krypton with a tan

talum catbode tube for over 30 hours without significant degradation of 

the cathode. When operating the HCA on Neon, we replaced the catbode by 

a thungsten tube, because of the higher cathode temperatures developed 

(3•103 K against 2.5•103 for Ar and Kr [KAM81]). In this case the HCA 

worked under stabie conditions forabout 15 hours, before sublimation of 

cathode material drastically reduced the beam intensity. The degrada-

tion of the cathode tube shows in either erater formation or evaporation 

(sublimation) of catbode material at the tip of the tube. Crater forma

tion usually occurs about 1 to 2 mm from the tip, leaving a hole of 

about 1 mm2
. Almost always it is associated with a too small gasflow, 

although contamination caused by a leak in the gas inlet system, repor

tedly has the same effect [THE81]. Sublimation of the catbode (up to 1 

mmlhour for Ne) cannot he prevented. An unusually high rate of subli

mation, however, is generally indicative of a too large gas flow 

[DEL83]. 
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The metastable atoms are detected, in chamber V, by their Auger 

de-exci tation on a stainless steel surface, foliowed by an electron 

multiplier and a pulse-amplifier/discriminator combination. 

Velocity selection of the primary beam atoms is achieved by a single 

burst time-of-flight method. Chamber II of the apparatus contains the 

primary beam chopper. The velocity resolution depends on the open time 

of the chopper, the width of the beam, the width of a multi-scaler time 

channel and the lengthof the (Auger) detection region (= 0.5 mm). In 

all practical cases the veloei ty resolution is determined by the open 

time of the chopper. We can select one of two chopper slits of diffe

rent width (and thus open time) by adjusting the position of the chopper 

motor axis wi th respect to the beam, since the sl i ts are located at 

different radial positions on the chopper discs. Apart from the first 

disc, the actual beam chopper, another disc is present with a wide slit 

to cut off the very low veloei ty atoms. A derailment of the chopper 

discs, caused the cut off to start even before the top of the TOF 

spectrum passed. We have solved this problem simply by spinning the 

chopper in reverse direction. Table 2.1 gives some important characte

ristic values for this new situation. 

The secondary beam is obtained from a supersonic expansion. Colli

mation wi th a vertical sl i t skimmer resul ts in a very wel! defined 

density profile at the crossing point of the two beams. The interaction 

region is completely enclosed in a 20 K cryo-body ( located in vacuum 

chamber III). The estimated effective densi ty length product <nDb , 

due to scattering on background gas, is at least a factor 102 smaller 

than forscattering on the secondary beam (see section 3.2). 
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Table 2.1 Characteristic values of the velocity selection 

Flight path 2357 mm 

Open time of chopper 
Chop f requency = 1/T 

Av1/v1 at v1=6000 ms- 1 

1000 ms- 1 

500 ms- 1 

Synchronization pulse 
Center of transmission 

function of the beam 
Begin of beam cut-off *) 
End of beam cut-off *) 

beam souree HCA 

7 10-3 T 
180 Hz 

8% 

1.6% 

t=Ü 

t=0.025 T 
t=0.76 T 
t=0.85 T 

TMS 

19.8 10- 3 T 
120 Hz 

t=O 

7.0% 

3.5 % 

t=0.025 T 
t=0.67 T 
t=0.94 T 

*) determined from observed cut-off in TOF spectra, in combination with 
the measured relative orientation of first and last chopper disc. 
The values correspond to a chopper rotation in 'reverse' direction as 
opposed to the 'normal' direction of the experimentsof Vlugter and 
Van Kruysdijk. 

2.2 BEAM COLLIMATION AND ALIGNMENT 

The primary beam leaves the souree charnber through a 0.5 mm diameter 

opening in a tungsten plate that serves as anode for the discharge 

sources. Its size is a campromise between high angular resolution and 

high beam intensi ty (without, off course, disturbing the process of 

metastable beam formation). Af ter passing through vacuum charnbers II 

and III (chopper) the primary beam reaches an xy-movable collimator 

assembly. It consists of a thin copper plate wi th four collimator 

openings, any of which we can select by computer. We used only two of 

them in the actual experiment. In the total cross-section experiment a 

0.5 mm diameter opening is selected to confine the diameter of the 

primary beam, before i t enters the scattering region ( aperture #2 of 

table 2.2). Finally, just before reaching the detector, the primary 

beam is again collimated by a 0.5 mm diameter aperture. Table 2.2 gives 

the exact values of all collimators that were used in our experiments. 

Given the set of collimators mentioned above, the alignment procedure 

is very straightforward. First we define the primary bearn axis, using a 
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surveyor's telescape fitted with cross-hairs, making sure the beam amply 

clears the 6 mm flow restrictions, in between the vacuum chambers, and 

the channels in the 20 K cryo-body at the scattering center. Subseqent

ly the (source-) anode opening and the detector collimator are centered 

{in this order) on the optica! beam axis using the HCA as a very bright 

light source. Herewith the primary beam axis is defined. Finally, the 

scanning collimator is aligned to yield a maximum count rate for 

me tas tab 1 e a toms, i . e. the u. v. -pho tons are no t coun ted in the TOF 

spectrum. 

The secondary beam crosses the primary beam at a ~/2 radian angle. 

The exact nozzle position was adjusted such as to give a maximum atte

nuation of the primary beam. Note that, in this case, not the density n 

of secondary beam molecules at the scattering center is optimized, but 

rather the product (g/vt)nLQ(g). Consequently angles > ~/2 are favoured 

if (g/vt)O(g) becomes large {i.e. Vt~). Therefore this procedure 

should be carried out using the HCA source, for which (g/vt)O(g) does 

not vary too much over the TOF spectrum (in the transition region from 

thermal to superthermal veloeities Q(g) g- 1
). Repeating the 

procedure the TMS, for which (g/v 1 )Q(g) 

significant deviation. We finally checked the alignment optical-ly, and 

found i t to be in agreement wi th the resul t of the above de-scribed 

procedure. 

Table 2.2 Primary beam collimators. 

1st (source) collimator 
(= end-anode) 

2nd (scanning) collimator 

aperture #1 *) 
aperture #2 

3rd (detector) collimator 

*) used in dummy-Q experiments only. 
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2.3 CALIBRATION OF THE DENSITY-LENGTH PRODUCT 

For our experimental arrangement of fig. 2.2 the densi ty-length 

product is calculated as 

I{O)expt Zb 

{dsk -) 
Zs 

(2.1) <nL> = ----

The distances Z 5 , Zb and the skimmer-slit width dsk are given in table 

2.3. For the flow velocity v2 we've taken the final velocity u given 

by : 

(2.2) 

Where 1 represents the ratio of specific heats {for a monoatomie gas 1 = 
5/3). This relation is true in good approximation for not too smal! 

values of the dimensionless reservoir parameter 3 (see section 3.3) The 

error made by neglecting the, even far downstream, non-zero enthalpy of 

the molecules, is neglegible in most cases. For a secondary beam of 

Xenon, with 3 = 30 in our case, the value of u is about 1% too large. 

The reservoir temperature T0 is measured by means of a thermo-couple. 

The flow field of a supersonic expansion has been stuclied in great 

detail by Beijerinck et al. [BEY81]. resulting in a well known center 

line intensity [s- 1 sr- 1
] for the undisturbed expansion: 

I(O)id (2.3) 

Figure 2.2 Secondary beam geometry. 
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Table 2.2 Characteristic dimensions of secondary beam geometry 

nozzle radius Rn = 85.5 + 1 1-Lm 

nozzle-skimmer di stance Zs = 12.75 + 0.2 mm 

nozzle beam distance Zb = 30.35 ± 0.3 mm 

skimmer width dsk= 2.64 ± 0.02 mm 

skimmer height hsk= 5mm 

The peaking-factor K, as determined in previous studies, is given in 

table 2.3 for the gases used. 

given by : 

The flow ra te N [s- 1 J in eq. (2.3) is 

(2.4) 

where f(l) depends on the number of internal degrees of freedom of the 

molecule. The velocity aa is the characteristic velocity at the reser-

voir temperature Ta. The densi ty na is determined by measuring the 

gasinlet pressure with a (capacitance) pressure transducer (accuracy 

better than 0.1%). The nozzle radius is obtained from a pressure drop 

method, thus taking into account the influence of a boundary layer 

within the nozzle throat. 

The experimental center-line intensity is found by applying a small ( a 

few percent at most) correction to the ideal intensi ty of eq. (2.3), 

representing the attenuation due to skimmer interaction [KAM81]: 

I{O)expt = I(O)id {1-Fsk N) (2.5) 

Table 2.3 lists the skimmer-interaction parameters Fsk• used in calcula

ting the effective densi ty-length products (also given) for several 

secondary beam gases. 
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Table 2.3 Gas dependent input and result of <nL> calculation for typical 
values of po and Ta {=317K). 

gas l' K. F sk [l0-21s-1] Po [torr] <nL> [1016m- 2] 

Ar 5/3 2.07 2.3 360 8.60 
Kr 5/3 2.07 8.1 195 4.56 
Xe 5/3 2.07 17.2 103 2.38 

N2 7/5 1.47 2.3 505 6.83 
02 7/5 1.48 2.3 405 5.50 
(X)2 7/5 1.48 2.0 145 1.98 
CH4 8/6 1.17 1.5 196 1.93 

The gasinlet pressures are adjusted such as to avoid clustering. 

Comparison with the results of van der Biesen [BIE ] shows that our 

calibration is reliable to within 1.5% (r.m.s. value). We are thus able 

to determine absolute values for the total cross-sections wi th the 

stated accuracy of 1.5%. 

As we already pointed out in section 1.3.2 we have strong evidence 

that Vlugter and Van Kruysdijk used incorrect input for their <nD 

calculation. Most likely they measured the nozzle skimmer distance to 

be smaller than its actual value {they measured Zs=9.30 mm, whereas this 

should be 10.57 mm, according to our data). 

2.4 AUTOMATION 

We installed a powerfull microprocessor system, based on the Motorola 

68000 32-bit processor with 1 Mbyte RAM and developed by the computer 

group in our Physics Department, to replace the PDP11/02 (64 Kbyte free 

memory space) . 

The local machine is connected to the PDPll/23+ of the Department 

through a 1 Mbaud Local Area Network 'BudgetNet'. The M68000 makes use 

of the massive background memory (600 Mbyte Winchester) of the host 

machine and does not have a background starage medium of its own. At 

present the data stared on the host's harddisk is transferred to the 

University's mainframe computer, where the final and more elaborate data 

processing takes place. In the very near future the final data process-

- 18 -



ing is to be carried out on IBM/AT-compatible machines of which the 

harddisk and floppydisk back-up facilities might also be used for data 

storage. The IBM machines will be interconnected by means of a fairly 

basic network, while at least one of them is to be hooked up to Budget

Net. 

The M68000 is interfaced to the experiment through a modular, bus

oriented, interface system 'Eurobus', also developed within the Physics 

Department. It consists of a crate (VME bus) containing bath processor 

and crate-controller, leaving 20 free slots for user modules. One can 

select from a variety of interfaces, that cover a wide range of applica

tions. In our experiments, we make extensive use of the mul ti -scaler 

interface, designed, documented and occasionally repaired by Van 

Nijmwegen [NIJM80]. The multi-scaler stores the signa! (pulse 

count-rate) from the metastable atom detector in up to 4095 time chan

nels of a minimum width of 5 MS. The sequence of filling the selected 

number of time-channels ( typically 400) is referred to as one mul ti

scaler cycle. After each cycle the contents of the multi-scaer is added 

to the result of previous cycles and stared in a 4k memory unit. The 

maximum number of cycles is limited to 65,535, or less as more than 

32,768 counts in one channel results in a fatal overflow. 

The operating system, page-editor and language run on the M68000 lab 

computers were developed within the Physics Department, also. The Algol 

and Pascal like language PEP (Program Editor and Processor) [VERSO], 

[DIJK87] is interpreter based, offering a large degree of bath user

friendlyness and flexibility. For those applications that require fast 

processing, a compiler is available. We compiled most of the rnathemati

cal procedures and the procedures that control data transfer to and from 

the mul ti-scaler interface. The PEP-language includes multi-tasking 

facilities, allowing us to control the experiment at high priority and 

perfarm some data-analysis at a lower priori ty in a parallel process. 

In this way the total software overhead was reduced to less than 20% of 

the true data-acquisition time. In the parallel process that perfarms a 

preliminary analysis of the accumulated data, the total cross-section is 

calculated as a function of flight-time (inverse velocity), after each 

measur ing cycle of typically 200 seconds. I t is made available f or 

visible inspeetion of the signal-to-noise ratio by means of an x-y 

recorder with fluorescent screen, driven by a DA converter. At the end 

of the experiment a graphical representation of the accumulated data is 
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prepared for a plotter device. These plots are as yet uncorrected for 

finite velocity resolution, finite angular resolution and the effect of 

a dead time in the pulse amplifier/converter. In figure 2.3 the PEP 

routines are given in tabloid form. The grapbics library was written by 

Van Amen [AME87], based on the international standard of the Graphical 

Kernel System, and implemented on the Qume and VT-240 grapbics terminals 

and the Hitachi model 672 plotter. (We actually use the 'Smart Term' 

software package to emulate a VT-240 terminal on an IBM-PC). 

- 20 -



~SCAT68 

dec1arations 

ini tializations1 

whi1e n ( nmetingen do 

initia1izations2 

whi1e j < ndotof do 

suppress_uv_photonsigna1 {1 < j < ndotof) 

co11ect_data (secondary_beam_off) 

co11ect_data (secondary_beam_on) 

co11ect_data (secondary_beam_on) 

co11ect_data (secondary_beam_off) 

save_data_to_disk 

fi11_dat~rry_for_ca1cu1ations 

od 

print_report 

od 

PROCESS CALaJLATIONS 

1oca1 dec1arations 

initia1ization 

whi1e (k < nmetingen) and {1 ( ndotof) do 

od 

if ((k ~ n ) and {1 ~ j )) or stopped{scat68) 

then 

read_dat~rray_for_ca1cu1ations 

disp1ay_data_on_xy_recorder 

if 1 = ndotof then 

p1ot_data_on_p1otter 

fi 

1:=1+1 

if 1=j then k:=k+1; 1:=1 fi 

fi 

MAIN PROGRAM 

start(scat68, high_priority) 

start(ca1cu1ations, 1ow_priority) 

Figure 2.3 Measuring routine software in condensed form. 
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3. SYSTEMATIC ERRORS 

3.1 Introduetion to the dummy-Q experiment 

The total cross-seet ion experiment is extremely sens i tive to any 

non-linear behaviour of the primary beam signa!. The non-linear beha

viour can originate from intensity drifts in the souree or from a non

linear effect in the signa! processing. 

The attenuation due to the scattering on secondary beam molecules is 

typically 10% in our experiment. The glory-undulations we want to re

solve constitute toabout (again) 10% of the total cross-section. It may 

therefore be clear that systematic errors of even less than 0.1% can 

(and wil! !) severely distart the glory information. 

The best way to check our apparatus for any systematic errors is to 

artificially introduce a veloei ty independent beam attenuation, which 

explains the name chosen for this type of experiment. The way to do 

this, is by al ternately col! imating the primary beam with one of two 

apertures of differing size. The recorded TOF spectra wil! be denoted 

by N1(k) and N2(k), where k represents the k-th time channel. We wil! 

hold to the convention that N2(k) refers to the spectrum of the highest 

count rate (i.e. largest aperture, cf. table 2.2). After subtraction of 

the background signa! the quotient of both TOF spectra q = Nt(k)/N2(k) 

should be constant, independent of the channel number k and independent 

of the count-rate N1 (or N2). From the plot of q(k) against the channel 

number k and the plot of q(k) against the count-rate N1 we traeed the 

following causes of systematic errors in our experiment : 

(1) background-gas interaction in the dummy-Q experiment. 

(2) gravitation. 

(3) signa! drifts. 

(4) dead time of the data-acquisition electronics. 

Although only one type of experiment is carried out, while many types 

of systematic errors are possible, each of them has its own characteris

tic appearence in the q(k) plots. In fact, in some cases it is possible 

to pin-point the individual phenomena, even if more than one is present. 
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In the following sections we will discuss each systematic error 

seperately. 

The order in which our findings are reported here, does not entirely 

reflect the order in which we encountered the several effects. E.g. we 

started out with measuring the electronics dead-time, since we measured 

glory oscillations in the Ar~-Ar system, showing a much deeper N=1.5 

minimum than expec ted. The veloei ty, corresponding to the minimum, 

happens to coincide with the top of the TOF spectrum. The 'dead-time' 

determined for these measurements was about 7 J.LS, much larger then 

reasonable consirlering the bandwidth of our detection system (~10 MHz) 

{fig. 3.1). A careful inspeetion of the multi-scaler showed the 7 J.LS 

'dead-time' to be caused by a design flaw in the interface's pulse-coun

ter. 

Figure 3.1 

MS ~r-_j 
"' 2 ' '[ " .c '" c 5 ... 

'" c; 

~lhBilllO 

7(1 llS 

7 "" n V,-------. 
ECL-TTL 

Schematic representation of the data-acquisition system. 

The metastabLe atoms are detected by Auger-deexcitation 

on a SS-surface. The resuLting eLectrans are muLtipLied 

in a CuBe muLtipLier tube, which is foLLowed by a 

discriminator/ampLifier combination (Princeton AppLied 

Research, modeL 1120). The resuLting 7 ns ECL puLses 

are converted to 70 nsec TTL and fed into the TOF 

interface (muLti-scaLer). 

3.2 BACKGROUND-GAS INTERACTION 

Van der Kam [KAM81] choose, in his dummy-Q experiment, to use the 

second 'scanning' collimator when recording the N2{k) TOF spectrum and 

to take the collimator entirely from the primary beam axis to record the 
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N1 (k) spectrum. In the latter case the primary beam diameter, now 

limi ted by the holes in the 20 K cryo body at the scattering centre, 

blows up to a diameter of about 5 mm. The resul t is that the beam 

geometries (angular resolution!), corresponding to the N1(k) and N2(k) 

spectra, are very different. This results in a significantly different 

contribution of molecules, differentially scattered on the residual gas. 

For a first order estimate of the angular resolution effect we wil! 

derive an expression for the case of figure 3.2. When applying thi s 

resul t to a dummy-Q experiment, we have to keep in mind that in this 

case the secondary beam is switched off. Hence, the scattering, respon

sible for the angular resolution effect, is on background gas only and 

extents over the full region from first 'source' collimator to third 

col! imator. Usually, however, it wi 11 he reasanabie to effectively 

locate the densi ty-length product for background gas interaction to a 

specific region in the machine, where the background pressure is sub

stantially larger than elsewhere. 

Figure 3.2 

xl x2 xJ x4 

Primary beam geometry. The coLLimators, Located at x 1 , 

have an aperture of area A; (i=1,2,4). A partiele defLected 

over an angte 8, at the scattering centre, is stiLL 

detected. 

The number of metastables detected, in the absence of scanning colli

mator and secondary beam is given by Na. We then have for the number of 

metastables arriving at the detector, after passing through the scanning 

collimator and scattering on the secondary beam : 

N = Na exp(~ <nt>Q) [D(O) + f : <nL>a(8)D(8)2u8d8 ] 
V1 Vi 

(3.1) 

The function D(8) gives the probability that an atom deflected over an 

angle 8 (cylindrical beam geometry) is still detected. When all three 
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collimators are identical and centeredon the beam axis ~(0)=1. This is 

still true if the second collimator has a larger aperture than both 

first and third collimator. In the above equation the possibility of an 

atom being def lected more than once is neglected. This is legi timate 

for smal! values of (g/v1)nLQ. Then the relative contribution of the 

differential cross-section to the measured count rate is given by : 

(3.2) 

Note that the factor en is not equal to the angular correction factor Fn 

for total cross-section measurements. The main difference is that en 

(<<1) is applied to the Non(k) TOF-spectrum only, while Fn(~l) is ap

plied to the measured cross-section, i.e. -(vt/g)ln(Non(k)/Noff(k)). 

The relation between Fn and en is given by : 

(3.2.b) 

Under the conditions given above and for smal! angle scattering (D<Do = 
[BEY80] ) , for which the different ia! cross-section is 

constant, this can be written as : 

(3.3) 

Since a(D) decreases rapidly for scattering angles larger than Do 

(a~ D- 713
), we wil! approximate en by evaluating the integral in (3.3) 

for angles < Do , only. A first order approximation of the integral, 

the zero-th moment of ~. was given by van der Kam [KAM81] as : 

(3.5) 

The distances x 1 are defined in fig. 3.2. Herewith we arrive at a final 

expression for en : 
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(3.6} 

To obtain numerical results, a(O) is evaluated for Ar*-Ar scattering at 

g=1000 ms- 1 , using the optica! theorem [BEYSOJ 

a(O) = lf{ü)l 2 -2( rr ) (kQ)z 
= cos s-1 4rr 

k = JJ.g/h 

{3.7) 

In eq.{3.7), Q represents the total cross-section, including the glory 

contribut ion. In the thermal energy-range a(O) and en are roughly 

proportional to g615
. For the case of three identical collimators of 

0.5 mm diameter {which is the case for the N1(k) spectrum in a dummy-Q 

experiment and for bath Non(k) and Noff{k} spectra in the total cross 

section experiment} the maximum scattering angle is ~.5 mrad. This is 

still much smaller than 8o (~ 5 mrad). The value of en (Ar*-Ar at g = 

1000 ms- 1) now becomes 

{3.8.a) 

If the second collimator has an aperture of 5 mm diameter {N2 (k) spec

trum in dummy-Q experiment of van der Kam), the maximum scattering angle 

is approximately equal to 8o. The resul ting value of en {Ar*-Ar at 

g=lOOO ms- 1) : 

{3.8.b) 

In our total cross-section experiment, bath the Non{k} and the Noff{k} 

TOF spectra are attenuated, due to background gas interaction, by the 

same factor exp(-g/v1<nL>bQ), where <nL>b is the effective density 

length product for background-gas scattering. Moreover, the re lat i ve 

effect of background scattering on the angular resolution correction is 

the same for bath spectra. Therefore we do nat expect any influence of 

background-gas interaction on the measured q{k}=Non{k}/Noff{k), provided 

the background gas densi ty is nat correlated to whether the secondary 

beam isonor off. 
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In the dummy-Q experiment as carried out by van der Kam, however, the 

angular resolution correction, due to background gas scattering, is not 

the same for both spectra recorded, but is actually two orders of magni

tude larger for the N2 {k) spectrum (as is seen from camparing eq. 3.8a 

and 3.8b) 

Generally, the background pressure in the apparatus will he close to 

high vacuum conditions {<10- 8 torr). However, chamber IV was originally 

pumped via chamber III only. In this situation the local pressure could 

bui ld up to a few times 10- 7 torr, over a substantial length of the 

machine (~.5 m). At a pressure of 3 10-7 torr the effective density 

length product is then approximately <nl> = 1016 m- 2
. With eq.(3.8b) : 

co = 0.015 

Here we did not yet take into account the effect of a decreasing dis

tanee (x4-x3) between scattering region and detector collimator. This 

will increase c
0 

by a factor of roughly 4 through the increase of the 

zero-thmoment of~ (eq. 3.5). 

Figure 3.3 gives the resul t of a dummy-Q experiment, carried out 

befare the installation of the twin turbo-molecular pump on chamber IV. 

The spread in the datapoints is of a purely statistica! nature. We used 

the HCA primary beam source, therewith avoiding congestion with the 

gravi tational effect of section 3. 4. Misalignment of the scanning 

collimator slightly above the beam axis (on the order of 0.1 mm) when 

recording the N1 {k) spectrum, also favors the slower particles. In the 

thermal energy range, the resulting q-plots can he very much the same . 
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- 27 -



104 

102 

À LOO 
~ 

..:.: 
~ 

C' 
V .98 ' ~ :::. 
C' 

.96 

fig. 3.3b 
0 5 

Nt(k) 

10 

00 

0 0 

15 

<q(k)> = 0.83 

20 25 E-r4 

Figure 3.3 The effect of background gas interaction on a dummy-Q 

experiment. Total measuring time was 2 s. per time-channel 

of 5 1J.S. 

Figure 3.3 should be compared to figure 3.7, since the latter repre

sents the ideal si tuation where all systematic errors are eliminated. 

Only the dead time of the electranies is still present in figure 3.7. 

But this dead time is easily corrected for in the actual Q-experiment 

(see section 3.5). 

3.3 SIGNAL DRIFTS 

Duringa regular {although rather short) total cross-section experi

ment {TMS, Ar*-Ar), we recorded four N~ff{k) {and, of course N~n(k)) TOF 

spectra in a sequence as represented schematically in fig. 3.4. 

off 

v/PA! 
on on 

S'i I 60 ss 85 

dutof= 

i= I 3 

Figure 3.4. Measuring routine. 
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The N~ff/on(k) thus give the total accumulated result for one complete 

measurement. Ea.ch measurement was split into 5 so-called "dotof"-cycles, 

the basic element of the measurement (see also fig. 2.3. :software measu

ring routine). The "dotof"-cycle is built from 4 elements: data acqui

sition with secondary beam off, idem with secondary beam on, a delay to 

make sure the secondary beam pressure is fully stabilizd and, finally, 

the overhead time, needed for data processing and data storage. The 

reason for sandwiching the secondary beam-on measurements in between the 

secondary beam-off measurements, is that in this way linear changes in 

signa! strengthare eliminated from the accumulated results, already for 

one "dotof"-cycle. By decreasing the duration of the "dotof"-cycle, the 

effect of non-linear signa! drifts (wi th respect to time) may he de

creased at will, at the cost of an increasing total overhead time only. 

Generally, as long as signa! drifts do not alter the shape of the velo

city distribution (i.e. time-of-flight spectrum), they do not pose a 

serious problem. It makes no difference whether the change in signa! is 

caused by changing souree condi tions or by a changing detection effi

ciency. Although we do not have any reason to assume a degradation of 

the detector on the time scale of our experiments (a couple of hours), 

changes in souree performance can certainly not he ruled out. This is 

evident for the case of the HCA, where the cathode tube sublimates at 

high rate, resulting in serious signa! loss after only several hours of 

operation (see chapter 2). For the TMS we do not expect serious signa! 

drifts, once the gas inlet pressure and souree temperature have reached 

their equilibrium values. 

A completely different situation arises when the relative variation 

in signa! is not the same for all time channels of the TOF spectrum. To 

investigate this effect we calculated the averaged, accumulated TOF 

spectrum N~ff(k): 

4 

N~ff(k) = 1/4 ~ N~Ïl(k) 
i =1 

(3.8a) 

and used it to compute the ratio's: 

(i=1,2,3,4) (3.8b) 

These ratios of eq.(3.8b), plotted against the channel number k, will 
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immediately reveal any drift in signa!. If the signa! changes depend on 

k {i.e. velocity) the curve will deviate from its horizontal straight

line behaviour. Figure 3.5 shows these plots for the thermal energy 

range {TMS). It is evident that in going from the TOF-spectrum, Nc 11 (k) 

to Ne 41 {k), the ent i re veloei ty dis tribution function shifts to lower 

veloeities {i.e. higher k). The local extrema coincide with the inflec-
c . ) 

tion-points of Noff{k). From the almost perfect symmetry of the plots 

Nc 11 {k) and Nc 41 {k) we conclude that the broadening of the distribution 

is smal! compared to the shift in velocity. The regular progression is 

an indication of a velocity drift rather linear in time. Simple 

geometry shows that the shift of the mean veloei ty u corresponds to 

about 5 time-channels. In terms of velocity this is -35 ms- 1/(2 hours) 

on an average velocity of 730 ms- 1 {-2.4% lhour), at the top of the TOF 

spectrum. 
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To exarnine this observed behaviour, we will look at the velocity 

distribution function fora supersonic expansion as given by [BEY83]: 

v v-u 2 P(v)dv "' (-) exp (-(--) )dv 
u a; 1 

(3.9) 

where u represents the final (i.e. at large distances from the nozzle) 

flow velocity and a; 1 = (2kT1 ;/m) 112 the final characteristic velocity, 

determining the width of the distribution. Energy conservation shows: 

(3.10) 

wi th 0 = 5/3 for monoatomie gases and Ta the reservoir temperature. 

According to the thermal conduction model for monoatomie gases of 

Beyerinck et al.[BEY81]. the final characteristic velocity is determined 

by: 

T 1 151 -~ -12111 
Ta = · (3.11) 

with 3 the so-called source-parameter, depending on the reservoir condi

tions only: 

~ = 1.618 na Rn (~~0 ) 113 (3. 12) 

with n0 the reservoir density, Rn the nozzle radius and C6 the Van der 

Waals dispersion coefficient. Substitution of (3.12) in (3.11) gives 

for Argon, and scaled to typical values of Po (=nolkTo) and Ta for the 

TMS (for these values 3 = 6.0) : 

! = 0.17 ( po )-12/11( Ta )16/11 
Ta 40 torr 500 K 

(3. 13) 

Combining eq. (3.10) and (3.13) we calculate the souree temperature 

Ta. corresponding to the measured velocity V1= 730 ms- 1 at the top of 

the TOF spectrum, as: Ta = 595 K. If the observed velocity shift of -35 
ms- 1 is caused by a change in reservoir temperature only, this requires 

a decrease in Ta of: Ta = -75 K ( 0.46 ms- 1 K- 1
). At a constant reser-
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voir temperature, the pressure would have to drop almast 20 torr, to 

cause the same change in velocity (1.7 ms- 1 torr- 1
). It thus seems that 

the observed veloei ty shift is caused by a temperature effect, rather 

than a drifting pressure-regulator. Pressure {i.e. reservoir density 

na) and temperature, however, are coupled via the condi ti ons of the 

discharge (current) through the nozzle orifice. Therefore, pressure 

changes can have a larger effect on the veloei ty distribut ion than 

calculated for the case of Ta = constant. Monitoring the discharge 

current (~ 20 mA ) for several hours showed drifts of typically 0.5-1 

mA/hour, while the voltage over the discharge remained constant to 

within 2 V of the value the power supply was set to {400 V). For the 

experiment of this section, this means the power dissipation in the TMS 

(and therewith the reservoir temperature) shows variations of some 10 %. 

The regulator was operated at the bottorn end of i ts range, where i t 

might show a significant hysteresis in maintaining the pressure it has 

been adjusted to. In order to obtain the same gas flow at a more fa

vourable regulator pressure, a 0.1 mm diameter, 100 mm long flow

restriction was used. In further eliminating the effect of the veloci

ty drift from the total cross-section experiment the duration of the 

secondary beam-on and beam-off measurements has been reduced to half its 

original length. Even more important, the beam on/off delay time was 

reduced to only 10 seconds. Instead of waiting for the secondary beam 

pressure to have reached its stationary value, we determine the average 

value of the nozzle pressure. Actually, the 10 sec. delay is long 

enough for po to be within about 1 %of its final value. Both actions 

serve to reduce the time between the two secondary-beam-off-measurements 

within one "dotof"-cycle. As aresult the effect of a shifting velocity 

distribution has been reduced and differs less for the No f f {k) and 

Non(k) spectra. 

Since the above described effect is well distinguished from other 

sourees of systematic errors because of its non reproducable character 

(two consecutive cross-section measurements yield different results !), 

there was no need to carry out a dummy-Q experiment in this case. 
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3.4. GRAVITATION 

Using the TMS we have done several dummy-Q experiments that yielded 

results as given in fig. 3.6. These measurements were carried out after 

the turbo-molecular pump on chamber IV was installed ánd using the 

second col! i ma tor for both the N1 (k) and N2 {k) spectra. Therefore 

background gas interaction can he safely ruled out, when trying to 

identify the souree of the non-linear behaviour. The explanation was 

found in the effect of gravitation, resulting in partiele trajectories 

that, for low veloeities, can no longer he represented by straight 

lines. For example, if the collimator is aligned to yield maximum trans

mitted intensity for Argon-atoms at 750 ms- 1 (mean velocity) it is 

about 30 Mffi lower, compared to its optimum position for 500 ms- 1 atoms. 

The resul ting decrease in intensi ty is al ready on the order of 1% , 

consirlering the diameter of the detector collimator ("' 0.5 mm). {and 

assuming scanning collimator and detctor collimator are of approximately 

the same size.) 

fig. 3.6a. 
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Figure 3.6 

J.Ofj 
<q(k)> = 0.548 

fig 3.6b 
0 2 4 6 

Nt (k) 

The effect of gravitation on a dummy-Q experiment with a 

primary beam of Ar*. tm = 8 s. per time-channeL of 20 MS. 

It has proven to be quite tedious to align both collimators needed to 

record the Nt(k) and N2(k) spectra, in such a way as to compensate in 

both cases for the free fall of atoms of the same velocity. This is the 

reason a combined effect of the misalignments is present in fig. 3.6. 

The hysteresis in fig.3.6 is quite serious but not unrealistic, as Van 

der Kam has shown wi th a Monte-Carlo simulation of the gravi tational 

effect in his dummy-Q experiments [KAMB1]. Quite redundant we note that 

gravitation does notaffect the results of a total cross-section experi

ment. 

3.5 DEAD-TIME IN THE DATA-ACQUISITION SYSTEM 

The TOF spectra show a large variation in count-rate N (i.e. total 

number of counts N(k) divided by the true measuring time ); from a few 

hundred per second in the leading and trailing edges up to a few times 

105 per second at the top of the spectra. Since the data-acquisition 

electranies will a need finite time, say Td , to process each incoming 

pulse i t will be able to count only 1/Td pulses per second, provided 

they arrive equidistant in time. 

This suggests a simple way to measure Td wi th the help of a pulse 

generator. Up to a certain frequency, equal to fd = 1/Td, the measured 

frequency will match the input. At the frequency fd however, the mea-
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sured count-rate abruptly drops to zero. A more elaborate way to deter

mine the dead time is by extracting the dead-time from a dummy-Q experi

ment. In this way we consider the entire data-acquisition system inclu

ding the metastable atom detector. Also, we allow for a possibly diffe

rent behaviour of the detection system for random pulse trains. 

In case the pulses arrive at random in time, the ratio of measured 

count-rate N to true count-rate No. will decrease with increasing count

rate. We can easily correct for this dead time effect, using a simple 

model: the effective measuring time is reduced by the electranies dead 

time per pulse, multiplied by the measured total number of counts. In 

formula: 

(3.14) 

The effect on q(k) = N1(k)JN2(k) 

same for both spectra, is given by: 

provided the measuring-time is the 

q(k) = qo 1 - Td Ni (k) 

1 - Td N2 (k) 

Writing this as a function of N1(k) only 

q(k) 

(3.15) 

(3.16) 

In eq (3.14) to (3.16) all quuantities associated with the ideal situa

tion of Td = 0 are denoted by the superscript o. Any velocity depen

dent (as opposed to count-rate dependent) effect still present, will 

show itself in qo depending on k : q 0 = q 0 (k). This would appear as 

hysteresis in the plot of q(k) against N1(k). Since we do notob-serve 

any hysteresis in our measured results of fig. 3.7 we conclude that all 

other effects have been effectively eliminated. The dead time 

determinated from a linear least-squares analysis of the data is: 

Td = (118 + 3) 10-9 sec (3.17) 
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Figure 3.7 
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ResuLt of a dummy-Q experiment with a primary beam of 
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superthermaL (HCA) Ne . The beam was atternatety 

cottimated by a 0.472 mm circuLar aperture (N2(k))and a 

0.221 x 0.434 mm2 aperture (N 1 (k)). Totat measuring time 

was tm = 3.45 sec. per 5 ~s. time-channet. 

3.6 DATA-ACQUISITION STRATEGY 

This section sumrnarises the informa.tion already presented in the 

previous sections. It serves to give the reader a quick overvieuw of 

the experimental condi tions under which the data of chapter 6 was 

acquired, as far as the measuring strategy is concerned. 
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Figure 3.8 The measuring routine 
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We repeat fig. 3.4 here, using it to introduce the notations of tms. 

td e 1 and toh for the duration of a beam-on/off measurement, the beam 

on/off delay time and the overhead time, respectively. The number of 

(complete) measurements that make up one series of measurements ranges 

from N = 4 to N = 12, depending on the statistica! resolution required 

in combination with the available signa! strength. Table 3.1 gives the 

values that go with fig. 3.8 for the two metastable atom sourees used. 

Table 3.1 duration of experiment 

nr. of multi-scaler cycles 

time-channel width 

measuring time per channel, 

per series of N measurements 

tdel 

toh 

total duration of experiment 

HCA 

28 s 

5000 

5 J.LS 

N s 

lOs 

30 s 

40 x N min 

TMS 

42s 

5000 

20 J.LS 

4Ns 

10 s 

30 s 

50 x N min 

The resulting TOF - spectra, Noff{k) and Non{k), are only corrected 

for the electranies dead time, according to eg (3.14) and (3.17) and 

background signa!, determined from the signa! at the veryendof the TOF 

spectrum. Subsequently the corrected spectra are used for the data

analysis as described in the following chapter. 
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4 DATA-ANALYSIS 

In the ideal total cross-section scattering experiment, the attenua

tion of the primary beam due to scattering on molecules in the secondary 

beam is recorded as a function of velocity and without any non-linearity 

in the apparatus. In this case the attenuation is given by: 

Non exp(- g (nL>Q(g)) 
N~7f = Vl 

(4.1) 

Wi th Non/No ff the ratio of primary beam molecules (read: metastable 

atoms), detected wi th secondary beam on and wi th secondary beam off. 

The factor (g/v1) is the ratio of the relative velocity to the velocity 

of the primary beam molecules. The density of the secondary beam at the 

scattering centre (intersection of the two beams) is represented by n, 

while the effective length over which the scattering takes place is 

given by L. Finally then, Q is the total cross-section [m- 2
]. 

In general one would like to approach the ideal situation as close as 

experimentally feasible. To increase angular resolution all three 

collimators have to he reduced in size, resulting in a rapid decrease in 

decteetor signa!. The apertures used are an acceptable campromise 

between angular resolution and measuring time. In fact repeated mea-

surements to checking for systematic errors is st i 11 not prohibi tive. 

The velocity resolution can he changed by selecting one of two possible 

chopper-slits, differing about a factor of three in width. At the same 

time the width of the mul ti-scaler time-channels can he chosen accor

dingly ( 5 to 10 ~sec). The effect of non-linearities in the experiment 

forma serious problem. They have to he either eliminated or appropria

tely corrected for, as described in the previous chapter. 

In the real experiment the measured cross-sections are always convo

luted with the transmission function(s) of the apparatus. But, instead 

of deconvoluting the experimental data wi th only the transmisssion 

functions as input, we chose to deconvolute the data through the convo

lution of a theoretica! prediction of the total cross-section 

A A A A A 

Qexpt (g) = f T(u - g) Qtheory (g) do (4.2) 

Where the function T represents the complete transmission function of 
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the apparatus, including all effects of 1 imi ted angular and veloei ty 

resolution. From {4.2) we calculate the correction factor 

F(g) = Q /Q 
expt theory (4.3) 

Please note that in the above two equations all quantities are theoreti-

cal and based on a given intermolecular potential. They have been 

accented with a caret to stress their theoretica! nature. The deconvo

luted experimental resul t Q, is then related to the measured cross

seet ion Q as 
m 

Q = Q / F 
m 

(4.4) 

Although this way of arriving at a deconvoluted result might appear as 

somewhat roundabout at first, it is in fact very straight-forward and 

numerically much more attractive than the possibly unstable, but cer

tainly delicate deconvolution wi th the transmission function (Fourier 

transformation etc.). We wil! assume that the different contributions to 

the total transmission function can be effectively separated. This is 

not at all trivia! since e.g. the effect of limited angular resolution 

is coupled to the effect of a spread in secondary beam velocity over the 

scattering center. However, the correct i ons appl ied are qui te smal! 

(less than 1%, see fig. 4.1). Therefore, it seems reasonable that the 

coup! ing (cross) terros are negligible. Moreover, Van der Kam showed 

that the extra broadening of the angular transmission function, when 

taking into account the effects of non-ideal beams {i.e not mono-ener

getic and not uni-directional), amounts to less than a few percent in 

the final value of F [KAM81]. The relation between experiment and the 
V2 

true cross-section can then be written as: 

Q (g) =- ~ 
g 

ln (Non(k) ) / ( F (g) • F (g) • Fn(g) ) 
Nott(k) Vt V2 

(4.5) 

Where g = g(k) and v 1 = (g2 -v2
2 ) 

112 
, k representing the k-th time

channel of the TOF spectrum. The factors F (g) • F (g) and F0 (g) 
Vt v2 

represent the correction factors for the finite velocity resolution, due 

to a spread in primary and secondary beam veloeities and for the finite 

angular resolution. The calculation of the F - factors has been de

scribed in detail in previous papers by Beyerinck et al. on total cross 
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-section experiments with ground-state atoms [BEY82]. We wil! however 

discuss the factor F (g) as presented by Beyerninck et al., since we 
Vt 

discovered an error in their derivation. In deriving their expression 

for F , Beyerinck et.al., linearised the beam atternation: 
Vt 

exp[ -(~)<nL> Q ] 
Vt 

(4.5a) 

(4.5b) 

wich is correct for smal! values of the exponent. This, however, re

sul ts in an addi tional contribut ion to F . that depends only on the 
Vt 

relative second derivative N" 0 ff (k)/No ff (k) of the TOF spectrum No ff (k), 

independent of the magnitude or the velocity dependenee of the function 

(g/v 1 ) Q(g). By assuming a constant value for the beam attenuation it 

can he easily seen that this dependenee of F on the second derivative 
Vt 

is incorrect, since in this case the effects of the convolution cancel 

in the ratio Non (k)/No ff (k). 

(that is F = 1) 

Therefore they should also cancel in Q 

Due to the very low background count rate in the TOF-spectra of the 

metastable atoms, the statistica! accuracy is still sufficient for 

determining the total cross-section in a very wide range of primary beam 

veloei ties. Especially at the onset of the TOF spectrum at the high 

velocity side, the second derivative is relatively large, which led us 

to recognising the error in F 
Vt 

By taking into account the correct expression for the beam attenua

tion (eq.(4.5a)) we find the correct expression for F 
Vt 

2 {[(g/vt)<nL> Q]'} 2 
] F = [ 1 + ~a --- -- - -

Vt V1 [(g/v 1 )<nl) Q] 

x [ 1 + a 2 Noff'(k) [(g/v 1 )Q]' ] 
v 1 Noff (k) [(g/v 1 )Q] 

[(g/vdQ]'' 
x [ 1 + ~ a 2 

---- -- - ] 
Vt [(g/vdQ] 

(4.6) 

With a 2 the second moment of the normalised distribution function of 
Vt 

primary beam velocities. This expression has been used for the analysis 
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of the measurements in this paper. Appendix I contains the full-length 

derivation of (4.6). The correction factor F can be written as (see 
v2 

the theorem of appendix I): 

[ (g/v 2 )Q]" 
[(g/v2)Q] 

(4.7) 

Since the correction for a spread in secondary beam velocity does not 

depend on the shape of the TOF spectra, the two first derivative terms 

of eq (4.6) do not appear in (4.7). 

In the numerical approach the second-derivative terms of equations 

(4.6) and (4.7), are computed simultaneously using a Monte Carlo simula

tion [KAM81]. Their combined effect is represented by F9 in fig. 4.1. 

The two first-derivative terms of eq. ( 4.6) are caculated by numerical 

differentiation of Noff(v 1 (k)) and (g/v 1 )Q. In fig 4.1 they are repre

sen ted by Ft o f . 

Figure 4.1 
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ABSTRA Cf 

The absolute value and the velocity dependenee of the total cross 

section Q(g) has been measured in a crossed beam machine for the 

* * . Ne -rare gas and Ne -molecule systems mentioned in the title, using a 

mixed beam containing Ne*( 3P0 ) and Ne*(3P2 ) fine structure states in a 

1:5 ratio. The range of veloeities is typically 1000 ~ g(ms-1) ~ 8000, 

always including the intëresting N=1 glory oscillation. The results for 

* the Ne -rare gas systems are in excellent agreement with the predictions 

of the Ion-Atom Morse-Morse-Spline-Van der Waals potentials of Gregor 

and Siska, both with regard to the absolute value (1.5 %), position of 

the N=1 glory maximum (2.7 %) and the amplitude of the N=1 glory maximum 

( 4. 3 %) . The predictions of the potentials proposed by Hausamann are 

less satisfactory, most likely due to the specific switch-over function 

used to conneet the wel! area at RIRM ~.1.1 to the Van der Waals long 

range attractive branch at RIRM ~ 2 _(RM is the well position). 

By using a semiclassical scaling_method the potential parameters é (well 

depth), RM (well pos i tion) and C6 (Van der Waals constant) have been 

* determined for the Ne -molecule systems, using the Gregor and Si ska 

IAMMSV potential for * the Ne -Xe system as a reference. The wel! 

parameters are [é(meV), 11t(X)] = [3.21, 5.43], [4.24, 5.17], [13.55, 

4.74] and [7.08, 5.44] for * the Ne -N2 , 0
2

, co
2 

and CH
4 

sys tems, 

respectively. For the c6 values we abserve a fair sealing wi th the 

polarisibility a of the molecule. 



1. INTRODUCTION 

Information on the intermolecular potential for the interaction of 

electronically excited rare gas atoms in metastable states with rare gas 

atoms and molecules in the ground state I, 1) is essential for the 

analysis of the inelastic processes that occur in plasma's and gas 

* discharges. The Ne -rare gas systems have been stuclied in most detail, 

both in bulk and in crossed beam experiments. The investigated processes 

are the elastic differential cross section in the thermal energy range 

3-sJ, the Penning electron spectrum at thermal energies6/;) , the 

branching ratio for associative ionisation~J and the energy dependenee 

of the total ionisation cross section in the thermal q-f&?) and 

superthermal energy range'=?;fï) . Moreover, for all experiments except 

the measurements of the branching ratio for associative ionisation, the 

* 3 * 3 specific behaviour of the Ne ( P0 ) and Ne ( P2 ) fine structure states 

has been investigated by applying state-selection by optica! pumping. 

Despi te this large body of accurate experimental data, a satisfactory 

explanation in terms of an optica! potential, i.e. an intermolecular 

potential determining the trajectories and observed interferences like 

rainbows and an auto-ionisation width which determines the ionisation 

rate, is still lacking~J 

Using data without state-selection Gregor and Siska3J have 

performed a simultaneous analysis of the energy dependenee of the total 

ionisation cross section and the elastic differentlal cross section at 

thermal energies. The result is an Ion-Atom-Morse-Morse-Spline-Van der 

Waals potential, with a switch-over from the long range forces with an 

atom-atom character of the interaction to short range forces where the 

valenee electron is less important and the ion-atom character of the 

interaction dominates. This switch-over introduces a "kink" in the 
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repulsive branch of the potential, i.e. a localised region at V(r) ~ 0.2 

eV, where the potential is less steep, which results in a more rapidly 

decreasing value of the classica! turning point with increasing energy 

and thus in a local maximum in the total ionisation cross section CIJ) . 

The other major souree of information are the state selected 

elastic differential cross section measurements of Hausamann 'l;fr) . The 

optica! potential derived from these measurements can fully explain the 

observed elastic differential scattering patterns but fails to describe 

the observed energy dependenee of the total ionisation cross section in 

an adequate way. By a fully emperical adjustment of the well position of 

* 3 the Ne ( P0 ) state to a slightly smaller value (3 %) the observed larger 

ionisation cross section for this state is introduced. The single 

exponential function used for the ionisation width, in combination with 

an intermolecular potential without a "kink" in the repulsive branch, 

cannot explain the local maximum in the total ionisation cross section 

at E ~ 0.5 eV. Recently, Van den Berg et al.t't) have introduced a 

bi-exponential auto-ionisation width to explain the observed energy 

dependenee of the total ionisation cross section for molecules where an 

b electron from a a -type orbital is removed. This approach is also most 

* likely the salution for the Ne -rare gas systems. 

* For the Ne -molecule systems no information on elastic scattering 

(differential cross sectionor total cross section) is available at all, 

which prohibi ts the determination of an optica! potential to describe 

the accurate data on the energy dependenee of the total ionisation cross 
rr, .1.!J 

section Although the corresponding alkali atom - rare gas 

systems are in first approximation a good reference, the amount of data 

(both experimental and theoretica! from ab-initio calculations) is 
1.?.) 

limited to very few molecules . 

In this paper we report on absolute values and the energy 

dependenee of the total cross function to provide information on the 
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well area and the long range attractive branch of the intermolecular 

potential 
13-2. ~ 

The absolute value of the average behaviour Q of a 

the cross section is directly related to the strength of the long range 

interaction, with the Van der Waals contribution V{R) = - C6/R6 as the 

dominant term. With increasing callision energy the higher order terms -

C8/R8 and - C1ofR10 become more important and show up as deviations of 

the average energy dependenee from the general relationship 

Qa ~ {C
6
/h *)0

·
4

• with g the relative velocity. The extra interference 

structure in the total cross section, the so called glory 

oscillations, are caused by a trajectory passing through the well area 

but wi th a net deflection angle equal to zero. The posi tion of these 

glory extrema, especially the first maximurn at high veloeities {nurnbered 

as N=l), is directly related to the product of well depth tS and well 
.2.3' li.lj 

R 1 
• Moreover, the 

m 
position amplitude of these glory oscillations 

is bath sensitive to the relative irnportance of the higher order terms 

c8 and c10 and the loss of flux on the glory trajectory by inelastic 

* * processes, as has been shown in a recent paper on the Ar , Kr - rare gas 
1.b) 

systems 

* The aim of this paper is two fold. For the Ne - rare gas systems we 

want to test the existing interrnolecular potentials of Gregor and Siska 

?) y,.'r) * 
and Hausarnann . For the Ne -molecule systems no reference is 

available. By assuming a shape of the potential identical to the 

* Ne -rare gas systems, we can determine the potential parameters tS and 

R . The long range interaction can be used to determine the Van der 
m 

Waals constant c6 and investigate its sealing with the available 

inforrnation on the polarisibility a. 
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2 EXPERIMENT 

2.1. Experimental set-up 

The total cross section measurements have been performed in a 

crossed beam machine. The experimental set-up bas been used previously 

* * for total cross section measurements of the Ar , Kr - rare gas systems 
2~ 1~2~ 

and the ground state rare gas - rare gas systems . Detailed 
2.6-2~) 

reports are available and we limit ourselves toa general outline. 

The primary beam souree is ei ther a discharge exci ted supersonic 
.:L0) 

expansion {thermal energy range} or a hollow cathode are discharge 

.·L-) 
· {superthermal energy range}. Interchanging the sourees is rather 

easy and can be done without breaking the vacuum. The accessible 

* center-of-mass energy range is typically 0.03 ~ E{eV} ~ 3 for the Ne -Kr 

system. Although the energy range of both sourees does not overlap, a 

close match can be obtained by operating the discharge excited 

supersonic expansion at rather low pressures {~ 40 Torr} and with higher 

discharge currents { 20 mA}. The former results in a lower speedratio, 

i.e. a wider distribution of velocities, while the latter condition 

results in highervalues of the souree temperature and thus of the flow 

veloei ty. Combined with a larger total measuring time, resul ting in a 

better statistica! accuracy in the high velocity tail of the 

distribution, this allows measurements of the total cross section in a 

* 3 very wide energy range. Both sourees have a population ratio Ne { P2 }: 

Ne*{ 3 P0 } close to the expected 5:1 ratio predicted by their statistica! 

weights, as bas been investigated experimentally by optical pumping 
31-3.'!.) 

. All experiments in this paper have been performed wi th a 

mixed beam without state-selection. 

Velocity selection is performed with a single burst time-of-flight 
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method. The flight time resolution is typically At = 165 ~s and 39 ~s 

for the thermal and superthermal energy range, respectively, depending 

on the width of the chopper slit used. With a flight path equal to L = 

2357 mm the primary beam velocity resolution is A v 1/v 1 = 7 % at v 1 = 

1000 ms- 1 and A v
1
/v

1 
= 8 % at v

1 
= 5000 ms- 1 

The secondary beam is a supersonic expansion in a 20 K 

cryoexpansion chamber ~~)(effective pumping speed 104 ls- 1
). The centre 

line intensity of this expansion has been carefully calibrated, 

including the effects of skimmer interaction. The density-length product 

(nt) t of the secondary beam at the crossing with the primary beam is exp 

well known, wi th an estimated error of 2 % for the monoatomie gases 

2/j23). For the polyatomic gases the peaking factor K of the supersonic 

expansion, relating the undisturbed centre-line intensity I(O)id to the 

flow rate N by I(O) .d = K(N/v), has been investigated in much less 
34) L 

detail . The degree of rotational relaxation in the area close to the 

nozzle orifice can also influence the actual value of K, which 

introduces a dependency on the souree conditions. For a monoatomie gas 

we find K = 2.07, while K = 1.48 fora diatomic gas and decreases toK= 

1.17 for rn4 with ; = 8/6. The systematic error in the centre line 

intensity of the polyatomic gases, and thus in the absolute values of 

the total cross section, is estimated at 4 % for the diatomic gases, 8 % 

for co2(treated as rigid rotor) and 12% for CH4 (see Tables I and II). 

2.2 Data-analysis 

The experimental results for the total cross sectionare calculated 

from the time-of-flight spectra N (k) and N ff(k), measured with 
on o .26

1 
z.-8) 

secondary beam swi tched on and off, respectively, wi th the expression 
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with u1 and g the primary beam velocity and relative velocity, 

respectively, k the index of the time channel involved and (nL) t the exp 

density-length product of the secondary bearn. The factors Fn and F 
u v 1 , v2 

take into account the deconvolution due to the finite angular resolution 

of the apparatus and the distribut ion function r 1 (u1) of the primary 

beam velocity (depending on time channel index k) and the distribution 

function r2(u2) of secondary beam veloeities (both magnitude and 

direct ion). These factors have been discussed in detail in previous 
2-h-.2-E) 

papers . Typical values of these deconvolution factors are given 

* in Fig. 1 for the Ne -Kr system. Corrections 1 - F for the finite 
Vt,V2 

velocity resolution are all ways less than 1 X. The angular resolution 

correction 1 - F0 is limited to values less than 1 X in the glory range 

of the total cross section (relative veloeities less than the position 

of the N = 1 maximum) and only increase to 2.5 X for relative veloeities 

in the transition region from scattering on the attractive branch to 

scattering on the repulsive branch. This is achieved by a narrow angular 

resolution function of the apparatus. The total length of the beam 

machine from prirnary beam souree orifice to detector is 3240 rnrn, with 

the scattering centre at 1524 rnrn from the primary beam source; all bearn 

collimators are circular with 0.5 rnrn diameter. 

In Figs. 2 through 8 we present the deconvoluted experirnental 

resul ts for the total cross section Q (g) expt for all target 

atoms/molecules used, i.e. Ar, Kr, Xe and N2 , 02 , CH4 and 002 • The data 

are scaled with a reference cross section Q f = Q (1000 ms- 1
) equal to re a 

the contribution of the attractive branch of the potential at 

g = 1000 ms- 1
• Moreover, the total cross section is multiplied by 

(g/1000 ms- 1
) 0 · 4 to cornpensate for the velocity dependenee of the 
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attractive contribution Qa, which behaves as Qa ~ (C6/hg) 0
"

4 for a pure 

Van der Waals attractive branch. In this way we visually enhance the 

glory oscillations. Finally, the data are plotted as a function of the 

inverse relative velocity x = 1000 (ms- 1 )/g, because the phase of the 

glory oscillations is in good approximation proportional to x. In this 

representation the glory extrema are in first approximation equidistant 
2-~12-8) 

in x, again giving a better view on these phenomena 
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3. EXPERIMENTAL RFSULTS 

The deconvoluted absolute values of the total cross section, as 

given in Figs. 3 through 9, are analysed by performing a least squares 

curve fit with a model function based on the semiclassical analysis of 

elastic scattering (Table III). The contribution Q , due to the long 
a 

range attractive branch of the potential, and the contribution Qgt' due 

to the glory trajectory, depend on the inverse relative velocity 
'Lb/·~'8) 

x = lOOO(rnls)/g as 

Q = Q + Q t a g (2) 

Qgt = Agt sin <l>gt 

Qa 
p2 

= plx 

Agt 
~ +3/ 

= p3x + p x 2 
4 

<l>gt 
3 = P5 + p6x + p7x 

If a sufficiënt number of glory oscillations bas been resolved 

experimentally, the correlation between Q and Q 1 is not too large. The 
a gc.. 

minimum number of required extrema is one glory maximum and one glory 

minimum. For the systems with less experimental information one of more 

parameters p. have to be fixed to a constant value, in most cases this 
1 

concerns the parameters p7 of the glory phase and p2 of the attractive 

* contribution. A sui table choice for p2 follows from e.g. the Ne -rare 

gas systems. 

The positions of the glory extrema are determined by solving 

<1>
9
t(x) = nw for integer values of n and by solving :X [Q(x) x- 0

·
4

] = 0. 

The first method, resulting in extrema positions denoted as g~. bas the 

advantage of a close relation to semiclassical theory ~) . lts 

disadvantage is the required model function analysis to separate Qgt and 
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Qa and determine the glory phase function $gL" The latter method, with 

the extrema positions denoted as gN, is much easier and can already be 

performed with a parabalie approximation to Q(x) x-0
·

4 in the vicinity 

of an extremum. The experimental resul ts for g~ and gN are given in 

Table IV. 
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4. NE*-RARE GAS SYSTEMS 

* The available potentials for the Ne - rare gas systems of Gregor 
~j 'i /0 

and Siska ./ and Hausamann are in general very similar. The IAMMSV 
~) 

potential of Gregor and Siska is given by: 

V(R) = V+(R)f(R) + V*(R)(1-f(R)) (3) 

with V+(R) an ion-atom potential, V*(R) an atom-atom potential and f(R) 

a switch-over function. The ion-a torn part is a 

Morse-Morse-Spline-c4/R4 type, wi th -c4/R4 the charge-induced dipale 

interaction. The atom-atom part V*(R) is a Morse-Morse-Spline-Van der 

Waals type, wi th a Van der Waals branch including the -c8/R8 and 

-c10/R10 higher order dipersion terms. The switch-over function f(R) has 

a local character and goes from unity to zero in the repulsive branch of 

the atom-atom potential V*(R). 4 f) 
I . 

The intermolecular potential of Hausamann has the shape 

V(R) = Vc(1-g(R)) + Va(R)g(R) (4) 

with V a Morse-Morse potential for the repulsive branch and the c 

potential well and Va(R) a Van der Waals potential (including c8 and 

c10). The switch-over function g(R) of Hausamann replaces the spl ine 

conneetion function in the Gregor and Siska V*(R) potential. lts 

specific shape is 

R -Rt 
g(R) = ~ (1 - cos{R R )w) 

2- 1 
{5) 

with g{R1) = 0 and g{R2) = 1. The switch positions are given by R1/Rm ~ 
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1.1 and R21Rm = 2.0, very close to the Spline conneetion points in the 

?V 
V+(R) potential of Gregor and Siska The advantage of this type of 

switch-over function in comparison to a Spline conneetion is the 

continuity of all derivatives in the conneetion points. A cubic spline 

is only continuous in the first derivative. 

The values of the well depth e. and well pos i tion R are very 
m 

similar, as shown in Table V. The long range Van der Waals terms are 
4) 

always slightly larger for the Hausamann potential . A comparison with 

our experimental data wil! have to decide on the merits of both 

potentials. 

In Table V we present our experimental results,characterised by the 

attractive contribution Q at g = 1000 ms- 1
, the effective power s of a 

the attractive branch, the position gN~1 of the N=1 glory maximum and 

the absolute value of the attractive contribution Q and the glory 
a 

amplitude Agl at g = gN~1 . The samedata have been calculated with the 

Gregor and Si ska potentials and the Hausamann potentials as input. The 

agreement with the Gregor and Siska potentials is very good. The 

deviations in absolute values of Q are always less than 1.5 %, with the a 

maximum deviation for the Ne*-Ar system. Concerning the glory position 

gN~1 the maximum deviation is 2.7 %, which again occurs for the Ne*-Ar 

system. The larger deviations for the Ne*-Ar system are not surprising 

in view of the barely resolved rainbow oscillation in the data of Gregor 

and Siska at small scattering angles. The agreement for the glory 

amplitudes is less satisfactory (4.3 %), but this comparison contains a 

larger systematic error due to small correlations between Qa and Qgl in 

the least squaresanalysis with the modelfunction of Eq.(2). 

The agreement of our experimental data with the prediction of the 

Hausamann potentials is much less satisfactory. The deviations for 

Q (1000 ms- 1 ) range from -12 % for Ne*-Ar to +5 % for Ne*-Xe. We also 
a 

observe a rather strange behaviour of the effective values seff of the 
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attractive branch of the potential, in complete agreement with both the 

experimental data and the predictions of the Gregor and Siska 

potentials. Concerning the glory posi tions the deviations range from 

-15 % for Ne*-Ar to +0.5 % for Ne*-Xe. 

Comparison of the glory amplitudes shows the same type of behaviour 

as the Gregor and Si ska potential, wi th the exception of the Ne*-Ar 

<P system with a very small value of AgL(gN=1). 

The remaining task is to explain the rather poor performance of the 

Hausamann potentials in descrihing absolute values and the veloei ty 

dependenee of the total cross section. In our opinion the main reason is 

the rather unlucky choice for the switch-over function g(R) for 

connecting the long range attractive branch to the well area. This 

conclusion is supported by several observations. Firstly, we observe 

that the attractive contribution Q (1000 ms- 1
) for the Ne*-Ar system is 

a 

much smaller than the Gregor and Siska value, in spi te of the larger 

values of c6' 

g = 1000 ms- 1 

c8 and c10 . The average internuclear distance probed at 

is approximately equal to (R IR ) = (Q /~R2 )~ = 2.4 close a m a m 

to the conneetion point RzRm = 2, which can explain the observed 

disagreement. For the Ne*-Xe system the average internuclear di stance 

probed at g = 1000 ms- 1 is (R /R ) = 2.8, further outside the outer 
a m 

conneetion point. In this case the larger c6 , c8 and c10 values are 

actually probed, resulting in the expected larger value of Q . The ratio a 

((C6)Hausamann/(C6)Gregor and Siska)0.4 = 1.051, which is in good 

agreement with the ratio 

Q (1000 ms- 1 ) /Q (1000 ms- 1
) • = 1.050 for the 

a Hausamann a Gregor and Stska 

Ne*-Xe system. The difference in character between the real long range 

attractive branch for R > R2 and the modified behaviour for R < ~ is 

also reflected in the seff values. Only for Ne*-Xe we observe the 

expected behaviour seff = 6.53 for the real long range attractive 

branch. 
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Finally, we can obtain improved values for é and R by sealing the 
m 

values of Gregor and Siska with the semi-classica! sealing laws given in 

section 5. The resulting values are given in Table V. Due to the good 

agreement wi th the Gregor and Si ska potentials we only observe minor 

changes. Moreover, these modifications are well wi thin the error bars 

given by Gregor and Siska and close to the systematic errors in our 

experiment (1.5% for Q and approximately 1 % for the position of the 
a 

glory extrema). 
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5 NE* -MOLECULE SYSTEMS 

. * For the a.nalys1s of the Ne -molecule systems we have adopted the 

same approach as used f or the a.nalys is of the Ar*, Kr* - rare gas 
2.M 

systems If we assume a similar shape of the intermolecular 

potential, i.e. the same function ~. defined by: 

V{R) = E.·~{R/R ) m 
{6) 

when sealing the potential V{R) to the well posi tion R and the well 
m 

depth E., semiclassical theory allows an easy comparison of R and E. 
m 

values of different systems. Comparison of the absolute values of the 

contribution Q at relative veloeities corresponding to the same value 
a 

2-S) 
of the parameter · 

f = {2E-R /hg) {7) m 

directly results in a ratio of wel! positions R for different systems. 
m 

Because the position g~=l of the first glory maximum is proportional to 

f, we find 

{8) 

where the ratio of absolute values is taken at a velocity g = ~ g~=l" 
Using this ratio as input we can also determine the ratio of wel! depths 

of both systems, as given by 

(g~=t>R*-x 
= {gt=l )R*-Y 
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For this analysis we have chosen the value {3 = 0. 77, which is 

determined by the smallest value of f in the accessible velocity range 

* for all systems. As a reference system we have chosen the Ne -Xe system, 

by virtue of its well determined intermolecular potential. Firstly, this 

system has a large number of observed rainbow oscillations in the 

elastic differential cross section at thermal energies, resulting in a 

good agreement of the potentials of Gregor and Siska and Hausa.ma.nn. 

Secondly, the direct inversion of the scattering data by Gregor and 

Si ska is addi tional proof for the reliabili ty of the IAMMSV potential 

used. 

As input for determining e. and R values for 
rn 

* the Ne -molecule 

systems we have used calculated total cross sections, using the IAMMSV 

Ne*-xe potential as input. The numerical values of g~=1 and Qa have been 

determined by a least squares analysis of the calculated total cross 

section wi th a model function similar to the one given in Eq(1). 

However, in this case the function for the glory amplitude A
9

.,_ is 

extended with an extra term Pgf+
7

/
2 and the function for the glory phase 

5 Q
9

.,_ has an extra term Pgf added, resul ting in a description wi th a 

higher accuracy. 

The results for e., Rrn and c
6 

are given in Table VI, together with 

the input values g~=1 and Qa (13 g~=1 ). The Van der Waals constant has 

been calculated using 

(10) 

* with c6 = 1.49. This value 

c
6 

values of Gregor and 

for c: has been derived from the calculated 

Siska 
3
) for * the Ne -Xe system. Previous 

21.:) 
have shown tha t, * * experiments for the Ar , Kr - rare gas systems 

using this value, we obtain an excellent agreement wi th the 

corresponding alkali a torn - rare gas systems. For comparison we also 
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give the polarisibi li ty a for the target molecules . We observe a 

fair agreement of the experimental results with the sealing predicted by 

the polarisibility as demonstrated by the ratio C6/a for the different 

systems. 
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6. CX>NCLUDING REMARKS 

* Our final conclusion for the Ne -rare gas systems is a strong 

preferenee for the Gregor and Siska IAMMSV potentials. Although their 

numerical representation is rather complex and does not allow an easy 

adjustment of separate parts, its excellent agreement with the 

experimental data on the absolute value and the velocity dependenee of 

the total cross section fully compensates this disadvantage. The 

potentials of Hausarnann 
1./iS) 

available for both the Ne*(3P
0

} and 
' 

Ne*(3P
2

} fine structure states, have to be rnod i fi ed by replacing the 

switchover function between the well area and the attractive branch by a 

cubic spline connection. In their current form they are fully inadequate 

for descrihing the state-selected measurernents of the total cross 

section, as in progress in our laboratory. After this process of 

modification, a mul ti-property analysis of state-selected data on the 

elastic differential cross section, the energy dependenee of the total 

cross section and the absolute values and veloei ty dependenee of the 

total cross section can be performed in terms of an optica! potential. 

To introduce a correct behaviour of the total ionisation cross section 

the bi-exponential autoionisation width (including a saturation at srnall 

internuclear distances} will be necessary. Moreover, this opens the 

possibility of using a repulsive branch without a "kink", as introduced 

in the IAMMSV potential of Gregor and Si ska by the switchover to the 

ion-atom V+(R} potential. A sirnple Morse type repulsive branch might 

suffice in this case. 

* The data on the Ne -molecule systems are of direct irnportance for 

the interpretation of the total ionisation cross section for these 
11) :L!) 

systems, as measured by van den Berg et al . and Appolloni et al . 

By looking at the veloei ty dependenee of the total ionisation cross 
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section in the thermal energy range, we can distinguish two groups of 

molecules wi th a very characteristic behaviour, correlating wi th the 

character of the orbital from which the electron is removed. Molecules 

wi th a ab ionisation orbi tal, as is the case for N2 and CH4 show an 

increasing ionisation cross-section wi th increasing energy; molecules 

with a 1r ionisation orbital, like 0
2 

and 00
2 

have a nearly constant 

ionisation cross section in the thermal energy range. Two explanations 

have been given, both still unproven. Van den Berg et al t"t,). have 

interpreted their data in terms of an autoionisation width depending on 

the character of the orbital: the usual single exponential function for 

the geometrically extended 1r ionisation orbital and a bi-exponential 

function for the ab -ionisation orbi tal, centred at the nuclei. The 

differences in the intermolecular potential are assumed to play only a 

minor role. 

On the other hand, Appolloni 
1!) 

et al . suggest that the 

intermolecular potential can be strongly different, depending on the 

electron affini ty and thus on the character of the orbi tal. When an 

ionic intermediate is involved, * the Ne - 02 and NO sys tems wi th a 

1r-ionisation orbi tal are both candidates for a very different 

interaction, because the curve crossing with Ne+- 0
2

- and the Ne+ - NO

ionic curves are better accessible in the thermal energy range. Although 

we do not probe the repulsive branch of the intermolecular potential, 

which is most sens i tive for the process of Penning ionisation, the 

* results of this paper shows a very similar behaviour for e.g. the Ne -û2 

system wi th a 1r ionisation orbi tal and * the Ne -N2 sys tem wi th a 

ab-ionisation orbital. Based on these observations we conclude that 

hypothesis of Van den Berg et al Ir). is still a good starting point 

the 

for 

a full analysis in terms of an optica! potential, using the 

intermolecular potentials of this paper as input. 
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Table I. Souree parameters and the density-length product of the secondary beam tagether with the 
range of relative velocities. 

target gas Ar Kr Xe N2 02 002 CH4 

Cp/Cv, effective 5/3 5/3 5/3 7/5 7/5 7/5 8/6 

P2(Torr) 361 195 103 505 405 145 198 

T2(K) 316 317 317 317 317 317 317 

u2(ms- 1) 573 397 317 812 759 647 1146 

Fsk(10- 21 s- 1} 2.3 8.1 17.2 2.3 2.3 2.0 1.5 
b) 

K 2.07 2.07 2.07 1.48 1.48 1.48 1.17 

(nl)expt(1016m- 2} 8.61 4.56 2.38 5.50 1.98 1.95 

g(ms- 1} 700-9000 600-6000 600-9000 950-5000 950-6000 900-10000 2200-6700 

a) The vibrational spacing of the bending mode is AEv = 667 cm- 1 much larger than the nozzle 
temperature. For this reason 002 is treated as a rigid rotor with cp/cv = 7/5. 

b) In view of footnote a) the experimental value K = 1.20, as reported by Beijerinck and Verster 
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>. is rather low. 



Table II. Dimensions of secondary beam system. 

parameter value 

skimmerslit width dsk 2.64 mm 

slit height hsk 5 mm 

nozzle-skimmer distance Zs 12.8 mm 

nozzle-primary beam di stance Zb 30.4 mm 

nozzle radius R 42.8 Jll1l n 



Tabel III. Parameters p. of the model function of Eq.(2} determined by a least squares curve fit of the 
l. 

deconvoluted experimental data in Figs. 2 through 8. 

parameter Ar Kr Xe N2 02 002 CH4 

Pt (Ä2) 451.6 520.6 624.0 482.5 467.5 536.4 773.2 
al a) a) 

P2 0.3486 0.3294 0.3431 0.3700 0.3700 0.3189 0.3700 

P3{Ä
2

) 39.0 34.0 27.9 46.9 40.9 29.1 -58.0 

P4{Ä
2

) 13.4 19.7 10.4 16.5 10.7 -15.8 473.8 

Ps 1. 7467 1.9969 2.1123 1.6599 1. 7944 2.2245 7.6760 

P6 7.799 11.789 17.624 5.762 6.675 16.278 -8.8971 
a) a) a) 

P7 -0.5935 -0.7282 -0.9737 0 0 -0.3014 0 

a) fixed to this value to obtain convergence of least squares analysis. 

b} due to the very limited range of relative veloeities the parameters p. contain no realistic physical 
l. 

information and only are a numerical representation of the experimental data. 



Table IV. Positions g~ (ms- 1
) of glory extrema, determined by solving ~gL = nrr for integer n-values. 

The positions gN(ms- 1
) of extrema in Qg- 0

"
4 are given between parentheses. Both methods use the 

curve fit with the model function of Eq. ( ) as input. 

glory index N Ar Kr Xe N2 02 co2 CH4 

1 673 2728 4213 1246 1487 4006 2750a) 

(1776) (2938) (4553) {1294) (1561) (4414) {2969) 

1.5 926 1546 2387 2252 

{922) (1544) (2396) (2265) 

2 1053 1652 1562 

{1065) {1675) (1605) 

2.5 770 1251 1192 

(765) (1248) (1192) 

3 994 960 

{1000) (986) 

3.5 812 

(810) 

4 672 

(674) 

a) determined from gN=l=2969 ms- 1 by comparison to the Ne*-Kr system, because glory phase function 



Table V. Comparison of experimental results for the attractive and glory contribution to the total 
cross section in comparison with the predictions of the potentials of Gregor and Siska and 
Hausamann. 

NelE-Ar NelE-Kr 

this Gregora) Hausa-b) this Gregora) Hausa-b) this 
work and mann work and mann work 

Si ska (
3 P2) Si ska (

3 P2) 

Q {1000 ms- 1 ){Ä2) 451.6 .459.0 .396.1 520.6 527.5 516.3 620.7 a 

8 eff 6.74 6.57 5.97 7.07 6.76 5.40 7.13 

g<f> (ms- 1
) 

N=1 
1673 1719 1413 2728 2680 2513 4195 

Agl (g~=1) (Ä2) 56.6 57.7 36.0 60.3 57.7 65.6 56.8 

E.{meV) 5.44 5.50 4.95 8.56 8.30 7.90 12.68 

R (Ä) 4.96 5.00 5.12 4.97 5.00 5.10 5.01 m 

C6{lo-7a Jm6) 19.8 21.5 29.3 32.7 

C6/(é.R:) 1.44 1.50 1.41 1.47 

C8(10-96 Jma) 3.3 3.3 4.8 5.0 

C~(éR:) 0.96 0.87 0.93 0.87 

c {l0-114Jm1o) 
10 

0.71 0.72 1.05 1.08 

C «{E.R1o) 
1 m 

0.83 0.73 0.81 0.71 

a) ref. 3 

b) ref. 4 

NelE-Xe 

Gregora) Hausa-b) 
and mann 

Si ska {
3 P2) 

617.2 651.6 

6.86 6.53 

4111 4217 

58.9 52.2 

12.50 12.90 

5.00 4.96 

46.6 52.8 

1.49 1. 71 

7.7 8.1 

0.98 1.07 

1.66 1. 74 

0.85 0.93 



Table VI. Potential parameters for the Ne*-molecule systems, using the Ne*-Xe potential of Gregor 

and Siskaas input.For the calculation of c6 the value c6*/(cRm6
) = 1.49 is used. 

parameter Xe a) N2 02 (X)2 QI4 QI"'e) 

<P ( -1) gN=1 ms 4111 1246 .1487 4006 2750 .2750 

Qa(P g~=1)(Ä2)b) 416.5 490.0 444.7 374.5 585.8 492.1 

R'/R 1.000 1.085 1.033 0.948 1.186 1.087 
m. m. 

c'/c 1.000 0.257 0.339 1.084 0.476 0.566 

R '(Ä) 5.00 5.43 5.17 4.74 5.93 5.44 
m. 

c' (meV} 12.50 3.21 4.24 13.55 5.95 7.08 

C6{1o-7s Jm6} 46.6 19.6 19.3 36.7 61.8 43.8 

a(Ä3}c} 4.04d) 1. 76 1.60 2.65 2.60 2.60 

a) reference values, based on the IAMMSV potential of Gregor and Siska for Ne*-Xe, 
ref. 3 

b) p = 0.77 
c} ref. 35 
d} ref. 36 

e} a more realistic value for the N=1 glory amplitude is obtained when Qa(p,gN~1 ) is 

scaled down by a factor 0.84 (by comparison to the Ne*-Kr system}. 



FIGURE CAPTIONS 

Figure 1. 

Veloei ty dependenee of the deconvolution factors F0 (finite velocity 

resolution) and F {finite velocity resolution both in primary beam 
V ,V 

1 2 

ve 1 oe i ty v 1 and secundary beam ve 1 oe i ty v 2 ) * for the system Ne -Kr 

{Eq.{1)). The position of the glory extrema is indicated by the glory 

index N = 1, 1.5, 2 , .... 

Figure 2. 

Deconvoluted experimental results for the total cross section Q for the 

* system Ne -Ar as a function of the inverse relative velocity x = 1000 

{ms- 1 )/g, scaled to the reference value Q f = Q {g = 1000 ms- 1
) = re a 

451.6 Ä2 {Table III). Each data point given is the average of m1 = 7 

{superthermal range) of m2 = 6 {thermal range) time channels. In 

genera!, the error bar is smaller than the size of the symbol used; if 

not, the error bar is indicated. The full line is the curve fit with the 

model function of Eq. Cl) {parameters p. in Table III). 
1 

Figure 3. 

Deconvoluted experimental resul ts for the total cross section for the 

system Ne*-Kr. Sealing value Qref = 520.6 Ä2
; data averaging m1 = 10 and 

m2 = 4 {see caption of Figure 2). 
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Figure 4. 

Deconvoluted experimental results for the total cross section for the 

* system Ne -Xe. Sealing value Qref = 624.0 À2
; data averaging m1 = 6 and 

m2 = 3 (see Fig. 2) 

Figure 5. 

Deconvoluted experimental results for the total cross section for the 

* system Ne -N2 . Sealing value Qref = 482.5 À2
; data averaging m1 = 20 and 

m2 = 15 (see Fig. 2) 

Figure 6. 

Deconvoluted experimental results for the total cross section for the 

system Ne*-02 . Sealing value Qref = 467.5 À2
; data averaging m1 = 15 and 

m2 = 9 (see Fig. 2) 

Figure 7. 

Deconvoluted experimental results for the total cross section for the 

system Ne*-co2 . Sealing value Qref = 436.4 À2
; data averaging m1 = 7 and 

m2 = 3 (see Fig. 2) 
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Figure 8. 

Deconvoluted experimental results for the total cross section for the 

system Ne*-cH4 . Sealing value Qref = 773 Ä2
; data averaging m1 = 10 and 

m2 = 5 (see Fig. 2). 

-M-



~ 
0.02 \Q Ne*- Kr 

\ 
\ 
\ 
\ 
\ 

0.01 N .. \ 1 1.5 2 2.5 

u.. I\ I I I I 
.--

J 

1.0 2.0 
x • 1 000 ( ms-1 ) I g 



......... 
....::t 
ó 

I 
x 
~ 
QJ 
'-

d -

0.4.----------------.-----------------, 

N -1 1.5 

I 

d -0.2 --c -

Ne*- Ar 

- 0.60L--------------',-----------____J2 

x .1000 (mc:-h /n 



0.4 

15 2 25 

I I I 
......... 

...::t 
0 

I 
x 
....... 
QJ 
'- 0 d -d -........ 

c -

Ne*- Kr 

-0.4L,._ ___________ _!._ ___________ __ 

0 1 2 
x-1000 ( ms-1) 1 g 



0.4 

N=1 1.5 2 2.5 3 3.5 4 

I I I I I 
........ 
-4 
0 

I 
x 
~ 0 
Q) 
L... 

cJ -
t 

d -....... 
c -

'Tj 

Ne* -Xe ~· 
()q 

,.!:o. 

-0. 
0 1 2 

x =1000 (ms-1}/g ) 



0.4r------------.---------------. 

N =1 

.......... 
.....::t 
c) 

I 0 x -QJ 
'-

d -d -.......... 
c 

-0.6~-------------!------------_j 
0 1 2 

x • 1 000 ( mc:;-1\ I n 



0.4 

N-1 

I 
......... 

.....:t 
c:) 

I 
x 

.... 0 QJ 
'-

d -d -...._, 
c -

-0.6~------------------------~------------------------~ 
0 1 2 

x -1000 (ms1) 1 g 



0.4..---------------.----------------., 
N ·1 1.5 2 2.5 3 

I I I I 

,........, 
.....:t. 
0 

I 
x 

0 
~ 

QJ 

l 
'-

d ...... 
d 

c: -

- 0.4L-------------......L..---------------J 
0 1 2 

x-1000 (ms-1) 1 g 



0.4 

O,i 
........ 

N·1 -:t 
0 

() Qz._.. - I I 
x 

~ 
<l.l 

~ 
'-

d 0 - -·--------------l--+-~----
d 
.......... 
c 

-c, 'Z-~ 

-O.~j_--------~±~-------:22_ 
C) 

00 -o.4
0
L _______ -t1--------~ 

x -1000 ( ms- 1) I g 



l5 , Interrnolecular potentials for the metastable rare gas - rare gas 
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7 FINAL WORD 

The first chapters of this report emphasize the importance of an 

accurate check for systematic errors. Because of our thorough investi

gation { chapter 3) we are qui te confident our resul ts are wi thin the 

stated error bounds of chapter 5 and 6. 

Here we do not intend to discuss the results as submitted for publi

cation {chapter 5 and 6). Instead the reader is refered to the relevant 

chapters. 

We will, however relate to the relevant future experiments. Work 

done by us, but as yet unpublished, concerns the intermolecular poten

tials for Ar*-N2 and Kr*-N2, as determined from total cross-section 

experiments. These potentials are r~levant to the work of Van Gerwen 

{Kr*) [GER87] and Van Vliembergen {Ar*) [VLI87]. Unfortunately, due to 

the shallow well (~ 40 K), we observe only the N=l glory-maximum in the 

accessible energy-range. This prohibits the observation of a possible 

glory-damping. From the presence {or absence~) of glory-damping we 

would have been able to reach a conclusion about the intermolecular 

distance {range) at which the inelastic processes occur, since in our 

experiments only the well-area and a.ttractive branch are probed. The 

Ar*, Kr* - N2 results, together.with the results on Ne* - N2. will be 

publisbed in the near future {in the form of a letter). 

We have put in much effort to prepare the experiments wi th state

selected Neon {3 Po, 3 P2) beams. Lack of time made i t impossible to 

actually carry out these experiments. All necessary experimental tech

niques and numerical {software) facilities have been developed and will 

be used shortly by others. It will berewarding to confront the results 

of these experiments with the state-selected data of Hausamann [HAU86], 

as we hope to solve the discrepancy between the results of a preliminary 

study performed by our group [KRU85] and Hausamann's. According to the 

work of our group the difference in glory-positions of the fine

structure states is to be contributed mainly to a difference in c, 

whereas Hausamann explains his results by assuming a difference in Rm. 

The latter assumption has serious consequences for the absolute value of 

the respective total cross-sections {it is exactly with respect to these 

absolute values that Hausamann's potentials come short, cf. chapter 5). 

The last of the future experiments we· would like to ment ion, is a 

follow up on the preliminary study of Van Kruijsdijk, also. It concerns 

the short-lived Ne**{2p5 3p; 3 D3 ) state. Ab ini tio calculations by 
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Bussert et al. show considerable 0-splitting of the potentials, already 

at large internuclear separations. Consequently, the (laser) 

polarization will have a large influence, demanding a good knowledge of 

the optica! pum-ping process and of the transformation from body-fixed 

(mJ) to space-fixed quantization (0). 
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APPENDIX 

Finite velocity resolution: convolution of the TOF spectra 

First we derive an auxiliary theorem: Given a (Gaussian) distribu-

tion function ~(x), with zero-th, first and second moments : 

I ~(x) dx = 1 (normalization) 
()() 

I ~(x) xdx = 0 (centered around x=O) 
()() 

I ~(x) x 2 dx = 02 (width) 
()() 

Th en 

F(Xo) := I ~(x-xo) f(x) dx 

()() 

~ f(xo) + ~ f"(x ) o2 (1) 

Proof 

F(x) := I ~(x-xo) f(x) dx 

()() 

I ~( ) { ' fCnl(xo) (x~~o)n} dx = x-xo nfo 
()() 

~ f(xo) I ~(x-xo)d(x-xo) + f'(xo) I(x-xa)~(x-xo)d(x-xo) 
()() ()() 

+ ~ f"(xo) I(x-xa) 2~(x-xa)d(x-xo) 
()() 

= f(xo) + ~ f"(xo) o2 

We will now use this theorem in determining the effect on the measured 

cross-section of the fini te veloei ty resolution, represented by the 
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second moment (a2
) of the convolution function. First, however we 

define the different functions used. 

fo(x), f1(x): TOF spectra, recorded with infinite velocity resolution 

and secondary (=target) beam switched off and on, 

respectively. 

Fo(x), F1(x): Measured TOF spectra. Secondary beam switched off and 

on, respectively. 

l(x):=- ln(~~~~~): Attenuation function, 1(x) = (g/v1)nlQ; infinte 

velocity resolution. 

f(x):=- ln(~~~~~): Attenuation function, measured with finite velocity 

resolution. 

All functions listed above depend on the same variable x with dimension 

of inverse velocity (x=1/v1 or x=Liv1). Please note the difference with 

the (experimental) variable x = 1000/g. We will now praeeed with ex-

pressing f(x) in terms of 1(x) and the TOF spectra f(x): 

r(x) ln(F1(x)) __ 1 (f1(x) + ~f~."(x}a2 { using eq. 1} - Fo(x) - n f 0 (x) + ~f0 "(x)a2 ) 

ln ( f1(x} + ~ f1"(x}a2 

) + ln fo(x} + ~fo"(x)a2 ) - fo(x) ( fo(x) 

using the definition of the attenuationm function 1(x) we have: 

f1(x) = fo(x) exp(-l(x)) (2) 

and 

f1"(x) = exp(-l(x)){fo"(x)-2fà(xh'(x)+ fo(x)(l'(x)) 2
- fo(xh"(x)} 

substitution yields: 
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ï(x) =- ln[ e-•(x). 

{fa(x) + ~2{fa"(x) -2fa' (xh' (x) + fa(x)(J' {x)) 2 - fa(x)J"(x)} J 
fa{x) 

a 2 fa"{x) 
+ ln [ 1 + 2 fa(x) ] 

a2 fa"(x) f '( ) '( ) = i(x) - ln[ 1 + 2 { fa(xj -2 a fo{x}x +(J'(x))2 - i"(x)} J 

+ a_2 fa"(x) + ln[ 1 - -] 
2 fa(x) (3) 

~ i(X) + 0 2 fa'(x)J'(x) ~2{(;'(x))2 _ i"(x)} 
fa(x) 2 

= 8 (x) [ 1 + 0 2 { fa ' (x) 1' (x) + J'' {x) _ (J' (x)) 
2 

}] ( 4) 
fa (x) 1 (x) 2i(x) 2i(x} 

However, when linearizing equation (2) to read 

* f1(x) ~ fa{x) {1 - 1{x)} (5) 

we get: 

r*(x) ln[ 1 _ 
8 

_ a2 2fa'J' + J''fa + fa''J -fa" ] - 2 fa 

+ ln[ 1 a 2 f" +- -] 2 fa (6) 

Linearizing equation (6) gives us the result as derived by Beyerinck et. 

al. [BEY82]: 

!*{x) = i{X} [ 1+ a2{fa'(x)J'{x} + J''(x} + f1"(x) 
fa(x)i(X) 2i(x) 2fa{x)}] (7) 

which yields a non-unity correction factor, even in the case of a velo-

ei ty independent attenuation (;=constant}. Clearly then, replacing 

expression (2) by i ts approximation of equation (5) is not allowed. 

This is easily understood when realizing that in going from (6) to (7) 

an error of order E2 is made with E given by: 
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é 'Y [ l+ 0 2x{fo '1' + L + f" f" }] 
.- u foo 2o 2fo - 2foo (8) 

It is exactly the last term of the expression in braces in equation (7), 

(the one that introduces non-unity correction factor mentioned above) 

that is also contained in E-
2 . While for all practical cases, the last 

(and correct) term of equation (4} is approximately one order of magni-

tude smaller than the other two terms, the incorrect term of equation 

(7) is the dominating one at the top and in the tails of the TOF spec-

trum. 
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