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STELLINGEN

1« Be onvolledige kennis van de moleculaire uitstroming in het gebied van

Knudsengetallen 1 < Xn < 15 is de voornaamste bron van onzekerheid bij 1

de bepaling van de absolute waarde van de totale botsingsdoorsnede via '.'

de absolute ijking van het nZ-product.

Dit proefschrift, hoofdstuk 5.

2. Gezien de specifieke eigenschappen van de excitatiedetectie dient de

bruikbaarheid van deze detectiemethode voor het meten van de hoek-

afhankelijkheid van de differentiële botsingsdoorsnede voor verstrooiing

over kleine hoeken nader onderzocht te worden.

P.G.A. Theuws, proefschrift, hoofdstuk 5.

3. Het beschikbaar komen van nauwkeurige absolute waarden van de totale

botsingsdoorsnede maakt het mogelijk de Van der Waals coëfficiënt C6

te bepalen. Daarom moet de voorkeur worden gegeven aan potentiaal-

modellen waarin de attractieve tak uitsluitend door een dispersiereeks

wordt bepaald.

Dit proefschrift, hoofdstuk 8.

4. Gezien het eindig oplossend vermogen van figuren in een wetenschappelijk

tijdschrift en de eindige nauwkeurigheid van een meetlat, zijn gemeten •

= functierelaties, waarvoor een hoge precisie wordt opgegeven, slechts

; dan bruikbaar voor anderen, wanneer zij ook numeriek worden weergegeven. :

: ' 5. De analyse van een bundel optisch gepompte metastabiele edelgasatomen ;
; naar intensiteit en snelheid is, in vergelijking met een directe meting -

fj van alleen het f luorescentiesignaal, een nauwkeurige methode voor het :'jü

?V bepalen van de verdeling over de twee niveau's. 'Ij

ï I
c J.P.C. Kroon, wordt gepubliceerd. I

ï . I
I 6. In laboratoria zal in toenemende mate laserlicht getransporteerd f
f -i

K. worden door middel van glasfibers. Onderzoek en ontwikkeling van deze j

]f techniek verdient daarom meer aandacht. j
L • ï
i' i



7. Bij de sporenelementanalyse met behulp van PIXE levert Compton-

verstrooiing van hoogenergetische y-straling geïnduceerd in de opstelling

een groot deel van de achtergrondstraling in het energiegebied waar

remstraling tengevolge van electronen niet meer optreedt. Zorgvuldige

keuze van materialen in de opstelling en zorgvuldige behandeling van

de bundel kunnen de detectiegrens in dit energiegebied zeker een

factor 3 en mogelijk een factor 10 verlagen.

8. Bij een volkstelling dienen computerbewerkingen, die op de te verkrijgen

gegevens zullen worden toegepast, en de toegankelijkheid van de daaruit

te verkrijgen resultaten vooraf in een openbare discussie te worden

vastgesteld.

9. Bij het sturen van experimenten met behulp van een computer verdient

het gebruik van een computerterminal met papier verre de voorkeur

boven het gebruik van een "Visual Display Unit" (glazen terminal) .

10. Het gebruik van grote rekenautomaten bij het verwerken van meetresul-

taten en hiermee samenhangende berekeningen beperkt zich veelal tot

het rangschikken van standaardprocedures en het transporteren van data.

Bij de ontwikkeling van programmeertalen en het onderricht in het

gebruik van de computer dient aan deze aspecten meer aandacht te

worden besteed.

11. Uit een eenvoudige mechanische beschouwing volgt dat de kans op dodelijk

letsel van de inzittenden van een auto toeneemt, naarmate de snelheid

van de auto toeneemt. Derhalve kan het verhogen van de maximumsnelheid

op de nederlandse autowegen van 100 km/uur naar 120 km/uur aangemerkt

worden als een daad van gevaarlijk bestuur. -

12. Het leven is als een molecuulbundel: aanvankelijk zijn richting en doel |

goed bepaald, maar de kans op verstrooiing onderweg is aanzienlijk. Jj

•I
r-i

3
i

" f
Eindhoven, 10 maart 1981 Pieter van der Kam. ,i
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1. Introduction

1,1 The intermolecular potential

All properties of matter are determined by the interaction between

particles. For a large subset of these properties it is possible to

consider the interacting particles, atoms or molecules, as units without

internal structure. Henceforward, speaking of molecules will include

atoms. The interaction between molecules is governed by the inter-

molecular potential.

Because in scattering experiments we deal with rarified gases we

limit ourselves to a two body potential and because we will study

spherically symmetric systems this potential V(r) depends only on the

distance r between the two molecules. The general shape of V(r) is

shown in fig. 1.1. At small distances V(r) has a repulsive branch which

is due to electronic overlap of the interacting particles. Usually this

branch is described by a single exponential function or by the sum of

several exponential functions. At large distances F(r) has an attractive

branch, which is due to the Van der Waals forces. Usually this branch

is described by

At intermediate distances the potential has a well with depth E at the

distance r .
tn

In table 1.1 we give a compilation of properties that depend on

the intermolecular potential and we indicate by which part of the

potential they are determined mainly. Detailed investigations have been

made of the intermolecular potential for the noble gas systems. Based



Table 1.1
Methods to investigate •intermcjleaulav potentials.

Method Property Part of the potential to which the
property is sensitive

Quantunmechanical calculations

Perturbation theory

Scattering experiments

Spectroscopy

Gas properties

Liquid properties

Solid state properties

exchange interaction

induced interaction

large angle scattering

- at high energies
- at low energies
total cross section

vibration levels

2nd virial coefficient
viscosity
thermal conduction y
diffusion r
thermal diffusion '

pressure
energy content

crystal structure
- distance at 0 K
- energy at 0 K
- elasticity at 0 K
- specific heat at 0 K

repulsive part

attractive part

repulsive part
well, £, vm
well, £, rm
attractive part

veil

veil
entire potential if e is known

most sensitive to repulsive part

zero crossing of
attractive part

2nd derivative in tUe veil
2nd derivative in the well



Fig. 1.1
General shape of the potential governing molecular scattering.

on measurements of a number of the properties in table 1.1 potentials

have been suggested. In this thesis we report on scattering experiments

on the systems Ar-Ar, Ar-Kr, Kr-Kr and Ar-Xe and we have listed some of

the most reliable potentials in table 1.2, together with the properties

they are based on. This shows that the attractive part of these

potentials is not established very well experimentally. In most of the

potentials theoretical values for Cs, CQ and Clo are used (Tan76).

Measurement of the small angle scattering phenomena should be able to

fill up this gap.

1.2 Molecular beam elastic scattering experiments

The elastic scattering of two molecules with masses mi and m^ and

velocities V\ and i>2, respectively, is described usually in the reduced

system (Gol78). A particle with reduced mass y = m\mzi(mi+mz) and a

velocity g « Vi - Vz interacts with a fixed scattering centre. The

classical trajectories in the reduced system due to a typical potential

are shown in fig. 1.2. In fig. 1.3 we show the deflection angle 6 as a

function of the impact parameter b.



Table 1.2
Intermoleaular potentials for the Ar-Art Ar-Krt Kr-Kr and Ar-Xe
system. Shape functions and parameters are given in Appendix A.

System Potential Based on

Ar-Ar

Ar-Kr

BFW

MS

HFDC

KMA

ABPS.BHPS

LHB

GMSM

- properties of gas,
liquid and solid state

- spectroscopy

- gas properties

- spectroscopy
- gas properties
- glory structure

- 2nd virial coefficients

- gas properties
- large angle scattering

- liquid properties

- gas properties

Bar71
Azi74
Nai76

Azi76
Mai 7 3

Azi77

Koi80

Azi79a
Buc78

Lee75

Gou 75

Kr-Kr HFGKR

BWLSL

BDVKS

- gas properties Azi79b
- large angle scattering
- glory structure

- gas properties Bar74
- solid state properties
- spectroscopy
- large angle scattering

- large angle scattering Buc73

Ar-Xe Schafer

MW

SB

large angle scattering Bre76

gas properties Mai78

large angle scattering Bob76
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Fig. 2.2
Classical trajectories for the scattering of a beam
of particles by a scattering centre at (030). The
marks indicate points of equal action. The heavy
drawn trajectory is the glory trajectory.

Fig. 1.3
The deflection angle Q as a
function of the impact parameter b.

-It -

For scattering experiments with molecular beams there are two

experimental observables. The f i r s t one is the differential cross

section a(6) defined as "the particle current scattered into the

direction 6 per unit solid angle'1 divided by ''the incident particle

current".



The second observable is the total cross section Q defined by

ir

Q = 2ir ƒ a(6) sin(6) d6 (1.2)

o

corresponding to the loss of particles into the direction 6 = 0 due to

scattering. Both a and Q are velocity dependent.

Scattering over small angles 8 ̂  A/r, with A the De Broglie wave-

length, takes place in two ranges of the impact parameter b, firstly at

large impact parameters and secondly around the impact parameter b -.

In the region of V(r) that determines the small angle scattering at

large impact parameters the Ca and C\Q terms are small compared to the

C6 term and the potential is approximated by

with s = 6.2 to 6.4. Assuming that this is the only effective

contribution of the potential we can calculate the total cross section

with the High Energy approximation. This results in

with f(s) a known mathematical function (cf. table 2.1). Thus

measurement of Q(g) in a large velocity range yields the effective

value of s from the slope of log(Q) and C from the absolute value of
8

Q.

The impact parameter b 7 corresponds to the full drawn trajectory

in fig. 1.2. This so called glory trajectory is determined mainly by

the well of the potential. The marks on the trajectories in fig. 1.2

are classically the points of equal action. Quantummechanically this

is equivalent to the phase along the trajectory. As can be seen from

fig. 1.2 the glory trajectory is shifted in phase relative to the non-

deflected trajectories at large impact parameters. This phase shift is

velocity dependent and thus both total and small angle differential

cross sections will show undulations as function of g, superimposed on

the attractive contribution. The amplitude and the phase of these

undulations provide information on the well of the potential.



1.3 The total cross section

A total cross section is measured from the attenuation of a

molecular beam due to scattering» In an ideal scattering experiment,

i.e. infinite velocity and angular resolution, this attenuation is

given by

Nz = Ni exp (- *^nlQ) (1.5)

with n the density of the scattering gas and I the length of the region

in which the scattering takes place. Henceforward, we indicate this

region as the scattering centre.

Measurements of the absolute value of Q have been reported with

the use of a scattering chamber. Although much effort has been put

into the determination of n and I for the gas cell, measurements of

Scott (Sco71) and Rothe (Rot65) have yielded Q for Ar-Ar and for Ar-Kr

with an accuracy of 4% and for Kr-Kr with an accuracy of 5%.

A scattering chamber is less suited for the measurement of the

glory structure, because of the serious convolution of the results due

to the random movement of the scattering gas. A supersonic beam source

delivers particles with a well defined direction and velocity. However, .

it is impossible to construct a secondary beam setup that guarantees an 1

undisturbed supersonic expansion, and thus it is not straightforward

to determine the density-length product. Linse (Lin79a, Lin79b) and

Van der Biesen (Bie80) have reported relative total cross section data,

i.e. nlQ as function of g, for a large number of inert gas systems with

well resolved glory undulations. Measurements of absolute values of Q

using a secondary beam have not been reported so far.

Three reasons lead us to an attempt to measure absolute values of

Q using a secondary beam from a supersonic expansion. Firstly, in the

recent years the knowledge on the supersonic expansion has grown

considerably, especially through the work of Habets (Hab77a, Hab77b) 1

on the supersonic expansion of Ar. Secondly, the availability of high ;./

capacity 20 K cry o pumps in the Molecular Beam Group of the Eindhoven j

University of Technology made it possible to construct a secondary •;

beam setup where the situation of an undisturbed supersonic expansion '|

is closely approximated. This allows a calibration of the scattering

centre and thus a determination of the absolute value of Q. Thirdly,

the total cross section and the small angle differential cross section



are closely related. We will show that the absolute total cross section

can be derived from a combined measurement of the relative values of Q

and a(6). This offers an independent check on the calibration of the

scattering centre. This method, proposed by Helbing (Hel64) and Mason

(Mas67), has been applied for the first time by Henrichs (Hen79) for

CsF-Ar.

By a calibration of the scattering centre we have determined the

absolute value of Q for Ar-Ar, Ar-Kr, Kr-Ar, Kr-Kr and Ar-Xe with an

accuracy in the one percent region. Combined measurements of the total

and small angle differential cross section have been performed for the

systems Ar-Ar, Ar-Kr, Kr-Ar and Kr-Kr.

We have performed also measurements of the relative total cross

section as function of the relative velocity for the systems Ar-Ar,

Ar-Kr, Kr-Ar, Kr-Kr and Ar-Xe. The velocity range was large enough to

use the glory structure as source of information on the well of the

potential, and to use the slope of log(Q) to determine the value of s.

1.4 Contents of this thesis

In chapter 2 we give an introduction to the semiclassical des-

cription of small angle scattering phenomena. We introduce multi-

parameter model functions that describe the total and small angle

differential cross sections within a faw tenths of a percent.

Chapter 3 contains a short description of the molecular beam

machine used for the experiments. We discuss also the so-called dummy-Q

experiment, that proves to be a very sensitive test on the apparatus.

In chapter 4 we establish the relation between the theoretical

observables as defined in section 1.1 and the quantities observed in

the experiment. We treat the transformation from the laboratory system

to the centre of mass system and we discuss the influence of the finite

angular resolution and of the finite velocity resolution. Finally, we

describe how total and small angle differential cross sections are \

derived from the experimental results. j

In chapter 5 we report on a method to calibrate the scattering

centre. With this calibration we have determined the absolute value

of Q for the systems Ar-Ar, Ar-Kr, Kr-Ar, Kr-Kr and Ar-Xe. The final

error in Q results from an extensive analysis of the error propagation

in the experiment.



In chapter 6 we report the first results of combined measurements

of the total and small angle differential cross section. We have

performed these measurements for the systems Ar-Ar, Ar-Kr, Kr-Ar and

Kr-Kr.

In chapter 7 measurements of therelative total-cross section-as

function of the relative velocity are given for the systems Ar-Ar,

Ar-Kr, Kr-Ar, Kr-Kr and Ar-Xe. Through a quantitative analysis of the

glory structure we are able to indicate the quality of the potentials

suggested for each system.
In chapter 8 we make some concluding remarks on the obtained

results.-»— -..=*.. --= -



2, Semiclassical description of small angle scattering

2.1 Introduction

In principle the scattering process can be described exactly

through a full quantum mechanical solution of the Schrödinger equation.

However, this is laborious and, more serious, it does not give any

insight in the resulting numerical results. The semiclassical

approximation offers a satisfactory way to,describe the scattering of

molecules. Many authors have dealt with this semiclassical treatment.

Good reviews have been given by Beck (Bec70), Berry and Mount (Ber72)

and Pauly (Pau75).

We introduce multiparameter model functions based on the semi-

Classical approximation for the description of small angle scattering.

With small angles we mean scattering angles 6 % A/p
m with A the

De Broglie wavelength. The parameters of these model functions are

scaled on combinations of the potential quantities e and r . The values

of the parameters are found by a least squares analysis of a quantum-

mechanical calculation of the scattering process, using JWKB phase

shifts.

This way to describe the total and small angle differential cross

section offers a number of advantages. Firstly, we can calculate Q and

o for all values of g and 6 with little computational effort. Secondly,

the potentials describing the inert gas interactions are already quite

good, and thus we can calculate easily corrections on experimental

results, caused by finite transmission functions of the apparatus.

Thirdly, the parameters appear to form a general set, only slightly

different for a large number of potentials, thanks to the scaling.

11



This means that it is almost impossible to establish a shape function

of the potential from small angle scattering experiments. We can only

determine the potential parameters e, z»m and Cg and the value of 8.

On the other hand, if we have a system where the potential is not yet

known, we can determine e, r, a and C from the experiment and choose

a shape function. This offers a first estimate of the real potential.

In section 2.2 we give a short introduction on the semiclassical

treatment. In section 2.3 the parameter scaling is given. In eections

2.4 and 2.5 the various model functions are introduced, which are put

together into a very practical geometrical model in section 2.6. In

section 2.7 we make some remarks on the determination of the parameters.

Section 2.8 contains remarks on the expected information content of the

experiments. Tables with tha model function parameters are given in the

appendix A» A more detailed description of this chapter is given else-

where (Beij80).

2.2 The semiclassical approximation

Because the symmetry oscillations occuring in the case of

scattering of identical particles are damped completely in our

experiment (see chapter 4) we limit ourselves to the case of non- ''

identical scattering partners. We limit the present treatment to a

velocity range with an upper limit g = zrllfl which is approximately

the position of the first glory extremum, and a lower limit g = (2e/y)

in order to exclude contributions from orbiting. This velocity range

covers widely the velocity range attainable in the experiment.

In the quantum mechanical treatment of the scattering process for

spherically symmetric potentials all information is contained in the

scattering amplitude /(9), given by the partical wave sum or Rayleigh

sum as (Lan59)
00

"ht I <2^+0 (exp(2in,)-l) P, (cos(6)) (2.1)
Z=o

with I the angular momentum quantum number, k the wave number, P* the

Legendre polynomials and ru the phase shifts. The total cross section

Q and the differential cross section CT(6) are related to /(6) by

12
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Q

a(6)

lm ƒ <0) (2,2)

(2.3)

where eq. 2,2 is generally known as the optical theorem. An exact

evaluation of the Rayleigh sum through a full quantum mechanical

calculation of the phase shifts is vary laborious and computer time

consuming. However, the specific features of molecular scattering allow

a semiclassical treatment of eq, 2,1. Firstly, the JKWB approximation

for the phase shifts rw is perfect for the case of molecular scattering

(Con79). Secondly, a very large range of i-values contributes to the

Rayleigh sum. Thus, we can replace the summation over the discrete

variable I by an integration over the continuous variable X = I + 1/2.

At the same time the Legendre polynomials should be replaced by a

suitable function P(X,cos6) which is continuous in X. Then eq. 2.1

changes to

ƒ 0 ) = - | ƒ X [exp(2injWKB) - 1] P(X,cos9)dX (2.4)

This integral receives its contributions almost exclusively from the

regions of stationary phase of the integrand. In the velocity and

angular range we are concerned with there are two regions of stationary

phase. Firstly, the region of large X-values, where the phase shifts

go to zero, corresponding to the small deflection angles at large

-impact parameters and secondly, the region near the maximum positive

phase shift ri_i corresponding to the glory trajectory (see fig. 2.1).

Fig. 2.1
The phase shift m as a funotion of the reduced angular
momentum quantum number (l+%)/At for Ar-Kr scattering
at g - 1000 ms~lt calculated with the ABPS potential.

13



The scattering amplitude in the forward direction thus can be written

as
8 f~(6) + f-i(ö) (2.5)

with ƒ and f, the contributions of the first and second region,

respectively. In the following we are going to construct model functions

for these two contributions.

2.3 Scaling

In order to arrive at a description of /(6) with aa little in-

dependent input parameters as possible we first introduce a suitable

scaling for the various quantities we deal with.

The intermolecular potential is scaled as V(r) = eK*(r*l with

r* = r/r . The attractive part of the total cross section and of the

differential cross section at the small angles we deal with is

determined by the potential in the region 2 < r* < 3. In this region

the CQ term of the potential is only a few percent of the £g term and

the Cio term is only a few tenths of a percent of the Cg term.

Therefore,we approximate the attractive part of V(r) by V(r) = -C IT

with a = 6.2 to 6.4, in order to account for the higher order terms.

The parameter C_ is scaled as C* = C /zre. Scaled in this way we have
o 8 3 ffl

separated the description of the potential into a shape function V and
three potential parameters, e, r , and C*.

For the scattering angle 6 a suitable scaling is found to be
6* = 9/6o with

and 4uQ
a" r

I m 4 ( 0 )

Using the scaling angle 8 we also introduce a reduced variable

given by X* = X/X with

Instead of the relative velocity g we use the reduced inverse velocity

£*, defined by £* = g Ig with

14



<2.8)

The variable £* is equal to the ratio Bi A, with A = Ta>m and B = 2yer
2/7i2

the dimensionless Bernstein parameters. The third Bernstein parameter is

the reduced energy K • Jugr2/e - A2IB.

For the scattering amplitude, and the total and differential cross

section we use a velocity independent scaling given by

(2.9a)
m

Iraf*(O) (2.9b)

(2.9c)

The factor r is the scaling factor for the size of the scattering

partners. The factor B describes how classically the particles behave,

i.e. to what extent the small angle differential cross section follows

the classical prediction and is peaked into the forward direction.

2.4 Model functions for /fl(9)

In this section we derive the model functions for the contribution

/g(0) in eq. 2.5. The part ƒ of the scattering amplitude is determined

by the attractive part of the potential at large distances, and only

high X-values contribute to it. Therefore,we can use the High Energy or

Jeffreys-Born approximation for the phase shifts.

There are two limiting cases where the behaviour of f is easily

established. For large angles 6* » 1 the classical result

/(e) <\. e"7/6

holds. For 6 = 0 use of the H.E. phase shifts results in the Schiff-

. Landau-Lifshitz approximation (Sch56, Lan59)

LI (2.10a)

\f*J0)\SLL - * M C*2n°-l) 5.-<*-3>/(a-l> (2.10b)

*a(0)

SLL

SLL

with Ui(8) given in table 2.1.

15



Table 2.1
Special functions of s.

function

f(8) = 1,1/

«i(e) = \ r

W-2,{8) " COS

| /<e) 2 /'
(fl-1)

value

0.

0.

0.

for s=6

5890

6025

4875

For the description of the shape of /(9) for intermediate 6-values

several approximations exits, e.g. the Mason approximation (Mas64).

These, however, are valid only in a very limited range of 9. In order

to come to a better description of f (8) we have solved numerically the

Sayleig'n sum using the H.E. phase shifts in the entire ï-range. From

the results for 8 > 0 we have constructed a new semi-empirical function,

given by
ƒ (9*)

H " °1<S> sin(c;,(3)e*
2) + e3(s)0*

2]"(8+l)/2s(2.11)

This function has the correct limiting behaviour for 6* « 1 (Mas64)

where it approximates the semiclassical result of Mason, as well as

for 9* » 1 where it approximates the classical result for small angle

scattering. In the angular range 0 <̂  9* <̂  2 and with suitable chosen

parameters <?i(a)(Beij80) the maximum relative deviation from fully

quantum mechanical calculated scattering amplitudes, using JWKB phase

shifts, is 1 percent.

Based on eqs. 2.10 and 2.11 we have chosen as model functions

for ƒ

% ) exp(i<(»a(9*)) (2.12a)

(2.12b)

- [1 ~ P3 sin(p,9*2) + p 5 6 * 2 ] - ( 8 + 1 ) / 2 s (2.12c)

= P6 + P76*2 + Pao*** + P99*S (2.12d)
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Our numerical result that eq. 2.12 describes /*(6) over the whole

velocity range means that the attractive part of the potential is indeed

equivalent to V(r) • -ff/ 8, as stated in section 1.2, with 8 related

to the parameter p% by (cf. eq. 2.10b)

At first sight eq. 2.12b suggests that ,f*(Q) depends on e and r . Thus,

a measurement of the absolute value of Q , that is exclusively deter-

mined by the attractive part of V(v), would result in a determination

of e and r , quantities that describe the potential well. However, if

we write out the formula for the unsealed fAO) using eq. 2.13 we find

that the only combination of e and v present is e*>m, as it should be

Sdue to the scaling C = ^*cvS. Therefore, a measurement of Q and thus

the value of pi results in a value for C , as already pointed out in

chapter 1.

2.5 Model functions for faA®)

In this section we derive the model function for the contribution

ƒ 7(8) in eq. 2.5. The part ƒ •, of the scattering amplitude is deter-

mined by the potential well, and only a small range of X-values, near

A = X at which n = n _, contribute to it. Therefore, we can

approximate the phase shifts by the first terms of a Taylor expansion

around *maaJ"
Me first look at 6 = 0. The glory contribution /oj(0) is

given by (Dur63)

fgl{0) = |/^(0)| exp(i*^) (2.14a)

/ ^ f (2'14b)

V = 2 rw + r <2-14c)
max'

with Î J < 0 the second derivative of the phase shift at X =

Bernstein et a l . (Ber67, Ber73) have given series expansions in
o f \ax/A* Xmax/A a n d ^Kiax^Am U s i n g t h e s e a n d ^P1^111^ t h e scaling
of / (6) eq. 2.14 is written as
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V l % k ..-] (2.15a)

gl | § C*3 + 2 f£ e*5 + ,.. U.15b)

He now turn to 9 ̂  0. For 6 close to zero we can use for the function

P(X,cos9) in eq, 2.4 the cylindrical Bessel function J Q ( X 8 ) . Thus, in

terms of the reduced scattering angle 0* and the reduced angular

momentum quantum number X* we can write for the glory contribution

for 9 > 0

The velocity dependency of X* can be determined from the definition

of the scaling factot X and from the series expansion of X„_^ re-

sulting in

X* - »»(.)-»/* fff0/--0 [e g.-0/e-O + jh c.2(
max s o o

Based on eqs. 2,13 through 2.16 we choose as model function

/*7(6*)

I ^ ' ( i V (2-18a)
Pio u 2 (2.18b)

ƒ* (e*)
I S ^ I t l / 5 9 / 5 ) ] (7.18c)

P15 + P165* +P17?*3 + P185*5 (2.18d)

We point out that the parameters p n , P121 Pit»» Pi7 and pjs contain

thé Bernstein parameter S, as can be seen from eqs. 2.15 and 2.17.

Thus, a change in e and x>_ based on experimental outcomes, results in

a change in these five parameters also. This is not a serious violation

of the decoupling of the shape function and the potential parameters,

because the terms containing p\-j and Pig, the term containing pm and

the term containing p\2 a r e small compared to the leading terms. The

term with P n contributes in the same order of magnitude to the glory

amplitude as the term with pi0. The influence on the total cross

section of these unsealed terms is clearly demonstrated in fig. 2.2,

where we show Q* as a function of £* for Ar-Ar and for Ar-Kr. Only for

the first glory extremum, N« = 1.0, the scaling with C* is perfect,
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Fig. 2.2
Reduoed total cross section Q* as a function of the
reduced'inverse velocity ?*, for Ar~Ar( ) and for
Ar-Kr ( ).

at higher values of C* the higher order terms in both glory phase and

glory amplitude are also important.

2.6 Geometrical description of f(9)

It has proven to be very useful to have a visual image of the

behaviour of the scattering amplitude as a vector in the complex plane.

In fig. 2.5 we have drawn the two contributions of the scattering

amplitude at 9* = 0. With increasing reduced inverse velocity £* the

phase angle $ , increases in first order linearely in 5* and the vector
flrt

ƒ ,(o) rotates counter clockwise. The attractive vector / a(0) remains

constant in direction but decreases in length as g*~ Cs—3>/(a—1)_ In

fig. 2.5 we also show the trajectory of the attractive contribution

/ a(9*) with increasing angle 9*. The glory contribution only decreases

in magnitude with increasing 9* but the phase angle 4> 7 remains

constant.

2.7 Determination of the parameters of the model functions

In this section we give some technical details on the determination

of the parameter set p. for each of the potentials listed in table 1.1.

We obtain the values of p. in the following way.
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Fig. 2.3
GeometPiaal description of the attractive and glory contribution
to the scattering amplitude in the complex plane. With increasing
C* the glory contribution rotatee anti cloókaise. The trajectory
of the attractive contribution with increasing 9* is indicated
and the positions 6* = 0, 1, 2, 3 and 4 are marked. The scale of
the real and imaginary axis is chosen such that \fa(O)\ = 1.

For a given potential the phase shifts ru are calculated in the

JWKB approximation by numerical integration. The Rayleigh sum (eq. 2.1)

is evaluated for the Z-values in the i uige 0 <_ I <^ M. This range is

extended if at I = 3A the phase shift does not satisfy the condition
n7 1. 0-03. The remaining tail contribution for Z > 34 is calculated

analytically in a semiclassical approximation (Beij80). The range of

reduced inverse velocities is 3 <̂  5* <̂  27.5. For the lightest system
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we have investigated (Ar-Ar) the Bernstein parameter 3 % 1645 and

this velocity range corresponds to a range of reduced energies

2.2 ±K <_ 182.8. Under these conditions the use of JWKB phase shifts

is fully justified (Pau65). The range of reduced scattering angles is

0 _< 6* _< 4- The scattering amplitude is calculated at points equi-

distant in 5* with a spacing A?* = 0.5 and equidistant in 9*2 with a

spacing A9*2 = 1.

The parameters P\ through Pie are determined in two steps. The

first step is a least squares analysis of Im/*(0) using as model

function

j P l | ^z) (2-19)

where pj = pj sin(pe)- The second term contains the parameters P\Q

through P12 and pj 5 through Pis- The first term of eq. 2.18 gives the

attractive contribution Q to the total cross section and this is used

to calculate the scaling angle 9 , defined in eq. 2.6. Using eq. 2.13

we calculate the effective 8-value of the attractive part of V(r),

which is needed for the model function describing the angular

dependency of the differential cross sectiou (eq. 2.11).

The second step is a least squares analysis of the scattering

amplitude in the entire angular and velocity range, using the complete

set of model functions (eqs. 2.12 and 2.18). In this second step the

parameters P2, Pio through piz and P\s through Pie are fixed on the

values that resulted from the first step, and p\ follows from the

value of p 6, the phase angle at 9* = 0, as p\ = pj/sin(pg).

The results for the various potentials are given in the tables

A. 1 through A. 4 in the appendix.

2.8 Experimental information

The theory we have given in the previous sections, suggests a

number of experiments in small angle scattering, that can be used to

get information on the potential.

Relative total cross section

The most frequently performed experiment is the measurement of the

behaviour of Q as function of g. These experiments are relatively simple,

since we do not have to know the absolute value of Q. These relative

total cross section measurements yield values of nlQ as a function of
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g (cf. eq. 1.5). From the slope of log(«Wa) the value of s of the

attractive part of V(r) can be found (cf. eqs. 2.12b, 2.13). If the

velocity resolution of the experiment is high enough also the glory

undulations are measured. The spacing of the extrema positions is in

first order a measure for the product er^ (cf. eq. 2.18b). If the

velocity range is large enough also the product E2r is measured, so

that e and i> can be determined separately. We report on this kind of

experiments in chapter 7.

Absolute total cross sections

For the determination of the C -coefficient of V(x) we need the
a

absolute value of Q. There are three methods to obtain this absolute

value.

The first method is the calibration of the scattering centre, so

that we can determine the density-length product nl. Then, from eq. 1.5

Q can be determined. Using the model functions (eq. 2.12) we can

separate the attractive part and the glory part, and find the absolute

value of Q . We report on this kind of experiments in chapter 5 for

the systems Ar-Ar, Ar-Kr, Kr-Ar, Kr-Kr and Ar-Xe.

The second method is the measurement of o (8) for 6* > 1 where ofl
starts its sharp decrease. The velocity dependency of the angular

behaviour of a is scaled using a scaling angle dependent on Q (cf.

eq. 2.6). Measurement of ^ (8) for different velocities and deter-

mination of the scaling angle will thus yield Q. This method has been

used by Henrichs (Hen79) for the system CsF-Ar. In this case the lab

scattering angles are highly magnified by the factor m\/]X in the lab-

cm transformation (cf. section 4.2) and one can only measure at large

values of 9*. For the systems that we have investigated, Ar-Ar, Ar-Kr,

Kr-Ar and Kr-Kr, the factor mj/y is not so large and we can measure

close to 8* = 0. Therefore, we can make use of a third method.

The third method is based on the quite different relations of Q

and o(o) to the scattering amplitude. On the one hand we measure a

relative total cross section given by
nlQ = nl 4rr r* Pl sin(p6) e*^

2 (2.20)

On the other hand we measure relative differential cross sections

nla(B*) in a range of angles 6*. With the use of the model functions

(eq. 2.12) we can extrapolate nZo(6*) to 8* = 0, resulting in
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nla(O)

For the quotient of nlQ and nla(o) we find

Pl
sin(p6)

%

(2.21)

(2.22)

and we have removed the product nl. The proportionality constant

contains only powers of u and 75. The parameter P2 is obtained from

a relative total cross section experiment. The parameter pg can be

determined in principle from the difference in Che positions of the

glory extrema in total and small angle differential cross section

(cf. fig. 2.2). However, we have not measured the glory undulations

in o detailed enough (Kam77) and we had to use other ways to find pg.

For the systems Kr-Ar and Kr-Kr we have been able to determine pg from

the angular behaviour of a , since the scaling angle 6 contains

Qa ^ Pl sin(pe). For the systems Ar-Ar and Ar-Kr we measure only a

weak angular dependency, since we stay close to 9* = 0, and we have

used the theoretical prediction of pg. In chapter 6 this kind of

experiment is treated extensively.
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3, Experimental facilities

3.1 Introduction

A detailed description of the beam machine has been given by

Beijerinck (Beij 75), In this chapter we report on those features that

are important for a proper understanding of the experiments that have

been performed. In section 3.2 a brief description of the vacuum

system is given. In section 3.3 the primary beam setup is described

and in section 3.4 the secondary beam setup, -Section 3.5 treats the

computer facility that has been at our disposal.

3.2 The vacuum system

A schematic view of the beam machine is given in fig. 3.1. It

consists of six differentially pumped vacuum chambers, with the pumping

capacity for each chamber adapted to the specific gas load. The

characteristics of the vacuum system are given in table 3.1.

We have made extensive use of 20 K cryo pumping. The primary and

secondary beam sources are surrounded by a cryo expansion chamber. The

scattering centre is completely cryo pumped and the secondary beam is

dumped in a 20 K beam trap. Because Hg, He and Ne are not cryo pumped

at 20 K high purity is demanded with respect to these gases.

Safeguarding of the vacuum system is achieved with standarised

safeguarding modules (Beij74).
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TabU 3.1
Charaoteristioe of the vaaum eyetem

Vacuum stage Pump Working pressure Purpose

1. Source chamber

2. Chopper chamber

3. Scattering chamber

800 Is'1 oil diff. pump

double cryo expansion

chamber 20 K

680 Is"1 oil diff. pump

20 K. cryo pump

180 Is'1 oil diff. pump

20 K. cryo expansion chamber

20 K secondary beam trap

4. Outer detector chamber 50 Is"1 ion getter pump

1.5 10"8 torr

1.5 10"B torr

5 1O~10 torr

Primary beam source

Effusive source

First beam collima tor

2 10~8 torr Chopper motor

Second beam collimator

Secondary beam source

Scattering centre

Storage detector

Third beam collimator

5. Inner detector chamber 20 Is"1 ion getter pump 1 10~10 torr Primary beam detector



O 0,0770 a 2613

I I I
1.0S92 1.1932

I I
flight path 1.6536m

2.12S1 2.2139

g
Schematic view of the experimental setup. Heavy lines indicate
cry o pumps.
1: primary beam sources 2: source collimator; 3: effusive source;
4: synchronisation assembly; 5: chopper; 6: scanner oollimator;
7: secondary beam source; 8; scattering centre; 9: storage
deteotor; 10: detector aollimator; 11: ionisation detector.
All positions along the primary beam axis are measured using a
permanent optical bencht with a precision of 0.1 mm.

3.3 The primary beam

3.3.1 Beam_3ources

Two beam sources have been used for the generation of the primary

beam.

For beams in the thermal energy range a beatable effusive source

is used. It consists of an' AI2O3 tube with an exit orifice of about

1 mm, with a W-f ilament wrapped around. Inside the tubs a (Ft - Pt/Rh)

thermocouple is placed. The maximum temperature attainable is about

1400 K. To reduce the heat load on the cryo pump the source is

surrounded by a watercooled screen. The typical flow rate ranges from

N = 5 1018 s"1 to N = 5 1019 s"1, resulting in a supersonic expansion

with speedratios that range from S = 1.5 ts 5 = S, for Ar at 1400 K,

which is a compromise between the width of the velocity distribution

and the forward intensity.

In the first vacuum chamber a second effusive source is positioned

with a very thin walled orifice.(diameter 1 mm, thickness 0.05 mm).

When operated at Knudsen numbers Kn < 5 it can be used to calibrate the

efficiency of the detector system of the primary beam. A Knudsen number

Kn = 5 is obtained for a flow rate N = 2.5 1016 a"1.
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For one series of Ar-Ar scattering experiments we have used a

hollow cathode arc discharge as a source for fast neutrals in the

temperature range 21 = 2 I03 K to J1 = 2 104 K. A detailed description

of this so-called plasma source is found in the thesis of Theuws

(The81),

For all sources the flow rate is controlled by putting a constant

pressure on a glass cappillary. The conductivity of the glass

cappillaries as a function of pressure is determined accurately

in a computer controlled pressure decay measurement, using a Barocel

pressure transducer. As absolute pressure standard a Wallace and

Tiernan capsule dial gauge is used.

3.3.2 Colligation

. The beam axis of the primary beam is defined by a surveyors

telescope, and is adjustable in y and z direction by a set of plan

parallel plates. As indicated in fig. 3.1 the primary beam is collimated

by three collimators. The source and detector collimators are aligned

optically to the beam axis by screw micrometers, using the light from

the heated beam source.

The second collimator, usually indicated as the scanner collimator,

is movable in y and z direction by two computer controlled stepper

motors. The scanner collimator is aligned by a fully computer controlled

measuring procedure. The collimator is scanned step by step around the

approximate aligned position in both y and z direction. At every

position the signal from the transmitted beam and the background signal

are measured. This results in a beam intensity profile as a function of

the collimator position. In fig. 3.2 we show such a profile for a

circular scanner collimator, where the aligned position is determined

by the maximum of the transmitted signal. Using this measuring procedure

a correct alignment is achieved within 0.01 mm.

As will be explained in chapter 4 differential cross section

measurements require variation of the position of the scanner

collimator. The various positions also reproduce within 0.01 mm.

3.3.3 Velocity_resolution

The velocity resolution of the primary beam is achieved by the

single burst Time of Flight (TOF) method, i.e. the distribution of
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Fig. 3.2
Primary beam intensity as a function of the
position 2 S of the soanner oollimator for the
alignment of three eiraular collimators with
a diameter of 0.5 mm.

flight times over a known flight path (see fig. 3.1) of separate beam

bursts is recorded by a multichannel analyser (M.C.A.). The beam is

chopped by a three disc chopper, placed in the second vacuum chamber.

The first disc is used for the actual chopping of the beam. It contains

two slit assemblies opposite to each other. The outer part of the slit

is used to produce a synchronisation pulse, by means of a light source

and a photo diode, that serves as a trigger for the M.C.A.. At choice

one of the inner parts of the slit, that differ a factor three in

width, transmits the beam burst. The second and third disc only serve

to cut off slow tails of the velocity distribution, that would other-

wise interfere with the next beam burst.

The moment the beam passes through the centre of the chopper slit

is defined as the origin of the time scale.. The velocity Vi(fc) of

primary beam particles recorded in channel k of the M.C.A. is defined

as
(3.1)

with L the length of the flight path and t , the duration of one

channel of the M.C.A.. The delay time t, , accounts for the finite
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processing time of the detector signal and for the difference between

the time origin and the start of the M.C.A.. This difference is about

0.025 Tt with T the trigger period of the chopper.

3.3.4 Detection

Primary beam particles are detected by ionizing them in an ionizer

identical to the one used by Beijerinck (Beij75). The ions are extracted

from the ionizer, mass selected in a quadrupole mass filter and arrive

finally at an electron multiplier that delivers a charge pulse to the

detector electronics.

We have replaced the original homebuild mass filter by a set of

commercially available stainless steel rods, that has larger entrance

and exit openings. Also, we have removed the deflection plates that

were present in between the mass filter and the multiplier. We have

positioned the multiplier directly behind the mass filter. Both

modifications raised the quadrupole transmission from about IX to

about 102.

In fig> 3.3 we give a schematic view of the detector electronics.

The charge pulse from the electron multiplier is fed into a buffer

amplifier with a high input resistance. The value of 1500 ft has been

chosen as a compromise between pulse width, i.e. the dead time of the

electronics, and pulse height, resulting in a smaller loss of pulses

ions

ECL-TTL

/uns

_TL \
sync,
pulse

TOF

interface

POP-I I

disk

i

display

Fig. 5.3
Schematic view of the detector electronics.
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by discrimination. The buffer amplifier serves mainly as a 'resistance

transformer' for the main amplifier and discriminator (Princeton

Applied Research, model 1120) that has an input resistance of 50 ft.

In between the buffer amplifier and the PAR a filter had to be placed

that suppresses the sinusoidal 3.3 MHz signal from the quadrupole mass

filter. The ECL pulses from the PAR are transformed to TTL pulses

needed for the TOF multiscaling interface, that records the time of

flight spectrum. The TOF interface is triggered by the synchronisation

pulse from the chopper. Finally, the spectra are stored on one of the

discs of the PDP-11 computer.

3.3.5 TJje_dMmm#-§_measuremen t

In a total cross section experiment Q is determined from the

attenuation of the primary beam due to the secondary beam. It is clear

that large systematic errors are introduced if the beam machine shows

non-linearities with respect to the measured beam intensity. Because

the physics is not known in advance, we have to separate the physics

from the apparatus in order to trace such non-linearities. Once found,

one can try to establish the conditions where the systematic error

introduced by non-linearities is small compared to other sources of

error and to apply proper correction functions.

A very fruitful method to find non-linearities is a so-called

duimy-Q measurement, where the primary beam is attenuated through the

use of the scanner collimator instead of the secondary beam. One TOF

spectrum T0F\ is recorded with only source and detector collimator,

both with a diameter of 0.5 mm; A second TOF spectrum T0F2 is recorded

with a scanner collimator with a diameter of 0.3 mm aligned on the

beam axis. After subtraction of the background signal the quotient

of both TOF spectra q = T0Fz/T0Fi should be a constant independent of

the channel number k. From a Monte Carlo simulation of this experiment

(cf. chapter 4) we expect q(k) = 1.39 for all fc.

Because a TOF spectrum shows a large variation in count rate, the

most likely deviation of q(k) from a constant is caused by the loss of

counts due to the dead time T , , of the electronics. This loss will

be less serious in T0F2 then in T0F\. A plot of q(k) against the count

rate N(Jc) then yields a line with a negative slope. Because the pulses

arrive random in time, this dead time effect can be corrected easily,
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provided the correction is small. We have used as correction function

J ^ ^ (3-2)

where N is the measured count rate and N is the count rate for
a

xdead = °'
Another possible non-linearity is a memory effect, that can have

several causes. One very serious cause would be the shift of the

discriminator level due to a fast variation in count rate. If a memory

effect is present, it would show itself as hysteresis in the plot of

q(k) against N(k).

In fig. 3.4a we show the result of a durmy-Q measurement. We find

a line with negative slope, as expected due to the electronic dead

time. Most fortunately it shows no hysteresis. In fig. 3.4b we show

the measurement after application of the dead time correction function

(eq. 3.2), with T , i = 140 nsec. This dead time originates most

1.06

104

1.02

100

0.98-

Icr

0.96

1.02

1.00

038-

0.96

• •»

I I r i

ill

800
count rate (kHz )

1200

Fig. 3.4
Results of a dummy-Q measurement. Plot of the ratio q
of both TOF spectra as a function of the countratet
a) without correction for electronic dead time and
b) with a correction for electronic dead time wivh
idead = 140 ns.

32



probably from the ECL-TTL converter. From fig. 3.4b we conclude that

no significant non-linearities occur in our beam detection system.

An illustration of the sensitivity of this method is found in a

ckumy-Q measurement, where the primary beam was attenuated by creating

a small misalignment (0.2 ran) of a scanner collimator of 0.5 mm dia-

meter. This resulted in a large hysteresis in the q(k) plot. The

explanation for this was found in the 'rediscovery' of gravity. If the

scanner collimator is aligned to the beam axis on the maximum trans-

mitted intensity, it is optically a little above the beam axis to

compensate the free fall of the particles. If the collimator is mis-

aligned into the positive s direction, this favours slower particles

in the TOF distribution and the q(k) plot will show hysteresis. Like-

wise, the faster particles will be favoured in case of a misalignment

into the negative 3 direction. Both cases are shown in fig. 3.5. We

have calculated this effect of gravity on the q(k) plot. The TOF

spectra contain significant beam signal in the time channels 35 through

55. We assume that the alignment was chosen such that the free fall of

the particles arriving in channel 44 is compensated by the position of

the scanner collimator. This means that the scanner collimator is at

position z => +9 um. Using the Monte Carlo method described in chapter
3

I.UO
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X 1.00

0.98

0.96
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t id

-

200 400 0 200

countrate (kHz)

400 600

Fig. 3.5
Influence of gravity on a dummy-Q measurement, a) with
the scanner collimator at z8 - +0.200 mm and b) with
the scanner collimator at z8 = -0.200 mm. The arrows
indicate increasing TOF channel number, i.e. decreasing
velocity.
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3.2
Influence of gravity on the durmy-Q measurements.

time V\ optimum transmitted fraction for
channel (ms"1) transmission z =9ym z =209um z =-l91um

at 8 8 8

35 1440 a = 5um

44 1095 a = 9pm
Ö

55 850 3o=14um
0

Ratio of the content of channel 35 and channel 55 at
3 =209uma o

Theoretical 0.95 1.07

Experimental 0.96 1.05

4 we calculate the fractions of the beam signal that are transmitted

for the time channels 35, 44 and 55, where we take into account that

for the channels 35 and 55 we have actually a misalignment due to

gravity. Finally, we calculate the ratio of the contents of channel 35

and channel 55. The results are given in table 3.2. We conclude that

gravity indeed explains the hysteresis in the q(k) plot.

3.4 The secondary beam

The secondary beam originates from a supersonic expansion through

a nozzle. The nozzle orifice has an optical diameter of 85 ym. The

temperature of the source is variable with a simple heating wire and

is measured with a (Cu-Const) thermocouple. An upper limit for the

temperature of about 360 K is determined by the maximum heat load

allowed on the cryo pump. Unheated the source cools down to about

285 K.

For measurements where a high velocity resolution is needed the

secondary beam is collimated by a slit skimmer with a width

dg-^ • 2.42+0.0) mm and a height h^ % 5 mm. This skimmer is part of a

body with the shape of a cathedral roof, that fits over a 20 K body of

the same shape with a spacing of 2 mm. In fig. 3.6 we give an exploded

view of the skimmer body and the cryo body. Apart from the source and

the source flange the skimmer is the only part of the secondary beam

set up that is not on cryo temperature.
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The nozzle-skimmer distance yg. is adjustable from 5 ram to 25 mm.

The nozzle can be centered to the skimmer with two screw micrometers,

using a light source behind the nozzle and the telescope on the optical

bench.

The primary beam passes 17±0.5 mm downstream of the skimmer slit.

Apart from a 30 mm open area at the intersection of the beams the

primary beam travels through 5.5 mm diameter channels in a solid 20 K

wedge (see fig. 3.6).

For the calibration of the scattering centre, as treated in

chapter 5, it is essential that the errors in the dimensions of the

secondary beam setup are as small as possible. Therefore, we have

constructed another slit skimmer with a width d'ak 19.24+0.01 mm

and a height h , % 5 mm. Then we can enlarge the nozzle-skimmer

distance by a factor /19/2.42 % 2.8 while keeping the same density-

length product in the scattering centre. The re lat ive errors in d .

secondary
beam

primary
beam

20 K

3P0K

Fig. 3.6
Exploded view of the skimmer body and the
oryo body surrounding the aaattering centre.
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and y £ are thus reduced considerably and the error in the distance

from the skimmer to the primary beam, that is hard to establish, has

become less important (cf. section 5.A).

The scattering centre is completely surrounded by 20 K cryo pumps

in order to trap the secondary beam. A background pressure of 10~7 torr

is estimated for Ar as secondary beam gas, based on the sticking

coefficients for cryo pumps, measured by Habets (Hab75).

The end wall of the cryo pump contains a slit of 5 * 70 mm2.

Behind this slit a storage detector, i.e. an ionization gauge with a

0.5 x 2.0 ran2 entrance slit, is positioned,that serves as a monitor

for the secondary beam intensity. The ion current from this gauge is

measured by a Keithley 510 B electrometer. The storage detector is

movable along the z direction over a distance of 52 mm, driven by a

stepper motor inside the vacuum. Thereby, we can measure, in combination

with the narrow skimmer, intensity profiles of the supersonic expansion.

These profiles contain all information on the angular distribution of

i>2 needed for a proper calculation of the finite velocity resolution

(cf. section 4.4).

3.5 Computer facility

The experimental setup is coupled to a PDP 11/20 computer by two

extensions of the PDP-Unibus, i.e. the Userbus (Low?3, Vug75) and the

Eurobus (Nijm79), both containing a set of interface modules.

The Userbus contains:

- A stepper motor interface.

- TOF Multiscaler and TOF display.

- Graphical display unit.

- Relay unit, for automation of the experiment.

The Eurobus is a new interfacing system developed and build in the

Computer Group of the Physics Department of the Eindhoven University of

Technology. For our experiment the Eurobus contains:

- Data Acquisition System, for measurement of voltages between 0 and

10 V with a resolution of 2.5 mV.

- Sealer assembly for measurement of frequencies up to 25 MHz.

The experimentalist communicates with the computer and interfacing

system through the operating system ROSIE (Smi74). In ROSIE a measure-

ment routine is written, that handles the entire experiment. The main
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part of the routine is a measuring loop. In this loop alternately TOF

spectra with and without secondary beam are recorded. In between the

recording of the TOF spectra checks are made on the experimental~-

conditions» and if necessary the experiment is terminated. Also those

quantities that are needed for a correct processing of the data are

stored.

At the end of each loop the uncorrected total cross section, i.e.

(Vl/0)ln(ffi/ff2)9f0'1* i i8 calculated and displayed. For comparison we

also plot the total cross section calculated with the best potential

available, which is stored in an array. On the basis of this comparison

and of some figures of merit printed out on the terminal we judge the

progress of the experiment. -"' ~ -------__:--. v- - ~y:_~~ -

The data are stored on the disc of the PDF and at the end of a

measuring run (<_ 75 measurements), they are transmitted to the B770O

computer of the Mathematical Centre of the Eindhoven University of

Technology, where detailed processing of the data takes place.

,5
•J
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4. The relation between theory and experiment

4. 1 Introduction

Cross sections measured in molecular beam experiments always are

convoluted with the transmission functions of the apparatus.

Predictions of Q and o based on some potential are usually given

in the centre of mass (cm.) coordinate system. Therefore, we must

establish carefully the relation between the theoretical observables,

as defined in chapter 1, and the quantities observed in the experiment.

The relation between the cm. system and the coordinate system

fixed to the laboratory is treated in section 4.2. In section 4.3 we

introduce an angular transmission function and we define the various

detector signals, thereby indicating how a total cross section and a

small angle differential cross section can be measured. The results of

sections 4.2 and 4.3 have also been published in a separate paper

(Kam81). The influence of the finite velocity resolution is calculated

similar to the finite angular resolution as will be described in

section 4.4. In section 4.5 we show that the coupling between angular

and velocity resolution can be neglected. In sections' 4.6 and 4.7 we

derive the relations between the signals measured in the experiment

and the total and small angle differential cross sections, respectively. "i

Thereby, we have chosen to deconvolute the experimental results, rather i

than to convolute theoretical predictions, although this choice leads :'J

to interference of theory and experiment. However, the corrections for |

finite angular and velocity resolution are small and the potentials j

that we use to calculate the corrections are already quite good. Thus, ]
a

we will not have to iterate the analysis of the experiments. Ï
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4.2 Transformation from laboratory to centre of mass angles

For the transformation from laboratory to centre of mass angles

we restrict ourselves to small deflection angles, with 92 « 1 (i.e.

cos(e) = 1 and sin(8) = 6 ) . In this case the transformation is simple

in contrast to the general case (Hel68, War68). In fig. A.I we give

the Newton diagram for the case of small angle scattering. The lab

velocities are described in the {x,y,z) system, the cm, velocities in

the &o>ya>'
z
o) system. Velocities after the collision are denoted with

primes. For elastic scattering the relation u\ = u[ holds. This results

in a sphere around 0 . For small angles we can replace the polar cap

by its tangent plane, and write the scattering angles in cartesian

coordinates

(A.I)

e2

From the point of view of 0^. we look from a longer distance obliquely

at the tangent plane and the transformation thus depends on the angle

between this plane and the (x,z) plane and on the ratio V\/ui. From

fig. 4.1 we conclude that

Fig. 4.1
Newton diagram for small angle scattering.
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da: j

(4.2)

dx l»!^ 8

and hence the lab-c.m. transformation becomes

62 = (Si)
2j,.a+ (2!i£L)2 ,«a (4.3)

In the small angle case a solid angle in the cm. system is given by

and in the lab system by

The Jacobian for the transformation is thus given by

4.3 Finite angular resolution

4.3.1 ïl!i_§SByiiï_transmission_function

For the treatment of the finite angular resolution we assume that

both primary and secondary beam are mono-energetic and that the

secondary beam is unidirectional. The collimation geometry we refer

to is shown in fig. 4.2 and is deduced from the experimental setup

in fig. 3.1. We use the definition of the angular transmission function

given for earlier experiments in our laboratory (Eve76) which differs

from the traditional scheme given by Kusch (Kus64) and von Busch

(Bus66).

We define an angular transmission function T)(u ,2 J8,$) as

"the probability that a pavtiole leaning the source aollimator (area

A\) will travel through the scanner collimator (area ̂ 2 , centered at

a position (y ,z ) with respect to the beam axis) and through the
8 8 •

detector collimator (aveaA^), while deflected over thë'~ctngles (6t$)

in the cm. system"

divided by

"the probability that a particle leaving the source collimator will

travel through the detector aollimator in absence of the scanner

collimator and without being deflected".

\ 4J



source
collimator

scanner
collimator

«3

detector
collimator

secondary
beam

Fig. 4.2
Schematic view of the saattering geometry. The saale in the y
direction is strongly exaggerated with respeat to the scale in
the x direction. The z axis is perpendicular to the paper. The
lab saattering angles are given by (y'tz

r) = (yl~y{ , sis[).

The probabilities are based on a given intensity distribution of the

source area and a given sensitivity distribution of the detector area.

For the moment we take homogeneous distributions, in section 4.3.4 we

will incorporate the intensity profile of the source and the sensitivity

distribution of the detector. With homogeneous distributions the above

definition implies

0 1 n(j/s.ss|8,(j>) <_ 1

Use of three identical collimators centered on the beam axis results

in
n(0,0|0,0) = 1

Henceforward,we limit ourselves to scattering by an isotropic

potential, where the cross section is independent of $. In this case

only the average of n over 4 *-s °£ interest, i.e.

Because the convolution integral of o with n now takes the form

(sin(6) % 8)

/a(e) n(2/fl,3.|e)2nede

it is favourable to introduce the variables

2it
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and we omit the bar over n. An element of solid angle is then written

as
d2td = diMx

Using the definition of n we can write down the measured intensities

in the lab system. We denote the count rate in the absence of both

scanner collimator and secondary beam by NQ, The count rate N\ with

the scanner collimator placed on a position (ys>z8) i-s then given by

»l - V(2/ 3 .3 5 | 0 ) (4.5)

Switching on the secondary beam results in a count rate A/2 given by

f j a B o J^ ^ ƒ ffOl»>nfos»*aU>di|i

(4.6)

with g the relative velocity, V\ the velocity of the primary beam

particles and n the density of secondary beam particles in the

scattering centre of the length I. The differential cross section a

in eq. 4.6 can easily be corrected for the effects of twofold

scattering into the direction <|> through a replacement of a(i|>) by

c(^) + "fiS^OnZxi.^) with T the effective cross section for twofold

scattering (Ver81). Threefold and higher order scattering can always

be neglected. In this way eq. 4.6 is valid also for high values of

(glv\)nlt where the contribution of twofold scattering can not be

neglected.

A total cross section is measured by centering the scanner

collimator on the beam axis, i.e. (y„»2„) = (0,0). The first term of
o o

eq. 4.6 then gives the decreased count rate due to scattering. The

second term describes the extra count rate due to the finite angular

resolution of the apparatus.

A differential cross section is measured by using the scanner

collimator in such a way that n(j/„,2 lO) = 0. The signal is then given

by the convolution of the differential cross section and the angular

transmission function. The convolution integral in eq. 4.6 is most

easily evaluated if we represent n(w_,3_|<|i) by its central moments M.t
8 8' u

defined asMj = ƒ (•"• ) i(j/ fs |<lOdi|> (4 .7) i
j

with the central angle i|i determined by Wx = 0. We define an average j

cross section o for this scattering geometry by ••
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Table 4.1
Parameters of the function f\t as a funotion of
the central moments M^t for i <_ 4 (eq. 4.10).

p-l =• -( l-e)

Wo
 3 0

Wi =• (1+e)

(4.8)

The zeroth order moment M takes into account the acceptance angle of

the experiment, as is pointed out in section 4.3.2. The ratio 0 la

indicates how seriously the measurements of the differential cross

section are influenced by the finite width of the angular transmission

function of the apparatus.

The average cross section o can be written as

Ui __•••„

Although we can truncate this summation after a few terms, the cal- ;

culation of a theoretical expression for the higher order derivatives

is rather tedious. A practical and elegant technique is to replace the '|

function nO/s»3„|6) by a function n, which is a weighted sum of delta •

functions with the same central moments as r\. We have used a sum of :>;|

three delta functions, with the central one at t|i 3
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The choice y_ = 0 allows calculation of X.,u. from the first five
v OH

central moments Mo through M^ as shown in table A.I. Due to the simple

form of f\ the convolution integral can be evaluated directly, resulting

in
*̂  ml

Mo

4.3,2 The^ centr aljnomegt s

Zeroth order moment
The zeroth order moment MQ is calculated analytically as follows.

The forward intensity I(o) (a~lsterad"1) is related to the count rate

W o b V
j(o) o gn0PH-«l> (4.12)

with Ai^/(x^-Xi)2 the solid angle of the detector collima tor as seen

from the source collimator. The number of particles travelling through

the scanner collimator then is given by

The solid angle of the detector collimator as seen from the scattering

centre is

or in cm. coordinates

The number of particles that reaches the detector is then

Nz = Si exp(- fjnW) ̂ «^"d ^4'16)

We compare this expression with one obtained from the first order

approximation of the convolution integral in eq. 4.7 for the case

| ^) (4.17)

% that is given by

k Nz - ̂ o exP<" «T"^) ̂ «ï^o (4.18)
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and thus
™l£ (xu-tti)2 A-> .. .

Higher order moments

The relative higher order moments are given by

§ 2
_ = . ..

Wo ƒ n(»a.aa !

The definition of n(yc,»3_|'j') can be written as

where the primes denote d/dx. For homogeneous distributions in source
and detector collimator F„ i s one for particles that pass through the
three collimators that are present in the numerator and F~ is one for
particles that pass through the two collimators that are present in
the denominator. Thus, we find for MIM

Mo

Since the integrals receive only contributions from that part of the
integration range that l ies within the limits set by the collimators,
we transform to integrations over positions in the collimators. We
find

Mn

(4.23)

This integral is suited for evaluation through a Monte Carlo method.

First, we introduce some short notations.

Let /(x) be a not normalized distribution function of x and G(x)

an observable which is a function of x. The expectation value G„ is

then given by

G

f
Calculation of G„ with a Monte Carlo method is achieved by making N

random choices of x. according to f(x), and calculating G(x.) for every
3 3

choice. The Monte Carlo estimate <G(x)> of G~ is then given by
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( l — J J Z - (4.25)

For the lab scattering angles we write

a a y' (A.26)
e = 3f

For the scattering variables related to the lab-cm, transformation we

write

y (4.27)

Then the lab-cm, transformations (eq.4.2) are written as

v'o - a »
(4.28)

We can apply eq. 4.25 to our case with G = i|i and t = (yi,si,z/2,s2.i/4»si*) •

The relation <J» = <K*) depends on the lab-cm, transformation, so that in

principle a separate Monte Carlo run would be necessary for each case of

V\/g and m\l\i.

This is avoided by performing the Monte Carlo process in the

following way. We make a choice of six random numbers to determine

positions in the three collimators. For the resulting trajectory the lab

scattering angles a and @ are calculated. For the geometry in fig. 4.2

this results in

(4.29)

= (Z?-Zl) («It-XT )/(«?-«!> + Z\ -
(0:4-3:3)

During the Monte Carlo process we calculate the terms

<«2<»-*V*> (4.30)

for all n and % <_n. After termination of the Monte Carlo process we

calculate

<•"> = rr" Rln I [n] V* <a 2 ( B- i )B M> (4'31)

for all n and for all values of R and V.

47



Finally the central moments and \\>a are calculated using eqs. 4.7

and 4.25

(A.32)

with Ma given by eq. 4.19. From eq. 4.32 it follows directly that

My (4.33)

4.3.3 Accuracy

We have investigated the accuracy of our calculations at

(!/s»ss) = (0,0), vxig = 0.74 and n»i/u = 3.1. At five values of N we

performed twelve calculations of ^ and M^ for i <_ 4, with different

initial values of our random number generator. The mean value and

r.m.s. deviations of the results of these calculations are given in

table 4.2, for N = 2 101». Calculations with different N-values show

0.20

IJ>(10Arad2>
10

Fig. 4.3
Angular transmission functions for displaaement of the
scanner aollimator into the z direction in the geometry of
fig. 4.2. Scattering conditions: m\/]i = 3.1, V\/g = 0.74.
Number of Monte Carlo trajectories N = 2 10k. The scanner
positions for the cases 1 through 4 are given by (y8iz8) =
(0,0.5), (0,1.0), (0,1.5), (0,2.0), with y3 and zs in mm.
Error bars indicate the 2a-interval, determined by a
statistical error n\fï, with n^ the contents of histogram-
bar i. The smooth curves are drawn to guide the eye.
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Table 4.2
Aaouvaay of the Monte Carlo calculation for N = 2 10*, Results
from 22 Qaloulations with different initial values of the random
number generatort for the geometry of fig. 4.2 with (ys*Zg) =

(0,0). The total transmission is Mo = 3.516 30~6 stevad.

M2

W3

8

1

1

5

mean

.671 10"6

.959 10-16

.99 10"21

.54 10-26

r.m.s

6.

3.

5.

2.

•

6

2

9

3

deviation

10"8

10-18

10-2 3

10-27

rel.

7

1

3

4

deviation

.6 ÏO"3

.6 JO'2

.0 ÏO-2

,1 10~z

that the r.m.s. deviations scale with tf1'2, as can be expected for a

statistical error. For the two most significant parameters, i|> and Mz,

the accuracy obtained with N = 2 101* random choices is of the order of

1%. Because n(y ,z )i|>) is a smooth function (see figs. 4.3 and 4.4),

the higher order moments decrease very rapidly. In all our calculations

the first five moments (Af0 through Mi,) are sufficient for an accurate

description of T\(y tzs|<l0-

A very practical advantage of our calculation method is that for

a standard collimation geometry the terms of eq. 4.26 are fixed, i.e.

independent of velocities and gas combinations. Therefore, we have

calculated these terms once for N = 1 105 and stored them on a disk of

the B770O computer. In this way the central moments are calculated for

every gas combination and every velocity with high accuracy and a

minimum of computer process time.

4.3.4 Inhomogeneous_dis tr ibut ion

In the actual measuring situation we have to take into account

the inhomogeneous intensity distribution of the source and the in-

homogeneous sensitivity distribution of the detector.

For the source we have an intensity distribution given by

s
Ps(y,z) • expl- * sl \ (4.34)

This source profile follows from the virtual source model (Hab77a, see '

also section 4.4.1) for a supersonic expansion. The scaling parameter >]

fl is called the virtual source radius. .;
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10
•dtf'rad2)

g transmission fimotions for displaaement of the
scanner aollimator into the y direction in the geometry of
fig,. 4.2. Scattering oonditions: m\/v = 3.1, Vi/g = 0.74.
Number of Monte Carlo trajectories N = 2 10^. The scanner
positions for the cases 1 through 4 are given by (ys,zs) =
(0.5,0), (1.0,0), (1.5,0), (2.0,0), with y8 and zs in mm.
Error bars indicate the 2a~interval, determined by a
statistical error n}/1, with n^ the contents of histogram-
bar i. The smooth curves are dvaan to guide the eye.

For the detector we assume a quadratic sensitivity distribution

given by

We still make random choices in source, scanner and detector collimator

according to homogeneous distributions but we give every Monte Carlo

trajectory a weight factor, determined by the projection into the source

profile ahd the projection into the detector profile. This means that

in eq. 4.23 the function F„ is not always one inside the collimators,

but is given by

FN ( 4' 3 6 )

where 0/o,so) and (2/5,25) are the projected positions in the source

and in the detector, respectively (see fig. 4.5). We can retain the

formulation of the Monte Carlo calculation of the higher order moments,
%
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source detector

Fig. 4.S
Schematic view of the scattering geometry, similar to fig. 4.2
with an inhomogeneous intensity distribution of the source and
an inhomogeneous sensitivity distribution of the detector.

if we redefine the Monte Carlo estimate as (cf. eq. 4.24)

N
Ï i

N
(4.37)

In our case we have weight factors Wj = ^VJI where F„. is the value of

F„ for a specific Monte Carlo trajectory j'.

Special attention must be paid to the zeroth order moment M . As

we will show in the following the analytical calculation does not

suffice in the case of inhomogeneous distributions. The zeroth order

moment M is defined as
o

M

(4.38)

We transform to integrations over positions in the collimators, and

we get (cf. fig. 4.5)

(4.39)
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In case of homogeneous distributions we have <-f«i> = <^'n> " ' an<^ we

find the same Af as from the analytical treatment in section 4.3,2,

and thus in the general case we have

Mo ^

The calculation of <F„> and <F_> is incorporated in the Monte Carlo

process (see fig. 4.5). The trajectory determined by the three random

positions in the three collimators is projected into the source and

into the detector and we calculate

where y , zQ, 5/5 and 35 are functions of d/i fs 1,2/2 »
s2»yH»24)' then we

use only the positions in the source and detector collimator and we

project the resulting trajectory into the source and detector. We then

calculate

where y*t a*, j/| and z% are functions of (j/i»3iij/itl3it)< After termi-

nation of the Monte Carlo process we calculate <-f«r> and <Frj> using

eq. 4.24.

4.4 Finite velocity resolution

4.4.1 The_yelocity_transmission_function

Due to the finite velocity resolution the relative velocity

corresponding to particles arriving in the k-th. time channel of the

MCA is not simply given by

9n(k) • [v,(k) + v~ - 2v,(k)v~ cos(?-- Y ) ] (4.43)

where V\(k) is defined in eq. 3.1, V% is the mean velocity of the

secondary beam particles and ir/2 - v is the angle between the axis of

the primary beam and the axis of the secondary beam. We define a

velocity transmission function c,(.k\g) as

"the probability density that a scattered particle was mooving at a

relative velocity gt while the apparatus was adjusted to a nominal

relative velocity go(k)t given by eq. 4.43".
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Fig. 4.6
The relative velocity g determined by V\(k)t v2 and y.

The function ? is determined by the distribution of the value of the

primary velocity i>i and the distributions of the value and of the

direction of the secondary velocity V^, as shown in fig. 4.6. The

variation in the direction of V\ can be ignored.

We will briefly discuss the components of the various velocity

distribution functions. The components are summarized in the second

column of table 4.3. We see that they all are normalized and thus we

have

Izik\g)óg = 1 (4.44)

The variation of V\ firstly results from a variation in the

moment of departure of a particle, due to the finite open time t , of
o t»

the first chopper disc and the finite beam width, that leads to a time

distribution 1/*»„.• Secondly, the variation of i)\ results from a

variation in the moment of arrival of a particle, due to the finite

length of a time channel t •,.

The variation of the value of V% results from the normal distri-

bution of the velocity u% of the secondary beam particles, given by
s. . „_f ,M,-y,,2) ( 4 4 5 )

with S the speedratio that determines the width of the distribution.
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Table 4.3
Distribution functions that determine the various aomponents of g,
together with the varicmeies in these oomponents and the resulting
varianey in g.

Component Distribution a |

open time chopper

beam width

TOF channel

12 12

V ï oW

t

121 vï 'pt
12 32T2* 12

12

TT" géïW

T>2 2S g* 252

skimmer width

virtual source eq. 4.46

1 <?fc

2

„2„2

2

? 9
V1V2 1

2 2 22
Q2R2

The variation in the direction of V2 is on the one hand the result

of the finite width d •, of the skimmer. On the other hand a supersonic

beam source has an apparent width larger than the actual orifice. This

originates from the fact that close to the nozzle continuum flow

conditions hold and beam particles obtain a velocity component

perpendicular to the flow lines during the expansion. Back projection

of these perpendicular velocity components results in an intensity

distribution in the nozzle plane, the so-called virtual source.

According to Habets (Hab77a) the virtual source is accurately

described by the weighted sum of two two-dimensional Gaussian

distributions. Because the height of the skimmer is large compared to

the dimensions of the virtual source, the distribution seen from the

primary beam is the integral over z of these Gaussian distributions,

as given by

'—*— exp( -) + — 2 — exp( 7-)|da: (4.46)
i?1 R^H R2

54



The parameters c\ and a2 are the relative populations and R\ and R%

the virtual source radii. We have determined R. and a, from secondary

beam intensity profiles, measured with the storage detector. A detailed

analysis of these measurements is reported elsewhere (Beij81). In table

4.4 we report the results for Ar and Kr as a function of the source

parameter H. This source parameter is defined as (Hab77a)

w ' 4 7 )

ƒ(-*•) =• 0.802 for -f- = 5/3
V V

with R the nozzle radius, n the density in the source and T the
temperature of the source.

The velocity dependent quantities resulting from the experiments
are given for a total cross section measurement by

^ T Q>* = ' T
and for a differential cross section measurement by

< £ _ 0(Y)> f e = ƒ SL. o(H».flr)c(fc|ff)dflr (4.49)

In principle the convolution integrals in eqs. 4.48 and 4.49 can be

calculated by the same method as used for the angular transmission

function. However, for Ar-Ar, Kr-Ar and Kr-Kr at low primary beam

velocities the function (g/v\)Q shows a sharp increase due to the

relatively large value of «2- In this case the three point convolution

is not sufficient anymore. Therefore,we have performed the convolution

in a different way. In a Monte Carlo process we make random choices in

all distribution functions and calculate a £-histogram with typically

11 bars in a 2o-interval around the nominal value gQ. We then calculate
<g/i^l Q>i, and <gjv\ cf(i|*)>̂  through numerical integration using this £-

histogram. For situations where gh\ % 1 this numerical integration

yields the same results as the three delta-function method.

4.4.2 Anal^tical_a£2roximation

The contribution of the various components to t,(.k\g) is best seen

in an analytical approximation using only the second order moment or

variancy. In the third column of table 4.3 we give expressions for
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Table 4.4
Experimental results for the virtual source radii R{/zref and their relative populations
with zvef = 0.802 Rn for y = 5/3.

a2

Y

5/3

5/3

gas

Ara>

Ar

Kr

(10"55Km6)

4.45

4.45

8.88

E range

no clusters

5 <_ 200

E <_ 100

E _< 70

q

4

4

1

.2

.4

«2

0.27

0.28

15.3 0 b )

17.6 0.17

0

0

.3

.12

.22

0.18

0.26

a ) Hab77a, Hab77b

In our analysis we have fixed



these variancies, and from these we calculate the variancy in g by

12 _ „ „
I
i

(4.50)

with Og. given in the last column of table 4.3.

In fig» 4.7 we show the contribution of the various components to

o^ as a function of g, for a typical experimental situation. The steep

increase of o§ is caused by the decreasing flight time combined with

a constant open time of the chopper. The decrease of o§ is caused by

the decreasing importance of Vz in the calculation of g. For the same

reason o^ approaches a constant value,

10
1400

Fig. 4.7
Components of the velocity transmission function
calculated with an analytical approximation (of.
table 4.4) for a standard measuring situation^
where tot = 2 10Th s, tah = 4 10~5 s, S = 26,
y8k = 16.5 mm and 5 = 186.
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If we calculate the convolution integral using only the second

order moment, the result for ? differs only slightly from the result

using the Monte Carlo method with five central moments. The maximum

difference is about one percent at low relative velocities. For the

deconvolution of experimental results we have prefered the Monte

Carlo method, because it yields valid results under all conditions

and thus offers the possibility to test extreme situations. Further-

more, it is possible to perform a coupled calculation of the angular

and velocity transmission fucntion, as treated in section 4.5.

We use the analytical approximation to estimate the effect of the

finite velocity resolution on the symmetry oscillations, that occur in

the scattering of identical particles (Hel69). In a simple semi-

classical estimate the symmetry oscillations for Ar-Ar scattering have

a spacing of

hg =*~% 33 ms-l (4.51)

where rQ % 0.8 r is the rigid sphere radius of the scattering

partners.

We describe the symmetry oscillations by

yig) = sin(mgr) (4.52)

with m = 2ir/33 for Ar-Ar (cf. eq. 4.51). We convolute y(g) with a

velocity distribution
i r o l

P(g-90)dg = — ! — exp --^r—\dg (4.53)

and this results in

fPig-ffJ sin(mg)dg = exp (-y m2a£) sin(mg-) (4.54)

Thus,we get back the original function multiplied by an exponential

damping term. For experimental conditions where about the maximum

velocity resolution is obtained, i.e. a high chopper frequency and

a narrow chopper beam slit resulting in a short open time of the

chopper, a nozzle-skimmer distance y , = 25 mm and a speedratio

S = 35, we find a variancy o£ = 302 m2s~2 at g = 750 ms"1. This

results in a value for the damping factor

exp(--|mza|) = 4.2 10"3 (4.55)

and the symmetry oscillations are damped completely.
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4.5 Coupling between angular and velocity resolution

Through the assumption of mono-energetic and unidirectional

beams in section 4*3.1 we have decoupled the problems of velocity and

angular resolution. However, as can be seen from figs. 4.1 and 4.6 the

variation in V\, V2 and Y results in an extra broadening of the

angular transmission function. We have investigated this for the case

of Ar-Kr scattering. Together with each random chosen trajectory we

make a random choice in the distribution functions determining the

velocity resolution. The n~histogram is calculated using a modified

lab-cm, transformation

u V\ - V* siny ,
mi V\ *o

w , (4'56)

siny)1'2

a

2 2 w ,
> + » 2tfi> siny)1'2 ,

In table 4.5 the results are given from a worst case calculation, with

a high primary beam velocity and the nozzle close to the skimmer. These

results show that the effect of the velocity resolution on the angular

resolution can be neglected*

Table 4.5
Effect, of the finite velocity resolution on the angular transmission
functiont in case of Ar-Ar scattering. The open time of the chopper is
tO£ = 2 10~^ 8t the nozzle skimmer distance is j / s ^ = S mm, resulting
in a full open angle of 0.49 rad3 the speedratio of the secondary beam
is S = 6.6. The primary beam velocity is V\ = 940 ms~l and the
secondary beam velocity is v2 - 577 ms~l. The total transmission is
Mo =1.323 10~6 sterad.

Mz

M3

ft/ij

Central moments of the angular
transmission function

without coupling with coupling

3.211 10"6

9.458 lO"18

3.019 lO"23

2.938 10"2S

3.21 10"6

9.577 10"15

3.104 10"23

3.012 10"28

r e l .
increase

0 %

1.3 %

2.8 %

2.5 %
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4.6 The total cross section experiment

A total cross section experiment consists of the measurement of

the attenuation of the primary beam due to scattering by particles

from the secondary beam as function of the relative velocity. This is

done by recording two TOF spectra alternately with and without

secondary beam. The primary beam is collimated with three circular

collimators aligned to the beam axis. The exact dimensions of these

collimators together with the angular transmission function n(0,0|0)

are given in table 4.6.

We denote the primary beam signal without scanner collimator and

without secondary beam, recorded in the %-th time channel of the TOF

spectrum by N (k). Then the signal with the scanner collimator aligned

to the axis, i.e. (yo,z ) = (0,0), is

(4.57)

Switching on the secondary beam results in a signal

Table 4.6
Dimensions of the primary beam aollimators.

Total cross

collimator

source

scanner

detector

Small angle

collimator

source

scanner

detector

section experiment

type

circular

circular

circular

differential cross section

type

circular

rectangular height(z)
width (y)

circular

diameter (mm)

0.503 + 0.

0.496 ± 0.

0.506 + 0.

n(o,o|o) =

experiment

dimensions

0.503 ± 0.

0.703 ± 0.
0.292 ± 0.

0.506 + 0.

n(o,o|o) =

001

001

001

0.99787

(mm)

001

001
001

001

• 0.904
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nl (4.58)

with gQ = go(fc) and U1O = ViQ(k) = (g%(k)-v\)xIz, The quantity AQ is
the contribution to % d u e t 0 t n e finite angular resolution, and is
given by

KSo) + l/2(go/Vio)nlT0|).go)]Ti(0,0l'l0dil; (4.59)

We have neglected the influence of the finite velocity resolution on

A<3. For the deconvolution of the experimental results we introduce a

correction factor f™ for the finite angular resolution, defined by

(4.60)
Q(g0)

and a correction factor i™ for the finite velocity resolution, defined

bv ,
y „ <glv\ Q>i.

(4.61)

Note, that both factors are theoretical quantities. In fig. 4.8 we

have plotted FZ(.k) as a function of 1000/go for the systems Ar-Ar and

0.5 1.0 1.5
1000/g

Fig. 4.8
Finite angular resolution correction Fjj for Ar-Ar- scattering
calculated with the MS potential and for Rr-Ar scattering
calculated with the ABPS potential, using three circular
oollimator8 with a diameter of 0.5 rm,



Rr-Ar, In fig. 4.9 we have plotted F^(k) as a function of \0Q0/go for

the system Ar-Kr. We find an undulatory pattern in counterphase with

the glory structure. Thus, the finite velocity resolution does not

influence the continuous part of gfr\ Q but only leads to a small

damping of the glory undulations. For all gas systems investigated we

find |l-^y(fe)| < 0.01.

From eqs, 4.44 and 4.45 we find the deconvoluted experimental

result

(4.62)N9(k)
9oo

that can be directly compared to calculated results.

1
s

1.01

0,1.00

0.9»

Z\ /
XJ

o.s 1.0 1.5
1000/g

Fig. 4.9
Finite velocity resolution correction Fg for Ar-Kr scattering
calculated with the ABPS potential, in a standard measuring
situation Where toi; = 2 1CT1* 8, tc^ = 4 10~s st S = 24,

= 16.5 mm and H = 161.
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4.7 The small angle differential cross section experiment

A small angle differential cross section experiment consists of

the measurement of the primary beam signal due to scattering by

particles from the secondary beam, with the scanner collimator at a

position (yo,za) such that n(j/„»3o|0) » 0, and of the measurement of
3 3 S3*

the attenuated intensity of the primary beam with the scanner colli-

mator positioned at Ü/„,O = (0,0). However, if in the former case
3 S ,

the secondary beam is switched off and the scanner collimator is close

to the primary beam we still find a significant beam signal, due to

scattering on background gas. In order to correct for this signal, we

also measure the signals at (y ,z ) and at (0,0) with the secondary
8 8

beam switched off. Thus, we record four TOF spectra.

The primary beam is collimated with a circular source and a

circular detector collimator aligned on the beam axis and with a

rectangular scanner collimator. The exact dimensions of the collimator

together with the angular transmission n(0,0|0) are given in table 4.6

In table 4.7 we compare this collimation geometry with a collimation

geometry using a circular scanner collimator, for the case of Kr-Ar

scattering at g • 1000 ms"1. The transmission MQ is about the same

for a circular and a rectangular collimator. But the resolution

characterized by Ai|i • (M2/MO)
1/2 is much better for the rectangular

collimator. Another advantage of this collimator is, that we can

measure at smaller angles, which is important for the extrapolation

to 6* = 0. The size, 0.3 ma * 0.7 mm approximately, is chosen a» a

compromise between resolution and transmission.

For the signals with the scanner collimator aligned to the beam

axis we get

Nx(k) = tf0(k)n(o,o|o)
and

| ^ [ + nl f°^ A«(?0)j (4.64)as defined in section 4.6.

The signal with the scanner collimator positioned at (y ,s ) and
o 8

without the secondary beam is given by

3s|0) (4.65)
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Table 4,7
Characteristics of a rectangular scanner collimator (0.3 x 0,7 mm2)
and a circular scanner aolHmator (diameter 0.5 mm)t for Kr-Ar
scattering at 1000 ms~l. The source and detector aollimators are
circular with a diameter of 0.5 mm. For the definition of the
various quantities see section 4.3, Differential cross sections are
calculated with the ABPS-potential,

Rectangular scanner collimator

position

0/s,3s)(mm)

(0.4,0)

(0.5.0)

(0.7,0)

(0.9.0)

(1.1.0)

Mo
(10~5sterad)

4.177

4.177

4.177

4.177

4.177

Circular scanner collimator

position

0/s,3s)(mm)

(0.5,0)

(10~6sterad)

3.904

(10~5rad2)

4.957

7.103

12.827

20.461

30.005

(10-5rad2)

6.924

Moo0|>o)/o<o)

(10~Gsterad)

2.378

1.916

1.106

0.560

0.274

Moa(i|;c)/o-(o)

(10~6sterad)

1.875

(10~5rad2)

1.438

1.755

2.404

3.064

3.728

(10"5rad2)

2.111

Switching on the secondary beam results in

D2(.k) - ffo(fc) exp(-n£<2-«>fc) x

3s|0) + nl ƒ JL o

+ 7 ƒ T0Mo)Ti<y8,3s|<l0d<|i] (4.66)

We-neglect the influence of the velocity resolution on T.

From these four signals we find

nl ƒ

nl n(0.0|0) (4.67)

where D\INi n(0,0|0) serves as an effective value for n(t/_,so10). For
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the deconvolution of the experimental results we introduce a correction

factor F^ for the finite angular resolution, defined by

Z * .1/2 ajyyo nZt(Hi.go)l n
ö ƒ ( l ^ ) d |... sr '

and a correction factor F° for the finite velocity resolution, defined

by

Note, that F° also corrects for the contribution of twofold scattering.

In table 4.8 we give some values of F~ for the gas systems we have

investigated. The differential cross section experiments have been _.

performed in a small velocity range, and over this range F° does not

vary more than a few percent. The correction factor F shows the same

pattern as 2r° and again differs less than 1% from unity.

From eq. 4.67 we find the deconvoluted experimental result

\l * nl,g )

that can be directly compared to calculated results.

(4.70)

Table 4.8
Finite angular resolution correction F^for the small angle
scattering of Ar-Ar, Ar-Krt Kr-Ar and Kr-Krt using the MS
potential, ABPS potential and BDVKS potential
respectively. The aollimation is aaaording to table 4.6.

System

Ar-Ar

Ar-Kr

Kr-Ar

Kr-Kr

y8 (mm)

0.4
1.0

0.4
1.0

0.4
1.0

0.4
1.0

9o 0ns"1)

1150
1150

1100
1100

1000
1000

950
950

e*

0.39
0.88

0.41
0.90

0.79
1.78

0.78
1.80

.086

.113

1.054
1.074

.142
1.381

1.103
1.291
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5. Absolute total cross sections from a calibration of
the secondary beam

5.1 Introduction

In this chapter we report on the measurement of absolute total

cross sections through the calibration of the supersonic secondary

beam» for the systems Ar-Ar, Ar-Kr, Kr-Ar, Kr-Kr and Ar-Xe.

In recent years the knowledge on the supersonic expansion of a

gas has grown considerably through the work of Habets on Ar (Hab77a)

and the work of Beijerinck and Menger on Ar and O2 (Men78, Beij 79).

Using the results from their work we are able to calculate in principle

the density-length product in the scattering centre. A serious dis-

turbance of the ideal situation is the socalled skimmer interaction,

i.e. the interaction of secondary beam particles with background gas

in the expansion chamber. We have constructed a secondary beam setup,

where extensive 20 K cryo pumping is used. Thus, we only have to take

into account the first collisions with particles reflected from the

skimmer body, leading to a reduction of the density-length product of

at maximum 10 percent. Since we have only such a small effect we are

able to perform a set of measurements through which we can calibrate

the scattering centre conditions. The method of calibration is

presented in section 5.2, where we also report on a model calculation

to estimate the order of magnitude of the skimmer interaction.

In section 5.3.1 we report on the measurement of the flow rate

through the secondary beam source, that must be known accurately to

perform the calibration.

The angular dependency of the gas flow is characterized by the

so-called peaking factor. Since this is a quantity that was known only
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theoretically, we have measured the peaking factor for the supersonic

expansion of noble gases. We report on this in section 5.3.2.

In section 5.4 we present an extensive analysis of the errors

that occur in the measurement of the absolute total cross section.

Finally, we give the results in section 5.5.

5,2 Calibration of the scattering centre

5.2.) The_ideal_densi tjj-length_groduct

For the calculation of the density-length product we assume that

the beam source is a point source. This is justified on geometrical

grounds. Firstly, in the z direction the height of the skimmer is much

larger than the width of the virtual source. Secondly, the projection

of the distance between the cryo wedges into the nozzle plane (cf. fig.

3.6) is much wider than the virtual source, i.e. in the x direction the

whole virtual source can be seen by a primary beam particle traveling

through the scattering centre. The finite width of the source thus only

leads to a convolution of the rectangular density-length profile from

a point source with the normalized virtual source distribution.

Because the primary beam has a radius of 0.25 mm only, we will

ignore the dimensions of the primary beam in y and z direction.

A schematic view of the secondary beam setup is given in fig. 5.1.

We use the polar coordinates r and 6, with r = jy/cosQ and 6 the angle

with the secondary beam axis.

We denote the forward intensity of the secondary beam source by

1(0) (s-1 sterad"1). The determination of 1(0) is treated in section

5.3. In the direction 8 the intensity of the source is given by

= K0)/(6) (5.1)

where the angular dependency f(&) for monatomic gases is in good

approximation given by /(9) = cos3(8) (Hab77a).

The density at some position on the primary beam axis is given by

The mean secondary beam velocity V% is the limiting velocity of

particles in a supersonic expansion and is for H ̂  40 within 0.1 per

cent equal to its theoretical prediction (Hab77a, Men78, Beij79)
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Fig. 5,1
Sohematia View of the secondary beam setup.

(5.3)

with y - apl°f) an<^ a
0
 = (2''B2

l
n/

m)1/'2 the characteristic velocity at a
temperature ? n of the nozzle. For noble gas atoms we have 1>2 =

1.581 oQ.

The density-length product inl).^ is found by integrating n over

the x range defined by the geometry of the nozzle-skimmer combination

and we get

max' max'
(5.4)

where we have used d* • (y , /cos2(e))d6, and with 0 given by
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arotan

d

'ak
(5.5)

Because 9 is small, it suffices to use the first two terms of themax
series expansions of sin and sin3 and we can write

For the narrow skimmer the correction term in eq. 5.6 ranges from

0.999 at y T, = 25 mm to 0.993 at yoV = 10 mm.

5.2.2 Skiramer_interaction

Only a small part of the particles that come from the nozzle,

passes through the skimmer opening, but most particles will hit the

skimmer body. Collisions of beam particles with particles reflected

from the skimmer surface will disturb the supersonic expansion. In our

case only these first collisions have to be taken into account, thanks

to the large 20 K surface surrounding the expansion chamber. We will

indicate this process as skimmer interaction.

The skimmer interaction attenuates the secondary beam and causes

a decrease of the density-length product. Because the number of

particles returning from the skimmer surface, and thus the decrease of

nl, is proportional to the flowrate # we can write

nl = (nl)u [1 - M3k(.ysk)] (5.7)

The proportionality constant F, depends en the skimmer configuration, ,,

the nozzle-skimmer distance and on the gas properties. ;

5.2.3 Model_calculat ion_of _ the_skimmer_inter ac t ion i

We have performed a model calculation of the skimmer interaction V

to determine the order of magnitude of the factor ^8j,(yBi.) in eq. 5.7. -,

This calculation is described in detail elsewhere (Cot80). Here, we

only give the main features. |

Skimmer interaction is a scattering process on the particles ::i

reflected from the skimmer surface. For this scattering process we can j
calculate a cross section agk. This so-called incomplete total cross t

section is determined by the minimum angle that is required to scatter I
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nozzle

secondary beam axis

Fig. 5,2
Definition of the anglest distances and velocities
fov the aaloulation of the skimmer intei ition.

a particle out of the primary beam scattering centre.

For the calculation of the average density of particles reflected

from the skimmer surface along the secondary beam axis we make the

following assumptions (cf. fig. 5.2):

- All particles from the secondary beam source have the same velocity

V2, the final velocity of the supersonic expansion.

- Particles from the source follow straight line trajectories and are

distributed according to

2/Oh) = f cos3(8i) (5.8)

- Particles that hit the skimmer surface accomodate completely and

leave the surface with an angular distribution

w(93) = i- cos(63) (5.9)

and with a velocity V3 = (2//jr)a ,, with a , the characteristic

velocity at the temperature of the skimmer surface.

- The density of reflected particles is constant around the secondary

beam axis.

With these assumptions we can write

n> (5.10)

where <g/v2 n> stands for the average effective density and g is the

relative velocity.
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The average density is calculated as follows. We determine the

contribution of an area M of the skimmer surface at a point y on the

secondary beam axis. For the incoming number of particles dl. (s"1)

on dA (m2) we write

C O S ^ ) < M (5.11)

These particles leave the skimmer surface according to h(,&$)t resulting

in a density in y

The contribution to ghi n then is

The factor cos(63)dAy(J2) equals the element of solid angle dü of dA

as seen from position y, and thus we get

cos(a) dp ,,. .,»
Air

where Q , is the entire solid angle of the skimmer surface as seen

from position y. We calculate the integral in eq. 5.1 A by a Monte Carlo

method, making random choices in ^gi.» at a number of positions y.

Afterwards we average over all positions and we find <g/V2 n>.

The results for the skimmer interaction for a supersonic expansion

of Ar are shown in fig. 5.3. We have used o ̂  = 28 10~20 m2 £

®'^ ®hard "Dk re' ̂ e s e e a m a x ï m u m attenuation for y ^ = 18 mm. For

smaller values of y ^ the range of the angle 62 reduces and thus the

average density of reflected particles. For larger values of y , the -p

incoming number of particles I- reduces. Typical flowrates in our •

experiments are N = (1 to 5) 1019 s"1, and thus, we expect for the

attenuation of the secondary beam ('"̂ si-)
 = 0.98 to 0.92. ;

Variation of the various quantities that have been fixed introduces

variations in this factor of 1.5 percent at maximum. , ,;

5.2.A Calibration A

We can remove the influence of the skimmer interaction from our \Jt

experiment in the following way. In a range of flowrates N we have :s

performed cross section experiments, resulting in values of nlQ (cf. ;;|

eq. A.62). We define the Q comparison factor Cn as Cn = Q/Q„ ~ where '|

bl « rej -Y|
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Fig. S.3
The ékirmev interaction function Fskd

Jek^ a8 funation of the
nozzle akimmer distance yg^ for a superaonia expmaion of Ar.

Qj. is the theoretical prediction of Q based on a suitable reference

potential. For every value of N we calculate the ratio

(5.15)

using the same reference potential to deconvolute the experimental

results. From the slope of this ratio as function of N we find F ,.

From the extrapolation to N = 0 we find Cn and we know 0 measured
Q exp

in units of Qref

We emphasize that by this extrapolation not only the skimmer

interaction is eliminated from the experiment, but also every 'non-

linearity in the experimental setup, because the attenuation of the

primary beam goes to zero.

We have two checks on the consistency of the method. Firstly,

different values of yg^ should yield the same value of CQ. Secondly,

in case of scattering of unlike pairs of atoms, CQ should not depend

on which of the two gases forms the secondary beam.
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5.3 The forward intensity

The forward intensity 1(0) of a beam source is related to the

flowrate N (s~x) by

1(0) = ̂ N (5.16)

with K the so-called peaking factor. In the first part of this section

we report on the measurement of N and in the second part on the

measurement of K.

5.3.1 The_flowrate

The flowrate through a nozzle with radius i?n is given by (Hab77a)

° ° n (5.17)
1/2 1/^»)

where n i s the pressure in the reservoir behind the nozzle. However,

the nozzle orifice is small (R % 42 urn) and the conductivity is

affected by the occurance of a boundary layer.

From simple considerations concerning boundary layers in conical

tubes (Sch68) we expect a boundary layer with a thickness 6 ^ R fle"1'2,
71 r l Q

with R the geometrical nozzle radius and Re the Reynolds number in

the nozzle exit, given by

2R mn a
Re = /(Y) n'l ° ° (5.18)

where n is the viscosity. Hence, we write for the flow radius

R
n
 = Rn,O " *n

 and w e get

Rn = *n,o ° " P<2')P"l/2> <5-19)
with &(T) a temperature dependent parameter determining the boundary

layer.

Together with each set of total cross section Measurements the

flow radius, and thus the flcwrate, is determined from the pressure

decay in a standard volume K ^ that is connected to the nozzle. In

this standard volume we have N particles at a pressure p and a

temperature T . for which holds

Vaal (5"20)

cal

Vaalcal
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Table 5.1
The nozzle radius Rn o and the boundary
layer parameter B for Art Kr and Xe.

Gas Temperature R 3

(K) (10"ê m) (torr"l/2)

Ar
Kr

Xe

321.

320.

327.

5

7

5

42.

42.

42.

78±0,

78+0.

80±0.

01
01

01

0

0

0

,68±0

.60+0

.53+0

.01

.01

.01

We differentiate this equation and combine it with eqs. 5.17 and 5.19.

This results in

T-lp (1 - (SCOP"1'2) (5.21)

with the time constant t^ = (2Iw/2'oai> C^ca^/ C) where C

(m3s~1) is the conductivity of the nozzle for Re •*• <». The solution of

eq. 5.21 is

P(t) = p(0) e"t/T" [1 + ̂ y (e"*/2Tn - I ) ] 2 (5.22)

The pressure is measured with a Barocel pressure transducer that

has been calibrated against a Wallace and Tiernan capsule dial gauge

(accuracy 0.3 torr). The electronic output of the Barocel is fed into

the PDP-11 computer. The measured curves of pressure as a function of

time are analysed through a least squares method using eq. 5.22 as

model function with p(0), 3(2") and T as free parameters. The unknown

volume of the supply pipes is eliminated by measuring the pressure

decay with and without the standard volume connected to the nozzle.

We have been able to keep the temperature of the nozzle constant within \

0.5 R during a set of total cross section measurements. Thus, we can

use a constant value of 3 for each set of data. Results of the flowrate

measurements are given in table 5.1.
'i

5.3.2 The_p_eaking_ factor i

The peaking factor of an ideal supersonic beam expansion is known j

only theoretically from the computational work of Sherman (She63). To \

measure the peaking factor we have placed the secondary beam source in ':

the primary beam position. Both the flowrate through the source (cf. ;

section 5.3.1) and the detector solid angle, defined by the detector '
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collimator, are well known- No other collimators are used, and the

orifice in the primary beam cryo pump and the slit in the chopper

synchronisation assembly are so wide that the entire virtual source

is visible from the detector. The peaking factor can be determined by

ss

(5-23)

where n v is the detector efficiency, I the measured intensity of
O O 3B

the supersonic beam source, N the flowrate through the supersonic
So

source and A a factor that contains apparatus constants such as
ss

flightpath, detector solid angle etc. Thus, if we can calibrate the

efficiency of the primary beam detector we can measure K. The detector

efficiency can only be calibrated with a beam source with an accurate-

ly known peaking factor. For the effusive source in the first vacuum

chamber (cf. section 3.3.1) we can establish the peaking factor by

the following argument.

An ideal effusive source, i.e. a source where we have free

molecular flow of the gas, has a peaking factor K = 1.00. For an un-

disturbed effusion the ratio of the wall thickness d and the orifice

diameter D must be d/D « 1, and the source must be operated with a

Knudsen number Kn » 1. However, in our case the orifice dimensions

are D = 1.00 mm and d = 0.05±O.OQ5 mm. Due to the Clausing factor the

forward intensity of this orifice is equal to

I<0> - V / 7
with (5.24)

We have verified the validity of this correction by a separate •

measurement with orifice dimensions D = 1.00 mm and d = 0.0125 mm. '

We determine the detector efficiency n v by measuring a TOF :"

spectrum with the effusive source and curve fitting a Maxwell-Boltz-

mann distribution through the data points, with the temperature and •

the intensity as free parameters. From the comparison of the measured f,
•"4

intensity and I(o) resulting from eq. 5.24 we calculate n V . rtf
O O JH

However, the measuring time required for a sufficient statistical jj

accuracy must be small compared to the typical drift time of the iS

detector. This forces us to measure at Knudsen numbers Kn % 2.5. At -4
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these Knudsen numbers both the peaking factor and the velocity

distribution show small deviations from an undisturbed free molecular

flow. The scattering of the effusing particles at Kn ^ 2.5 has the

largest effect on the low velocity particles and thus the apparent

distribution is shifted to a higher temperature. Because the detector

efficiency is inversely proportional to the velocity this results in

a lower detector efficiency. The. increase of the peaking factor of

the effusive source on the other hand results in a higher measured

intensity and thus a higher detector efficiency. We have measured

the net result of both deviations by performing a series of detector

calibrations, measuring alternately at Knudsen numbers Kn % 12 and

Kn £ 2.5.

From the difference in the resulting efficiency we calculate a

correction factor C„ that has to be applied to the detector

efficiency measured at Kn % 2.5. Because for the measurements at low

Knudsen numbers deviations from a pure Maxwell-Boltzmann distribution

occur at low velocities, we have in that case used only a part of the

low velocity side of the TOF spectrjm. For the low Knudsen measure-

ments we used the high velocity side of the spectrum and that part of

the low velocity side where Wy/W. > 0.90, i.e. v/a, > 1.20, with N-.

the countrate in channel k. For the high Knudsen measurements we have

used the whole spectrum, limiting ourselves at the low velocity side

to v/a > 0,45. The range chosen can be varied without changing the

results from the least squares analysis significantly.

From the results for r\ V shown in fig. 5.4 we cannot conclude to
o o

any difference in the detector efficiency at low and at high Knudsen

numbers with our specific schene of analysing the spectra. From the

27 data points there are 20 that lie within a 2o-interval and we

conclude to a correction factor C„ = 1.00+0.01. We see a drift of the

detector efficiency of -1.5 percent in the 6 hours during which these

measurements have been performed.

A typical measuring routine for the determination of the peaking

factor consists of two series of five supersonic beam intensity

measurements sandwiched between a total of three calibrations of the

detector. Both before and after these measurements the flowrate through

the nozzle was measured by a pressure decay measurement. The flowrate

through the effusive source follows from the pressure upstream the

cappilary flow resistance. This flow resistance has been calibrated
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time (hours)

Fig. 5.4
The detector efficiency nouo measured with the effusive source at
Knudsen nuvbers Kn % 2.S (O) and at Knudsen numbers Kn % 12 (o)
in a time interval of 6 hours.

also by a pressure decay measurement and has proven to be very stable

(Vlu75).

Applying the correction C„ to the peaking factor K -~ we find

<eff ~ 1.05+0.01 resulting in a peaking factor < = 2.08±0.03 for the

supersonic expansion of Ar. This value of K also holds for Kr and Xe.

5.4 Accuracy

In this section we investigate the accuracy that we have achieved

in CQ. Therefore, we write out eq. 5.15 in the quantities that are

actually measured. For each quantity we investigate the error and

finally we compose all separate errors into an error in CQ.
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From eq. 5.8 we have for each time channel k

) =» cQ{k) [J - w8kty8k>]

In fc) 1 ) - l / 2 ypbyak 1
+ ÏÏT -^^T <5'25>

Instead of calculating #,i(k) for just one time channel, we calculate

the weighted mean value of RQ over all n^ time channels that contain

a significant beam signal. This offers a number of advantages.

Firstly, the relative statistical error in ln^j/ffg) is reduced by

about a factor "i • Secondly, if we measure at the low velocity side

of the glory undulation, the measured cross section is only weakly

dependent on g- This reduces the influence of the finite velocity

resolution. Thirdly, if we measure symmetrically around the zero-

crossing of the glory undulation,the correction factor F*~ averages to

unity, and the error in FT. can be ignored. Also we reduce the influence

of an incorrect prediction of the glory amplitude by the reference

potential.

We have measured at low relative velocities. This is favourable

for two reasons. Firstly, because Q * g~Oml* we measure relatively

large total cross sections, thereby reducing the error in In(#1/^2).

Secondly, the influence of the finite angular resolution is small.

Apart from the factor KN all quantities in eq. 5.25 are determined

in a straightforward way. We unravel the factor KN further. Therefore,

we denote the peaking factor of the supersonic secondary beam source

by K ™ and the f lowrate during a total cross section measurement by
CO

Na„ n' Prom the calibration of the primary beam detector we have found

tor the supersonic peaking factor

Jgg Neff Apk (5.26)

where !„„ and - f ™ are the measured intensities of the supersonic and
88 ejjeffusive beam source, and N « and N »- are the flowrates through

the supersonic and effusive source. The quantities d * and A -„ contain

apparatus constants, such as detector solid angle, flight path etc..

The flowrates N , and N -„ (and also N n) all follow from
BBpK ejj 98,hi
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Table 5.2
Compilation of error sources in the determination of CQ.

a. Noise during total cross section measurements

Quantity Error source Rel. error
in source

Remarks Rel. error
in quantity

statistical noise

Monte Carlo
calculation of LQ

vxi flight path
flight time

i>2 • temperature

accuracy Barocel

10-3

6
5
6

6

5

" 5JO
lo-1*

10-*

KT1*

+ 0.15/p

weighted mean of
Kfc time channels
LQ It 0 .05 Q

Jfc t J 2

measured typically
500 times

^88
Xeff
Keff
Teff>

statistical noise

statistical noise

statistical noise

accuracy Barocel

6 10"1*

5 KT*
+ 0.15/p

three temperatures
together

Ppk * 50 torr
*"* torr

4

3

lO"3 to
JO"3

10-"

ignored
5 KT*
K5 10-1*

6 lO"1»

ignored

b. Systematic

Quantity

errors from other

Error

experiments

source Rel
in

Together

. error
source

(quadratic

Remarks

addition) 4 10"**

Rel. error
in quantity

5 I0"3

1 10~

1 IQ"3

Together (quadratic addition) 1.2 10'2

Continued on page 82



pressure decay measurements. A pressure decay measurement is described

by (cf. eq. 5.20)

V _,
(5.27)

where p stands for dp/dt. A flowrate N is then given by

,m
oai
X

aal

x

oal •,. v

Vaal x (5.28)

and we get

88, Hta)
%Foal

(5.29)

Three kinds of errors occur in the determination, of CQ. There are

statistical errors (or noise) that occur during the total cross section

measurements and there are two kinds of systematic errors. The first

kind of systematic errors originates from those quantities that have

been obtained in separate measurements, i.e. the peaking factor

measurements and the pressure decay measurements. The results from

these; measurements are quantities with statistical errors, but once

these quantities are used in the analysis of the total cross section

measurements their errors become systematic. The second kind of

systematic errors are the uncertainties in a number of quantities. In

table 5.2 we give a compilation of all error sources, subdivided in

these three kinds.

From table 5.2b and 5.2c we see that the; largest sources of

systematic errors are the peaking factor K »„ of the effusive source

and the distancy 2/_J.»

The error in K »» originates almost entirely from the correction

factor CKn (cf. section 5.3.2). Detailed investigation of the molecular

flow through a thin walled orifice in the Knudsen number range

1 ±Kn <_ 15 is necessary to decrease this error.

The distance y^ is the sum of the nozzle-skimmer distance

and the distance yg^ from the skimmer to the primary beam axis. It is

difficult to measure yg^, because the position of the primary beam

axis cannot be visualized easily. We have measured yoh • 17±0.5 mm.
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OB c. Uncertainties

Quantity

Vaal

geometry
narrow skimmer

geometry
wide skimmer

Error source

absolute value of Q;

prediction of V2 <

calibration of Barocel

measurement of a
cylindrical vessel

*sk
ysk
ypb

dsk

ypb

Together

Rel. error
in source

assumed
5 10"2

2 JO'3 *) -

4.3 10"1*

Remarks

Ar-Ar
Kr-Ar

ysk •
ypb -

ysk =
ypb -

(quadratic addition)

• ijQ *\t i rti

y,

'. i^ ̂  1.05

ti2

2.42+0.01 mm
12.74+0.07 mm
29.7 +0.5 mm

19.24+0.01 mm
63.62:0.06 mm
74.7 +0.5 mm

Narrow skimmer
Wide skimmer

Rel
in

3

1.5

< 1

4.3

1.4

4
5
1.7

5
9
7

1.8
8

. error
quantity

HT*
JO'3

IQ"3

10"*

JO"3

JO"3

IQ"3

10-2

So-*
JO"3

10 3

a) (Beij79, Men78).



This uncertainty in the distance from the skimmer to the primary beam

axis is the main reason for measuring with a configuration using a

much wider skimmer. The distance yfl^ is enlarged with a factor five

and thus the relative error in y-. decreases.

We find a relative systematic error in CQ of 2.2 10~2 for the

narrow skimmer configuration and 1.4 1Q~2 for the wide skimmer con-

figuration.

The factor CQ is determined by fitting a straight line through

the data points. If the individual measurements reproduce within their

statistical error we expect for this least squares analysis that

X2/(#-2) £ 1 and that the autocorrelation of the residue is aa % 0.

The error in CQ from the least squares analysis follows from the

statistical noise in the data points. By adding to this error the

systematic error as given in table 5.2b and 5.2c we find the error in

V
5.5 Absolute total cross sections

In this section we give the results for the calibration measure-

ments as described in section 5.2.4.

In the configuration with the narrow skimmer we have measured for

all systems at y ^ = 12.74 mm. For Kr-Ar we have measured also at

y k • 17.74 mm and at y ^ = 21.54 mm. If the uncertainty y •, , as in-

dicated in table 5.2, is a real deviation we expect a systematic

behaviour of Cn, as the deviation becomes less important for larger

nozzle-skimmer distances. We can try to decrease the uncertainty in

2/ , by a least squares analysis of the three measuring series together

with an extra free parameter that would yield the deviation in y •,.

An example of the data points as function of N is shown in fig.

5.5. We have performed sets of total cross section measurements at

typically two or three values of N.

The results from the least squares analysis of the data points

are given in table 5.3. In all cases the value of x2/(#-2) is larger

than unity although the autocorrelation is in most cases close to zero.

This indicates that the spread in our data points is larger than

expected on the basis of the statistical error. This spread has a

purely random character. A possible explanation is a not completely

random variation of the chopper period. The chopper frequency is stable
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090

N(ioV)

Fig. S.S
The ratio MQ)exp/(nVidQref = CQ(1~NFS^) aa function of N for
with the HFGKR potential aa reference potential. For every cluster of
data points we ahow an error bar that atanda for the statistical error
in the individual data points. The straight line is the result of the
least squares analysis.

Table 5.3
The comparison factor CQ for the systems Kr-Ar, Ar-Krt Ar-Art Kr-Kr
and Ar-Xet together with x2 ond ac for the least squares analysis of
the data, points using a straight line. The error in CQ is baaed on the
statistical error in the TOF spectra.

System

Kr-Ar

Ar-Kr

Ar-Ar

Kr-Kr

Ar-Xe

9
(ma"1)

660-740

621-777

751-884

517-603

553-756

*Bk
(mm)

12.74
17.74
21.54

12.74

12.74

12.74

12.74

Vref

ABPS
ABPS
ABPS

ABPS

HFDC

HFGKR

Schafer

O.97O±O.OO1
0.949+0.002
0.956±0.002

0.988±0.002

0.973+.0.002

0.979+0.002

1.001+0.004

X2/(ff-2)

16.8
4.52
1.71

3.15

13.3

2.47

3.65

aa

0.503
-0.249
-0.06

0.045

-0.36

-0.001

-0.17
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within 0.3 percent and is measured many times during the experiment.

However, it might be possible that the variations are not averaged out

entirely. For the Kr-Ar measurement at y < = 12.74 mm we find an

extreme large value of x2 combined with a high value of the auto-

correlation. This is due to the fact that the data points in this

series are gathered from different measurements over a large period of

time, where the experimental conditions have been changed considerably.

From the value of the autocorrelation we conclude to long term syste-

systematic deviations of about 0.7 times the standard deviation in

GQ[\-NFjA' This indicates that the experimental setup is very stable

with regard to this kind of experiment.

The three Kr-Ar results do not show a systematic behaviour. The

combined least squares analysis yielded just the mean value of the

three values of CQ, and no significant value for the deviation in y ..

All values in table 5.3 have a systematic error of 2.2 percent

as indicated in section 5.4. We emphasize that this systematic error

works in the same direction for all systems, and thus the values of C„

relative to one another are accurate within their statistical error.

The velocity range where CQ has been measured is also indicated in the

figs. 7.1, 7.4, 7.7, 7.8 and 7.11.

We take the Kr-Ar system as a reference systen because the super-

sonic expansion of Ar is known in detail (Hab77a). We take the weighted

mean value of the three Kr-Ar results as the absolute measure for C_.

This weighted mean value is c7(Kr-Ar) = 0.960. In order to get Cn for

all other systems on the absolute scale we have to multiply CQ by
« ^ •

CQ(Kr-Ar)/CQ(Kr-Ar, 12.74 mm) = 0.9897. The resulting absolute values

for CQ with respect to all potentials are given in table 5.4. The

errors in CQ ars chosen such that \2/(N-2) % 1.

In support of the above absolute measure of CQ we have performed

a series of total cross section measurements for Kr-Ar and Ar-Kr in

an entirely different configuration using the wide skimmer. We have

measured for both systems at a nozzle-skimmer distance y ^ = 63.62 mm.

The results from the least squares analysis of the data points are

given in table 5.5. Within the statistical error we find the same .

result as given in table 5.4 for the narrow skimmer configuration.

This confirms the reliability of the extrapolation method for the

measurement of absolute values of the total cross section. The

systematic error in the values in table 5.4 is thus reduced to 1.4

percent.
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Table 5,4
The oomparison factor CQ from the measurements in the narrow skimmer
configuration for the systems Kr-Ar, Ar-Kr, Ar-Ar, Kr-Kr and Ar-Xe,
with respect to the various potentials. We use the result for Kr-Ar
as the absolute measure of Cn, The errors LCn are ahosen suah that

z/(N2) % 1

System

Kr-Ar

Ar-Kr

Ar-Ar

Kr-Kr

Ar-Xe

LHB

0.854

0.859

BFW

0.956

Buck

0.981

MW

0.995

BHFS

0.960

0.978

MS

0.927

HFGKR

0.968

Schafer

0.990

ABPS

0,960

0.978

HFDC

0.963

BWLSL

1.023

SB

1.066

GMSM

0.962

0.980

KMA
0.958

0.006

0.004

0.007

0.003

0.008

Table 5.5
The oomparison factor CQ for the systems Kr-Ar and Ar-Kr, for the
measurements in the wide skimmer configuration, together with x2 and
ac for the least squares analysis of the data points using a straight
line. The error LCQ is ohosen suah that y/(N-2) ̂  1.

System 9

Cms"1)
»sk
(mm)

Vref ac

Kr-Ar

Ar-Kr

660-740

621-777

63.62

63.62

ABPS

ABPS

0.955

0.985

14.33

2.96

0.196

-0.010

0.006

0.005

.'i
'•:.L
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We find a significant deviation of the Ar-Kr result from the

Kr-Ar result. This might be due to our assumption that all noble gases

behave in the same way in a supersonic expansion. This is justified on

theoretical grounds, but there is no highly accurate experimental

evidence for this assumption.

A possible cause for deviations is the fact that Kr has five

isotopes with more or less the same abundance. If there are effects

in the expansion that do not depend linearly on the mass, it is not

correct to use the weighted mean of the isotope masses as the mass of

the Kr atom. Another deviation might be a wrong prediction of the

final velocity in the supersonic expansion of Kr. A third possibility

would be a slightly different peaking factor for Kr.

A detailed investigation of the supersonic

expansion of Kr and Xe is necessary. If it would show up that the Kr

and Xe expansion differ from the Ar expansion the results for Ar-Kr,

Kr-Kr and Ar-Xe will have to be adjusted. However, once these

deviations have been established, the adjustment of Cn can be per-

formed in a straightforward way.

5.6 Skimmer interaction, experimental

In table 5.6 we give the value of the skimmer interaction function

F* for the narrow skimmer configuration, that resulted from the least

squares analysis. The systems with the same secondary beam, i.e. the

systems Ar-Ar and Kr-Ar and the systems Ar-Kr and Kr-Kr, give con-

sistent results. They are compared to the theoretical prediction from

the model calculation in section 5.2.3 The function E , scales with

r^ that determines ^iiarJ8„ilsra
 an<* tne s <l u a r e root of the mass that

ifollows from the velocity factor g/v^V^ (cf. eq. 5.14). From the

results in table 5.6 we see that this scaling is inadequate to

calculate a correct prediction for Kr and Xe. In general, we conclude

that the model used in section 5.2.3 is too simple.
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Table 5.6
The skimmer interaction function F8k that resulted from the
least squares analysis of the experimental data points.

System

Ar-Ar

Kr-Ar

Ar-Kr

Kr-Kr

Ar-Xe

(mm)

12.74

12.74
17.74
21.54

12.74

12.74

12.74

F , theoretical i

CIO"21 s)

1.61+0.04

1.61+0.04
1.78+0.07
1.62+0.10

2.67±0.04

2.67+0.04

3.99+0.04

(10"21 s)

2.61+0.16

2.70±0.09
3.32+0.15
4.26+0.19

8.69+0.40

7.67+0.40

17.20±0.15
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6, Absolute total cross sections from small angle
differential cross sections

6.1 Introduction

In this chapter we report on the first results of combined

measurements of the small angle differential and total cross sections.

These measurements have not been done before on noble gas systems. The

only similar experiment has been done by Henrichs on the system CsF-Ar

(Hen79).

A specific problem with this kind of experiment is that the signal

2?2> that is due to the scattered particles, is two to three orders of

magnitude smaller than the signal N2, that is due to the attenuated

primary beam (cf. section 4.7). The signal D2 is also small compared

to the background countrate. This forces us to a compromise in the

choice of the experimental conditions. On the one hand we want to

increase the signal to noise ratio, resulting in a decrease of the

statistical error. On the other hand this might lead to an increase of

systematic errors. In a total cross section experiment we have usually

a signal to noise ratio that allows minimisation of the systematic

errors.

Another problem is that we have to take into account the inhomo-

geneous intensity distribution of the source and the inhomogeneous

sensitivity distribution of the detector. The measurement of these

profiles is treated in section 6.2. In section 6.3 we indicate the

angular range in which we have measured and in section 6.A the velocity

range. In section 6.5 we treat the way the data were analysed and in

section 6.6 we give the results.
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Fig. 6.1
The shape of the differential cross section. The dashed line is the
classical high energy approximation. We have indicated for the various
system the angular range where we have measured (

Table 6.1
Angular range for the
Various systems at
g = 1000 m8~l.

ys

(mm)

0.40

1.00

system

Ar-Ar

Ar-Kr

Kr-Ar

Kr-Kr

Ar-Ar

Ar-Kr

Kr-Ar

Kr-Kr

Qc
(I0"3rad)

2.29

1.72

3.55

2.33

5.18

3.84

8.02

5.19

e*

0.36

0.37

0.77

0.78

0.79

0.84

1.75

1.75
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6.2 Source and detector profile

Together with each small angle differential cross section

measurement we have measured the intensity distribution of the source

and the sensitivity profile of the detector (cf. section 4.3.4);,

The source intensity profile is measured as follows. We remove

the scanner collimator. The detector collimator is positioned on the

beam axis and we scan the source collimator in small steps over the

source distribution. Since x$ - #4 « X4 - »i the detector sensitivity

does not vary during the scan. These measured beam intensity profiles

are compared to a computer simulation, assuming a single virtual source

radius. This simulation has been carried out for a number of virtual

source radii. From this comparison we find a virtual source radius that

varies between Ra % 550 urn to iï % 650 Mm for the various measurements.
8 3 A

This is in fair agreement with the results for the virtual source of a

supersonic expanding beam, as given in table 4.4.

In an analog way we measure the detector sensitivity profile by

scanning the detector collimator. The experimental result is

a , = 5 10~6 m~z (cf. eq. 4.35). Since, during the cross section

measurements the scanner collimator is scanned only in the y direction

and the detector profile is much broader in the z direction we assume

fed = o.

The accuracy for the values of R and a-, is about 2-4 percent.

6.3 Angular range

Since our major aim is extrapolation to 6* = 0 (cf. section 2.8)

we want to measure at angles as small as possible. The minimum angle

in the lab system is determined by the requirement that r\(y ,2 lo) = 0.
8 S

For the rectangular scanner collimator this yields a minimum dis-

placement of the scanner collimator y =0.4 mm.

The maximum angle is determined by the requirement that we should

not introduce large errors by a too strong variation in the source

'. intensity and the detector sensitivity. We allow a variation in both

, of ten percent, thereby introducing an error of several tenths of a

[. percent in 2)2/̂ 2» A variation of ten percent in ~PAy,z) corresponds to

i a shift in the detector of 0.14 mm, which corresponds to a shift of

; the scanner collimator of 1.6 mm. A variation of ten percent in P.(y,z)
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corresponds to a shift in the source of 0.20 mm, which corresponds to

a shift of the scanner collimator of 1,0 mm. Thus, we have taken

u = 1,0 mm as the outermost position of the scanner collimator.
s

The angular range in 9* at g = 1000 ms"1 for the various systems

is given in table 6,1 and is shown in fig. 6.1 together with a(8*)/fl(0).

6.4 Velocity range

From eq. 2.10b we see that cr(O) <v gl'z. Thus, for the systems Ar-Ar

and Ar~Kr, where the measuring range in all cases lies close to 6* = 0

we should measure at relative velocities as high as possible in order

to increase the signal D2,

For the systems Kr-Ar and Kr-Kr the range of y displacements of

the scanner collimator corresponds to an angular range where o(8*)

becomes strongly dependent on 8*. From eq. 2.6 we see that for

increasing g the scaling angle 6 decreases and thus 8* increases for

a given angle in the cm. system. Thus, for the large scanner dis-

placements it is less favourable to measure at high values of g.

As a compromise we have measured for all systems in an interval

around g = 1000 ms"1, that served as a reference velocity.

6.5 Data analysis

Because we have glory undulations superimposed on the attractive

part of both Q and ö we can not analyse the data with the analytical

semiclassical model, where only V„ • Cv 8 is taken into account. In
d 8

that case one can extrapolate a (8*) to 9* = 0 with the model function

for a(8*)/a(0) (cf. eq. 2.11), and calculate aa(°)/Qa-
 W e n a v e t 0

proceed in a different way.

We introduce the quantity C (6*) defined as

where the numerator follows from the experiment after deconvolution

with a suitable reference potential V «. The denominator is calculated

with the entire set of model functions that is introduced in chapter 2

to describe /(8), using the same reference potential. If the parameter

set p. corresponding to V „ correctly describes a and Q we find
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C (8*) = 1 for all values of 6*. If this is not the case we can try to

adjust some of the parameters through a least squares analysis in order

to get C (6*) " 1 over the whole range.

Die experimental results do not contain detailed information on

the glory structure. Therefore, we assume that the glory undulations

are correctly described by the parameters pio through Pie (cf• section

2.5)..

Our main interest is the absolute value of Q , determined by pj. •

A wrong value of pj leads to C(9*) t 1. If any structure is found in

C (8*) as function of 9*, the angular dependency of a is not described

correctly. This can be improved by adjusting P3 or pf,. The parameter

p-j is the main factor determining the angular dependency of o(9*). The

parameter ps is the phase angle of fa(
Q)> and a small adjustment of pg

might also improve the behaviour of £ (6*).

Note, that an adjustment of p\ leads to a different scaling angle

8 , and also introduces changes in the shape of C (8*).

From eq. 2.20 we see that Q *v> p\ sin(pe). We introduce a new Q-

comparison factor CQ for only the attractive contribution to the total

cross section that is defined as

where P\ and p$ are the parameter values predicted by V „, and

Px and Pe are the parameter values resulting from our least squares

analysis of C (8*). For the systems Ar-Ar and Ar-Kr we measure close to

8* = 0. For these two systems it is sufficient to adjust only p\.

For the systems Kr-Ar and Kr-Kr we measure in the 6* range where

o(8*) becomes strongly dependent on 6*. Therefore, we also have to

adjust P3 and/or pg. On the basis of the values of x2 from the least

squares analysis we can not decide to a preference for one of the three

possible combinations of free parameters, i.e. (pi,p3), (Pi,P6) or

(Pl»P3»P6)« However, the results for C„ differ significantly from one

another. We have taken the mean value of CQ for the three cases, and

we use. the maximum deviation from this mean value as error in Cn .
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Fig. 6.2
The comparison factor C0(8*)as function of e*2 for a measurement of
the small angle differential and total cross section for Kr-Ar;
a) comparison with the parameter set pj, as predicted by the ABPS
potential; b) comparison after adjustment of the parameters p\ and p
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6.6 Results

We have measured at four positions at both sides of the beam axis.

In order to avoid problems with gravity (cf. section 3.3.5) we have

used the scanner collimator only at a = 0.

Due to the displacement of the scanner collimator the position of

the scattering centre varies, leading to a variation in the local nl

product. This would show up as an asymmetry between both directions of

the scan. We correct for this variation of nl. The residual asymmetry

is removed by assuming a small offset of the centerline position of

the scanner collimator. Typical values for this offset are smaller than

10 urn, which is within the accuracy of the alignment procedure.

An example from a measurement is shown in fig. 6.2a, where we

show C (0*) for a measurement of the Kr-Ar differential cross section.

To show the symmetry of the results for both directions of the scan we

use positive and negative 6* values. The positive values correspond to

a displacement into the positive y direction, i.e. a displacement to

a position further away from the secondary beam source.

The different data points at each position originate from

different time channels in the TOF spectrum, since the scaling angle

9 is velocity dependent (eq. 2.6). la fig. 6.2b we show the same

measurement after adjusting P\ and Pe> An adjustment of pi alone

resulted in C (0) = 1, but an increasing ^a(6*) for |e*| > 0. As can

be seen from fig. 6.2b this increase is eliminated by also adjusting

P6-

The results for all measurements are summarized in table 6.2. For

Ar-Ar and Ar-Kr we find values for CQ that are within their error

equal to the values found for CQ in the extrapolation of the

measurements in chapter 5. By applying the factors C„ to Q „ we find

values Q (see table 6.2). These values Q are within their error

independent of the specific reference potential used. Due to the large

error in C„a we can use C- % CQ.

For the two gas combinations where we use Kr as primary beam we

find values for C„ that differ significantly from the results in

chapter 5. One possible explanation for this is that for Kr-Ar and

Kr-Kr we measure at large 6* values. This puts severe demands on the

correctness of the deconvolution, that is much more important and much
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Table 6.2
Absolute total arose sections from small angle differential cross sec-
tion measurements for Ar-Art Ar~Krt Kr-Ar and Kr-Kr at g = 1000 ms~l.

System *)

Ar-Ar/1

Ar-Ar/2

Ar-Kr

Kr-Ar/1

Kr-Ar/2

Kr-Ar/3

Kr-Kr/1

Kr-Kr/2

Potential

BFW
MS
HFDC
KMA

BFW
MS
HFDC
KMA

LHB
BHPS
ABPS
GMSM

LHB
BHPS
ABPS
GMSM

LHB
BHPS
ABPS
GMSM

LHB
BHPS
ABPS
GMSM

BDVKS
HFGKR
BWLSL

BDVKS
HFGKR
BWLSL

CQa

0.995+0.039
0.936+0.039
0.976+0.039
0.97110.039

0.934+0.047
0.879+0.044
0.919+0.046
0.91410.046

0.814+0.048
0.881+0.051
0,88110.051
0.887±0.051

1.005+0.024
1.090+0.040
1.090+0.035
1.081+0.027

0.94010.020
1.04410.015
1.044+0.015
1.037+0.013

0.97010.040
1.07610.050
1.074+0.050
1.06210.045

1.075+0.020
1.06210.019
1.11310.025

K19510.025
1.179+0.025
1.234+0.023

Qref
(10-20m2)

303
308
296
296

303
308
296
296

322
311
319
311

322
311
319
311

322
311
319
311

322
311
319
311

377
384
371

377
384
371

exp
(10-20m2)

301+12
288+12
289112
287112

283114
271113
272+13
271113

263+15
274+16
281116
276+16

324+7
339112
348+10
336+8

303+6
32514
333+5
32314

312+13
335115
343+15
330+14

40518
408+7
41319

451+19
453+9
458±8

*) The numbers behind the system names indicate different
measurements.
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Table 6,3
Count rate for the background and for the
beam signals N2 and 0%,

system

Ar-Ar

Ar-Kr

Kr-Ar

Kr-Kr

background
count rate

(kHz)

130

130

6

6

maximum beam
signal #2 at

S (kHz)

140

140

150

150

maximum beam
signal Z>2 at
yg = 0.4 mm

(kHz)

2

2

0.7

1

more sensitive to a correct choice of reference potential and small

errors in the unfolding procedure (cf. table 4.8).

Another possible explanation is found in the detector electronics.

The situation for a differential cross section experiment is quite

different from the situation in a total cross section experiment. In

the latter the typical difference between the two beam signals N\ and

#2 is about 10 to 30 percent. As shown in section 3.3.5 we can test

the linearity of the detector electronics in this range of countrate

variations very well through the dwmy-Q measurement. In case of a

differential cross section experiment the variations in countrate are

much larger, especially for a Kr beam, where the background countrate

is very low. In that case we have a difference between the signals

(D2+A) and (N2+A) of about a factor 20, as can be seen from table 6.3.

This puts more severe demand's on the linearity of the detector elec-

tronics .

On the basis of our first results we conclude that the method of

combined measurement of small angle differential and total cross

section looks promising, although a lot of problems are left to be un-

raveled. For the systems where we can measure in a small angular range

close to 6* = 0 the results are already satisfying. For the measurements

at larger angles a more detailed investigation is necessary.
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7. Glory undulations in the total cross section

7.1 Introduction

In this chapter we report on measurements of the relativa total

cross section nlQ as a function of the relative velocity g for the

systems Ar-Ar, Ar-Kr, Kr-Ar, Kr-Kr and Ar-Xe.

The velocity range in our experiments differs somewhat from the

range in the experiments of Linse (Lin79a, Lin79b) and Van der Biesen

(Bie80), because our primary beam is generated through thermal effusion

of gas instead of a supersonic expansion. This means that, using our

primary beam source at 300 K, we could reach lower relative velocities

for the systems Ar-Kr, Ar-Xe and Kr-Kr, resulting in an ev.tra glory

extremum. We could not reach as high relative velocities as can be

obtained using the seeded beam technique in the supersonic expansion,

because the maximum temperature of our beam source is ab^ut 1400 K.

In the case of Ar-Ar we have used the plasma source (The81) for

a beam of fast neutrals, and the velocity range is approximately the

same as in the experiments of Linse and Van der Biesen.

To compose the results from measurements at various primary beam

temperatures into one set of data points, mutual differences in the

secondary beam conditions must be eliminated. This was done by choosing

(nl) •-, of one of the measurements as a reference situation and

correcting the other measurements according to the differences in

(nl)^-,. This is allowed as long as the secondary beam conditions do

not vary too much, and the influence of the skimmer interaction is

approximately constant for all measurements.
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The measurement of the Kr-Ar system covers only a small velocity

range. The lower limit of g is determined by the secondary beam

velocity, which is for Ar about 570 ins""1 at 320 K. The upper limit of

g is determined by the fact that the heavy Kr atom does not reach very

high velocities at thermal conditions. The Kr-Ar measurement has

served mainly as a check on the apparatus and the data reduction,

because Kr-Ar should yield the same results as Ar-Kr although the

convolution effects are quite different for the two systems.

In section 7.2 we present the method of analysis of the

experimental data. We have performed a least squares analysis with a

model function that is based on the multi-parameter functions that

have been introduced in chapter 2. Together with the model function

the values of the parameters obtained in the least squares analysis

yield a quantitative description of the experimental results.

Using this quantitative description we can now indicate where

predictions from established potentials deviate from the experimental

results. Also, we can propose slight changes in these potentials,

within the limited frame work of the glory structure. With our model-

functions we can establish the product er and the value of s.
m

The quantitative description given here offen; the possibility to ,

include the total cross section in a so-called muïti-property analysis.

In such an analysis all data known for a specific molecular system are

taken into account in order to establish a potential. Until now total

cross section data have not been used.

In the sections 7.3.1 through 7.3.4 the results for the various

systems are given.

7.2 Data analysis

7.2.1 9êSiESi_£2mE§£i52S_Ï!i£ween_theor2_and_exp_er iment

From the measured TOF spectra we calculate (nlQ) according to
n Q exP

eq. 4.62. The deconvolution factors Ft and F* are calculated with a

suitable reference potential V ~.

For each measurement we calculate the ideal density-length product

(nl)^j as given in eq. 5.6. We compare the prediction Q „ from V„

with the experimental outcome through the calculation of the comparison

factor C 7n, defined as the weighted mean of (nlQ) I' (nl) .& „ in the
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velocity range covered by the experiment. As weight factors we use the

statistical error in (nlQ) , that resulted from the statistical error

in the TOF spectra. According to section 5.2.3 we have

GnlQ~GQ I'-feafc^fc)] (7..)

and thus C -,n measures the difference in the absolute value between

theory and experiment, caused by skimmer interaction and by a wrong

absolute velue of

The calculation of C.« is in fact a least squares analysis with

a single free parameter C -,,. For the results of this analysis we can

calculate x2» that is in this case given by

( }

with k the index of the time channels in the TOF spectra, n, the number

of time channels and h(nlQ) the standard deviation calculated from

the statistical errors in the TOF spectra. If the value of x2 is larger

than («I,"1) the difference between theory and experiment is larger than

expected from the standard deviation. This can be caused by a too small

deviation or an incorrect description of the glory structure. We can

distinguish between the two possibilities by also calculating the auto-

correlation aa of the residue. The former case will result in aa % 0,

the latter in ae > 0.

7.2.2 Parametrisationof_theresults

We describe our measurements with a model function that is deduced

from the model functions in chapter 2. The experimental results do not

contain enough information to establish all parameters that describe

the imaginary part of f(O). We have left out the least significant

terms in the functions that describe the amplitude and the phase of

the glory undulations, resulting in a model function .

nlQ(g(x)) = qixqi + (.q3x~
llZ+q^x1'2) cos(qs+qsx+q7x

3) (7.3)

We take x = lOOO/g' as independent variable, because e and r are not ij

known in advance and thus we can not use ?*. The parameters are |

determined by a least squares method. From the result xZ/(^~^) £ • 'I

we conclude that this function describes our measurements within the |

statistical error. J
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The least squares analysis using eq. 7.3 separates the measured

values of nlQ into an attractive and a glory contribution. If only a

limited velocity range, i.e. a limited number of glory extrema, is

measured, this separation is not straightforward. We will find a

large correlation between the parameters in the attractive term on the

one hand and the parameters in the glory amplitude term on the other

hand, e.g. the Kr-Ar results in section 7.3.2. In case of four or more

measured glory extrema, i.e. two full glory periods, no correlations

have been found between the attractive and glory term.

From the glory phase function +_j(a) * q5+q&x+q7X* we calculate

the positions of the glory extrema by solving ^„i^) = n'<<t and compare

these to extrema positions predicted by the various potentials. The

errors in the extrema positions are calculated from the variance

matrix

We cannot directly establish er from q 6
 or e2r

m
 from 47 because

the terms in <k 7(a;) are not orthogonal. The parameter values for £75,

<?6 and q-j resulting from the least squares analysis show correlation ',.

coefficients that are in general larger than 0.90. In section 7.2.3

we indicate how we have established the product er from our experi- •
1mental results. I

We compare the measured and predicted amplitude of the glory L

undulations through the relative glory amplitude

A T(X) = (qïX~i'2+qLX^'2-)/qix"2-. This is favourable because A 1 (x)gi> gu

does not depend on the wZ-product. On the other hand, however, we

introduce dependency on the absolute value of Q , i.e. on Cg and s, •;

and the separation in an attractive and a glory contribution is very

critical. We estimate the influence of the value of s. A variation in

3 of As = ±0.1 results in a variation in Q of about 0.25 percent over \

a velocity range of a factor two. In the Ar-Ar case the glory amplitude

is 5 to 7 percent of Q and thus the resulting variation in A 7 is ?';
u g u -f

approximately 5 percent. This must be regarded as a kind of systematic

error in the relative glory amplitude (see figs. 7.3, 7.6, 7.10 and

7.13). £
Damping of the glory undulations occurs when a contribution to ;|

(nlQ) „. is measured due to scattering on background gas. In the I-
exp 1;

scattering centre there are two contributions to randomly moving gas. ';

Firstly, the cryo pump that serves as a beam trap for the secondary *

beam has a finite reflection coefficient (Uab75). Secondly, the end
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wall of the cryo pump contains a slit for the secondary beam monitor

(cf. section 3.A), behind which a copper plate at room temperature

is placed. We will calculate the extra density-length product due to

these two contributions.

The problem is analog to the calculation of the skimmer inter-

action, and we use eq. 5.14 to calculate the density along the primary

beam axis. Because the distances are large, l\ = 150 mm and 1% =

130 mm, all cosine terms can be approximated by unity. For an Ar

secondary beam with a flowrate N = 1.3 1019 s"1 and ygk - 15 mm, the

number of particles that enter the scattering centre through the

skimmer is N ^ • 6.5 1017 s"1. For the first contribution we use the

entire end wall of the cryo pump as reflecting area, resulting in a

solid angle of 0.46 sterad. Reflected particles return from the cryo

pump with U3 % 100 ms"*1. The flowrate N . is reduced by the reflection

coefficient that is approximately 5 10~3. Using these numbers we find

«l(ar) =• Ï5 1013 m"3.

For the second contribution we take V3 = 400 ms"1, and the solid

angle of the slit is 0.02 sterad. We find then n2(ar) = 3 \0lh m~3. The

scattering length is the distance between the two 20 K wedges of the

cryo body, that is I * 0.03 m, and thus we find inl), % 2 1013 m"2.

We have in all measurements (tt£)v<j > 5 1016 m~2. The worst case

decrease of the relative glory amplitude is thus of the order of

2 10~3. Therefore,we can ignore the scattering on background gas, and

differences in the relative glory amplitude between theory and experi-

ment must be due to the potential.

Finally,we can establish the effective value of 8 of the attrac-

tive part of V(r) from the parameter qz by s = 1 + 2/<?2.

7.2.3 Determination of the (er ) product

We have established the product er in the following way. We

varied e and r in the theoretical model functions (both in ?* and the

Bernstein parameter B) and calculated for every pair (e,r ) the value

of x2 as defined in eq. 7.2. This is in fact a step by step least

squares analysis.

We have first varied the product erm (keeping the ratio constant)

as this product determines the leading term in 4> 7(x) (cf. eq. 2.15).

This resulted for all systems in a sharp minimum of x • By curve
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fitting a parabola through the x2 points we have established the

product er . The value of er depends on the potential, i.e. the

specific parameter set p. that has been used, because the parameter

sets show minor variations for the various potentials (cf. tables A.I

through A.4).

Keeping the product zv constant we could vary e and r separately

through a very large range without changing the minimum x2 value very

much. As expected, the measurements of the glory structure do not yield

enough information to establish e and r separately.

The above method is equivalent to a least squares analysis of our

measurements with two free parameters, viz. the proportionality constant

Cnl0 ani* C^e Product er
m'"nlQ

7.3 Results

For each system we give a number of figures and tables. In the

first table we give the experimental conditions for each of the

measurements. In the first figure ve show the obtained relative total

cross section as a function of \000/g. The second table gives the

comparison of the experimental results and the prediction by one of

the potentials through the single free parameter C -,Q, and the

quantities x2 and ao that characterize the residue.

The third table deals with the parametrisation of our measurement.

We give the parameter set q-, together with their standard deviations

and x2/(N-M) as given by the least squares analysis. We give also the

value of s and the positions of the glory extrema as derived from q-.

We compare them with the predictions by the various potentials.

In the second figure we show the values of x2/(^~2) as a function

of the product er for each of the potentials. In the fourth table we

give the results for er derived from the experiment.
m

In the third figure ve show the ratio of the experimental relative

glory amplitude and the amplitude predicted by the potentials.

We give some short comments on the obtained results.
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7.3.1 ArzAr

The experimental results have been deconvolutad using the MS

potential to calculate F^ and FZ, In chapter 5 we have found that the

real total cross section is about 7 percent lower than predicted by

the MS potential. At the highest value of g we have F® % 0.93 and thus

the systematic error introduced is at maximum 0.5 percent, and decreases

rapidly (cf. fig, 4.8). For x > 0.5 the error is smaller that 0.2 per-

cent. We have not corrected for this.

From table 7.2 we see a good agreement between the experimental

results and Q predicted by the MS potential at low relative velocities.

At high relative velocities the discrepancy is large. This is partly

due to a wrong prediction of the glory extrema positions, and partly

due to a wrong prediction of the glory amplitude. The measurement with

the plasma source has large statistical errors, resulting in the

extreme low value of xz/(#-l).

Within their errors the previous results of Beijerinck (Beij75) for

the N , = 2.0 and N « = 2.5 extrema coincide with our results.
gl gl

The value of 8 is best predicted by the HFDC potential. The value

of 8 predicted by the BFW potential is too high as has been observed

before (Lin79b).

The correction on tr is also rather large for the BFW potential

(table 7.4). The other three potentials need only small corrections.

The values of x2/'(ff~2) remain larger than unity. This is due to the

fact that all potentials predict a wrong behaviour of the glory

amplitude as shown in fig. 7.3. The slope of the relative amplitude

ratio for the BFW potential is somewhat different due to the wrong

value of s.

We conclude that the MS potential, the HFDC potential and the KMA

potential all describe the relative total cross section quite well,

provided a small correction is applied to the product zv .

r
I
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Table 7.1
Experimental aonditions for th4 measurement of the relative total arose section of Ar-Ar.

n

1
2

3

TP
(K)

300

1400

plasma

a
(ms*1)

686- 974

862-1955

1950-3374

(Hz)

106.

120.

112.

g

3

4

5

i < K >

315.

315.

288.

2

5

0

t>2

572.7

573.0

547.5

Pz
(torr)

783.9

785.4

890.0

ui

185.

185.

237.

6

7

7

S

26.

26.

29.

2

2

6

(mm)

16.6

16.6

16.0

(nl)id

(1016m"2)

12.06

12.07

15.79

Table 7.2 ,
Comparison between the experimental results
for Ar-Ar and the prediction oalaulated 'with
the MS potential. !'

n

1

2

3

1,2,3

CnlQ

O.91863

0.91757

0.9091*

x2/(*-0

1.81

5.30

0.39

2.82

a

0.

0.

- 0 .

T
382

903

i77



o
00

Figr. 7.1
The relative total cross section nlQ as function of the inverse
velocity x = 1000/'g for the system Ar-Ar. The values are divided by
the mean value nlQ and multiplied by gOmtt in order to eliminate the
overall velocity dependency of Q. The full line is the result of the
parametrisation with the function in eq. 7.3. Indicated are the
indices of the glory extrema and the velocity range where CQ (cf.
chapter 5) and CQa (of. chapter 6) have been measured.



Table 7.S
Results of the pavametviaation of the Av-Av relative total arose section.

o
VO

Number

Number

of datapoints

of parameters

Parameters

qi 0

qz 0

«3 (1

In (0

15 2

< ? e 1 1

17 . - 0

.3171l±0.00020

.3607 ±0.0033

.284 ±0.053)

.824 ±0.049)

.14 ±0.14

.45 ±0.20

.511 ±0.058

Value of s

Extrema

N =
M =

1 0 '2

1 0 ~ 2

p o s i t i o n s N «

1.

1.

2,

2.

.0

,5

,0

,5

121 x2/(

7

Correlation

1.00

fl-M) - 0.91

coefficients

-0.11 1.00

no

correlation

1.00

-0.89

no correlation

Experimental

6.55±0.05

2751±49

I544±7

1055±2

783+1

BFW

6.86

2703

1534

1039

744

1.00

MS

6.35

2732

1529

1045

778

1.00

-0.98 l.OO

0.90 -0.97

HFDC

6.46

2729

1520

1038

773

1.00

KMA

6.43

2728

1519

1037

771



Fig. 7.2
The value of yp-/(N-2) as function of erm for the comparison between
the model functions describing Im f(0) as introduced in chapter 2 and
the experimental results for the system Ar-Art using the parameter-
set p£ for the various potentials; the BFW potential is indicated
by — — -, the MS potential by 1 and the HFDC and KMA potentials
by . The dots indicate the predicted values of trm.

Table 7.4
The Values of the product erm as predicted by the
various potentials for Ar-Ar and the values that
resulted from the measurements.

Potential

BFW

MS

HFDC

KMA.

Predicted

534.4

531.7
538.4

538.0

25.7

2.82

6.09
7.36

Experimental

553.4

535.0

545.5

545.7

3.31

1.97

2.03

2.06
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1.10

1.05

'9

5"
0.95-

\ ^

V
1-00

0.95

80.90-

3

. a .

O80-

n 0.5 1.0

1000/g

7.3
Tfte ratio of xhe experimental relative glory amplitude and the
relative glory amplitude predicted by the various potentials as
function of the inverse velocity x = 1000/g for the system Ar-Ar; the
BFW potential is indicated by 1 the MS potential by and
the HFDC and KM potentials by . To judge the glory amplitude by
the eye the measured total cross section ( ; together with the
prediction by the BFDC potential is shown at the top.

I
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7.3.2 Ar;Kr_and_Kr-Ar

AP-KX>

The experimental results have been deconvoluted using the ABPS

potential to calculate FZ and FT.. In chapter 5 we have found that the

real total cross section is about 4 percent lower than predicted by
Q

the ABPS potential. At the highest value of g we have Ft fy 0.97 and

thus the systematic error introduced is at maximum 0.1 percent. We

have not corrected for this.

Within their errors the previous results of Beijerinck (Beij75) for

the TH - = 2,5, Hi -j = 3.0 and ff j = 3.5 extrema coincide with our

results.

From the results for Ar-Kr we conclude that the LHB potential is

inadequate to describe the total cross section. Even after a large

correction on er the value of x2/(#~2) remains large. The glory

amplitude at low relative velocities is predicted much too high. This

inadequacy has been reported before (Bie80).

The BHPS potential with a correction on er describes the positions

of the glory extrema best. However, the value of s is predicted wrong,

as is the case for the GMSM potential. It appears that the changes in

the BHPS potential by Aziz, leading to the ABPS potential are improve-

ments wit'r respect to the relative total cross section. The value of s

almost agrees with the experimental value. The er product needs only

a slight correction and the amplitude ratio is close to the expected

value of 0.96 based on the absolute cross section from chapter 5. It

also shows the least dependency on \000/g.

We conclude that the ABPS potential gives a good description of

the Ar-Kr relative total cross section, provided a small correction

is applied on the product sr .
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Table ?.S .
Experimental conditions for the measurement of the relative total cross section of Ar-Kr.

n

1

' 2

TP
(K)

300

1400

9
(ms-1)

562- 767

764-1758

Jtmg
(Hz)

94.4

116.9

Tn
(K)

341.5

340.5

y2

(ms"1)

411.6

411.0

P2
(torr)

598.2

598.8

'm

160

160

.1

.9

S

24.

24.

3

4

y8

(m

16

16

k
m)

.6

.6

(1016m~2)

8.50

8.53

Table 7.6
Comparison between the experimental results
fov Ar-Kr and the prediation calculated with
the ABPS potential.

n

1

2

1,2

C

0.

0 .

'nlQ

90975

91996

x2/

2

2

2

(tf-1)

.79

.89

.84

0

0

aa

.678

.699



Fig. 7.4
The relative total cross section nlQ as function of the inverse
velocity x = 1000/g for the system Ar-Kr. The values are divided by
the mean value nlQ and multiplied hy g0'1* in order to eliminate the .,
overall velocity dependency of Q. The full line is the result of the'
parametri8ation with the function in eq. 7.3. Indicated are the
indices of the glory extrema and the velocity range where CQ (cf.
chapter 5) and CQa (cf. chapter 6) have been measured.



TdbU 7.7
Results of the parmetrisation of the Ae-Xr relative total oroes section.

Number of data points N = 86

Number of parameters M = 7

XZ/(N-M) =0.75

Parameters Correlation coefficients

<lz

Is

0.25690±0.

0.3607

(1.255

(0.252

3.20

12.24

. -0.158

±0,

±0.

+0.

±0.

±0.

+0.

00017

0019

041)

027)

15

20

045

10"2

IQ"2

1.00

-0.55 1.00

no 1.00

correlation -0.88

no correlation

1.00

1.

-0.

0.

00

99

95

1

-0

.00

.98 1.00

Experimental LHB BHPS ABFS GMSM

Value of 8 6.54±0.03 6.34 6.35 6.49 6.37

Extrema positions

2.0

2.5

3.0

3.5

1298±3

965+1

765±1

630+1

1251

942

749

614

1272

949

751

616

1281

946

755

631

1281

967

765

619



Fig. 7.5
The value of xz/(N-2) as funotion of erm for the comparison betueen
the model functions describing Im f(0) as introduced in chapter 2 and
the experimental results for the system Ar-Kr, using the parameter-
set p£ for the various potentials; the LHB potential is indicated
by — — -j the BBPS potential by , the ABPS potential by
and the GMSM potential by The dots indicate the predicted
values of zrm.

Table 7.8
The values of the product e.rm as predicted by the
various potentials for Ar-Kr and the values that
resulted from the measurements.

Potential

LHB

BHPS

ABPS

GMSM

Predicted

635.9

648.4

649.9

643.8

Xz/(N-2)

22.75

7.43

2.84

4.53

Experimental

653.8

660.3

653.5

650.0

X2/<*-2>

5.78

1.31

2.24

2.34
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1.05
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Fig. 7.6^
The ratio of the experimental relative glory amplitude and the
relative glory amplitude prediated by the various potentials as
function of the inverse velocity x = 1000/g for the system Ar-Kr; the
LHB potential is indicated by — — -, the BHPS potential by , the
ABPS potential by and the GMSM potential by To judge
the glory amplitude by the eye the measured total cross section ( )
together with the prediction by the ABPS potential is shown at the top.
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Kr-Ar
The experimental results have been deconvoluted also with the

ABPS potential. At the highest velocity of g we have F® % 0.93 and

thus the systematic error introduced is at maximum 0.3 percent. We

have not corrected for this.

For Kr-Ar we have measured only a small velocity range, This is

most probably the reason that the parametrisation of the experimental

results is not as satisfactory as for the other systems. Using the

model function in eq. 7.3 the least squares analysis yields an

unrealistic value for q%, because the number of glory oscillations is

too small (cf. section 7.2.2), resulting in s = 7.23±0.50, Therefore,

we have fixed the value of q% at the result from the Ar-Kr measurement.

The results, with the fixed value of q^t are given in table 7.12. We

notice that, unlike for the other systems, all parameters show large

correlations which is again due to the very limited number of glory

oscillations. We find a small discrepancy at higher relative velocities

between Ar-Kr and Kr-Ar. We have no explanation for this discrepancy.

The resulting values for er for the LHB, BHPS and GMSM potentials

differ about 1.5 percent from the values found for Ar-Kr.

The Kr-Ar measurement confirms that the ABPS potential is the

best potential available to describe the glory structure in the total

cross section for the scattering of Ar on Kr.
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n

1

. 2

Table 7.9
Experimental conditions for

TP
(K)

300

1400

9

(ms"1)

666- 758

752-1230

(Hz)

. 88.6

111.1

the measurement of the

i Tn
(K)

316.4
310.6

VZ

573.8
568.5

relative

Vz
(torr)

820.2
820.9

total arose

193.2
198.2

section

S

26.7
27.0

for Kr-Ar.

<mm)

16.6
16.6

(1016nf2>

12.58
12.83

Table 7.10
Comparison between the experimental results
for Kr-Ax; and the prediction oaloulated with
the ABPS potential.

n

1

2

1,2

0

0

CnlQ

.89517

.9141**

x2/

2

1

2

(ff-1)

.31

.86

.06

0

0

ao

.533

.486

Table 7.11
The values of the product erm as predicted by the
various potentials for Xp-Ar and the values that
resulted from the measurements.

Potential

LHB

BHPS

ABPS

GMSM

Predicted

635.9
648.4
649.9
643.8

4.10 .
2.16
2.06
3.50

Experimental

ei» x2/W~2)

641.6
650.6
651.8
636.9

3.00
1.97
1.75
1.81

vo
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Fig. 7.7
The relative total cross section nlQ as function of the inverse
velocity x = 1000/g for the system Kr-Ar. The values are divided by
the mean value nlQ and multiplied by g0'1* in order to eliminate the
overall velocity dependenay of Q. The full line is the result of the
parametri8ation with the function in eq. 7.3. Indicated are the
indices of the glory extrema and the velocity range where Cn (cf.
chapter 5) and CQa (cf. chapter 6) have been measured. The dashed
line is is the parameterized result of Ar-Kr.



Table 7.12
Results of the pavametviéation of the Kr-Ar relative total ovoss seat-ion.

Number of datapoints N = 87

Number of parameters M = 6

X2/(N-M) - 1 . 1 3

Parameters Correlation coefficients

q\ 0.38618±0.00068

q2 0.3607 (fixed)

q3 (3.2 ±0.28) 10~2

qt> -(0.48 ±0.20) 10~2

Absolute value of all

correlation coefficients

larger than 0.90

<75

<76

<?7

6.03

8.2

0.87

Value of 8

±0.94

±1.3

±0.31

Extrema positions

2.

3.

'I
5

0

Experimental

6.54

949±2

758±1

LHB

6.34

942

749

BHPS

6.35

949

751

ABPS

6.49

946

755

GMSM

6.37

967

765



7.3.3 Kr-Kr

The experimental results have been deconvoluted using the HF6KR

potential to calculate Fl and EZ. In chapter 3 we have found that the

real total cross section is about 5 percent lower than predicted by

the HFGKR potential. At the highest value of g we have *™ Jfc 0,92 and

thus the systematic error introduced is at maximum 0.2 percent, and

decreases rapidly for decreasing g. We have not corrected for this.

From the results for the correction on ez> in table 7.16 we

conclude that none of the three potentials does describe the relative

total cross section very well. The er products for the various

potentials need only minor corrections, but the value of

remains rather high. This is also caused by the fact that both the

behaviour and the absolute value of A « are predicted wrong. In the

range from iff- = 4.0 to N 7 =4.5, where we measured the absolute valuegi> gi>

of Q, the glory amplitude is predicted 15 percent too high. However,

because we measured the absolute value symmetrically around the zero

crossing of the glory undulation this has no implications for the

absolute value of Q.

Because the value of s is best predicted by the BWLSL potential

and for this potential A -, shows the least dependency on g we conclude

that the BWLSL potential is the best potential available to describe

the relative total cross section for the Kr-Kr system.

vi
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n

1

2

Table 7.13
Experimental conditions for the

T g

(K) (nuT1)

300 507- 649

1400 622-1224

*trig
(Hz)

89.2

110.7

measurement of the

Tn
(K)

342.8

344.5

(ins"1)

412.4

413.4

relative

Pz
(torr)

589.3

591.0

total

s

156

156

cross

.9

.4

section

S

24.1

24.0

of-

y*.

(m

16

16

Kr-Kr

k
m)

.6

.6

•

(1016m-2)

8.34

8.33

TabU 7.14
Comparison between the experimental results
for Kr~Kr and the prediction aalaulated with
the HFGKR potential.

n

1

2

1,2

C

0.

0.

9160"

92885

X2/(

4.
5.

5.

#-])

73

32

01

ac

0.739

0.818

U>



Fig. 7.8
The relative total cross aeotion nlQ as function of the inverse
veloaity x = 1000/g for the system Xr.Kr. The values are divided by
the mean value nlQ and multiplied by g^'h in order to eliminate the
overall velocity dependency of Q. The full line is the result of the
paranetrisation uith the function in eq. 7.Z.- Indicated are the
indices of the glory extrema and the velocity range where CQ (cf.
chapter 5) and CQa (of. chapter 6) have been measured.



Table 7.15
Results of the pavametvisation of the KJP-KP relative total arose section.

Number

Number

of

of

Parameters

datapoints

parameters

N =

M -

113

7

X2/<

Correlation

Cff-M) * 1.06

coefficients

«3

q6

q7

0.28863+0.00027

0.3518

(1.071

(0.372

5.30

13.68

-0.099

+0.0024

+0.057)

±0.025)

+0.26

±0.28

0.042

10-2

JO'2

1.00

-0.87 1.00

no 1.00

correlation -0.92

no correlation

1.00

. 1

-1

0

.00

.00

.97

1.00

-0.99 1.00

Experimental BOVKS HFGKR BWLSL

Value of s 6.69 0.04 6.23 6.23 6.54

N9

Extrema positions

3.0

3.5

4.0

4.5

1002+3

810+1

679±1

583+1

971

804

682

587

972

806

683

589

970

804

682

587



Fig. 7.9
The value of x2/(N-2) as function of erm for the comparison between
the model functions describing lm f (01 as introduced in chapter 2 and
the experimental results for the system KX—KTJ using the parameter-
set Pi for the various potentials; the HFGKR potential is indicated
by , the BDVKS potential by and the 3WLSL potential by

^ dots indicate the predicted values of erm

TabU 7.16
The values of the product trm as predicted by the
various potentials for Kr-Kr and the values that
resulted from the measurements.

Potential

BDVKS

HFGKR

BWLSL

Predicted

806.0

802.0

809.0

X2/(^-2)

4.57

5.01

3.90

Experimental

erm

804.8

799.2

808.1

X2/(»-2)

4.49

4.46

3.69

126



Fig. 7.10 .
The ratio of the experimental relative glory amplitude and the
relative glory amplitude predicted by the various potentials as
function of the inverse velocity x = 1000/g for the system Kr-Kr; the
HFGKR potential is indicated by , the BDVKS potential by
and the BWLSL potential by — — - . To judge the glory amplitude by
the eye the measured total cross section ( ) together with the
prediction by the HFGKR potential is shotin at the top.
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7.3.4 Ar-Xe

The experimental results have been deconvoluted using the SB

potential for the calculation of FI and lri. In chapter 5 we have found

that the real total cross section is about 7 percent larger than pre-

dicted by the SB potential. At the highest value of g we have F® £ 0.96

and thus the systematic error introduced is at maximum 0.3 percent, and

decreases rapidly. We have not corrected for this.

From our results we conclude that the potentials suggested for the

Ar-Xe system are not more than crude estimates of the real potential.

Even with large corrections on the product er we do not find an

acceptable valise of x2/(#~2). Also, the predicted glory amplitude shows

large deviations from the experimental amplitude. However, because we

measured the absolute value symmetrically around the zero crossing of

the glory undulations this has no implications for the absolute value

of Q.
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K

1
2

Table 7.17
Experimental conditions for

(K)

300
1400

g
Cms"1)

519- 852
828-1737

(Hz)*

90.0
117.5

the measurement of the

r Tn
(K) (ms"1)

339.6 327.9
327.7 322.1

relative

Pz
(torr)

397.5
390.9

total

143.
147.

cross

4
9

section

S

(mm)

23.0
23.4

of Ar-Xe

(mm)

16.6
16.6

•

(1016m"2)

5.63
5.74

Table 7.18
Comparison betueen the experimental results
for Ar-Xe and the prediction calculated with
the SB potential.

n

1

2

1,2

0

0

CnlQ

•98526

.9871

x*/(

22.

3.

15.

:ÜM)

78

21

38

a

0.

0.

:c

921

744



o

Fig. 7.11
The relative total cross section nlQ as function of the inverse
velocity x = 1000/g for the system Ar.Xe. The values are divided by
the mean value rilQ and multiplied by g0'1* in order to eliminate the
overall velocity dependenay of Q. The full line is the result of the
parav.etrisation with the function in eq. 7.3. Indicated are the
indices of the glory extrema and the velocity range where CQ (of.
chapter 5) and Cqa (cf. chapter 6) has been measured.



Table 7.19
Results of the parametrieation of the Ar-Xe relative total cross section.

Number of datapoints N = 82

Number of parameters W • 7

X2/Qi-M) - 1.J2

Parameters Correlation coefficients

<?L 0.19751±0.00021

<72 0.3620 ±0.0025

<73 (1.140 ±0.045) 10~ 2

«74 -(0.104 ±0.023) 10" 2

?5 2.81 ±0.26
q6 14.95 ±0.34

1.00

-0.77 1.00

no

correlation

1.00

-0.89 1.00

no correlation

1.00

-0.99 1.00

Value

-0.317

Of 8

±0. 072

Experimental

6.53±0.04

MW

6.32

Schafer

6.17

0.95 -0.

SB

6.55

98 1.00

Extrema positions

2.0

2.5

3.0

3.5

4.0

4.5

1519±10

1I41±3

909±2

751+2

635±1

546±2

1407

1063

848

698

585

1504

1135

904

744

623
_

1489

1123

894

736

617
—



730

Fig. 7.12
The value of yp/(1U-2) as function of zrm for the comparison between
the model functions describing Im f(0) as introduced in chapter 2 and
the experimental results for the system Ar-Xet using the parameter-
set p£ for the various potentials; the SB potential is indicated
by , the Schafer potential by and the MW potential by
— — - . The dots indicate the predicted values of erm.

Table 7.20
The values of the product erm as predicted by the
various potentials for Ar-Xe and the values that
resulted from the measurements.

Potential

MW

Schafer

SB

Predicted

m

702.8

785.4

751.7

X /Cff-2)

60.5

12.04

15.4

Experimental

754.3

798.3

769.0

X /(N-2)

6.09

8.40

7.90

132



Fig. 7.13
The ratio of the experimental relative glory amplitude and the
relative glory amplitude prediated by the various potentials as
funotion of the inverse velocity x = 1000/g for the system Ar-Xe; the
SB potential is indicated by , the Schaf er potential by — •
and the MW potential by ——- . To judge the glory amplitude by' the
eye the measured total cross section ( ) together with the pre-
diction by the SB potential is shown at the top.
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8. Concluding remarks

The extrapolation measurements, described in chapter 5, resulted

in the absolute value of the total cross section. The measurements

have been performed in two quite different geometries of the secondary

beam setup, but resulted in the same value for the Q comparison factor

CQ. The values of CQ are accurate relative to one another within 0.3

to 0.8 percent. A systematic error of 1.4 percent is left, mainly due

to the insufficient knowledge of the molecular flow through a thin

walled orifice at Knudsen numbers 1 < J&i < 15.

Using the Q comparison factor we can transform the relative total

cross sections (nlQ) measured in chapter 7 to absolute total cross
63Sp

sections. The measurements have been parametrized with the model

function given in eq. 7.3 and the parameter set <?„-• The parameters q\,

i?3 and qu contain the unknown density-length product (nl) . We can

calculate (nZ) by writing

'CQ (8.1)

For every system we have measured CQ in a specific velocity range. In

the same velocity range we calculate the average value of

using the parameter set q- and the average value of Q„.f using the

parameter set p.. Then from eq. 8.1 we find (nl) and we can
ahs abs . dbs . ctbs >, - •. _calculate q\ , q$ and qi» by q- = q-l\nl) . The values of the

; scaling factor q\ 8/q\ are given in table 8.1.

, By comparing the attractive contribution to the measured total

• cross section and the attractive contribution to the reference total

[. cross section we can adjust the potential parameter C6, since, according

I to the High Energy approximation (cf. eq. 2.10), we have
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Table 8.1
The scaling factor qt\'a/q\ to transform the relative total cross
section from chapter 7 to absolute values and the absolute values
for the attractive contribution to the total cross section.

System g reference
potential

<G* €ef c,
(10"18ra2)

a
(A2)

Ar-Ar

Ar-Kr

Kr-Kr

Ar-Xe

889

690

625

678

BFW
MS
HFDC
KMA

LHB
BHPS
ABPS
GMSM

BDViCS
HFGKR
BWLSL

MW
Schafer
SB

8.34±0.12
8.44+0.12
8.44+0.12
8.43+0.12

12.2910.17
12;3410.17
12.3510.17
12.3710.17

12.56+0.18
12.52+0.18
12.6010.18

18.80+0.26
18.97+0.26
13.93+0.26

276+4
27914
279+4
27914

36315
364+5
363+5
36515

43416
433+6
431+6

43016
43516
430+6

286
299
288
289

418
373
375
377

238
443
421

440
438
407

0.965
0.932
0.969
0.965

0.869
0.976
0.968
0.969

0.991
0.977
1.0235

0.976
0.995
1.055

Table 8.2
Results from previous measurements of the absolute total
avoss 8ectiont summarized by Van den Biesen (Bie80a).

System

Ar-Ar

Ar-Kr

Kr-Kr

Ar-Xe

reference
potential

BFW

BHPS

BDVKS

Schafer

ref.

Scott
Rothe
Nenner

Scott
Rothe

Scott
Rothe

Scott

9c
(ms"1)

745
745
745

655
655

514
514

621

0.98+0.04
0.95+0.07
0.9910.02

0.9310.04
0.9310.07

0.9210.05
0.9010.06

0.9510.04
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f f ^/^/(a-I) ^^2/(8-0 C8'2)
GE

The latter equation holds if we keep the ratios CBJC6 and CÏD/Ce

constant.

According to chapter 2 «£e^ is given by & = Air?*i«^(p|5*P2)

and according to chapter 7 (fj® is given by O®33' =• q^x^. In order

to remove the dependency on s in ratio Q^/Q^ 6* that is introduced

via P2 and (?2» w e transform the representations of both the experimental

and the reference total cross section to a representation with a scaling

velocity g , chosen as the mean value of the velocity interval where we

measured Ca. Thus we get

» " (8.3)

where the dimension of ̂ ^(•9Q)
 a n d QP^isJ is m2. At g = g» we can

directly calculate cf3'' according to eq. 8.2. From the results in

chapter 7 we have values for 8 that range from s = 6.3 to s = 6.5.

For the calculation of C6 we use s = 6.4. A variation As = +0.1 in s

results in a variation in Cg o f only one percent.

In table 8.1 we give our results for O£0^ and QF® and the

comparison factor CQ = QpfP/Q*ff. We see only minor differences of

Cn_ from the measured Cn, showing the small influence of the glory ].

oscillations on the Q comparison factor. In table 8.2 we give the ;

value of Cga for the previous results of Scott (Sco71), Rothe (Rot65) ;

and Nenner (Nen76), as they have been correctly analysed by Van den

Biesen (Bie80a). ' :

In table 8.3 we give the resulting values for Cg. The MS, GMSM

and MW potentials have not been taken into account, because these ;

potentials do not have unique values for C$, CQ and C\Q, due to their •

specific shape function. The Barker potentials, BFW, BWLSL, LHB and SB, '

have been left out because their shape function is such that the j

repulsive part also contributes to the attractive region of the •;

potential and thus the C6, C8 and Cj0 used do not fully describe this J

region. We see that for a given system all reference potentials result

in the same value of Ce.
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Table 8.3
Values for the potential parameter 0$ based on the experimental
results for the total arose aeation3 compared with the values
predicted by the various potentials and the theoretical bounds
calculated by Tang (Tan76), Errors are baaed on the systematic
error of 1.4 percent in CQ.

System

Ar-Ar

Ar-Kr

Kr-Kr

Ar-Xe

reference
potential

HFDC
KMA
Tang

BHPS
ABPS
Tang

BDVKS
HFGKR
Tang

Schafer
Tang

(10"7aJm"

6.04
6.18
6,09- 6.

9.74
9.59
8.48- 9.

12.53
13.30
U.86-13.

13.61
11.86-12.

6 )

77

56

58

81

(.0

5.
5.

9.
8.

12.
12.

13.
13.

Of?

55+0
61+0

12+0
78+0

23+0
49+0

43±0
43

.21

.21

.33

.34

.47

.48

.51

From table 8,2 we notice that for Ar-Ar the C6 value is signifi-

cantly lower than predicted by Tang, that for Ar-Kr it is within the

theoretical bounds and that for Ar-Xe it is significantly higher than

calculated. The question arises whether this is a systematic deviation

in the calculations of Tang. In the series Kr-Ar, Kr-Kr this behaviour

is not seen, but measurement of the Kr-Xe absolute total cross section

should complete this series.

In chapter 7 we have given a detailed analysis of the glory

structure in the total cross section and of the behaviour of Q as

function of g. We remark a difference in their behaviour of the relative

glory amplitude as function of g for the like gas pairs (figs. 7.3 and

7.10) on the one hand and the unlike gas pairs (figs. 7.6 and 7.10) on

the other hand. As indicated in section 7.2 this behaviour of the

relative glory amplitude is significant. We can not decide whether or

not this difference is systematic for all like and unlike gas pairs.

From the analysis of the glory phase we have found small deviations

of the product ei»m from the predicted values.

'!-. Within the frame work of total cross sections only it is impossible

I t 0 aPP!y corrections on the potential concerning Ce, the ei« product and

Ï t h e Bl°ry amplitude, due to the limited region of the potential that is
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probed. In our case it is even more difficult, because the changes in

C6 are quite large. We expect that the change in the attractive region

due to the improved Cg value will also improve the description of the

glory amplitude, because the glory amplitude is sensitive to the volume

of the potential well (Gre73).

We conclude that a new multiproperty analysis should be carried

out, including the quantitative data on the glory structure and the

absolute value of the total cross section presented in this thesis.
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APPENDIX: MODEL FUNCTION PARAMETERS

In this appendix we give the parameters for the model functions

from chapter 2, for each of the potentials listed in table 1.2. We also

give the Bernscein parameter B, the depth of the potential well e in K,

the position of the well r in X, the value of s and an explicit

reference to the potential shape function.
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Table A3 Kr-Kr

BDVKS HFGKE BWLSL

Pi
Pz

P3
Ph
Ps

P6
P7
Ps
PS

PlO
Pll
Pl2

Pl3
Plit

Pl5
Pl6
Pl7
PIS

B

u> 7(r)

0.6760 (1)
-0.6174 (5)

4.0371 (60)
0.5498 (3)
3.0322 (21)

0.9710 (1)
0.2047 (3)
0.0166 (4)
-0.0009 (3)

0.3159 (34)
0.0231 (44) 10"2
-0.0002 (54) lO"4

1.3155 (3)
0.0067 (2) lO"2

4.031 (8)
7.752 (42) 10"1

-0.046 (56) 10"3

0.0001 06) 10"5

5561.54

200

4.03

6.228

Buc73 (p.2410, table III
potential no.3)

0.6934 (1)
-0.6179 (5)

4.0340 (60)
0.5490 (3)
3.0341 (21)

0.9690 (1)
0.2085 (3)
0.0158 (4)

-0.0009-(3)

0.3294 (34)
0.0165 (44) IO"2
0.0002 (54) lO"1*

1.3020 (3)
0.0068 (2) 10"2

3.816 (8)
7.959 (40) 10"1

-0.060 (55) 10~3

0.0006 (94) 10"5

5557.61

199.9

4.012

6.234

Azi79b (eq.2, table 1)

0.7015 (1)
-0.6390 (5)

4.3522 (60)
0.5402 (3)
3.1574 (21)

0.9860 (1)
0.2006 (3)
0.0174 (4)
-0.0010 (3)

0.3393 (34)
0.0131 (44)
0.0004 (54)

1.3267 (3)
0.0075 (2)

3.767 (8)
7.924 (41)

-0.064 (54)
0.0008 (92)

5599.55

201.9

4.0067

6.540

Bar74 (table

10"2

iO-2

10"1

10-3
10"5

I.K2)



Table A4 Ar-Xe

MW Schafer SB

Pi
P2

P3
Pit
Ps

Pi
Pi
P8
PS

PlO
Pl l
Pl2

Pl3
PHt

P15
P16
Pl7
Pl8

B

e(K)

*«*>
s(pz)
V(r)

0.7164
-0.6242.

4.0433
0.5504
3.0266

0.9753
0.2025
0.0165

-0.0009

0.3116
0.0342

-0.0003

1.2490
0.0137

3.696
8.152

-0.102
0.002

3670.10

170

(2)
(3)

(37)
(3)
(13)

(2)
(2)
(4)
(2)

(14)
(18) 10"2

(30) 10"*

(2) 10"2

(18)
(19) 10"!
(17) lO"3

(22) 10"5

4.134

6.321

Mai78 (eq.p.1457, table 7)

0.6366
-0.6131

4.1020
0.5483
3.0605

0.9761
0.2016
0.0178

-0.0010

0.2874
0.0343

-0.0004

1.3176
0.0116

3.520
7.943

-0.105
0.002

4166.89

187.0

(2)
(3)

(37)
(3)
(14)

(2)
(4)
(4)
(3)

(14)
(18)
(30)

(6)
(2)

(18)
(19)
(17)
(22)

4.200

6.170

Bre76 (table

lO-2

10-*

lO-2

io-i
I C 3

10"5

III)

0.6992 (2)
-0.6396 (3)

4.4130 (37)
0.5397 (3)
3.1874 (15)

0.9868 (2)
0.2000 (3)
0.0176 (4)

-0.0010 (3)

0.2900 (14)
0.0409 (18)

-0.0009 (30)

1.2819 (6)
0.0151 (2)

3.535 (13)
8.216 (19)

-0.122 (17)
0.003 (22)

3857.78

185.0

4.063

6.549

Bob76 (table

lO-2

10-*

ID"2

10"1

lO-3

10-5

V)
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SUMMARY

This thesis deals with experiments on the elastic scattering of

Ar, Kr and Xe, using the molecular beam technique. Aim of this work

was the measurement of the absolute value of the total cross section

and the behaviour of the total cross section as function of the relative

velocity g of the scattering partners. In the semiclassical treatment

of molecular scattering the total cross saction Q is build up from two

contributions. The first contribution 1 is determined by the long

range attractive region of the intermoiecular potential, the second

contribution Q 7 is due to the presence of a potential well and leadsgo
to the so-called glory undulations in Q as function of g. Measurement

of the absolute value of Q yields information on the not yet very well

known attractive region of the potential. Analysis of the phase and

amplitude of the glory undulations yields information on the position

and depth of the potential well.

In our beam machine a primary beam of molecules is crossed with a

secondary beam at the scattering centre. The attenuation of the primary

beam due to scattering on secondary beam particles is determined by the

density n of secondary beam particles in the scattering centre, by the

length I of the scattering centre and by Q. We deconvolute the measured

results by a Monte Carlo calculation of the finite angular and finite

velocity resolution of the apparatus. Thus, we get values for nlQ.

In order to obtain the absolute value of Q we have investigated-a

number of characteristics of the secondary beam source, and in the ideal

• case of an undisturbed secondary beam we can calculate (WJ)^J. However,

particles back reflected from the secondary beam collimator cause an

intensity loss of the secondary beam. This so-called skimmer interaction

is proportional to the gas flow N through the source. We measure nlQ

for a number of values of N and calculate the ratio nlQ/(nl).& „

where QpBf is a prediction of Q by a given potential. Then we extra-

polate this ratio to the ideal situation where no skimmer interaction

occurs, i.e. to N = 0, resulting in the absolute value of Q measured

\ in units of Qref The final accuracy in the obtained results is 1.4

'} percent. Measurements in two quite different secondary beam geometries

t resulted in the same absolute value of Q.
s
• An independent check on the obtained results follows from the
f.
l measurement of the small angle differential cross section. Using the

I
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semi classical model we can find absolute values for Q without knowledge

of the density-length product. We have applied this method for the first

time to noble gas systems. The results look promising, but further

investigation of this method is necessary.

We give an extensive analysis of the glory structure in the total

cross section. We parametrize our experimental results using a semi-

classical model function. This allowed a detailed comparison of the

phase and amplitude of the predicted and measured glory undulations. We

can indicate how the depth and position of the potential well should

be changed in order to come to an optimum description of the glory

structure.

With this model function we have also been able to separate the

glory and attractive contribution to Q, and using the results from the

extrapolation measurements we can obtain absolute values for 0 . From

these absolute values we have calculated the parameter Cg that deter-

mines the strength of the attractive region of the potential. In two

of the four investigated gas conbinations the obtained values lie out-

side the theoretical bounds.

'I
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SAMENVATTING

Dit proefschrift behandelt experimenten aan de elastische ver-

strooiing van Ar, Kr en Xe, waarbij gebruik gemaakt wordt van de

molecuulbundeltechniek. Doel van dit werk was het bepalen van de

absolute waarde van de totale botsingsdoorsnede en van het gedrag van

de totale botsingsdoorsnede als funktie van de relatieve snelheid g

van de deeltjes die met elkaar wisselwerken.

Volgens het semiklassieke model voor molecuulverstrooiing is de

totale botsingsdoorsnede Q opgebouwd uit twee bijdragen. De eerste

bijdrage, fl , wordt bepaald door het attractieve deel van de inter-

moleculaire potentiaal, de tweede bijdrage, Q-,* treedt op ten gevolge

van de aanwezigheid van een potentiaalput en veroorzaakt de zogenaamde

glory oscillaties in Q als functie van g . Meting van de absolute

waarde van Q levert informatie over het tot nog toe niet goed bekende

attractieve deel van de potentiaal, terwijl de fase en amplitude van

de glory oscillaties informatie leveren over de plaats en diepte van

de potentiaalput.

In onze bundelmachine wordt een molecuulbundel gekruist met een

dwarsbundel in het z.g. strooi.centrum. De hoofdbundel wordt verzwakt

ten gevolge van botsingen met deeltjes uit de dwarsbundel. Deze ver-

zwakking wordt bepaald door de dichtheid n van de dwarsbundel deeltjes

in het strooicentrum, de lengte 1 van het strooicentrum en de totale

botsingsdoorsnede Q.

De gemeten resultaten worden uitgevouwen door de berekening van

het effect van het eindige hoekoplossend en eindige snelheidsoplossende

vermogen van de apparatuur met een Monte Carlo methode. Uiteindelijk

vinden we waarden voor de grootheid nlQ.

[• Teneinde de absolute waarde van Q te verkrijgen hebben wij een

• aantal eigenschappen van de dwarsbundelbron onderzocht, zodat we, in

het ideale geval van een niet verstoorde dwarsbundel, het product van

dichtheid en lengte, (nl).,t kunnen berekenen. Echter, deeltjes die

; gereflecteerd worden van het dwarsbundel diafragma zorgen voor een

j intensiteitsverlies van de dwarsbundel. Dit process, de z.g. skimmer

\. interactie, is evenredig met de gasstroom N door de bron. We meten nu

; nlQ voor een aantal waarden van N en berekenen de verhouding
f

\ nlQI (nl)-i$ref* waarbij Qref een voorspelling is voor Q door een reeds
l gegeven potentiaal. Vervolgens extrapoleren we deze verhouding naar de
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ideale situatie zonder skimmer interactie, d.w.z. JV = 0, en vinden zo

de absolute waarde Q in eenheden van Qrsf De nauwkeurigheid in de

uiteindelijk bereikte resultaten is 1.4 procent. Metingen in twee zeer

verschillende dwarsbundel geometrieën leverden dezelfde absolute waarde

voor Q.

Een onafhankelijke controle op de verkregen resultaten kan volgen

uit de meting van de differentiële botsingsdoorsnede voor verstrooiing

over kleine hoeken. Met behulp van de semiklassieke modelbeschrijving

kunnen we dan absoluta waarden voor Q bepalen, zonder de waarde van

het wZ-product te kennen. Wij hebben deze methode voor de eerste maal

toegepast op edelgas systemsn. Hoewel de resultaten veelbelovend lijken,

is verder onderzoek aan deze methode noodzakelijk.

Wij presenteren een uitgebreide analyse van de glorystructuur in

de totale botsingsdoorsnede. De experimentele resultaten zijn binnen

hun fout beschreven door een semiklassieke modelfunctie. Daardoor was

het mogelijk in in detail de fase en amplitude van de gemeten glory

oscillaties te vergelijken met voorspellingen door bekende potentialen,

en kunnen we aangeven hoe de plaats en de diepte van de put gewijzigd

moeten worden om the glorystructuur optimaal te beschrijven.

Met behulp van deze modelfunctie was het ook mogelijk om de

attractieve en glory bijdrage aan Q te scheiden, waardoor we, gebruik

makend van de resultaten van de extrapolatiemetingen, absolute waarden

van Q konden bepalen. Uit deze absolute waarden hebben we de parameter

Ce berekend, die de sterkte van het attractieve deel van de potentiaal

bepaalt. In twee van de vier onderzochte gascombinaties liggen de

gevonden waarden buiten de theoretisch voorspelde grenzen.
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