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GRAPTER l 

INTRODUCTION 

1.1 The subject 

With the study of molecular scattering one obtains more insight 

into the transfer mechanisms of energy and momentum between mólecules. 

In this thesis we restriet ourselves to the long range behaviour, 

where the interactions are described by electrostatics, i.e. the 

interaction between the permanent and induced electric multipoles. 

When two molecules are brought together, a redistribution takes place 

among the internal charges, which lowers the energy. This process can 

be characterized by molecular quantities, such as the polarisability. 

For elastic and rotationally inelastic scattering the interaction can 

be described by an intermolecular potential, which only depends on 

the mutual distance and orientation. We remark that the process of 

rotational transitions is quite common, in the sense that the air 

molecules, surrounding us, are permanently undergoing these 

transitions. The theory of elastic potential scattering bas been 

already established for decades. Experimentally, however, only the 

intermolecular potential of the rare gases bas been accurately 

measured. For inelastic scattering the theory is in general far more 

complicated. For instance, if vibrational transitions may be induced, 

each of these may be accomplished by a number of possible rotational 

transitions. 

Even in our case, where only rotational transitions are induced, 

the situation is complicated, because the translational energy is much 

larger than the spacing between the rotational states. Many 

theoreticians have put much effort into all kinds of approximation 

schemes, to reduce the problem to more convenient proportions. This 

effort seems to be worth while, since the experimental possibilities 

are increasing with the everlasting technological progress. Until now, 

however, only a few molecular systems in which individual rotational 

transitions can be investigated, are open for experiments. One type of 

experiments can be performed with low mass diatomics, like H2 , HD, 



etc., where individual rotational transitions are investigated by a 

maasurement of the velocity loss after the scattering. The other type 

of experiment concern heavy polar diatomic molecules such as TlF, CsF, 

KCl, etc •• Since our experiment also belongs to this group we will 

give a short bistorical survey. 

The history of the beam expèriments concerning rotational 

transitions, started with the development of the rotational state 

selecter for polar molecules (BEN 55). Since that time a number of 

experiments with state selected molecules were reported (for a review 

the reader is referred to Reuss (REU 75)). The subject of most of 

the investigations were the alkalihalides, as the detection of 

molecules containing alkali atoms can be done very efficiently. With 

the laser fluorescence technique possibly other diatomics can also be 

efficiently detected. Combining two state selectors, one for the 

selection and another for analysing the scattered beam, Toennies 

measured cross-sections for rotational transitions" of TlF scattered 

from saveral cellision partners for the first time (TOE 65). These 

investigations were continued by Maltban (MAL 76) and Berkenhagen 

(BOR 77). They improved the"technical performance and measured several 

rotational transitions of CsF scattered from a large number of 

cellision partners. This enabled them to divide the callision partners 

in classes with different kinds of interaction. 

In the Eindhoven molecular beam group the investigations started 

in the beginning of the saventies with the development of an improved 

lens system, consisting of quadrupele and sextupole lens units 

(EVE 73) and a sensitive dateetion system with a very low background 

(EVE 75a). The first results of rotational transitions in CsF were 

reported in 1977 (HEN 77a). The aim was, to obtain as much possible 

information from only one system, i.e. the CsF-rare gas system~ since 

the interaction with rare gases gives the least complications from 

the theoretica! point of view. Measurements were carried out of 

transitions with both ~. = 0 and ~. ~ 0, for two different 
J J 

directions of the quantiaation axis (HEN 77b). Furthermore, one started 

to investigate the rotational"transitions for different ranges of the 

(small) deflection angles (HEN 77b). In the preparations much attention 

was also paid to achieve a well-defined rare gas targe.t beam. 
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The use of heavy molecules, such as TlF and CsF, in the above 

mentioned experiments might seem a strange choice, but these 

molecules possess the most ideal properties for such experiments. 

These properties are the efficient detectability, mentioned before, 

the large dipole moment and relatively low moment of inertia, 

resulting in a large resolving power of the state selectors, the 

large mass, which results in a high scattering yield due to the 

forward scattering, and a sufficiently narrow spacing between the 

rotational states, so that transitions can be induced by thermal 

collisions. On the other hand, small and "simple" molecules would be 

ideal from the theoretical point of view. Unfortunately, such 

discrepancies appear frequently, since experimental possibilities 

often depend on accidental molecular properties. Although the 

experimental investigations in Eindhoven concerning the CsF-rare gas 

system have been closed now, others are continuing the work on 

rotational transitions, for example for the systems KCI + Ar (MEY 77) 

and LiH +Ar (WIL 77). With the last experiment the laser fluorescence 

technique has been introduced. 

I . 2 This work 

In chapter 2 we start with an intermolecular potential model. 

This potential is expanded in Legandre polynomials. The coefficients 

of the polynomials are calculated as accurately as possible for later 

use. The sensitivity of saveral molecular beam experiments for 

particular coefficients is treated in section 2.2. 

In continuatien of the workof Everdij (EVE 76), we deal in 

chapter 3 with an absolute maasurement of the total cross-section o~ 

CsF with Ar. With these measurements we found, besides a value of the 

coefficient of the spherically symmetrie potential part, also the 

properties of the target beam. Although Muller already reported a 

value of the total cross-section Q (MUL 67), and Habets treated 

profoundly the properties of a supersonic rare gas beam (HAB 77), the 

metbod of chapter 3 is interesting, because Q and the target beam 

properties are measured independently in one experiment. 
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In chapter 4 the optimisation of the apparatus for the inelastic 

experiments is treated, culminating in the calculation of reliable 

transmission functions (these are given in the appendix). This chapter 

contains the main part of the experimental effort. 

In chapter 5 a suitable theoretica! model is presented, to 

describe the inelastic process. This model, based on a transparant 

classical picture, is especially helpful for understanding the 

process, and seems sufficiently accurate to evaluate our experiment. 

In chapter 6, the measuring part, a relation is derived between 

the cross-section and the transmission function on one side, and the 

measurable signals on the other side. Next, the data are compared 

with calculated values for some different potential parameter values. 

Moreover, we try to show as clearly as possible, all applied 

corrections. 
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CHAPTER 2 

INTERMOLECULAR POTENTlAL 

2.1 The model 

Two interacting molecules are subject to forces derived from the 

intermolecular potential. At intermediate and large distauces the inter

molecular forces originate from electric interaction. Generally the 

electric interaction is divided into three parts: the electrastatic force 

between permanent moments of the two molecules, the induction force as a 

result of a distortien of a molecule by the static field of the other 

molecule, and the dispersion force. The dispersion can be considered as 

the interaction between the instantaneous electric moments of a molecule 

and the moments of the ether molecule induced thereby. It can be related 

to the molecular polarisabilities. Distartion of a molecular ground state 

always lewers the energy, so the induction and dispersion result in 

attractive intermolecular farces, the well-known Van der Waals farces. 

In this work we are concerned with the interaction between a hetero

nuclear diatomic molecule and a rare gas atom at thermal energies. As in 

our experiment the covered range of intermolecular distauces lies totally 

in the long range area, the potential model does not have to account for 

the repulsive farces. We follow Buckingham (BUC 67) in expanding the 

molecular potential in a series of induction and dispersion terms 

containing molecular properties as parameters. Defining P as the distance 

between the eentres of gravity of the two particles and y as the angle 

between the molecular and intermolecular axes the attractive potential 

is in the lowest orders 

V(l",y) = 

= -c: { 1 + ll//~ll.!. p
2 

(cosy) + &,
5
· A 11+2A.!. P1 (cosy) + _

1
4 3A I F4A.!. Pa (cosy) + ••• } + 

l" 3!l (l l" 5 (l l" 

-a.AJ.I + ].! e P1 (eosy) + Q e Pa (cosy) + 
(41Te: )22"/i {}.I + vP2 (cosy) 5 l' 5 l" • .. } 

0 

where Cs 
3 IAIM a.l'i 

• 2 IA+IM (41Te:
0

) 2 is Van der Waals' constant with IA and IM 
the atomie and molecular ioniaation energy 
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aA the polarisability of the atom 

the polarisability of the molecule, parallel (11) or 

perpendicular (~) to the molecular axis or averaged 

A the higher order polarisability parallel (11) or perpendicular 

(~) to the molecular axis 

~ the electric dipole moment of the molecule 

e the electric quadrupale moment of the molecule 

In the first term we have collected the dispersion terms, in the 

second the induction terms between the induced dipole moment on the 

atom with the permanent moments of the diatomic. Combining the 

Legendre polynomials the potential reads 

V(r,y) 
I I anLPL(cos y) 

n=6 L=o rn 

with the first non-zero coefficients 

a ~2 
A 

aso = - Cs - (4nE )2 
0 

all- a~ a ~2 
A 

as2 - Cs - (4nE ) 2 3a 
' 0 

6 A I I + 2A~ 18 aA~e 
Cs a11 -5 -5 (4nE ) 2 

a 0 

4 3A I I - 4A~ 12 aA~e 
a13 -Is Cs - 5 (4nE )2 a 0 

2.2 Possibilities for molecular beam measurements 

(2.2) 

(2.3a) 

(2.3b) 

(2.3c) 

(2.3d) 

With the help of three different molecular beam experiments, at 

least in principle the different coefficients can be measured. 

- The first coefficient for the spherically symmetrie part of the 

potential is measured with a beam of which the molecules have a 

random orientation. Because the higher order Legendre polynomials 

average out to zero, the total cross-section Q can be related to aso 

(equation 3.10). An absolute measurement of Q will be the subject 

of chapter 3. 

- The coefficient as2 for the- P2(cos y) term bas been measured for 

CsF by Bennewitz e.a. (BEN 69). They selected the CsF molecule in 

a specific rotational state ((jm) = (20) or (10) where (jm) stands 
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for the rotational quanturn numbers), and measured the total 

cross-section for two orientations of the molecular quantiaation 

axis in the scattering region. From these measurements they found 

a value for q 26 which is equal to a 62 /a6 o in our terminology. 

In the main part of this work we will be engaged in the measurements 

which are sensitive to the a11 and a1! coefficients of the odd 

Legendre polynomials. We make use of rotationally inelastic 

scattering of molecules which are selected in a specific rotational 

state (jm) = (20), In section 5. I we show that rotational 

transitions where j is odd are produced by the P1(cos y) and 

Ps(cos y) terms. In chapters 4, 5 and 6 these inelastic measurements 

are treated. 

2.3 Molecular constauts 

A number of the molecular properties of CsF are experimentally 

investigated. In particular we mention spectroscopie constants, such as 

~. e, etc., which are accurately known. Because the atomie polarisability 

is also known, the inductive terms of the intermolecular potential can 

be accurately calculated. For the calculation of the dispersion terms 

the molecular polarisability is needed. This polarisability ct and the 

higher order polarisability A are not known and have to be 

estimated. A simple method is to consider the molecule as two individual 

ions with an interaction which, apart from the point charge Coulomb 

interaction, is limited to the (free ion) polarisability and hyper

polarisability terms. This method is generally used in organic chemistry 

(APP 72). Although in a primitive me,J;:hod the polarisabilities are .. , 
simply added up (or dipole moments, or hyperpolarisabilities) several 

refinements have been suggested (SIL 17, APP 72). We will use the 

model of Sundberg (SUN 77). To estimate values for the higher order 

polarisability A an extension of thé same method will be used. 

2.3.1 Estimation of the molecular polarisability 

In the Sundberg model the molecules for which properties, like 

polarisabilities are to be calculated, are subdivided into so-called 

groups, with simplified mutual electrastatic interactions, restricted 

to monopoles and dipoles. To be specific we shall consider the case 
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where the groups consist of the Cs+ and of the F ion which do not 

have permanent dipoles. Group dipales are induced by the combination 

of a possible external field acting on the molecule and by mo~opoles 

and dipoles of the other groups and are written as a Taylor series in 

the combined field up to and including the third order 

1! • + u~ = a. (E + F. + u . ) + -
6

1 
v • : (E + F • + u. ) 3 

~ =~ :1 -o -1 -~ él • -o -1 -1 
(2.4) 

In this expression E is the external field on the molecule, F. is -o -1 

the field on ion i due to the monopole charge of the other ion and 

its dipole ~~(j ~ i) in sofar. as this already exists without E . The 
-J -o 

additional dipole moment in ion i for E ~ 0 is denoted by g .. The •o 1 

field U. is due to 11.(j 1 i). Note that the external field enters 
-1. CJ 

equation (2.4) in three ways: through E • 1:!· and U •• The equation is -o 1 -1 

solved approximately by expanding the left- and righthand sides to 

first order in E • This enables us to calculate the dipole moment V~ -o -1 

and the contributions "· to first order in E . The latter are given 
=1 -o 

by 

(gi)a = f (Bij)aa (~o)a 
J 

with a= (x. y, z). 

(2.5) 

The coefficients (B •• ) follow from a set of simple homogeneaus 
lJ 00 . 1 

linear equations. Finally, the molecular polarisabilities are 

(2.6a) 

and 

= ct = I (B .• ) 
yy ij lJ XX ,1" 

(2.6b) 

Without the ionic hyperpolarisabilities in equation (2.4) the Sundberg 

equations lead to 

<li + a2 + 4ctlct2/4~~0P3 

I - 4a1a2/(4~~0 )2pé 

a1 + aa - 2a1ct2/4~~oP 3 

ct~ = I - alct2/(4~Eo) 2P6 

(2.7a) 

(2.7b) 

with ct1 and ct2 the free ion polarisabilities of Cs+ and F- We use the 

theoretica! values of Pauling· (PAU 27) • which are assumed to have an 

uncertainty of 20%,as recommended by Dalgarno (DAL 62). see table 2.1. 
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TabZe 2.1 Ionic constante 

guantiti unity value 

a.Cs+ (emzv-1) 2.71 x 10-40 (PAU 27) 

~-
11 1.17 x 10-40 (PAU 27) 

Yes+ (em4v-3) 1.35 x to-st (estimated) 

y - " 6.90 x 10-61 (LAN 66) 
F 

Ft (Vm.-1) 3.51 x 1010 (calculated) 

F2 11 4.19 x 1010 (calculated) 

As a result we get the following values 

a.,, = 5.1 ± 1.1 x 10-40 Cm2v-1 

a.J. = 3-.4 ± 1.0 x w-4o em2v-t 

a// + 2a.L 
0.8 x 10-40 em2v-l ä = • 4.0 ± 

3 

all - aJ. = 1.1 ± o.6 x J0-40 Cm2V-1 

Very recently Charifi e.a. (CHA 78) measured a11 - aJ. of CsF by an 

EBR investigation of the deviation of the Stark effect from the rigid 

rotator behaviour. They found a11 - a.J. = 1.0 ± 0.4 x I0-4° Cm2v-1• 

The positive sign found for a11 - ~~ is in agreement with values found 

for other diatomics. We point out that the measured result of 

Bennewitz (BEN 69), who found q2& = as2/aso = 0.355 ± 0.011 (see also 

(REU 75)) is inconsistent with the experimental a11 -a~ result. This 

can be seen by calculating (a// -a~) Cs/3Ö., with help of equations 

(2.3a) and (2.3b), from Bennewitz' value for as2/aso and a reliable value 

for aA~2 /(4~E0) 2 (see table 2.2), It turns out that a11 - a~ should be 

negative. This inconsistency would justify a further investigation. 

A further point which deserves study is the effect of the ionic 

hyperpolarisability. Including the higher order term, the Sundberg 

equations are written in the form 

a.,, 
I 2 I 2 4 ( I 2)(. 1 2)/ 3 a1 + 2 Y1F1 + a2 + 2Y2F2 + . a1 + 2Y1F1 a.2 + 2 Y2F2 4nEor 

I - 4(a.t + t YtFt)(a2 + t Y2F~)/(4~Eo) 2r6 

(2.8a} 
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a1 + t YtFt + a2 + t Y2F~- 2(al +i YtFi)(a2 +i Y2F~)/4~&o~ 3 

a~= - (al +i YtFf)(a2 +i Y2F~)/(4TIEo) 2~6 

(2.8b) 

For the second hyperpolarisability of F we use the value calculated 

by Langhoff e.a. (LAN 66), while a value for Yes+ has been found by 

extrapolation of the other alkali values also calculated by Langhoff. 

In table 2.1 the values used are shown. Thesecondorder contribution 

-
2
1 y.F~ appears to be much larger than a. in the case of F-. This leads 

l. L L 

to improbably large values for a11 and a~: 

35.7 .x 10-'+o em2v- 1 

a~ 5.07 x I0- 40 cm2v- 1 

a 15.2 x lo-40 em2v-1 

Obviously the second order contribution, irrespective of the 

uncertainty of ai' is greatly overestimated in the electrastatic 

point model, at least for an ionic molecule where the electrastatic 

field strengtbs appear to be very high. We do not know the crigin of 

the discrepancy. It is possible that the effective y of F- is much 

lower in a bound ion, for the high value of yF- is due to the loosely 

bound outer electron shell. 

Finally we point out that also Brumer and Karplus (BRU 73), 

being concerned with the electric dipole moment of the alkalibalides 

found that introduetion of the second hyperpolarisability leads to 

dipole moments far from the experimental ones. 

2.3.2 Estimation of the higher order polarisability 

The higher order polarisability A characterizes the molecular 

quadrupale moment proportional to an external electric field. 

0 =A F al3 y ,aS y (2.9) 

where the summatien convention is used (BUC 67). Until now no 

experimental metbod is known to maasure the value of A for molecules 

lacking a centre of symmetry. Buckingham (BUC 68) proposed an 

estimation metbod on the basis of a free ion model. In this model he 

10 



calculated the quadrupele moment with respect to the centre of 

gravity, which is produced by the two dipoles induced on the ions by 

an external homogeneaus electric field. The proportionality constant 

for the quadrupele moment as a function of the field is equal to A. 

If the field is along the molecular axis, Al/(• A for instance) z,zz 
is found. With the field normal to the axis, one finds A~ which is 

equal to A for instance. Buckinghams metbod gives a rough x,zx 
estimate. It is possible te extend it with the mutual induction 

effect introduced in the previous section. This is done in the 

following way. A displacement of a dipole moment ~. from the origin 
~ 

to zi produces a quadrupele moment with respect to the origin 

according to the general equation 

3 3 
(ei)aa = <2 ra<~i>a + 2 ra<11i)a - ry<11i\ 0aa) (2.10) 

We find Al/ from the domponent ezz of the quadrupele moment, and A~ 

from e • choosing the external field in the xz plane xz 

e = A//z zz 

e • A~Fx xz 

From equation (2.10) we 

e = 2 I (H.) z. zz . ~ z ~ 
~ 

and 

e - 3 I - 2 (}!.) z. xz . ~ x ~ 
~ 

find 

(2.11a) 

(2.11b) 

(2.12a) 

(2.12b) 

with zi the z-coordinate of the centre of gravity of ion i. With the 

help of equation (2.5) we find that 

and 

A.1. •ti (B •• ) z. 
ij ~J JÇZ .. l. 

with the same B. • we used for 
~J 

the calculation of a 

(2.13a) 

(2.13b) 

and a • The zz XX 

higher order terms will also be omitted here. The calculated values 

are 

All 5.1 ± 1.6 x 10-50 emsv-t (- 3.2 x to-so emsv-t) 

A~ 1.9 ± 0.6 x to-so em3v-t (- 2.4 x 10-so emav-t) 
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Table 2.2 Valuee of the quantitiee pZaying a roZe in the inte~ZeauZaP 

potential of CsF and the l'aPe gas atoms Ar and Kr 

quantity unity values 

CsF Ar Kr 

I J 16 x 10-19 (a) 25.12 x 10-19 (b) 2.24 x 10-19 

p m 2.3453 x 10-10 (c) 
e 

J..l Cm 2.63 x 10-29 (c) 

e Cm2 -5.72 x 10-39 (d) 

a// em2v-l 5.1 ±1.2 x JQ-ltO (e) 

a.!. em2v-l 3.4 ±1.0 x 10-ltO (e) 
(i em2v-l 4.0 ±0.8 x 10-40 (e) . 1.82 x 10-40 (f) 2.76 x 10-40 

Al/ Cm3v-1 -5.1 ±1.6 x 10-so (e) 

A.!. Cm3V-1 -1.9 ±0.6 x 10-so (e) 

{1 

(: 

(a) estimated; (b) HOD 64; (c) LAN 74; (d) HON 73; (e) calculated in sectio1 

2.3 and 2.4; (f) ROT 59. 

quantity unity values 

CsF-Ar CsF-Kr 

c6 Jms 1.78±0.10 x 10-77 (g) 2.25 x 10-77 (h) 

aAlJ.2/(41T<.o)2 Jm6 1.02 x 10-77 1.55 x 10-77 

aA11e/ (41Te
0

) 
2 Jm' 2.22 x 10-67 -3.36 x 10-67 

(A 1 1+2AJ)Cel'& Jm' -3.8 ±1.9 x 10-87 -5.1 ±2.5 x 10-87 

<3A;F4AJ)Cs!Zi Jm' -3.3 ±3.6 x I0-87 -4.4 ±4.8 x 10-87 

aso Jms -2. 80±0. 10 x 10-77 (g) -3.80 x 10-77 (h) 

as2 Jm6 -1.25±0.15 x Jo-77 -1.87±0.15 x 10-77 

an Jm' 12.6 ±2.3 x 10-87 18.2 ±3.0 x 10-87 

a,a Jm' 6.2 ±1.0 x 10-87 9.2 ±1.3 x 10-87 

(g) calculated with equation (3.12) from measurement; (h) calculated 

with Van der Waals equation from Cs of CsF-Ar. 
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The error limits are derived from a 10% uncertainty of the a values, 

the values between brackets are found without mutual dipale inter

action. 

2.3.3 Results 

All molecular constants, necessary to calculate the coefficients 

of the potential terms, have been more or less accurately found. In 

table 2.2 the best known experimental and calculated values are shown. 

We point to the large uncertainty of the coefficients a11 and 

a13 which is due to the uncertainty of the higher order polarisability 

A. Clearly, measurements of a11 and a73 will be very helpful to obtain 

more reliable values. 
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CHAPTER 3 

SMALL ANGLE DIFFERENTlAL CROSS-SECTION OF CsF WITH Ar AND ABSOLUTE 

TOTAL CROSS-SECTION MEASUREMENTS 

3.1 Introduetion 

In this part of the work we present a metbod to maasure the 

absolute value of the total cross-sectien in a molecular beam 

experiment with croásed beams. The results are independent of an 

accurate knowledge of·nL, where nis the density of the target beam, 

and L is the length of the beam intersectien volume. Actually with 

this metbod an accurate value of this target proparty is found as 

well. Thermal molecular beam scattering in which the deflection 

angles are of the order of the critical angle ec (section 3.2) gives, 

apart from a small glory contribution originating from scattering on 

the repulsive part of the potential, information on the long range 

attractive behaviour of the potential. When the scattering is the 

result of interaction via a spherically symmetrie potential or in the 

case of molecules whose orientation average out, the total cross

sectien as well as the differential cross-section can be related to 

Van der Waals' constant a6o• It will be shown that the total cross

sectien can be derived from the relativa shape of the elastic 

differential cross-section c(e), i.e. from the function cr(e)/cr(O). 
From measurements of both the angular behaviour of the differential 

cross-section as well as the incomplete total cross-sectien 

(cbntaining cr(O) in the correction for the finite angular resolution) 

the absolute total cross-sectien is found by a least squares method. 

Others (MAS .67, HEL 64) have proposed a similar method. However, a 

realisation bas not been reported so far. 

3.2 Model function for the elastic differential cross-section at 

small angles 

The elastic scattering is treated in a reduced raferenee frame. 

In this raferenee frame a partiele with reduced mass u = mtm2/(mt + m2) 

moves with a position ~ = !L - ~2 and a relativa velocity ~ = ~ - v2 

15 
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Figure 3.1 The centre of mass ooordinate system for 

the scattering prooess. The re~tive 

motion of the,partiale with relative mass 

V proaeeds along the z-axis with re~tive 

velocity g. The defleatiçm angle 8 is 

equal to the momenturn ratio p lp x z 

in a fixed spherically symmetrie potential field V(r) = asor-6 , where 

m., and v. are .the mess, position and velocity in the laboratory 
.J. .J. 
system. In our experiment only particles deflected over very small 

augles 8 are observed. Therefore we restriet the theoretica! 

description to the region 8 << I. In a first picture we use classical 

mechanica. We assume that the small deflection angle is a result of a 

large impact parameter b and we omit the contribution from the so

called glory region. The intermolecular potential can be treated as 

a perturbation working on the straight line trajectory (see figure 3.1). 

The normal force causes a momentum px and thus a deflection 8 = p lp • x z 
Evaluation gives for V(r) = a 6 or-6 

resulting in 

a(8). 1 (- 5.89 aeo)l/3 8-7/3 
= 6 vg2 

for the elastic differential cross-section. 

(3.1) 

(3.2) 

The classical picture breaks down, due to the uncertainty 

relation, at very smallangles e ~ e , where ~ b ~n. In our case 
c x 

this critical angle 8 is about 10- 3 rad. In this region a quantum 
c 

machanical treatment. has to be applied. In opties the analogous cases 

are the refraction, where geometrical opties holds, and diffraction. 
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Our elastic scattering experiments bear upon the diffraction region 

while we maasure the inelastic scattering in the refraction region. 

In the quantum machanical trestment a plane wave is considered with 

a wave number k = pg/n. Asymptotically the wave funètion is described 

by the sum of this plane wave traveling in the direction z and a 

spherical outgoing wave caused by reflection on ~he potential. 

ikz ikz> 
Ijl = e + f(8)-e-

r 

The scattering amplitude f(S) contains the information on the 

scattering_as shown in the expression for the differential cross

eeetion 

cr(e) .. lf<e>l 2 

and for the total cross-section 

4'1T 
Q = K Imf(O) 

The last expression is the optical theorem. 

(3.3) 

(3.4) 

(3.5) 

Usually the scattering amplitude is calculated with the partial 

wave metbod in which the wavefunction is expanded in a series of 

spherical harmonies. At infinity each term ("partial wave") is 

shifted in phase over n(t) due to the influence of V(r). The 

scattering amplitude is then given by the Rayleigh sum 

f(S) "'- t L (l + t><e 2in(t)_ 1) Pl(cos 8) 
l•o 

and the problem is reduced to the calculation of the phase shifts 

net). 

(3.6) 

An important simplification is given by the semiclassical theory 

of Ford and Wheeler (FOR 59). The JWKB approximation for the radial 

wave equation is used to derive the ~hase shifts n(l), the Legendra 

functions Pz are approximated by a continuous function of t. and the 

sum over l is replaced by an integral. The phase shifts n(l) in the 

JWKB approximation are related to the classical deflection function of 

equati<>n (3.l) by 

d(2~ll)) = 8(b(l)) (3. 7) 
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where the relation between b and Z is defined by 

·kb=Z+J.. 
2 

(3.8) 

For sufficient large Z-values we find with equation (3.1) 

(3.9) 

This approximation is known under various names: · .. the partial wave Born 

approximation, Jeffreys-Born approximation and high-energy approximation. 

The most important aspect of the semiclassical treatment is that the 

integrand averages out ("random phase"), except in a limited range of 

z. where the integrand varies slowly. This Z-range corresponds roughly 

to the classica! impact parameter range b(S ± 6 ) via equation (3.8) • . . c 
For the calculation of the integral f(6) we have to distinguish three 

regions of a. 

- For e = 0, we obtain an analytica! expression using the high energy 

phase for all z. This is correct in the contributing Z-range 

18 

(large Z) while for small Z the correct value of n(Z) is unimportant 

as exp (in (Z)) = 0. From the result of Im f(O) it follows that the 

total cross-section is 

(3. I O) 

-s while in general, with a potential V(P) = as
0
r , we obtain the result 

-a 
Q"" <y>Z/(s-1) (3.10a) 

Furthermore, the phase angle between f(O) and the imaginary axis can 

be calculated to be n/5, so that with equations (3.4) and (3.5) the 

differential cross-section for e = 0 equals 

(3 .11) 

If S is larger than a few times 6 , the approximation c 
Pz ~ (sin (Z + t>6 + n/4) can be used (this is valid if e > 1/t). 

For each 6 the integrand has a stationary phase at the Z-value 

corresponding to the classica! impact parameter b(S), i.e. at 

t + t = kb(S). The contributing Z-range bacomes smaller when 6/6c 

increases and the value of cr(6) is equal to the classica! result of 



equation (3.2). We will use this result in the theory of rotationally 

inelastic scattering. and is further discussed in section 5.4. 

- In the intermedia te region 6 ~ 6 c one can approxim:ate P z by the 

zeroth order Bessel function Pz ~ J
0

(Z + t)e. Although no analytica! 

salution of the integral is available, this ap~roximation allows, 

using equation (3.10), a powerful sealing 

o-(6) .. F(~) 
a(O) 6

0 

(3 .12) 

The scale angle 6
0 

depends on the system. and can be written as 

(3 .13) 

This scale angle characterizes the size of the diffraction area. The 

above mentioned critica! angle 6 (derived from the uncertainty 
c 

relation) is related toa by a = 1.24 6 • The function F(a/6) has 
0 c 0 0 

to be evaluated numerically. Very recently Beyerinck e.a. (BEY 79) 

presented an empirical function which describes accurately the 

resulting differential cross-section. The function agrees, in the 

small angle region, with the value of cr(O) of equation (3.11) at 

a .. 0, and goes smoothly over in the classical relation of equation 

(3.2) at largerangles (a~ 10 6 ). In the intermediate region it 
0 

shows the periodical pattem found in the numerical treatment. For 

the reduction of our measured data we shall use this empirica! 

curve, which bas the following form for a potential V(r) ~ -r-6 

(see also figure 3.2) 

a(6) ( • a 2 e 2)-7/6 
a(O) = I - 01 sJ.n (02 (S) ) + Og (S) (3. 14) 

0 0 

with 01 = 3.75, o 2 = 0.556 and a 3 = 2.94. In the region 0 <a·< 4e 
0 

the empirica! curve deviates from the calculated cross-séction with 

.a maximum error of 2.5% at a = 2.5 a • For larger angles a four 
0 

parameter function has been develop_ed (BEY 79), which. is valid for' 

46 < 6 < 106 • Beyond o- o this angle the classica! function (equation 

(3.2)) holds. 

One of the important assumptions that a possible glory 

contribution can be omitted is justified by the fact that experimentally 

no periodical behaviour bas ever been found for Q(g) as a function of 

g. The periodical behaviour caused by interference with the forward 
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wave reflected by the repulsive part of the potential, is probably 

totally damped by the non-spherical terms of the potential (OLS 68, 

STO 72). 

3.3 Principles of the measuring scheme 

On the basis of the expressions of the foregoing section, the 

principles will be shown which form the basis of the maasurement of 

the absolute total cross-section. In an ideal beam experiment one 

measures the product ~Q and ~cr(6), where ~ characterizes the density 

of the target beam. The quantity ~ is generally not well known·. 

However, when the angular resolution allows a maasurement of ~cr(6) 

for e # 0, e << 6 , one can easily determine ~cr(O) by extrapolation. 
0 

For a potential V(r) "-' -~- 6 one then obtains two experimental 

quant i ties 

47T 7T 
~ ~ cos <s) f<o) 
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and 

the essential point is that Q ~ f(O) and o(O) ~ /(0) 2 , so that these 

equations are independent, and can be solved for ~ and f(O) separately. 

In a less ideal experiment we obtain ~Q and ~cr(6) ~or larger angles. 

Tagether with the relation (3.14~ for a(e)/cr(O) we get independent 

equations again, although the situation is more complex as ~cr(B) is 

given by the product of ~/(0) 2 and expression (3.14) which also 

contains f(O) through e . It can be shown that the measured quantities 
0 

become dependent when e is chosen at e;e ~ 2 where 
0. 

d(ln cr(e/6 ))/d ln (e/8 ) 2 = -1. For largerangles they become 
0 0 

independent again. Another independent determination of Q comes from 

the shape of a(8)/cr(O) as the scala angle e contains Q. 
0 

The above procedure makes an important demand on the angular 

resolution. The angular resolution oe for a maasurement of cr(O) must 

be better than 8 • The same holds for the maasurement of Q. This can 
0 

be understood as follows. Insection 3.7 we show that we actually 

maasure l=;(Q - AQ) where t:.Q ref.ers to scattering processas within the 

forward cone ö8, i.e. AQ ~ cr(0)7r(Ö6) 2 • From the equations (3.5), 

(3.11) and (3.13) it fellows that 

AQ = ëS)2 I 
Q 8

0 
4 cos2(7r/5) (3 .15) 

This means that oe << 6
0 

is required also for the maasurement of ~Q. 

The realisation of the above demand will be the subject of the 

following section, concerned with the molecular beam apparatus, while 

the calculation of the angular resolution and the description of the 

actual experiments will be given in the sections 3.6, 3.7 and 3.8. 

3.4 Apparatus 

In this sectien the apparatus is described in which the 

measurements of the small angle differential cross-section are 

performed. Because the apparatus has already been described. elsewhere 

(EVE 75, EVE 76) the most important features will be given in short. 

In figure 3.3 a schematic view is given showing the important parts. 
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ds 

a:rooss-seation treated in ahapter 3, and for the :rootationa"lly inelastia measurements treateà in the fo"l"lowing 

chapte:ros. The only relevant elements for the ezpe:roiment of ahapter 3 are the sou:roce, beam monitor, cross-beam., 

movable diaphragm, ve"loaity se"leator and detector. The relevant dimensions are given in tab"le 3.1. Fo:ro the 

measu:roements of :rootationa"l transitions the other elements are aZso used, whi"le the movabZe diaph:roagm is repZaced 



All relevant dimensions of the experimental set up are given in 

table 3.1. 

TabZ.e 3.1 The important dimensions of the apparatus 

of figure 3. 3~ the physiaaZ. properties of 

the vwo sources~ and the vaauum properties. 

quantity 

dl (source) 

d2 (diaphragm) 

ds (detector) 

a,. (nozzle) 

ds (skimmer) 

p 
souree chamber 

pmain chamber 

.!?detector chamber 

- Main vacuum chamber 

value 

0.955 m 

. 0.267 m 

1.028 m 

0.013 m 

0.026 m 

0.20 x 0.33 mm 

0.20 x 0.50 mm 

0.20 x o.so mm 

0.043 mm r/J 

0.78xl.5 mm 

933 K 

375 K 

1510 torr 

625 m/s 

1 x 10-7 torr 

2 x 10-s torr 

2 x lO-s torr 

typical 
11 

11 

The experiment is carried out in a rectangular vacuum box with 

.at .one end a separate souree chamber and a detector chamber at the 

other end. One side plate is completely removable to facilitate the 

necessary adjustements. The va~uum chamber is evacuated by a cryo 

pump cooled by 20K He gas produced by a Philips A20 Stirling machine .• 

An additional turbo-molecular pump (Pfeiffer) of 70 1/s removes the 
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non~condensable gases (He, Hz, Ne).The working pressure inside the 

box is 2 x 10-a torr. 

- Primary beam souree 

The CsF used as primary beam bas to be heated to about 950K in 

order to achieve sufficient vapeur pressure. This is done in a 

stainlees-steel two-chamber oven provided with an extra heated slit 

in front of the oven orifice. This slit collimatas the beam and 

serves as souree of the primary beam. The souree chamber is evacuated 

by a 200 1/s oil diffusion pump,provided with a LN2 cold trap 

reducing the werking pressure to I x 10- 7 torr. The oven temperature 

is held constant within O.lK by a proportional differential (PD) 

regulated power system. Possible intensity variations (for example 

by clogging) can be monitored continuously by a Langmuir-Taylor 

detector close by the souree orifice. In normal cases the beam 

intensity, measured on the main detector, remains constant within. 

0.2% over many hours. 

- Detector 

We use a Re-wire Langmuir-Taylor detector followed by a 

deflection system and an electron multiplier. This detection system 

has been described byEverdij (EVE 75a~ To avoid background signal 

of ions and photons we switch off the ion pump, which pumps the 

detector chamber, during the measurements. The pumping is taken over 

by the main vacuum chamber through the conneetion tube. 

- Velocity selecter 

Installed in front of the detector in the main vacuum chamber is 

a Fizeau type velocity selecter with 5.5% FWHM (STE 72). Its 

properties are shown in table 3.2. 

- Movable diaphragm 

24 

Instead of moving the whole vulnerable detector, a movable 

diaphragm is used to measure the small angle differential cross

section. We have attached this diaphragm on a mount which can be 

driven along the x and y axes by two computer controlled step

motors. Placing the diaphragm on the axis through souree and 

detector diaphragm, we can find the total cross-sectien with high 



angular resolution from the beam attenuation. Placed outside this 

axis the small angle differential cross-section can be measured. 

The positioning range of this diaphragm is ± 0.6 mm, so the cross

sectien can be measured at deflection angles between zero and 

1.1 x 10-3 rad in the laboratory system. Anticipating the measured 

results we remark that for a velocity g = 900 m/~ we have the scale 

angle 6 corresponding to 3.6 x 10- 3 rad in the c.m. and 2.1 x JO-~ rad 
0 

horizontal angle in the laboratory. A displacement of the diaphragm by 

0.12 mm corresponds to one scale angle. Moreover, the angular resolution 

(see Everdij (EVE 76) for the transmission functions), satisfies the 

requirement of section 3.3. 

TabLe 3.2 Design paPamete~s of the veLoaity seZeato~ 

total length (L) 

number of dis es 

radius of a disc <~ ) 
0 

thickness of a disc 

length of a radial slit 

number of slits 

slit width a) 

tooth width 

distauces between discs in units L/30 

100.45 mm 

6 

79.58 mm 

1.50 mm 

8.0 mm 

250 

mm 

mm 

10, 9, 5, 3, 3 

displacement pi b) 

molecular velocity c) 

0, 2.5, 4.75, 6, 6.75, 7.5 

v • 3.348 V m/s 

transparancy T 

Av/v, .FWHM 

1) 

f max T(v) dv 
V • 
m~n 

38.8% 

5.2% 

d) 0.0201 1) 

a) the slit width and tooth width are measured with respect to the 

bottom of the slits. 

b) the displacements pi are given in units of a tooth plus slit 

width (2 mm). 

c) \1 is the rotational frequency of the selector. 

d) assuming that the actual normalized velocity distribution P(v) 

of the molecular beam varies slightly over this region, the 

transmitted beam intensity can be approximated by 0.0201 vP(v). 
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Figure 3.4 The body of the akimmer. The amis of the 

CsF beam is denoted by a aross between the 

four wires whiah pPDVide for the eZeatria 

quantiaation fieZd of ahapter 4. 

- Secondary beam 
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An important part of the apparatus is the secondary beam. The 

skiromed supersonic beam design is based on the investigations of 

Habets (HAB 77). The V-shaped skiromer body (see figure 3.4) is 

hollow because some special provisions for the inelastic measurements 

(section 4.2.2) have to be placed inside. The expansion chamber, 

skiromer body and interaction region are surrounded by a copper box 

which serves as a cryo pump, cooled by 20K He gas. As a result the 

background pressure is low enough to provide an undisturbed super

sonic expansion. This is illustrated in figure 3.5, where the 

primary beam attenuation has been plotted against the stagnation 

pressure and, in figure 3.6, against the nozzle skiromer distance. 

The functions are linear and go through the origin showing that 

influence of the background gas in the expansion room is negligible. 

Therefore we can apply the formulas for ideal supersonic expansion 

(HAB 77) to calculate the secondary beam density. Moreover the 

independent maasurement of section 3.8 shows that the calculated 

target density is in perfect agreement with the experimental value. 
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3.5 Transformation from laboratory system to c.m. coordinates 

The intermolecular processas described in the c.m. system, are 

measured in the laboratory system, therefore we have to transferm the 

coordinates. Because the deflection angles in all our experiments are 

small (< 0.1 rad)_ the transformation formulas can be easily found by 

assuming the scattering sphere to be flat. As Everdij (EVE 76) already 

pointed out, the area of the sphere reprasenting the deflections in 

our experiments corresponds to only 70 x 70 km2 on the earth sphere. 

From the Newton diagram of figure 3.7 the following formulas can be 

derived easily 

St. = m2 dycm 
dz m1 + m2 ~ cm 

(3.16a) 

(3.16b) 
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Figure 3.7 N~ton diagram of the saattering geometry. 

The p Zane p is norma Z to lb v 1 and v 2 are 

the velaaities of the primary and seaondary 

beam, respeatively. The saattering angles 

in the a.m. system are e and $ 

and from these it follows that 

t ~ • dycm/dzcm • Q_ dy>dz 
g 'I' dre /dz V1 dre dz 

cm cm 

6 

(3.17a) 

(3. l7b) 

Furthermore, for use in section 4.3 the following relations hold 

(3.18a} 

(3.18b) 

3.6 Transmission function 

At each different position of the movable diaphragm on the 

y axis (see figure 3.8). i.e. for each maan deflection angle, the 
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Figure 3.8 Sahematias of the scattering geometry. The 

dimensions aan be found in tcib Ze 3. 1 

transmission function bas to be calculated. Our definition of the 

transmission function is as follows: 

H(y,6 2
) is the probability that a molecule, coming out of the 

souree diaphragm, deflected in the scattering centre 

over the c.m. angle 6, reaches the detector via the 

movable diapbragm at position y 

divided by the probability that a molecule coming out of the 

souree diaphragm reacbes the detector while the 

movable diapbragm is not inserted and the deflection 

angle is zero. 

We have calculated H(y,6 2 ) by means of the efficient Monte Carlo 

procedure Everdij already described (EVE 76). 

3.7 Formulation of the scattering experiment 

In this section we calculate the measured intensity as a result 

of the scattering processes. We restriet ourselves to elastic 

scattering. We divide the scattering region in N equal intervals and 

wedefine ~ • ntg/v1, with n the target density and 7.. the lengthof 
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the scattering volume. In one interval a partiele can be deflected 

or not. 

A large deflection angle eausas always the loss of the particle; 

therefore, the small angle approximation can be used for large angles. 

too, without consequences. 

The probability of scattering into d2w is equal to 

P(~) = ~ ç;cr(~)d2~ (3 .19) 

In the small angle approximation we take the length of the scattering 

region the same for all particles. For all successive collisions the 

e.m.-lab transformation is numerically identical. Further we consider 

w as the displacement vector in the flat north pole area of the unit 

sphere, with e and ~ the polar coordinates. For multiple small angle 

scattering the w's can be added vectorially. 

The probability of scattering at all from one interval is equal 

to ~Q/N, and the probability of not scattering is (I - ~Q/NJ. Now we 

define R (wl, Wz, .•. , w )d2Wtd2w2 ••• d 2w as the probability to be 
n- - ~ - - ~ 

deflected n times over ~1 , ~2 , etc. successively into the solid 

angles d 2~1 d 2~2 etc. while in the N-n remaining intervals no 

scattering takes place. Because there are (N) realisations for such 
n 

an ordered succession of scattering events 

n 
R = (N) (I - ~ ÇQ)N-n n ~ cr(w. )éw. 

n n i=l -1 -1 
(3.20) 

Taking the limit N+oo it follows 

(3. 21) 

We are interestad in a succession of scattering events resulting in a 

total deflection in the direction of w. The probability of scattering 

into the solid angle d 2~ after n scattering proccesses fellows from 

equation (3.21) (see Verster (VER 79)). 
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(3.22) 

For convenianee the factor between pointed brackets will be called on. 

From this definition and from the definition of Sn fellows 

0 (W) = O(W) 0 the two-dimensional delta function, and Ol(W) = 0(~) 0 o- - -
the differential cross-section. One can show that 

a (w) = fa (w ) a(!l.l.- Wt) dw 
n- n-1 - 1 Q - 1

· 
(3.23) 

The measured signal is formed by all particles striking the detector 

area after an arbitrary number of scattering processes, while the 

normalized probability of reaching the detector after being deflected 

over~ is given by a transmission function n(~). 

""' 
I • I

0 
L fsn (~)n(~).d2~ = 

n•o 

(3.24) 

The definition of I
0 

fellows from this expression as the intensity 

measured without a central diaphragm (n(O) = 1) and without scattering 

(~ = 0). This situation corresponds to the denominator in the 

definition of the transmission function (section 3.6). Because the 

value of a decreasas rapidly as n increases, only the first terms n 
including the two-fold scattering are necessary for the description 

of our scattering experiment. In sectien 3~6 we calculated the 

transmission function H(y,6 2). The above equation then becomes 

I(y) = I
0 

(O)e -Ç.Q(H(y,O) + Ç.fo(G2 )H(y,G 2 )'1f.d6 2 

+ t ç;Qç;Ja2(62)H(y,e2)'1f.d6 2) (3.25) 
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3.8 Measurements and results 

At relativa veloeities between 670 m/s and 1040 m/s, correspond-ing 

to primary beam veloeities between 250 m/s and 830 m/s, the small angle 

differential cross-section was measured. The measurements have been 

done at in total 35 positions of the movable diaphragm between 

y = -0.6 mm and y = +0.6 mm corresponding toe= 1.1 x 10-3 rad in the 

laboratory system. 

In figure 3.9 a typical example of the detector signal is shown 

with cross-baam (full line) and without cross-beam (broken line) 

against the diaphragm displacement. As expected in the foregoing 
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Figure 3.9 Measured signal with aross-beam (full Une) and 

without aross-beam (broken Zine) as a funation of 

the displacement y of the movable diaphragm. The 

dotted line3 i.ntersecting the y-axis at about 

0.2 mm, is the aontinuation of the broken line if 

no baakground saattering would take plaae. 



section, two regions can be distinguished in the data. At the 

smallest dis~lacements, where the primary beam is not yet shielded by 

the movable diaphragm, the intensity is lowered by scattering from the 

target beam, while at larger displacements the intensity is a result 

of differential scattering. 

However, the measured intensity without scattering, does not fall 

off to zero as is expected (dotted line) when the primary beam is 

totally screened from the detector by the movable diaphragm. We assume 

that this background signal results from scattering by the residual 

gas between souree and detector. Formally we could have incorporated 

this background in a transmission function which describes the actual 

apparatus. We have not followed this.line because of the complication 

that for small y the central part of H(y,9 2 ) can be calculated, while 

for y > 0.2 mm the information comes from the experiment. Instead of 

this we have added the background intensity I'(y) to the intensity 
0 

without target beam derived in the foregoing section. 

(3.26) 

With target beam we get 

I(y) = I
0

(y) exp(-E;Q) + I
0

(0) exp(-ç;Q)ç; { fcr(6 2 )H(y,S2)TfdS2 

+ Î E;Q/cr2(6 2)H(y,6 2 )nd6 2 
+ ···} 

(3.27) 

A correction due to particles which are deflected from the region 

not seen by the detector (firstly by residual gas into the scattering 

centra and secondly by the target beam on the detector), is much 

smaller than the double scattering contribution calculated for the 

primary beam in the scattering centre and bas been omitted. The 

''measured effective differential cross-section" is derived from 

equation (3.27): 

t;AQ(y) • ç; { fcr(6 2 )H(y,6 2 )nd6 2 + t E;Qfcr2 (6 2 )H(y,e 2 ) nde 2
} .. 

• I(y) - I 0 (y) exp(-E;Q) 
I

0
(0) exp(-E;Q) 

With equation (3.28) we have an expression for the measured 

intensities in terms of experimental and theoretica! quantities. 

(3.28) 
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3.8.1 · Methods to obtain the absolute value of Q and ~ 

In order to find Q from the measured data we have to find at 

least two independent quantities which contain Q and ~ as mentioned 

in section 3.3. In principle there are two methods to achieve this 

goal. 

1. In the first method we make use of the attenuation at y = 0 

34 

§<(b) = exp(-~Q)(I + ~~Q(O)) 
0 

(3.29) 

and of the value of the experimental differential cross-section 

~~Q(O), co~nly called the correction for finite angular 

resolution, which can be found by extrapolating the measured 

differential cross-section at y > 0.2 mm to y = 0. The quantity 

~~(0) can be approximated by ~Qo(O), with n the effective opening 

angle which is equal to the zeroth moment M
0 

of the transmission 

function H(0,8 2), while, as we found in equation (3.11) 

cr(O) • (1 + tg2 (!))(~) 2 Q2 

5 47f 

From equations (3.29) and (3.11) Q can be derived 

Q • ~~Q(O) 

{(I+ tg2 <!))(~7f)2Mo}{- ln I (o)(f(~)~~Q(O)) } 
0 

(3.30) 

The accuracy of Q is about equal to the accuracy of the extra

polated value ~8Q(O) because ~~(0) << 1. In the CsF-Ar experiments 

the extrapolation results in an uncertainty of about 20%, so this 

method fails in our case. (However, in the Ar-Ar case, this method 

is very useful, because the lab-cm transformation does not magnify 

the deflection angles so dramatically as it does in the CsF-Ar 

case). 

On the other hand, this method gives an accurate value of the 

relativa total cross-section (see section 3.8.2): putting ~~Q(O) 

in equation (3.29) we obtain 

~Q = - ln( I(O) ~~Q(O)) I
0

(0) 1 + (3. 31) 

which is rather insensitive to t~Q(O). 



2. To find aaaurate values of Q and ~ we follow the other metbod 

where, besides the y = 0 measurement described by equation (3.29), 

the measured value of ~AQ(y) described by equation (3.28) is used, 

which is roughly ~Ocr(ä(y)), to obtain the second independent piece 

of information. The shape of ~AQ(y) depends on the scale angle e 
0 

(equation (3.14)). In fact the same ~ and Q have to describe all 

measurements with different y so that a numerical least squares 

metbod can be applied to adjust ~ and Q to the data. Besides we 

have added a third parameter, repreaenting the experimental 

misalignment of the central diaphragm position with respect to 

y = 0, to eliminate a possible asymmetry between the measured data 

with y > 0 and y < 0. 

In table 3.3 the results are shown. In all our measurements the 

product nt is kept the same. In the least squares results the nt 
value derived from the parameter ~ is constant at the higher 

velocity measurements but decreasas dramatically at the lower 

veloeities. Furthermore, the negative slope of ln Qtg) against ln g. 

being about 0.35 at the higher veloeities (see figure 3.11), 

inereases strongly at the lower veloeities • Also the aecuraey of 

the adjustment decreases strongly. 

Table 3.3 Least aquaPee Pesults ~m the smaZl angle diffePential 

aPOss-seation measurements. See aleo figure 3.11. 

1)1 g 
(m/s) (m/s) 

Q,.,o. as 
" a) 

2 
x b) 

836 

768 

736 

669 

602 

502 

469 

369 

235 

1043 

987 

963 

913 

871 

800 

780 

716 

664 

470± a 
479± 5 

482±:5 

492± 6 

513±10 

559 

571 

656 

820 

0.116 

0.113 

0.126 

0.132 

0.140 

0.160 

0.165 

0.206 

0.310 

5.35 x 10-17 1.97±0.04'x 1016 

5.19 1.99±0.03 

5.33 2.00±0.03 

5.35 1.97±0.03 

5.48 

5.80 

5.87 

6.55 

7.97 

1.88±0.06 

1.80 

1.74 

1.62 

1.34 

48 

110 

46 

99 

263 

700 

305 

900 

1264 

a) this quantity should be a constant following equation (3.10a) 

b) x2 = ~(A./s.) 2 with A. the differences between the 35 measured 
1 1 1 1 

results, with standard deviation s., and the least squarès results. 
l. 
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Summarizing we can say that our model describes the problem very 

well for g > 870 m/s, lesding to reasonably reliable values of Q 
and nl.. 

The model fails in reproqucing the data at lower velocities. This 

disagreement shows the following characteristics 

i. The measurements show a higher intensity·than the model 

can provide for, especially at the smallest deflection 

angles. 

ii. The deviation increases with decreasing relative 

velocity. 

We do not expect that this disagreement is a result of glory 

structure. Although the possible relative glory contribution to 

the differential cross-sectien is expecte"d to be larger than it 

is to the total cross-section (BEY 79), we can omit the effect 

because the total cross-section shows no glory contribution at 

all. 

An alternative possibility could be the presence of CsF dimers in 

the primary beam. The magnitude of the dimer contribution can not 

be estimated accurately, however, because neither the coficentration 

nor the total cross-section is accurately known. We may assume that 

in our effusive souree the intensities and velocity distributions 

of monomers and dimers reflect the equilibrium values in the upper 

souree chamber. The intensity ratio between dimers and monomars is 

a function of the velocity because in thermadynamie equilibrium 

the mean velocity of dimers is 12 lower than that of the monomers. 

With the Maxwell Boltzmann velocity distribution law, the ratio 

can be calculated for a mixture of an equal number of monomars and 

dimers 

dNd. /dV1 I 2 
1m • 2 ~ 2 exp(- mv1) 

dN /dv1 2kT mon 
(3.32) 

This function is shown in figure 3.10. It can be calculated that 

even a large dimer concentratien of 10% looses all influence at 

V1 > 600 m/s. In table 3.3 we see .that the model begins to fail at 

g < 870 m/s corresponding to V1 < 605 m/s. Moreover, in the 

presence of dimers the forward scattering will increase, which also 

agrees with the experiments. 

We conclude that a quantitative agreement of model and experiment 
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Fig~e 3.10 The ratio of dimers and monomersas a 

funation of the vetocity Vl, assuming in the 

so~ae an equat aonaentration of dimers 

and monomers (see equation (3.32)) 

can not be found for lack of quantitative dimer data, but at 

veloeities where dimers have no influence anymore, the agreement 

is good. The averaged value of aso following from the cross

sections at g < 870 m/s with equation (3.10) will be used in the 

following chapters concerning the rotationally inelastic cross

sectien of CsF with Ar. The result is 

aso =- 2.80 ± 0.08 x 10-77 Jms. ~ From the measurement of Muller 

(MUL 67) we find aso=- 2.30 ± 0.20 x 10-77 Jm6 • 

3.8.2 Measurement of the power of the intermolecular potential 

In figure 3.11 the relative total cross-sectien bas been plotted 

as a function of the relative velocity. The values have been calculated 

with equation (3.31) and scaled to the absolute values, found in 

sectien 3.8.1. The logarithmic plot shows a linear behaviour with a 

slope of 0.36 ± 0.04. This means, following equation (3.10à), that the 

power of the potential is equal to 6.5 ± 0.5, at least in the measured 

region of impact parameters. A deviation of the power of the potential 
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from the value 6 for the ideal potentlal can arise from the higher 

order spherical terms (OaP-8 , OtoP-10 ) which we have neglected in 

chapter 2. Others (DAV 73) have found similar results. 
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Figure 3.11 The Pelative total cross-eeetion as a function ofthe 

Pelative veloaity. The function is soaled to the 

absolute values of Q (denoted byO) of table 3.3~ 

aalaulated in eeation 3.8.1 



CHAPTER 4 

EXPERIMENTAL SET UP FOR THE MEASUREMENT OF ROTATIONALLY INELASTIC 

CROSS-SECTIONS OF CsF WITH Ar AND Kr 

4.1 Introduetion 

The maasurement of rotational transitions makes special ~emands 

on the molecular beam apparatus. In this chapter we shall be concerned 

with the construction and optimisation of the necessary components. 

The main part of the apparatus was already developed by Everdij 

(EVE 76). Our contribution exists mainly of the modification of some 

important parts, and the optimisation of the whole apparatus. We limit 

ourselves therefore to a general description of those parts of the 

apparatus of which Everdij has given the details, while we give 

special attention to the modifications. In figure 3.3 a schematic view 

of the whole appar~tus is shown. 

The description of the vacuum system, detector, primary and 

secondary beam source, can be found in section 3.3, as this is the 

same for both the elastic and inelastic measurements. 

4.2 Important elements of the apparatus 

4.2.1 The electrastatic lens system 

Polar diatomic molecules can be focuseed by the inhomogeneous 

electric field in an electrastatic multipole lens (KUS 59, BEN 55), 

The focussing force results from the spatial variation of the Stark 

energy. At low field strengtbs the CsF molecule shows a quadratic 

Stark effect and this is the reason why most experimentalist& in this 

field are using quadrupele lenses. 

To improve the acceptance of the electrastatic lens for those 

rotational states suffering a strong departure from the quadratic 

behaviour, Everdij used a lens system consisting of quadrupale and 

sextupole lens units (EVE 73). We shall also make use of these small 
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(170 mm long) quadrupele and sextupole lens units. A maximum of four 

lens units can be combined for the polarising and analysing lens 

systems, respectively. For full details of the lens design, the reader 

is referred toEverdij (EVE 76). The freespace between the lens units 

is used to aceomedate the beam stops and the cut-off plates (section 

4.2.5). 

In the free space between the lens units, distortien of the 

focussing fields can occur. In ion lenses the potential energy of the 

particles is proportional to the electrostatic potential, and fringing 

fields may overlap as the potential adds algebraically. In Stark 

effect focussing, the energy is a function of the absolute value of 

the electric field strength. This quantity does not add algebraically 

in the combined fringing field. The length of the free space, however, 

is of the order of the lens diameter so the mutual distortien will be 

small. 

All lens units are mounted on one long optical bench and they 

are optically aligned befere the beam chamber is evacuated. 

4.2.2 Guide field and quantiaation field 

By the electrostatic lenses the molecules are selected with 

respect to the quantum numbers j and m .. The quantum number m. has 
J J 

been defined with regard to the local ! vector. Along the whole 

trajectory from the first polarising lens to the last analysing lens 

an electric field bas to be present to maintain the selection of m .• 
J 

In the following, the loss of this m. selection will be called 
J 

depolarisation. Between the lens units of the polarising lens (e.g. 

at the metal suspension wires of the beam stop) this may lead td the 

loss of particles. Far more important is depolarisation in the. 

scattering box between the polariser and analyser. Here electrical 

provisions have been made, to maintain the electric field along the 

beam inside the scattering box, see figure 4.1. 

The electric field is generated by four metal wires 0.1 mm ~. 

along the flight path. The entrance and exit holes, where the four 

wires are supported, contain metal electredes on the inside. The 
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depolariser 
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~arv:e:::.....+=~D:-' 

~. 
primary beam 

a 

Fi~e 4.1 E~eatriaa~ provisions inside the V-shaped skimmer bod.y in 

the scattering bo~. 

a the aonneation wires for the quantiaation fie~d~ whiah 

aan be ahasen horizontaZly or vertiaal~y. 

b the aonneation wires for the fie~ in the aallimator 

and in the entranae hole. flith e~eatria puZses on two 

of these wires depoZarisation aan be aaused at the pZaae 

of the collimator~ befare the scattering region. 

a the aonneation wires for the fie~ inside the e~t hole. 

Depolarisation aan aZso be aahieved here by imposing 

eleatPia pulses on two of the eZeatrodes. 

collimator which has been positioned 55 mm from the entrance opening 

between the four wires, consists of four metal electrodes glued on a 

thin piece of isolating material (BOR 76), so that the electric field 

is also maintained inside the collimator. As far as can be measured 

all transitions from sextupole to quadrupole lenses, from lens to 

scattering box entrance etc., are passed adiabatically without 

depolarisation problems. 
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Besides to avoid depolarisation, the electric field in the 

scattering region determines the cellision geometry. The use of four 

wires to generata this field, allows a choice between two directions 

of the quantisation field, i.e. along the x-axis or along the y-axis 

in the laboratory system. In the c.m. system t~is means that the 

quantisation field can be chosen perpendicular to Ei and V2, i.e. 

perpendicular to e:_, or parallel to ~· i.e. with an angle 

ç = arctg (v1/v2) with respect to e:_• 

The field strength of the whole guide field and the parallelism 

at the place of the scattering centre have to satisfy the following 

conditions. The parallelism has to be better than the spread of the 

secondary beam ,in order to fix the quantisation direction with 

respect to the scattering geometry accurately. The field strength 

bas a minimum value below which j and mj are not good quanturn numbers 

anymore, as a result of intramolecular interaction such as the nuclear 

spin-rotatien coupling, while small field fluctuations give rise to 

transitions between the levels. Experimentally (BEN 64) this minimum 

value is about 100 V/cm. When the field strength is high, the Stark 

effect becomes important and influences the wave function, by admixing 

the other rotational wave functions. If we consider the (20) 

rotational state, the coefficients of the (JO) and (30) wave functions 

in the total distorted wave function remain below the 0.5% when the 

field strength is lower than 300 V/cm. We conclude that the field 

strength bas to be between 150 and 300 V/cm while the parallelism 

must be better 'than 5°. 

42 

FiguPe 4.2 Croes-eeation of the V-shaped skimmer bodY~ 

showing the geomet~ of the quantisatiqn 

field wiPeB and the position of the pPima~ 

beam. In this aase the field is vePtiaal. 



Numerical analysis of the field properties of four wires inside 

an earthed, V-shaped metal housing (see figure 4.2 for the geometry) 

shows that the parallelism inside the scattering volume is better 

than 5°. Further, it turns out that the potential of the wires should 

be + 300 V and - 300 V, respectively to achieve a field strengthof 

300 V/cm. The degree of polarisation of the (20) focussed beam (see 

section 4.2.3) as a function of the potential of the guide field wires 

(figure 4.3) confirms the calculation in the sense that the loss of 

the mj selection becomes considerable when the potential of the wires 

is lower than ± 100 V. 

0 20 40 60 80 100 120 140 
V 

Figure 4.3 The degree ofpoLaPisation (P) of the 

(20) beam as a funotion of the potential 

V on the quantiaation fieLd uiree of 

figure 4.2. In 1 the fieZd ie horizontaL 

(Pmax = 0.98 ± 0.02) and in 2 the fieLd 

is vertiaaL (Pma:x: = 0.95 ± 0.02). 

4.2.3 Degree of polarisation and the depclarisers 

The purity of the beam is an important property when rotational 

transitions have to be measured quantitatively. The purity can. be 

defined with the help of the degree of polarisation as given by 
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Toennies (TOE 65) 

N. - ~ L N. 
JO 2J ~0 Jm 

L N. 
P. 

JO 
(4 .I) 

m Jm 

with N. the relative number of molecules in rotational state (jm). 
Jm 

The degree of polarisation P.' = I if all molecules are in rotational 
JO 

state (jO), and P. = 0 if all m.-substates are equally occupied. 
JO J 

We have measured, that almast total polarisation (Pjo ~ I) can 

be achieved. The maasurement has been carried out by means of a 

depolariser, which enables us to randomise the molecules over the 

possible m.-substates. From the ratio of the intensity with and 
J 

without randomisation, a minimum value of the degree of polarisation 

can he calculated. The measured intensity without randomiaation I~ol 
JO 

is equal toN. , and with (total) randomiaation we obtain 
JO 

~ep = N. /(2j + l). Putting these values in equation (4.1) leads to 
JO Jm 

P. 
JO 

I pol 
I . 

= - (---.J.2_ - I) 
2j ~ep 

JO 

(4.2) 

This holds provided that total randomiaation can be achieved, and that 

no depolarisation occurs after the depolarising device. Otherwise we 

shall measure a lower Ipol;~ep ratio, yielding a toa low value for P. 

Experimentally, we found that the degree of polarisation 

P1o 1.00 ± 0.02 (measured without the polariser beam stop), 

P2.o 0.98 ± 0.02 when the guide field is horizontal, and 

P2o = 0.95 ± 0.02 when the guide field is vertical. This means, that 

tot al randomiaation has been achieved. 

We have installed two depolarisers, one at the collimator aPd 

another in the exit hole, where the randomiaation is caused by 

imposing electric pulses on two of the four electrades attached there 

(see figure 4.1). In figure 4.4 it is shown, that the ratio ~ep/I~01 
J 0 JO 

can be varied at will, by varying the repetition time of the electric 

pulses. It appears that maximum randomiaation is achieved, if the 

repetition time T is smaller .or equal to the transit time of the 

molecules through the diaphragms, i.e. 3 x 10-6 s for the collimator 

and I x 10-5 s for the exit hole. 
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Figure 4.4 Depolarisation as a tunetion of the pulse 

repetition time for the collimator 

depolarisator. Erom equation (4.2) it 

foUows that P = 0 if tlep !ft0 l = o. 2, 

~hiah is almost aahieved at • < 6 us. 

4.2.4 The velocity selector 

In the thesis of Everdij the asymmetrie char~cter of the velocity 

selector with respect to clockwise and anti-clockwise rotation for a 

focussed beam has already been pointed out. We modified the disc 

packet in such a way that both directions of rotation have an 

identical velocity transmission.-This modification (VER 78, STE 72) 

bas greatly improved the alignment procedure because of the 

possibility to average out the asymmetrie character. The calculated 

transmission properties and the technical details can be found in 

table 4.1. 

4.2.5 The cut-off plates and scan diaphragms 

In bath lens systems, a square cut-off plate (with dimensions 

13 x 13 mm2 ) can be installed between the first two lens units. In 

the same manner as described in section 3.4, the plates have been 

attached to a movable mount driven by a step-motor. With thèse plates 

part of the beam can be cut off with the result that the angular 

resolution and the mean deflection angle can be changed in a well

defined way. Apart from the situation without these cut-off plates, 
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Table 4.1 Prope~ties of the velocity seZecto~ used fo~ the inelastic 

measu~ements. The t~ansmission fo~ bath the clockwise~ and 

the anti-clockwise ~otation is identical. 

total length (L) 

number of discs 

radius (~ ) of a disc 
0 

thickness of a disc 

slit width at ~0 
tooth width at ~ 

0 

number of slits 

length of a slit 

1) 

2) 

position of the discs in units L/ll 

twist of the discs 3) 

molecular velocity 

transparancy T 

ÀV/V, FWHM 

1) 

4) 

J max T(v)dv (see d table 3.2) 
V • m1n 

99.70 mm 

6 

84.0 mm 

1.5 mm 

1.00 mm 

l.llmm 

250 

6.0 mm 

o, 2, 4, 5, 8, 11 

0, l, 2, 2.5, 4, 5.5 

V • 4.55 V m/s 

31.0 % 

7.2% 

0.0221 V 

1) measured at the middle of the slit. 

2) the first disc exists of two discs, attached to each ether, 

and the thickness is thus 3 mm. 

3) in units of a tooth width plus slit width (2.11 mm). 

4) with V the rotatien frequency. 

we use four different position combinations at the measurements of 

rotational transitions. These four combinations are shown in figure 

4.5. The alignment of these plates is described in section 4.2.9. 

In the centra of the square plates a hole of 0.5 mm ~ bas been 

drilled. Moved by the computer controlled step-motors they serve 

as accurate scan diaphragms tomaasure intensity distributions inside 

the lens. 
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Figure 4.6 Sahematia draw of the four aombinations of the aut-off 

plates we use in the experiments~ with the averaged transmission 

funations for CsF and Ar. The "musale beams" repreaent the foaussed 

moleaules in polariser between sourae and collimator (aoZZ.)~ and 

between aoUimator and deteator (det.). The aharaaters a~ b~ a and 

dagree with the aharaaters used in seations 4.3 and 6.4. 
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4.2.6 Trajeetory calculations 

A computer model has been developed to optimise the lens system 

with respect to lens positions, their field strengths, the effect of 

the beam stops, etc. (SIM 77). The essential part of the program is 

a procedure (subroutine) to calculate the trajectory through one lens. 

This procedure solves the equations of motion in the lens and 

transforma the coordinates (x, y, ~. ~) from the lens entrance to 

the lens exit, given the lens parameters and the partiele speed v. 
One program level higher we have a procedure which follows a partiele 

through the whole system. This procedure uses a list which specifies 

the sequence of optical elements, such as source, lenses, diaphragms, 

beam stops, etc. The next level provides starting values of the 

individual trajectories, either a predetermined sequence or random, 

while the final program starts with the calculation and tabulation 

of the Stark effect and furnishes the organisation, input and output. 

The Stark energy ~W is a function of the electric field E, the 

molecular dipole moment ~. the rotational constant B end the 

rotational state (jm). This can be reduced to 

~w. 
~ = e:. (À2) 

B Jm 
(4.3) 

with À= )JE/B (EVE 75). The functions e: are calculated and tabulated 

in equidistant points of À2 • A power series for e:(À 2 ) will not be 

useful, especially for the (10) rotational state where the 

converganee radius À = 1.9 (SIM 77) is smaller than À~ 4 in the c 
actual lens. In figure 4.6 the reduced Stark energy change ~W. /B = e:. (À2 ) 

Jm Jm 
is shown as a function of À2 for the lowest rotational states. 

Of these statas only the (10), (20), (21), (30) and (31) rotational 

states can he focussed. 

From the tables of e:. (À.) the quantity de:/dÀ 2 is calculated for 
Jm l. 

each interval À. ~ À. + I by differentiating a 3rd dagree polynomial 
l. l. 

through the four table points i-1, i, i+l and i+2. The coefficients 

of the resulting polynomial for de:/dÀ 2 are tabulated for each inter

val. This metbod gives an approximation for de:/dÀ 2 with a correct 

integral. Thus the errors in de:/dÀ 2 average out. 
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Fi(JUX'e 4.6 

Gr-aph . of the Star-k ener-gy 

ahange Ejm(À2) as a function 

of the aquar-ed r-eduaed 

eZeatr-ia field À for- some 

values of the X'Otational 

quantwn nwriber-s j and m. 

The force on the molecule is equal to 

(4.4) 

with r- the radius vector and r- • (x2 + y 2) 112 • The equation of motion 

is then, with m the molecular mass 

d2~ - d 2 X' 
m dt2 - - B d'r' Ejm(À ) ~ (4.5) 

We make a substitution from time to space coordinates. From d'r'/dz << 1 

it follows that z = vt. Furthermore we reduce x and y with 

c112 = (Bitmv 2 ) 112 to ~ = x/c1 12 , y = y/c112 and ~ = r-/c 112 • we 
obtain the following equations of motion 

(4.6) 

(4.7) 
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Although the problem is almost rotationally symmetrie, we prefer 

(x, y) coordinates to (~. ~) coordinates, as the latter show 

centrifugal forces resulting in a complicated expression for a skew 

trajectory. 

In a quadrupale lens, with a potential V
0

,on the lens surface at 

P , the reduced electric field À is equal to a2~ with the lens 
0 

strength a 2 = 2~V c112 /Br 2
• In the sextupole lens À = a 3~2 with 

0 0 

a~ 3JlV C/BP 3
• 

0 0 

The set of equations of motion has been solved with a 4th order 

fixed step numerical predietor corrector method, which has been proven 

to be an efficient and accurate metbod for this problem. Sufficient 

accuracy has been reached with 10 integration steps in the 170 mm long 

lens unit. 

The procedure to calculate a whole trajectory has to be flexible 

in moving and omitting lens units, changing diameters of beam stops 

and diaphragms, etc. This has been done by consiclering the history of 

the molecule as a series of possible events characterized by a set of 

parameters. 

event 

field free 

quadrupele 

sextupole 

diaphragm 

beam stop 

velocity selector 

detector 

rotational state 

specificadon 

(resp. transition) 

observation point 

parameters 

length 

length, lens voltage, radius 

length, lens voltage, radius 

maximum radius 

minimum radius 

frequency of rotation 

width, height, x position, y position 

j ,m (j' ,m') 

none 

The molecular beam machine can be constructed from a series of the 

above building blocks. In the model calculation, diaphragms and beam 
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stops can be changed in observation points in order to look for their 

optimal dimensions. When the model molecule has travelled through the 

machine without being stoppad or lost (producing a specific error 

code) and has reached the detector plane the trajectory data, i.e. 

(x, y, x', y') with x'= dx/dz and y' = dy/dz, at each observation 

point, are stored in memory for later analysis. Analysis is done by 

hand and numerically observing a graphical display. The above 

procedure is very flexible: changing the sequence of events simulates 

another molecular beam machine. 

One of the applications of the numerical facilities is a fast 

method for the computation of the optimal lens voltages given a 

certain lens configuration. The procedure we follow falls apart into 

two steps. In the first step and in the case of a quadrupole-sextupole 

combination we take a set of 50 particles starting on the axis and in 

the xy plane at equidistant values of the aquared starting angle x! 2 • 
~ 

We calculate the deviations x. in the focal plane. The lens parameters 
~ 

a 2 and ag are then optimised looking for the maximum of the figure of 

merit 

50 
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i= I 

x. 
exp (- (...2:.) 2 ) 

(j 

with cr about twice the detector·radius._This specific mathematica! 

shape is chosen to obtain a smooth and rapidly converging optimisation 

process. For a simple quadrupale lens configuration the lens parameters 

are in the first step estimated by the paraxial approximation of 

geometrical opties. In the next step the optimal lens parameters are 

found by shooting series of JO 000 molecules with random start 

parameters x, y, x' and y' at different lens strengtbs chosen around 

the first estimate, and looking for the maximum transmission by hand 

or by a least squares procedure. 

4.2.7 Optimisation of the apparatus with a Monte Carlo method 

Lens configurations have been optimised with the simulation 

program described in the foregoing paragraph. As an example we will 

design in the following part a good configuration to maasure the 

rotational transition of CsF from (jm) = (20) to (j 'm') = (JO). 
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Focussing the (10) rotational state is a special case because of the 

behaviour of the (10) energy as a function of À2 • The gradient of 

E 1 o(À 2
), i.e. the force on the (10) molecule, crosses the force of the 

(20) molecule at about À2 = 9.5. Thrs means that the (10) and (20) 

molecules in a lens, for instanee with lens strength a 2 = 30 m- 1 are 

subject to the sameradial force when they are 1.8 mm off-axis. As a 

result the (10) and the (20) molecules have some trajectories in 

common making it impossible to separate both rotational states. This 

problem can be solved both with the help of a diaphragm (with 

P = 1.8 mm) and with a beam stop with P = 1.8 mm. The second salution 

is preferred for focussing the (20) state giving the highest intensity. 

In other words, to focus the (20) state separately from the (10) state 

the field strength in the lens outside the beam stop is chosen in such 

a way that the focussing force on the (10) state is weaker (or even 

negative in a large area of the lens) than the force on the (20) state. 

To focus the (10) state the first salution is used, and the field 

strength is limited by means of a diaphragm to values at which the 

farces are too weak to focus the (20) state. 

Besides the above points some other properties are required: 

1. The intensity of the primary beam bas to be as high as possible, 

i.e. the polariser lens has to have a large acceptance angle for 

the (20) state. 

2. The polariser must be opaque for all other rotational states 

(especially the (JO) state), as we require a low background. 

3. The acceptance of the analyser lens system bas to enclose as much 

as possible the emittance of the polariser to measure the total 

intensity of the (20) primary beam. 

4. This applies also for the (JO) state as the main contribution to 

the inelastic signal comes from very small scattering angle·s. 

5. The analyser, adjusted to the (JO) stat~, must be opaque to the 

(20) state. 

6. A very dangerous situation which must be avoided is the following: 

(JO) particles leaking through the polariser fall outside the 

acceptance of the analyser and thus remain unnoticed. By elastic 

scattering they give a signal which is erroneously taken as 

inelastic scattering. The same error is made when the analyser 
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in the (10) adjustment accepts (20) particles from outside the 

emittance of the polariser. 

To obtain the above properties of the system, we use the following 

degrees of freedom 

i. the velocity of the primary beam 

ii. the possibility to change of leave out lens units in polariser 

and analyser 

iii. the diameters of the beam stops 

iv. the diameters of the iris diaphragms in front of the polariser 

and the end of the analyser 

ad i. The chosen velocity of 300m/s is a compromise between high 

intensity appearing near the top of the velocity distribution. 

(which is at about 340 m/s) and of maximum resolution between 

the rotational states to reach with moderate field strengtbs 

and with reasonable dimensions for source, collimator and 

detector diaphragms (chosen at 0.5 mm ~. 0.5 mm ~ and 

(0.33 x 1) mm2 , respectively). 

ad ii, In this part we use the following convention: 0 for no lens, 

iii, 4 for a quadrupole lens unit and 6 for a sextupole lens unit. 

iv. The analyser has to be appropriate to focus the (20) as well 

as the (10) rotational state. The two sextupole lenses provide 

a maximum acceptance angle for the (10) molecules. In the 

polariser the configurations "4664", "0440" and "4400" have 

been tried. For the optimisation process, series of 4000 

particles in the (JO) and in the (20) rotational state, 

respectively, are shot through the polariser lens system, 

and 10 000 through the analyser lens system. On the basis of 

table 4.2, giving the results of the Monte Carlo calculations, 

we proceed further. At first, we adjust the beam stop diameter 

to make both lens systems opaque for improper particles: for 

example in a "4400" polariser lens a beam stop with radius 

2.25 mm is needed to make the lens, adjusted to (20), opaque 

for the (10) particles, as is shown in figure 4.7. On the 

basis of the foregoing requirements 1 to 6 the best polariser 

configuration is chosen. The "4664" configuration drops out 
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V\ 

"" without beam stop with beam stop 

configuration adjusted rotational intensity intensity r' r' r I • r' radius of 
to j,m state j ,m without with max,o max,f mJ.n,o min,f beam stop (b) 

beam stop beam stop iris (i) 

4664 2,0 2,0 831 373 0.0259 0.0379 0.0136 0.0119 b2.75mm 
4664 2,0 1,0 129 0 0.0103 0.0162 -- -- b 2.75 mm 
4664 1,0 1,0 417 63 0.0138 o.o1a6 0.0098 0.0117 b 2.75 mm 
4664 1,0 2,0 343 330 0.0245 0.0303 0.0119 0.0117 b 2.75 mm 
0440 2,0 2,0 236 117 0.0133 0.0178 0.0060 0.0073 b 2.50 mm 
0440 2,0 1,0 21 0 0.0063 0.0099 -- -- b 2.50 mm 
4400 2,0 2,0 283 120 0.0203 0.0110 0.0090 0.0049 b 2.25 mm 
4400 2,0 1,0 38 0 0.0106 0.0059 -- -- b 2.25 mm 

4664 2,0 2,0 159 150 0.0199 0.0126 0.0028 0.0025 b 1.00 mm 
4664 2,0 1,0 9 6 0.0095 0.0057 0.0077 0.0043 b 1.00 mm 
4664 1,0 1,0 76 70 0.0124 0.0084 0.0031 0.0020 b 1.00 mm 

i 4.50 mm 
4664 l ,0 2,0 25 0 0.0166 0.0119 -- -- b 1.00 mm 

i 4.50 mm 

Tab"le 4.2 
Charoaateristias of severa"l aonfigurations for the po"lariser an:d of the 114684 11 aonfiguration fop the analyser. 
The intensity of the potariser lens has been measured in the foaa"l plane (the aoZ"limator), ~hite 4000 
trajeatories have been aaZauZated staroting ~om the souroe ~ith r ~ 0.25 mm and !' 1 = (x 12 + y' 2 ) 112 ~ 0.03. 
The maximum angles 2'~ 0 in the sourae and ~,f in the fooaZ plane have to be aomparoed ~th the requirements 
1, 3 and 4. The minimum,ang"les r~n 0 in the souroe and 2'~n fin the foaat plane have been found by instalZing 
a beam stop ~ith radius b, ahasen s~ah that the lens ie opaqÛe for the {10} rotational state (see figure 4.?). 
The same aroguments app"ly to the analyser, ~here 10 000 trajeotories have been aalau"lated, staroting in the 
aallimator mth r < 0.50 mm and r' < 0.02. The beam stop Padius is 1 mm and the radius i of the iris diaphr>agm 
is ohosen suah that the analyser lens, adJusted to (10), is opaque formoleauZes in the (20) rotationa"l state 
(see figure 4.8). 



52 uso 
~QGO 
!:::: 

O.L.O 

Q20 

0 1.0 
Rbeàmstop<mml 

Figure 4.7 The reZative number of moleauZes in the 

(10) and (20) rotationaZ state transmitted 

through the poZariser lens with aonfiguration 
114400" ( see text) as a funation of the 

beam stop radius. At a beam stop radius 

r = 2.25 mm the lens is opaque formoleauZes 

in the (10) rotationaZ state. 

as it does not satisfy requirement 3. With regard to 

requirement I, the "4400" configuration is better than the 

"0440" configuration, i.e. the maximum acceptance angle for 

the "4400" configuration is 0.0203 while for the "0440" 

configuration that angle is 0.0133. In the "4400" configuration 

the lens centre is moved towards the source, which increases 

the acceptance but also the magnification. Although the latter 

effect will cancel part of the intensity gain, the increased 

homogenity in the collimator is advantageous. Requirement 5 

is provided by an (iris) diaphragm behind the analyser lens. 

Its optimal radius is concluded from figure 4.8 showing the 

(20) leak intensity in the "4664" analyser configuration as 

a function of the diaphragm radius. In the free space between 

the second polariser lens unit and the collimator a 

homogeneaus electric field has to be imposed to preserve the 

full polarisation as discussed in sectien 4.2.2. 

As a conclusion we can say that, with the help of the 

trajectory calculation program an optimal combination of lens 

units, diaphragms and beam stops has been found to measure 

(20) + (10) rotational transitions. For other transitions a 
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Figure 4.8 The reZative number of moleauZes in th? 

(10) and (20) rotational state transmitted 

through the anaZyser lens with aonfiguration 
114664 11 as a funation of the radius of the 

iris diaphragm. At a i>adiua r = 4. S mm the 

lens ia opaque for undefleated moleauZes 

in the (20) rotationaZ state. In the aatual 

measurements we uaed a radius r = 2.75 mm. 

similar procedure can be followed. 

Figure 4.9 gives all the important dimensions of the above 

developed configuration, i.e. a "4400" lens ·configuration 

for the polariser and a "4664" lens for the analyser. 

4.2.8 Confrontation between experiments and calculation 

The molecular beam apparatus bas been built following the 

recommendations of the foregoing section. Several tests have been 

done to check the simulation program. 

Firstly the absolute peak position and its width is compared 

with the experimental width. Figure 4.10 shows that the results are 

satisfactory. 

Then intensity distributions have been measured with the scan 

diaphragms. Some irregularities, shown in figure 4.11, can be 

attributed to the loss of particles by depolarisation on the beam 
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li'i{JUX'e 4. 9 AU important dimeneions of the appa;patus 

used for the measurements of the inelastia 

a!'Oss-seation for the (20) + (10) 

!'Otational transition3 optimised following 

seation 4.2.7. Inetead of the unrised 

ee~pole tensee a homogeneaus electria 

field hae been apptied. Aatually3 the 

potal'iser and analyse!' lens axes ai'e in 
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Figure 4.10 Compariaon be~een the absolute peak paaition and width 

of the rotationaZ statea (20) and (10) in the model 

aaZau"lation and in the e:x:periment. In the model- the 

potariaer aonfiguration ia "4400 11 and adjusted to the (20) 

rotational state, and to the (10) rotationaZ state without 

polariser beam stop, respeatively. In the e:x:periment the 

poZariaer ia adjusted to the (20) rotationat state, whiZe 

the anaZyaer voltage of the quadrupale has been varied 

be~een 0 and 10 kV, ahowing the leak signal of the (10) 

rotational state whiah amounta to about 0.3% of the 

aignaZ of the (20) rotational state. 

stop support wires. and to some unknown intensity loss. These 

irregularities. however, do not seriously affect the results. 

Further the effect of the rotation direction of the velocity 

selecter on the intensity distribution at the detector plane is 

measured. Figure 4.12 shows a close resemblance to the simulated 

distribution of figure 4. 13. · 
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Figure 4.11 Intensity distribution in the polariser lens~ 

measured with the beam saanner (see seati0n 

4.2.5) be~een the two first lens units. In 

distPibution 1 the aut-off plate in the analyser 

sareens off the upper half of the analyser lens 

opening. In distribution 2 the aut-off plate 

sareens off the lower half. 

An important point is the leakage of (10) particles through the 

polariser lens adjusted to (20). Following the simulation program no 

such leakage should exist. The experiment shows a 0.2 à 0.3% leakage 

which hardly decreasas if a larger beam stop is used. The degree of 

polarisation of these (10) ghost particles is only 0.69 making it 

unlikely that they already exist inside the polariser lens itself, 

where the degree of polarisation bas been determined experimentally 

to be I for a (lO) beam. We have calculated that elastic and inelastic 

scattering from the residual gas can only be responsible for a few 

percent of the total leakage. We conclude that at the rim of the 

collimator the particles can make transitions, because the energy 

difference between the two states is relatively small (27.5 GHz). This 

effect introduces a serious complication in the calculations of the 

cross-section because the transmission function of these ghost 

particles cannot be calculated. 
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Figure 4.12 The intensity distribution of the (20) beam in the 

detector plane (polariser and analyser adJusted to (20))~ 

showing the effect of the rotation direction of the 

velocity selecto:r>. All elements have been optimally 

aligned following seation 4.2.9. The two foei of the (20) 

beam correspond to the two direations of rotation of the 

velocity seZ.eator. The midpoint between the tlûo foei 

aoinaides wi th the unfocussed beam a:x:is. 

Ê 
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Figure 4.13 The intensity distribution in the detector plane as a 

:r>esuZ.t of the model cal-culation in whiah about 1200 

particles have reaahed the detector. The centve of g:r>avity 

is shifted to the right about 0.15 mm as a resu"lt of the 

vûocity selector rotation. 
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4.2.9 Alignment of the apparatus 

With so many components as described in the foregoing sections, 

it will nat be surprising that the alignment is a tedious procedure. 

The alignment procedure can be divided in two steps. 

The first step is the alignment of those components on the 

optical bench that cannot be m0ved in the evacuated state of the 

apparatus. These elements, c.q. the lens units, the scattering box, 

the velocity selecter and the iris diaphramgs, are aligned by moving 

them so that the attached cross-bairs coincide with the cros.s-hair of 

an alignment telescape (Wild NIO) situated on a concrete column in 

front of the apparatus. The thermal and machanical stability of the 

whole optical bench construction is such that all these elements will 

keep their positions within 0.05 mm during a long period (> two weeks) 

in spite of saveral evacuations and cooling-warming periods of the 

cryo pump. 

All other elements, c.q. the source, the collimator, the detector, 

the beam stops, and the cut-off plates (or scanner diaphragms) have to 

be adjusted from outside the apparatus in evacuated state, by observing 

the molecular beam. This has saveral reasons: the souree and the 

detector are not transparant so optical alignment is impossible; some 

elements such as the beam stop and the cut-off plates are mounted on 

the top plate, which moves with respect to the optical bench under 

evacuation. The major argument is, however, that the electric lens 

axis does not necessarily coincide with the optically determined axis, 

so alignment with the beam is superior to the optical geometrical 

alignment. The procedure is as follows. The unfocussed beam (a 

parabalie line with about 0. I mm departure of a straight line in the 

middle caused by gravitation) is used to bring the detector and the 

souree in line with the collimator which has been roughly aligned by 

means of the telescope. In this situation an intensity scan is made 

at the detector plane by rnaving the detector with micrometers. Then 

the beam stops, which have to stop this direct beam, are roughly 

aligned. The lenses are then adjusted for focussing the (20) 

rotational state, and two intensity scans are made at the detector 

plane, with the velocity selecter rotating clockwise, and anti-
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clockwise, respectively. The midpoint of the two intensity 

distributions, lying about 0.3 mm from each other, has to be brought 

in coincidence with the direct beam with maximum intensity of the 

focussed beam. This is done by an iterative method, manipulating the 

collimator diaphragm arid taking intensity scans at the detector plane 

every iteration. In about 3 to 4 iterations the ideal situation can 

be reached with a toleranee of about 0.05 mm in the detector plane. 

When the maximum intensity of the focussed beam cannot be reached with 

the midpoint between the two focussed spots coïncident with the direct 

beam spot, the polariser lens and the analyser lens are not in line. 

In that case the lens units have to be realigned. The polariser beam 

stop is aligned on maximum suppression of the (10) leakage through 

the polariser lens. For this alignment the analyser lens is adjusted 

at the (JO) rotational state. With the scan diaphragms, intensity 

distributions can be observed to detect the centre of the beam in the 

plane of the cut-off plates. With respect to these eentres the two 

cut-off plates can be accurately adjusted to within 0.05 mm. 

4.3 Calculation of the transmission function 

We use the simulation program to calculate the transmission 

function of the apparatus. Firstly, we have to define the transmission 

function in a suitable way. In the spirit of section 3.6 we use the 

following somewhat more complicated definition. 

mpika-j 1 (e.~) . h b b'l' f 1 . ~ ~ 1S t e pro a 1 1ty o a molecu e com1ng out of the 

divided by 
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souree in rotational state i to reach the detector being 

excited in the scattering region to rotational state j 

and deflected over the c.m. angles e and $, while the 

polariser lens with cut-off plate p has been adjuseèd at 

rotational state k and the analyser lens with cut~off 

plate a has been adjusted at rotational state 1 

the probability of a molecule coming out of the souree 

in rotational state i to reach the detector without any 

change in the scattering region, while polariser and 

analyser lens bath have been adjusted at rotational state 

i and both cut-off plates have been removed. 



We have calculated the transmission functions for the combinations of 

cut-off plates given in figure 4.5. The calculations are carried out by 

means of the trajectory simulation program with all diaphragms, beam 

stops, lens parameters, etc. at the actual values which can be found 

in figure 4.9. We start with an aselect drawing from the probability 

distribution in the souree orifice P
0

(a:, y, a:', y', V) = 

P (a:, y) P (a:', y') P (V). For P(a:', y') we take a homogeneous 
0 0 0 

distribution within the maximum acceptance angle of the polariser. For 

P(a:, y) we take a homogeneaus distribution within the souree orifice. 

The start velocity is chosen between the limits of the transmission 

of the velocity selector from the velocity distribution. With each 

set of random start parameters a polariser trajectory is calculated 

with observation in the plane of the.cut-off plate and in the 

scattering centre. The data of a trajectory which iudeed reaches the 

scattering region through the diaphragm and collimator and along the 

beam stop are memorized. For each trajectory the pertinent data are 

the position in the cut-off plane (a: 'y ), the position and angles 
p p 

in the scattering plane (a:, y , a:', y') and the velocity v. To s s s s 
calculate the numerator of the transmission function for one 

particular set of deflection angles (9, $), all these stared 

trajectories are deflected and continued through the analyser. The 

polar c.m. deflection augles are first transformed in rectangular 

laboratory angles following equations (3.18a) and (3.18b). One by one 

the trajectory data at the scattering centre are taken and used as 

start parameters of a new trajectory through the analyser lens with 

lens parameter 1 after having added the a:' and y' to the trajectory 

angles (a:', y') and changed the rotational state to j. Again s s 
observation takes place at the cut-off plane in the analyser (a:a' yn). 
When the trajectory iudeed reaches the detector, we have collected a 

set of four numbers (a: , y , a: , y ) for such a complete trajectory. 
p p a a 

Then we inspeet which of the cut-off plate combinations are passed 

and we increase the corresponding registers Rik-jl(8,$). The 
pa 

denominator is calculated similarly and is divided into R(8,$) to 

obtain T(8,$). The function T(8,$) has been calculated at 20 equi

distant values of a and 16 values of $ between 0 and 2 ff. Because the 

velocity selector has an asymmetrie character only one mirror plane 

(the plane a:a) is left over so only 9 values of $ are required. The 
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J?igu:r>e 4.14 a~ b and o 

PoZar plot of thr>ee tronsmieeion functions fo:ro Cel?-A:ro oaZoulated with 

the eimulation p:roogram. In 4.14a the t:roanemieeion jUnction T~ 2- 11 (e~~) 

ie ehown, in 4.14b we show T~ 2- 11 {9,$) and in 4.14c we show T!2-
11 (9,$). 

Nume:roiaaZ vaZuee of all transmiesion funotione can be found in the 
appendix. Fo:ro the indexee a and c~ see figure 4.5. 
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values of T(6,~) for CsF-Ar and CsF-Kr are given in the appendix. In 

figure 4.14 three transmission functions are shown. 

About 100 000 trajectories are needed to get 1000 molecules in 

the scattering region of which about 250 will hit the detector without 

scattering. The accuracy of the transmission function is not limited 

by the statistical noise (which can be reduced at will) but by some 

unknown factors as alignment, non-adiabatic transitions between lenses, 

etc. The important inaccuracies in determining T22- 11 (6,~) are caused pa 
by the fact that the optimal alignment of the analyser lens for tbe 

two different rotational states could be different, which cannot be 

checked experimentally. We estimate that the accuracy is such that 

the calculated transmission function is correct to withing 10%. 
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GRAPTER 5 

SMALL ANGLE DIFFERENTlAL CROSS-SECTION FOR ROTATIONAL TRANSITIONS 

5.1 Interaction model 

To interprete the measured results of the rotationally inelastic 

scattering, it will be necessary to know the differential inelastic 

cross-section as a function of the potential parameters of chapter 2. 

In this section we will show a calculation method which is suitable 

for our specific problem of small angle rotationally inelastic 

differential cross-section. The rotator and the relative motion form 

together a coupled quantum mechanical system. As a result of the 

coupling, which is due to the angular dependency of the intermolecular 

potential, the relative motion may induce transitions of the rotator. 

This complex problem is simplified by the following assumptions: 

1. We ignore the reverse coupling, i.e. the influence of the rotational 

transitions on the relative motion. This motion can thus be solved 

independently. 

2. We also ignore the influence of the rotational state on the relative 

motion, which means that only the spherically symmetrie part of the 

potential determines the motion. 

3. We assume that classical mechanica give a good description of the 

relative motion. 

4. We again ignore the glory contribution, as we did in chapter 3. 

This means that the small deflection angles correspond to large 

impact parameters, where the potential may be treated as a 

perturbation of the straight line trajectory. 

These assumptions imply that only in-plane scattering occurs, and that 

the observed deflection angle determines the impact parameter. 

b = b(S) 

(5.1) 

(5.2) 

67 



5. The influence of the relativa motion on the rotator is also 

calculated with a straight line trajectory. 

With these assumptions we obtain the following picture: a CsF molecule, 

which is originally in a pure rotaticnel state (j,m) with respect to 

the quantiaation field~. is.passed by a rare gas atom at, a distance b. 
The prescribed motion of the atom along its trajectory causes a time 

dependent perturbation of the rotator. The time evolution of the 

rotator is given by quanturn mechanica. We are interestad in the 

probability of the rotator to he in another rotational state (j',m') . ., ' 
after the interaction. The transition probability pJm+J m is 

determined both by b, and by the angle between the trajectory plane 

(through e and ~) and the quantiaation axis ~· and is thus a function 

ofe- (b,<fl). 

N.B. As we showed in section 4.3, the transmission function of the 

molecular beam apparatus is also a function of the angle <fl. 

With the classica! relation b • b(S), we obtain P.• P(b(S),<J!), and 

thus 

(5.3) 

In sectien 5.4 we give some considerations regarding the validity of 

the assumptions of our model. 

5.2 Calculation of the transition probability 

The transition probability is calculated by solving the time 

dependent SchrÖdinger equation 

{Brot + V(t)}ljJ • - f i* (5.4) 

where H is the Hamiltonian of the free rotator, and V(t) the time rot 
dependent interaction potential. The spherical harmonies are the 

eigenfunctions of the unperturbed problem. The solutions of the 

perturbed problem can always be expanded in a series of sphet:ical. 

harmonies with time dependent coefficients. 

ljJ(t) ~ c. (t) I' > -(i/h)E.t 
.l Jrn Jrn e J 
J,m 

(5.5) 

where ljm > e-(i/h)Ejt,are the stationary eigenfunctions of the 
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unperturbed rotator. The coefficients a. (t) are the components of a 
Jm 

time state vector ~ in the interaction representation. Clearly we have 

(5.6) 

As has been shown in chapter 2, V(t) can be developed in a series of 

Legandre polynomials. 

V(t) = V(r(t),y(t)) = L (5.7) 
n,L 

where r is the distance between the two particles and y the angle 

between the molecular axis and the intermolecular vector r. With the 

addition theorem, PL(cos y) bacomes a sum of productsof spherical 

harmonies in the molecular axis coordinates, which have to be 

considered as time-independent operators, and in the relativa motion 

coordinates a(t) and S(t). Wedefine 

R(L M •r , • ) (-J)m' (~)1/2. , ,J ,m ,J,m = 2L + 1 <j'm' ILMijm> (5.8) 

With the help of the 3j symbols this can be reduced to 

R(L,M,j' ,m' ,j,m) = l(zj' + 1)(2j + I) <{g g)(~:~ ~) (5.9) 

From the properties of the 3j symbols the selection rules can be 

derived. 

1. j' + j + L =even and IJ' - il < L < li' + il 
2. -m' + M + m = 0 

Finally, we obtain the following expression for equation (5.6): 

de., , . • 
~ =- ~ ~ a. (t) exp(- ~ (E. - E!)t- i(m' - m)a(t))• dt n .'· Jm 17. J J , 

J ,m 

•(-l)m Î I a Lr-n(t) (~~;n;+m~l) 1 / 2 ~L'-m(cos S(t))R(L,M,j',m',j,m) 
L n n m -m • 

(5.10) 

The sum over M can be omitted because of selection rule 2. Equation 

(5.10) eau be abbreviated as 

~-He 
dt =- (5. IJ) 

At t = -oo, the state vector ~(-oo) contains one element a. (-oo) = 1, 
Jm 

halonging to the selected rotational state (jm). Aftar the interaction 
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at t = +00 , we are interestad in the probability density of the state 

(J'm'). With other words, the transition probability is equal to 

~im+j'm' = r ia., ,(+oo)l2 
J m 

(5.12) 

The calculation of the transition probability, by solving the system 

of coupled first order differential equations of (5.11), will be the 

subject of the following subsection. 

5.3 Solution metbod 

If the displacement of ~(t) from the original value ~(~) remains 

small, one has ~(+oo) ~ J~(t)~(-oo)dt, so that each component an(+oo) is 

found by integration of a scalar function. In our case the above 

condition is not fulfilled (see figure 5.1). Many papers deal with 

better approximations (CRO 78). We found, however, that in our case 

a direct integration was more appropriate, because of two reasons. 

Firstly, at the beginning of the time evolution, only one element of 

the state vector is I and all other are zero. Secondly, the interaction 

at the impact parameters appearing in the experiment is so 'small that 

only a small number of channels are involved. Therefore, the number of 

coupled equations can be limited toa reasonable amount (25 or 36). 

We have solved the system of coupled differential equations with 

a simple second order Runge Kutta metbod with self-searching step. 

Accuracies of a few percent (enough for the use in our experiment) can 

be reached easily. In figure 5.1 we show the accuracy with respect to 

the truncation of the number of equations. It is clear that the error 

grows with increasing scattering angle e (this means a smaller impact 

parameter, i.e. a larger interaction, where more and more rotational 

functions are involved). 

As mentioned in section 4.2.2 two different directions of the 

quantiaation axis can be arranged. The one bas a direction normal to 

both the primary and secondary velocity vector, consequently normal to 

the relative velocity ~· The other bas a direction along the velocity 

vector of the secondary beam·V2• In figure 5.2 both arrangements are 

shown in c.m. coordinates. With the help of figure 5.2 the time

dependent expressions a(t) and S(t) can be derived. For the 
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Figuroe 5.1 

The effeat of the trunaation of 

the number of equations on the 
transition probability P 20+ 10 (8,0) 

with ~ .!. fl.. for CsF and Ar. In 

(a) we limited the number of 

equations to 16 (up to and 

inaluding j = 3), in (b) to 25 

(j = 4) and in (a) to 36 (j = 5). 

The braken line gives the result 

of the first order perturbation 

theory in whiah eaah aamponent 

a jm (roo) aan be found by 
integration of a saalar funation. 

Zcm 

9,..-- -;:4 9 

/ l 
/ I 

I 
I 
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Xc:m 
------ 1 

I 
I 

Yc:m 

Figure 5.2 The aallision geometry in a.m. aoordinates with respeat to · 

the moleaular a:x:is system whiah is determined by the 

quantiaation field~· The angle (3 is defined as the angle 

between ~ and ~, and a as the angle between the·projeation 

of~ on the normal plane of~ through the origin, and a 

referenae a:x:is in this plane. In (1) the quantiaation field 

is perpendiaular to fl.. and parallel to the xam-a:x:is. The 

referenae a:x:is for a has been ahasen parallel to the 

yam-a:x:is. In (2) the quantiaation field is in the yam-zam 

plane, parallel to the y-a:x:is in the laboratory system (see 

the Newton diagram of figuroe 3.?). The referenae a:x:is fora 

has been ahasen in the x -z plane. am am 
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contiguration ~~~we obtain, 

a(t) = arctg (b ~În ~) 

( ) cos p 
cos et = (I + (gt/b)2)I/2 

and for the configuration ~/lv2 

fl cos rP ) 
a(t) = arctg <vlgt/b - V2 sin $ 

_ V1 sin $ + V2gt/,b 
cos S(t) - g(l + (gt/b)2)1/2 

(5.13a) 

(5.13b) 

(5.14a) 

(5.14b) 

In figure 5.3 some results are given for the transition probabilities 

between the rotational state (20) and the states (10) and (ll), as a 

function of$ and with parameter S(b). 

5.4 Discussion of the validity of the classica! path metbod 

In this section we discuss the consequences of two important 

assumptions we made in the calculation of the transition probability, 

i.e. the influence of the reverse coupling (assumption I) and the 
1-

influence of the wave character of the relative motion (equation 

(5.1b)), We consider the case CsF +Ar with g = 700 m/s, 

a6o = 2.80 x 10-77 Jm6 , and an impact parametèr between 6.5 and 9 Î 
corresponding to deflection angles up to I x 10-1 rad. 

Firstly, we discuss the reverse coupling. We use the coordinate 

system of figure 3.1: the rotator is in· the origin, the Aratom moves 

parallel to the a-axis along a line re = b, y = 0, with a velocity g, 

a linear momentum E = (O,O,~g) and an angular momentum ~ = (0,-b~,O). 
Due to the interaction the velocity increases with ~ = (/::,g , /::,g , /::,g ), x y z 
where /::,g is a result of the deflection, because ~g /g • e, and /::,g x x z 
is a result of the conservetion of energy, because /::,g = ~ /~, · z rot 
with ~rot the energy change of the rotator (for a 3=2 to 3=1 transition 

we have 8Erot = 4B). The conservation of angular momentum gives 

/::,gy = t.:.Lz'JJb and /::,gz ~ t.:.L/pb, If we take t.:.L = n, we find 

t.:.L/t.:.L = ~rotb/ng :l:; 0.15. The major change in angular momentum is 

thus along the z-axis. The out-of-plane angle Ag /g = n/~b is about 
' y 

equal to the critica! angle 6 (see section 3.2). This change of the 
c 

measured angle could be incorporated by e :t; (6 2 + 62 ) 112 • This meas c 
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o.os 

0 

Figure 5.3 Transition p~babitities as a fUnotion of$ for CsF-Ar. The 

numbers 1, 2 and 3 refer to the defZe~tion angZes 

S(b) = 5 x 10- 3 ~ 1 x 10-2 anà 2 x 10-2 rad. At e = 0 alt 

transition p~babiZities are ze~. (See also figure 5.1 for 

the transition p~babiliiy as a funation of 6.) 

V(r3 y) =- 2.80 x 10-11 r-6 + 10 x 10-81 Pt(aos y)r-7 -

6.2 x 10-77 P2(aos y;r-6 + 9.2 x 10-81 Pa(aos y)r-7 • 

correction, which we did net apply, becomes negligible for 6 a few 

times e (6 ~ 4 x I0- 3
). c c 

The wave character of the relative motion can be investigated by 

constructing a wave packet. The wave length of the relative motion is 

0.029.& and kb= 240, with k the wave number. The construction of a wave 
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packet introduces in the longitudinal direction a spread kz' and thus 

in mg, and a spread z = (z- z)RMS' with (~z/b)(Ag/g) = (kb)-1
• For 

example: if (kz - kz)RMS = kz/15 then (z - z)RMS = b/18. The scattering 

is not very sensitive to ~z/b as the angular dependency of the 

potential is smooth while the experimental definition of g is not 

better than 7.2% FWHM (section 4.2.3). 

In the normal (x) direction a different situation exists: the 

potentialis a steep function of the intermolecular distance (V~ x-6), 

while the normal momenturn corresponds to an uncertainty in the 

deflection angle, which is small in out experiments. This effect is 

also reflected in a definition of the critical deflection angle e as 
c 

the angle where the spread in x and in ~ are b(e ) and e , c c 
respectively, i.e. ka b(S ) = I (section 3.2). As in our experiments 

c c 
the largest contributions originate from deflection angles between 

3 and 14 e the effects can be serious so we investigate the spread 
c 

in x more closely. We calculate the individual terms of the Rayleigh 

sum 

f(8) 
CIO 

- ~ I (l. + ~) exp(2in(l)- I) Pz (cos 8) 
Z=o 

(5.15) 

to investigate the contributions of each particular partial wave. This 

has been done by investigating the aquared projection of the individual 

terms in the complex plane along f(8) shown in figure 5.4a as a 

function of l. This function differentiated to Z (figure 5.4b) shows 

a pronounced peak around its first moment (say Z ). lts width ~l gives 
0 

an impression of the spread of the classical impact parameter b 

corresponding to Z (b% (l + -
2
1)n/mg). As is shown in table 5.1 the 

0 0 

spread ~/b is not negligible in the whole angular region and this 

could influence the classical results of the foregoing section by 

about 10 to 20% (if we expand the transition probability in a Taylor 

series of b). It is possible, however, that the influence of the spread 

in b measured at an angle e, is less serious in our situation where we 

measure the relation between P and e. Both the normal force responsible 

for the observed deflection and the torque responsible for the rotational 

transition vary with ~- 7 , as the deflection results from d/~(~-6 ), and 

the rotational transition res.ults from d/d9 (~- 7PI(cos 8)). We believe, 

therefore, that the classical approach is better than is suggested by 

the spread in b. 

74 



c 
.Q 

i 0.5 
Q 

CsF•Ar; g ·700m/s 
".o.035rad 

Figure 5.4a The cumulative Rayleigh eum ~ith reepeet to 

the individual p<WtiaZ wavee mth quanturn 

number z. The aumulative eum hae been 

projected along f(S) in the complex plane. 
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Figure 5.4b The derivative of figure 5.4a~ eh~ing the 

individuaZ contribution of the partial 

~avee. The region bl givee the main 

contribution to f(S). 
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TabZe 5.1 The spread hb/b derived fr'om D.Z 

using the r'etation b = (t + %)/k. 
e hb/b 

4.3 x 10-3 (8 ) 0.42 
c 

x 10-2 0.28 

2.2 x 10-2 0.21 

3.2 x 10-2 0.16 

4.5 x 10-2 0.15 

7 x 10-2 0.12 

10 x 10-2 0.10 

We conclude that the neglect of both the reverse coupling, and 

the wave character of the relativa motion leads to wrong results when 

e ~ 9 . Although in most of our measurements of the inelastic cross-
e 

section this angular region is included, the influence of the 

assumptions is limited, because the total experimental angular range 

is much larger. 
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CHAPTER 6 

MEASUREMENT OF THE INELASTIC CROSS-SECTION 

6.1 Formulation of the scattering experiment 

6.1.1 Influence of multiple elastic scattering 

In this section we calculate the relation between the elastic and 

inelastic scattering processes and the measured intensity. In section 

3.5, concerning the _elastic scattering, there existed only two 

relevant possibilities in one interval of the scattering region, i.e. 

a deflection with differential probability ~/No(~d2~ or no deflection 

with probability (I - (~/N)Q). In our inelastic scattering experiments, 

particles are only detected when they are inelastically scattered. The 

differential probability for an inelastic process in one interval is 

equal to (~/N)O(~)P(~)d2~ where P(~) is the transition probability. In 

the spirit of section 3.5 we define S*(w)d 2w to be the probability for 
n- -

one inelastic process and n elàstic processas in such a way that the 

total deflection angle is equal to ~· We follow the metbod of section 

3.5 except concerning the number of realisations which is now equal 

to N(N) in which the factor N represents the number of choices of the 
n 

interval for the inelastic process. We now find for the quantity 

similar to S 
n 

S* = e -~Q ~a(w)P(w) 
0 - -

st· e-~Q ~Q~ f a(.!!!g_)P~ a~Q- !.!l.o)d-2.!!!,Q_ 

- Wo 

It is convenient to collect the higher order processas inside the 

expression for st using the total probability for the elastic 

scattering. This leads to 
00 

S* - L 
n•o 

where 

~.a+ i ~Qa2 + Î (~Q)2 as+ •••• 

(6. 1) 

(6.2) 

(6.3) 

(6.4) 
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This ~efinement gives in fact only a small correction. With S*(~) 

and a transmission function n(~ the detector signal can be calculated. 

I= I f s*(w)n(w)d 2w (6.5) 
0 - - -

When we put equations (6.1) and (6.3) in this expression we get 

I = I
0
e -I;Q I; { J cr(~)P(~)n(~)d2~ + 

w 'V 

t;.Q f f o(w2)P(w2.) o<w.1 ~ J.IJ.2) n(wt)d2!:!!d2wt} (6.6) 
OOt W2. 

Insection 3.7 we first integrated over~ and obtained a cross

section o2 for double scattering, here we prefer to start with an 

integration over ~1 with the result 

I = I
0

e -t;.Q F,; f cr(~P(~) { n(~) + F,;Qnt (~)} d2w 

where 
"'rw W•' 

nt <.~) = f n(wt) 0 = Q =+~ d2~t 

(6.7) 

(6.8) 

This result can be interpreted as the presence of a halo around the 

pure transmission function as a consequence of elastic scat,~ering. 

The halo is found by convolution of the pure transmission function 

with a/Q. The resulting increase in signal compensates the over

estimetion of the attenuation as given by exp(-t;.Q), The halo effect 

is taken into account by adding the correction /;Qn1(~) to the pure 

transmission function. 

6.1.2 Detector signal 

First we explain the notation convention used in the remainder 

of this section. For convenianee we use only the rotational quantum 

numbers (j) in the superscript when 6m = 0 transitions are involved. 

In section 6.3 the 6m ~ 0 transitions get a special treatment. In the 

transmission function the quantum number of the molecule, followed by 

the quantum number of the lens tuning, is used as superscript. 

Polariser and analyser are separated by a hyphen. The cut-off plate 

configuration is indicated in the subscripts as 'pa' (cut-off plate 

in the ~olariser and analyser, respectively). No cut-off plate is 

indicated as 'o' in ~he subscript: Tij-i'j' (9,~). In a and P, an 
pa 

arrow between two different quantum numbers means that a transition 
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takes place. When tbe two quanturn numbers are tbe same.tbe elastic cross

sectien is meant. Tbe measured detector signal is written as I
0
n wben 

tbe signal is measured witb cross beam on, i.e. with scattering. Tbe 

intensity is Ioff when no scattering takes place. The ideal attenuation 

as a result of elastic scattering, i.e. e -ç;Q• is replaced by the 

letter A. On the basis of the equations of section 6.1.1 and the 

conventions above. the measured intensities on the detector will be 

calculated. Tbe measured effects are characterized by an "effective 

cross-section" o which is the product of cr and the transmitted solid 

angle T, i.e. cr ~ T(~)cr(~)d2~. 

When both lens systems are tuned at the (20) rotational state, 

the cut-off plates are removed and the cross beam is off, then the 

measured intensity is Ioff22, This intensity will be used as the norm 
00 

intensity. Inserting a cut-off plate combination we get 

(6.9) 

This expression and the calculated value of T will actually be used 

for a fine adjustment of the cut-off plates. When the cross beam is 

switched on. the formula of section 3.5 derived for elastic scattering 

can be applied. Tbe inelastic contribution is negligibly smal!. 

I 0n22 = Aioff22 {T~!-22 (0,0) + ç; J J T;!-22 (8,~)cr2+2 (8,~) sin 6dSd$ + 
pa 00 8 ~ 

-2
1 ç;Q 2 J J T22-22 (6,~)cr2+2 (6,~) sin 6d8d$ + •••• l (6.10) 

e ~ pa f 

Omitting the third term which amounts to about 1% of the second term, 

the effective cross-section for elastic scattering is 

with 

0
2+2 
pa (6. lla) 

(6.1lb) 
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Tuning the polariser on the (20) rotational state and the 

analyser on the (10) state one would expect for the effective 

inelastic cross-section: 

__ I
0
n21 

0 2+1 = pa 
pa A nt Ioff22 

pa 

with 

(6.12a) 

(6.12b) 

In this equation T22-u (e .~) is the transmission function for the 

inelastic cross-section corrected for the "halo effect" (section 6.1 ,1), 

We find, however, that a signal Ioff2 1 is measured when the polariser pa 
is tuned on the (20) state and the analyser on the (10) state. This 

' leak signal is assumed merely to exist of molecules in the (10) 

rotational state. This assumption is basedon the,depolarisation 

behaviour being strongly different from that of the (20) rotational 

state. When the cross beam is switched on, both elastic scattering of 

the leak signal and inelastic scattering of the (20) beam occurs. The 

equations for elastic and inelastic scattering have to be applied with 

the result 

I
0
n21 =A {Ioff21 + Ioff21 ,I; Jf T~!- 11 (8,ljl)cr 1+1 (9,ljl) sin 8d8d$ + ... + 

pa pa pa 

+ Ioff22 i;; fJ T;!-11 {9,4>)0'2+
1{9,$) sin 9d9dQ>J (6.13) 

00 

From this equation we find for the corrected version of (6.12a) 

Ion21 

with 

-P- Ioff21 
0 2+1 = --:r-=---p"'a _x 

pa nt Ioff22 
00 

(6.12c) 

The secoud term in (6,12c) is the correction term for theelastic 

scattering of the leak signal. Because in the model calculation such 
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a leak does not exist, T12 - 11 (6,~) is not known. The magnitude of x 

will be estimated in section 6.2. Later on we refer to equation 

(6.12c) as cr2~1 = cr2~1h- x. We have thus derived the relation pure roug 
between the detector signal and the effective cross•secti6n, while 

the relation between the effective cross-section and the theoretical 

cross-sectionis also known. The relations have an'absolute character 

because Q and the product nZ are known from the investigations of 

chapter 3. 

6.2 Calculation of the correction 

In this section we discuss an important correction due to a 

proparty of the molecular beam machine which is not properly described 

by the model calculation. This correction finds its crigin in elastic 

scattering of the background beam of (10) molecules. This background 

beam gives rise to the leak signal as bas been mentioned in sections 

4.2.8 and 5.1. Unfortunately, the angular distribution of this 

background is unknown and so the transmission function cannot be 

calculated. The angular distribution in the scattering region can have 

three possible shapes. It could be like the distribution of the (20) 

primary beam with mainly small angles, it could be about homogeneaus 

by inelastic scattering of the (20) beam in front of or at the rim of 

,the collimator, it could be a distribution of mainly large angles as 

a result of an unknown mechanism, or its shape is some combination of 

these possibilities. The consequence of the secend distribution is 

that elastic scattering of the background from the targetbeam bas no 

influence on the detector signal: the attenuation is equal to the 

increase. With the third distribution, the background signal increases 

as a result of the elastic scattering. Such a distribution obviously 

appeared in the past for the (20) primary beam, and this prompted the 

model calculations of section 4.2.7. Because we have no experimental 

possibility to measure the background distribution, or even to 

distinguish between the different possibilities, we use the following 

way to find the correction. As the correction is due to elastic 

scattering, the correction has the same magnitude in spite of the 

direction of the quantiaation axis (the very small difference as a 

result of the P2 anisotropy of the intermolecular potential, measured 

by Bennewitz e.a. (BEN 69} can be neglected bere). On the other hand, 
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the cross-section for inelastic scattering changes substantially when 

the quantiaation axis is changed. It appeared in preliminary 

calculations that the ratio of the inelastic cross-sections at the 

two different quantiaation àxes is practically insensitive for changes 

of the potential parameters responsible for the transitions. In fact 

the ratio is determined mainly by geometrical factors. This ratio 

amounts to 4.75 for CsF +Ar and 3.54 for CsF +Kr. Making·use of 

this ratio the correction-free cross-sections can be calculated with 

ëi h 
1 

and ëi h 2 the two uncorrected cross-sections, R the roug , roug , 
calculated ratio between the pure_inelastic cross-sections ëi 

1 pure, 
and ëi 2, and :c the unknown leakage term. From:. the equations pure, 

cr =cr +:c rough, 1 pure, I 

(] •(] +:c 
rough,2 pure,2 

R = 
Cf pure,! 
0pure,2 

crpure,t' crpure,Z and x can be found. 

(6.14a) 

(6.14b) 

(6.14c) 

To find the correction for the measurements of the Am r 0 

transitions the dègree of polarisation of the background beam must be 

taken into account. Corrections as a result of transitions with 8j = 0, 

6m r 0 are neglected because the calculated transition probability 

appears to be very small. Finally, when it would turn out in full 

quantum machanical calculations that the above ratios are somewhat 

different from the values used by us, the results of section 6.4 can 

be adjusted. 

6.3 Transitions with 6m f 0 

As stated before only molecules in the (20) and (10) rotational 

statescan be focussed.and measured. However, by means of the 

depolariser,described insection 4.2.2, the cross-sectien for the 

inelastic transitions (20)+(1±1), (2!i)+(IO) and (2!~)+(1±1) can be 

derived from measurements of depolarised beams. If, for instance, we 

depolarise the beam totally after the scattering region then the 

measured intensity of the inelastic scattered molecules in the (10) 
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state, say Id, is the sum of 1/3 of the molecules which have made a 

(20)+(10) transition and 1/3 of the molecules having made a transition 

to the (1+1) and (1-l) states. Full polarisation from scattering 

centre to detector leads to an inelastic intensity of say Ip. It is 

supposed that Id and Ip have been corrected already for elastic 

scattering. Then 

I(:to)-+(1+1) = I(2o)-+(l-1) = l (Id +.!. Ip) 
2 3 

(6. 15) 

Next, the same formulas of section 6.1 can be applied for the 

calculation of the effective inelastic cross-section o<2o)-+(l±t). 

When we depolarise the (20) beam in front of the scattering region, 

the measured molecules in the (20) rotational state originate from 

molecules with j = 2 and equally occupied substates. The sum of the 

four cross-sections for the transitions (2±2)+(10) and (2±1)+(10) can 

be calculated because the cross-section for the (20)+(10) is known. 

Using both depolarisers, in principle the transitions (2m)+(2m') with 

m 1 0 and m1 # 0 can be measured. A complication occurs in the calculation 

of the correction. We mentioned already insection 6.1 that the 

background ("leak signal") is not fully polarised. This means that only 

a fraction of the background beam contributes to the correction. If we 

depolarise this background beam, the (10) intensity does not decrease 

to 1/3 but only to a fraction fleak > 1/3. The applying correction due 

to the elastic scattering of the background beam amounts to fleakre in 

this case, with re the correction calculated with the metbod of section 

6.2. Further, the measure of depolarisation. denoted hy fu and f2o. 

which can he varied at will (section 4.2.2), is found from the 

intensity ratio of Ioff20 and Ioffll (without first beam stop) with 

and without depolarisation. We remark .that f1o varies between 0.33 

and 1.0, and that f2o varies between 0.2 and 1.0. Above considerations 

lead to the following equations 

m~o 02o+lm (a2+1 - fleak re - ft o 0 2+1 ) 2 
rough pure - fto 

~ 0 2J:ll+l o (0'2+1 - fleak re -ho 0 2+1 ) .4 

m+o rough pure -ho 

where ~ is calculated from measurements with depolarisation rough 
by the relation of (6.12c), without a correction for leakage, 

while 0'2+1 is the quantity already derived from measurements pure 
without depolarisation and corrected for leakage. 

(6. 16) 

(6. 17) 
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6.4 Results 

In this section the results are given of the rotationally 

inelastic cross-section measurements of CsF-Ar and CsF-Kr. We have 

measured the cross-sections for the transitions (20)+(10), 

((21)+(2-1)+(22)+(2-2))+(10) and (20)+((11)+(1-1)). The measurements 

have been done for two different directions of the quantiaation field, 

and for different configurations of the cut-off plates. In table 6.1 

the values of the quantities are given which are used to evaluate 

equation (6.12c). 

TabZe 6.1 

quantity 

Q 

nZ 

VI 

V2 

g 

Ç.Q= (g/vl)nlQ 

CsF-Ar 

540 ± 10 gz 
4.00 ± 0.10 x 

301 ± 10 m/s 

625 ± 20 m/s 

695 ± 22 m/s 

0.499 

1016 m-2 

CsF-Kr 

693 ± 20 Î 2 

2.67 ± 0.10 x 1016 m-2 

301 .± 10 m/s 

425 ± 15 m/s 

540 ± 20 m/s '" 

0.332 

We now turn to tables 6.2 and 6.3. The four configurations of cut-off 

plates of section 4.2.5 are used. The value of x, calculated with the 

metbod of section 6.2, is the product of the relativa leakage 

intensity and the effective elastic cross-section. For all 

configurations the elastic transmission functions are known and thus 

the ratios of the effective elastic cross-sections. From these ratios 

we derive the correction terms for the other configurations a, b, c 

and d. Because the magnitude of these corrections is not an 

experimental quantity, the uncorrected measured values ~h are roug . 
also given. The results for the Ám ~ 0 transitions are given tagether 

with the experimental values of fleak' !10 and !20• The field 

directions !~~ and! I/ !2 are denoted by ~ and //, respectively. 

In tables 6.2 and 6.3 theoretical values are also presented, calculated 

for the given potential parameters. The value of X2 = ~(A./s.) 2 with 
i 1 1 

Ai the differences between the measured and the theoretica! values, 

depends on our estimates of the standard deviations si. The given 

84 



Table 6.2 Measured and aalaulated results for the transition (20)~(10) 

potential parameter a71(Jm
7

) 

CsF-Ar; R = 4. 75 9xl0-87 10xl0-87 1lxi0-87 

field conf --~.2 crrough ( ) x(~2) --~2 
crpure( ) calculated -cr--

pure 
(~2) 

.!. 0 4.83±0.05 2.18±0.10 2.65±0.15 2.04 2.52 3.19 

11 0 2.74±0.06 2.18±0.10 0.56±0.05 0.43 0.53 0.71 

.!. a 0.30±0.02 0.10±0.01 0.20±0.03 0.11 0.13 0.18 

11 a 0.30±0.03 0.10±0.01 0.20±0.04 0.09 0.11 0.14 

.!. b 2.12±0.04 0.99±0.05 1.13±0.09 0.83 1.02 1.42 

11 b 1.08±0.04 0.99±0.05 0.09±0.09 0.12 0.15 0.23 

..!.. c 0.90±0.04 0.11±0.01 0.79±0.05 0.48 0.59 0.73 

11 c 0.24±0.04 0.11±0.01 0.13±0.05 0.06 0.07 0.09 

.!. d 1.47±0.05 0.98±0.05 0.49±0.10 0.54 0.67 0.87 

11 d 1.19±0.06 0.98±0.05 0.21±0.11 0.15 0.19 0.28 

x2=88 X2"'34 x2=54 

CsF-Kr; R "' 3.54 12xl0-87 13x10-87 14.2xl0-87 

.!. 0 3.86±0.05 2.20±0.13 1.66±0.18 1.62 1.91 2.28 

11 0 2.67±0.06 2.20±0.13 0.47±0.06 0.46 0.54 0.64 

..!.. a 0.35±0.05 0.11±0.01 0.24±0.06 0.10 0.12 0.14 

11 a 0.44±0.05 0.11±0.01 0.33±0.06 0.10 0.12 0.14 

.!. b 1.54±0.08 1.09±0.06 0.45±0.14 0.71 0.83 0.99 

I/ b 0.95±0.08 1.09±0.06 -0.14±0.14 0.13 0.15 0.18 

.!. c 0.93±0.05 0.12±0.01 0.81±0.06 0.37 0.43 0.51 

11 .c 0.35±0.05 0.12±0.01 0.23±0.06 0.05 0.06 0.07 

..!.. d 1.19±0.08 1.08±0.06 o. 11±0. 14 0.46 0.54 0.63 

11 d 1.26±0.08 1.08±0.06 0.18±0.14 0.18 0.21 0.25 

x2=96 x2=89 x2,.109 
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TabZe 6.3 

a Meas~ed and aaZcuZated resuZts for the transition (20)~(1±1) 

caZcuZated with equation (6.16) 

CsF-Ar; configuration o; R = 4.75 
field -cr--(Î ) f !l o cr-2:;-;or=~:;:;;-1T"l+-cr-:;2~o~:"::"l;-:_:Ti 

rough leak pure pure 

11 

2.25±0.02 0.46 

1.71:!:0.02 0.48 

0.35 

0.36 

0.96±0.26 Î 2 

1.50±0.25 

CsF-Kr; configuration o; R • 3.54 

.L 

11 
1.75±0.04 

1.40±0.03 

0.47 

0.44 

0.36 

0.34 

0.47±0.20 

0.9l±O.l5 

potential parameter a11 

10x10-e 1 Jm1 

0.68 

0.87 

b Measured and caZauZated resuZts for the transition (2!~)~(10) 
caZeuZated with equation (6.1?) 

CsF-Ar; configuration o; R • 4,75 

field crrough(Î2
) fleak ho I ~ 

m+o pure 

.L 1.99±0.03 0.45 0.20 3.06±0.55 Î 2 

2.00±0.03 0.43 0.20 2.70±0.55 

2.09±0.03 0.47 0.20 2.70±0.55 

2.20±0.03 0.49 0.25 2.56±0.59 

2.87±0.02 0.63 0.44 2.43±1.07 

3.23:!:0.04 0.80 0.44 2.43±1.36 

3.46±0.02 0.74 0.56 3.36±1.55 

3.86±0.02 0.84 o. 7.0 2.40±2.60 

averaged 2.75±0.20 Î 2 

/1 1.86±0.03 0.45 0.20 3.90±0.45 

2.34±0.04 0.59 0.34 5.33±0.73 

2.54±0.04 0.75 0.57 5.49±1.30 

averaged 4.42±0.30 Î 2 
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standard deviations are based on the reproducibility of çr-----h, We roug 
estimate that the uncertainty in the transmission functions is of the 

same order. The potential parameter a11 has been adjusted to obtain a 

reasonable agreement between the calculated and measured quantities. 

It should be noted that the value of -a---- is about quadratically pure , 
dependent on a 71 • In all cases the same value fo~ the potential 

parameter a 13 bas been chosen, namely the mean value of table 2.2. 
We remark that the calculated values for the CsF-Ar case agree 

very well with most of the experimental values, if atf =JÓ x 10-87 Jm7 • 

This value is reasonable in agreement with our estimation in chapter 2, 
Ar -87 1 Kr where we found a11 = 12.6 ± 2.3 x 10 Jm • Deriving a value for a11 

from the value of atf-(10 x 10-87 Jm7), we find a~f • 14.2 x 10-87 Jm7 • 

With this value of a~f only a slight agreement can be found to the 

experimental data even if we reduce the correction to e.g. 1.80 R2 • 

We do not know the origin of the deviations in the CsF-Kr case, but 

due to the nature of the experiment. systematical errors can not be 

totally excluded. One significant deviation both in the CsF-Ar case 

and in the CsF-Kr èase occurs in the configurations c and d, with the 

field !L~' All experiments leadtoa larger value of-cr----in pure 
configuration c than in d, whÜe the calculations _show a reverse 

behaviour. We remark that the apparatus in configurations c and d 

transmits mainly very smallangles (see app.). The possibility exists 

that in this small angle area, the conditions, which lead to the_ 

approximations in the calculation of the inelastic cross-section, are 

not fulfilled. 
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CHAPTER 7 

CONCLUSIONS 

At the end of this work we will make a few concluding remarks. 

Firstly, it appeared to be possible to find the absolute magnitude 

of the total cross-section of CsF and Ar with help of a method, 

described in chapter 3, in which the result is independent of the 

knowledge of the target beam property nl. This metbod is generally 

applicable, although the glory contribution of most systems complicates 

the calculation to some extent. Besides a value for aso. however, the 

metbod gives no further information on the intermolecular potential. 

Secondly, we obtained rotationally inelastic cross-sections for 

CsF-Ar and for CsF-Kr. Because we paid much attention to the 

reliability of the experimental methods (the Monte Carlo trajectory 

simulation program was an important help hereby), we are fairly sure 

that important systematical errors have been avoided, in particular 

for CsF-Ar. 

From the value of a71, derived from the experimental cross-sections, 

we are able to derive a value for the quantity All+ 2A~, with help of 

equation (2.3c). We find All + 2A~ ~ 3 x 10-5° Cm 3 v- 1 • This 

experimental value of All+ 2A~ does not differ significantly from the 

value estimated in section 2.3.2. 

We remark that only a limited value can be attributed to· the found 

potential parameter a,l, because in our experiment only a small range 

of deflection angles have been measured corresponding to a small range 

of the intermolecular potential. 

Because the higher order polarisability A of CsF contributes only for 

a small part to the coefficient a73 {the main part of a73 is determined 

by the quadrupole induced-dipole interaction term), and the inelastic 

cross-sections are relatively insensitive to a73, we are not able to 

derive individual values for A I I and A~· It might be possible that this 

can be done with diatomics with a small quadrupole moment (such as KCl 

with nearly coïncident eentres of dipole and gravity), as a73 contains 

the term 3AII- 4A~ giving an independent relation with regard to the 

term A I I + 2A ~ in a 7 1 • 
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Besides, we think that our experimental results can form test cases 

for.theories on the inelastic cross-sectien of rotational transitions. 

We feel to be strengthened in these thoughts by requests for more and 

reliable experimental data (KHA 77, DIC 78). We ramark, however, that 

the "half classica!" interaction model we used, describes the 

experimental cross-sections fairly well, in particular those results 

for CsF-Ar where the conditions for our assumptions are reasonably 

fulfilled. 
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APPENDIX 

THE TRANSMISSION FUNCTIONS P22- 11 (8 2 ,~) FOR CsF-Ar AND CsF-Kr 
a 

We give the transmission functions as calculated in section 4.3, 

using the experimental quantities of table 6.1. The subscripts o, a, 

b, c and d correspond to the characters used in figure 4.5 and in 

tables 6.2 and 6.3. We remark that for the calculation of the cross

section, -a--, the correction l;Qn1 (8 2 ,<j>) have to be applied. This pure 
correction is found with help of equation (6.8), making use of the 

empirica! formula for cr(S)/cr(O) of equation (3.14) and the transmission 

functions below. We note that this correction is a steep functionof 8 

and decreases fastly from about 0.2 at 82 = 0 to about 0.05 at 

82 = 4 x 10-4 for T 22-ll (8 2 .~) of CsF-Ar. 
0 

The cross-sections found with Tal and Pa2 (Tbt and Tba) have to be 

averaged to obtain -cr-- for configuration a (b). pure 

To CsF-Ar 

82 ip+.'!!. 
2 trr.frr ~.trr trr.frr 0,1T 9 -4-n- 5 7 arr • a i"'" • t'"" .l..I'!T 1S 3 

8 .-arr ï'"' 

o. 1.000 0.975 0.978 1.000 1 .o 11 1.069 0.960 1.0!1 0.989 
0.0001 0.616 0.540 0.406 0.341 0.377 0.337 0.438 0.475 0.486 
0.0002 0.453 0.402 0.268 0.395 0.370 0.377 0.326 0.373 0.391 
0.0003 0.348 0.348 0.319 0.315 0.272 0.308 0.326 0.326 0.297 
0.0004 0.337 0.330 0.337 0.196 0. 112 0.152 0.228 0.268 0.254 
0.0005 0,377 0.301 0.246 0.076 0.029 0.043 0.178 0.348 0.236 
0.0006 0.370 0.293 0.130 0.022 0.007 0.011 0.083 0.322 0.243 
0.0007 0.362 0.228 0.087 0.029 0.004 0.011 0.036 0.221 0.362 
0.0008 0.344 0.254 0.072 0.014 0.004 0.007 0.014 0.170 0.330 
0.0009 0,319 0.217 0.036 0.004 o. o. 0.004 0.083 0.239 
0.0010 0.286 0.196 0.029 o. o. o. 0.011 0.043 0.232 
0,0011 0.246 o. 145 0.022 0.004 o. o. o. 0.029 0.149 
0.0012 0.239 0. I 16 0.018 o. o. o. o. 0.022 0.105 
0.0013 0.199 0.087 0.007 o. o. o. o. 0,014 0.091 
0.0014 o. 123 0.058 0.004 o. o. o. o. 0.007 0.029 
0.00}5 0.141 0.047 o. o. o. o. o. o. 0.025 
0.0016 0.087 0.043 o. o. o. o. o. o. 0.004 
0.0017 0.062 0.040 o. o. o. 0. o. 0. 0.007 
0.0018 0.047 0.022 o. o. o. o. o. o. o. 
0.0019 0.058 0.022 o. o. o. o. o. o. o. 
0.0020 0.036 0.018 o. o. o. o. o. o. o. 
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Tal 

e2 <J>-+-.! -irr ·f7T ~.-trr l 7 0,'11" 9 15 5 7 ~ J4.rr ~ 
+ 2 TIT •SIT · fiT •s'~~" Tl" •i;'ll' s • 8 2 

o. 0.051 0.047 0.051 0.047 0.051 0.051 0.051 0.040 0.047 
0.0001 0.156 0.105 0.025 o. o. o. o. o. o. 
0.0002 o. 181 o. 141 0.025 0.051 0.033 0.004 o. o. o. 
0.0003 0.228 0.181 o. 105 0.072 0.022 0.004 o. o. o. 
0.0004 0.264 0.178 0.163 0.054 0.007 o. o. o. o. 
0.0005 0.297 0,207 0.130 0.029 o. o. o. o. o. 
0.0006 0.326 0.217 0.083 o. o. o. o. o. o. 
0.0007 0.337 0.170 0.054 0.004 o. o. o. o. o. 
0.0008 0.326 0.196 0.043 o. o. o. o. o. o. 
0.0009 0.304 0.199 0.022 0.004 o. o. o. o. o. 
0.0010 0.279 0.188 0.025 o. o. o. o. o. o. 
0.001 I 0.246 0.141 0.022 o. o. o. o. o. o. 
0.0012 0.239 0.116 0.014 o. o. o. o. o. o. 
0.0013 0.199 0.087 0.004 o. o. o. o. o. o. 
0.0014 0.123 0.058 0.004 . o. o. o. o. o. o. 
0.0015 0.141 0.047 o. o. o. o. o. o. o. 
0.0016 0.087 0,043 o. o. o. o. o. o. o. 
0.0017 0.062 0.040 o. o. o. o. o. o. o. 
0.0018 0.047 0.022 o. o. o. o. o. o. o. 
0;0019 0.058 0.022 o. o. o. o. o. o. o. 
0.0020 0.036 0.018 o. o. o. o. o. o. o. 

Ta2. 

a2 <J>-+-.! g 5 1 3 1 7 0,1T 9 15 5 7 ~ J4.rr .l.w 2 i'IT•i"f Tl"•t""· ·ê'""•sw. fiT •? trr •i;'ll' 9 • 8 2 

o. 0.040 0.036 0.025 0.040 0.040 0.036 0.036 0.025 0.040 
0.0001 o. o. o. o. o. 0.004 0.014 0.120 0.152 
0.0002 o. o. o. o. 0.018 0.025 0.047 0.127 0.214 
0.0003 o. o. o. 0.004 0.011 0.098 0.152 0.163 0.214 
0.0004 o. o. o. 0.004 0.011 0.054 0.120 0.159 0.228 
0.0005 o. o. o. o. o. 0.007 0. I 16 0.261 0.203 
0.0006 o. o. o. o. 0.004 o. 0.047 0.268 0.217 
0.0007 o. o. o. o. 0.004 0.007 0.029 0.199 0.333 
0.0008 o. o. o. o. o. 0.007 0.007 0.152 0.304 
0.0009 o. o. o. o. o. o. 0.004 0.076 0.228 
0.0010 o. o. o. o. o. o. 0.007 0.043 0.232 
0.0011 o. o. o. o. o. o. o. 0.029 0.149 
0.0012 o. o. o. o. o. o. o. 0.022 0.105 
0.0013 o. o. o. o. o. o. o. 0.014 0.091 
0.0014 o. o. o. o. o. o. o. 0.007 0.029 
0.0015 o. o. o. o. o. o. o. o. 0.025 
0.0016 o. o. o. o. o. o. o. o. 0.004 
0.0017 o. o. o. . o. o. o. o • o. 0.007 
0.0018 o. o. o. o. o. o. o. o. o. 
0.0019 o. o. o. o. o. o. o. o. o. 
0.0020 o. o. o. o. o. o. o. o. o •. 
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Tb! 

e2 ~:!!: 3 5 trr.~. 1 7 0,11" -!-rr ~ s 7 .!4rr.!.!1r~ 2 . i1f •8'f. "f"T•ä'f 8 • 8 ~·"i;'" 8 • 8 2 

o. 0.514 0.504 0.518 0.554 0.529 0.565 0.507 0.533 0.507 
0.0001 0.243 0.239 0.181 0.170 0.232 0.192 0.207 o. J52 0.130 
0.0002 0.087 0.138 0.134 0.181 0.134 0.196 0.134 0.091 0.083 
0.0003 0.036 0,101 0.149 0.130 0.127 0.094 0.069 0.051 0.040 
0.0004 0.033 0,109 0.120 0.080 0.047 0.029 0.025 0.022 0.004 
0.0005 0.043 0.069 0.083 0.036 0.007 0.007 0,007 0.014 o. 
0.0006 0.025 0.058 0.040 0.014 0.004 o. 0.007 o. o. 
0.0007 0.018 0.054 0.025 0.018 o. o. o. o. o. 
0.0008 0.014 0.051 0.018 0.007 o. o. o. o. o. 
0.0009 0.014 0.014 0.007 o. o. o. o. o. o. 
0.0010 0.007 0.007 o. o. o. o. o. o. o. 
0.0011 o. 0.004 o. o. o. o. o. o. o. 
0.0012 o. o. o. o. o. o. o. o. o. 
0.0013 o. o. o. o. o. o. o. o. o. 
0.0014 o. o. o. o. o. o. o. o. o. 
0.0015 o. o. o. o. o. o. o. o. o. 
0.0016 o. o. o. o. o. o. o. o. o. 
0.0017 o. o. o. o. o. o. o. o. o. 
0.0018 o. o. o. o. o. o. o. o. o. 
0.0019 o. o. o. o. o. o. o. o. o. 
0.0020 o. o. o. o. o. o. o. o. o. 

Tb2 

e2 1f 3 s 1 g 1 7 O;rr 9 15 s 7 J4rr .!.k .!11" :1: . ~2 1"'f •8'f ·:411' • 411' . SIT•SIT rrr • -'1'11' ·trr , t'l1' 8 • 8 2 

o. 0.395 0.388 0.384 0.359 0.391 0.417 0.366 0.413 0.395 
0.0001 0.217 0.196 0.199 0.170 0.145 0.141 0.217 0.203 0.203 
0.0002 0.185 0.123 0.109 0.163 0.185 0.152 0.145 0.156 0.094 
0.0003 0.083 0.065 0.065 0.109 0.112 0.112 0.105 0.112 0.043 
0.0004 0.040 0.043 0.054 0.058 0,047 0.069 0.083 0.087 0.022 
0.0005 0,036 0.025 0.033 0.011 0.022 0.029 0.054 0.072 0.033 
0.0006 0.018 0.018 0.007 0.007 o. 0.011 0.029 0.054 0.025 
0.0007 0.007 0.004 0.007 0.007 o. 0.004 0.007 0.022 0.029 
0.0008 0.004 0.007 0.011 0.007 0.004 o. 0.007 0.018 0.025 
0.0009 o. 0.004 0.007 o. o. o. o. 0.004 0.011 
0.0010 o. o. 0.004 o. o. o. 0.004 o. o. 
0.0011 o. o. o. 0.004 o. o. o. o. o. 
0.0012 o. o. 0.004 o. o. o. o. o. o. 
0.0013 o. o. 0.004 o. o. o. o. o. o. 
0.0014 o. o. o. o. o. o. o. o. o. 
0.0015 o. o. o. o. o. o. o. o. o. 
0.0016 o. o. o. o. o. o. o. o. o. 
0.0017 o. o. o. o. o. o. o. o. o. 
0.0018 o. o. o. o. o. o. o. o. o. 
0.0019 o. o. o. o. o. o. o. o. o. 
0.0020 o. o. o. o. o. o. o. o. o. 
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Tc 

e2 0 trr -Mr 4 ~ 8 trr ~ 8 ~ frr 
o. 0.011 0.011 0.011 0.011 0.018 0.014 0.014 0.014 
0.0001 o. o. o. o. 0.022 0.058 0.152 0.232 
0.0002 o. o. o. o. 0.004 0.025 0.185 0.319 
0.0003 o. o. o. o. o. 0.036 0.246 0.301 
0.0004 o. o. o. o. 0.004 0.091 0.301 0.196 
0.0005 o. o. o. o. 0.007 0.116 0.243 0.076 
0.0006 o. o. o. o. 0.018 0.174 0.130 0.022 
0.0007 o. o. o. o. 0.014 0.156 0.087 0.029 
0.0008 o. o. o. o. 0.011 0.207 0.072 0.014 
0.0009 o. o. o. o. 0.011 o. 185 0.036 0.004 
0.0010 o. o. o. o. 0.004 0.170 0.029 o. 
0.0011 o. o. o. o. 0.007 0.130 0.022 0.004 
0.0012 o. o. o. o. 0.004 0.105 0.018 o. 
0.0013 o. o. o. o. o. 0,076 0.007 o. 
0.0014 o. o. o. o. o. 0.058 0.004 o. 
0.0015 o. o. o. o. o. 0.047 o. o. 
0.0016 o. o. o. o. o. 0.043 o. o. 
0,0017 o. o. o. o. o. 0.040 o. o. 
0.0018 o. o. o. o. o. 0.022 o. o. 
0.0019 o. o. o. o. o. 0.022 o. o. 
0.0020 0. ~ o. o. o. o. . 0.018 o. o. 

e2 'lf 
~g 

~ ~ 4'IT ~ -k ~ i1f " 8 2 6 4 8 

o. 0.014 0.014 0.014 0.011 0 .o 11 0.011 0.007 0.011 
0.0001 0.297 0.225 0.167 0.022 0.018 0.007 o. o. 
0.0002 0.290 0.290 0.225 0.022 o. o. o. o. 
0.0003 0.261 0.264 0.250 0.043 o. o. o. o. 
0.0004 o. 112 0.152 0.199 0.080 0.004 o. 0. o. 
0.0005 0.029 0.043 0.163 0.203 ~ 0 .o 11 o. o. o. 
0.0006 0.007 0.011 0.076 0.221 0.014 o. o. o. 
0.0007 0.004 0.011 0.036 0.159 0.029 o. o. o. 
0.0008 0.004 0.007 0.014 0.149 0.029 o. o. o. 
0.0009 o. o. 0.004 0.072 0.011 o. o. o. 
0.0010 o. o. 0.011 0.040 0.007 o. o. o. 
0.0011 o. o. o. 0.025 o. o. o. o. 
0.0012 o. o. o. 0.022 o. o. o. o. 
0.0013 o. o. o. 0.011 o. o. o. o. 
0.0014 o. o. o. 0.007 o. o. o. o. 
0.0015 o. o. o. o. o. o. o. o. 
0.0016 o. o. o. o. . o. o • o. o. 
0.0017 o. o. o .. o. o. o. o. o. 
0.0018 o. o. o. o. o. o. o. o. 
0.0019 o. o. o. o. o. o. o. o. 
0.0020 o. o. o. o. o. o. o. o. 
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pd 

f 0 trr .trr ~ 8 ~ 2 ~ 8 
~ .. ~ 

8 

o. 0.471 0.471 0.478 0.431 0.525 0.518 0.475 0.504 
0.0001 0.025 0.058 0.163 0.344 0.272 0.138 0.091 0.051 
0.0002 0.007 o. 0.025 0.239 0.221 0.138 0.058 0.076 
0.0003 o. o. 0.004 0.181 0.188 0.130 0.069 0.014 
0.0004 o. o. 0.011 0.130 0.163 0.109 0.025 o. 
0.0005 o. o. 0.004 0.069 0.199 0.116 o. o. 
0.0006 o. o. o. 0.051 0.178 0.069 o. o. 
0.0007 o. o. o. 0.025 0.170 0.047 o. o. 
0.0008 o. o. o. 0.029 0.174 0.018 o. o. 
0.0009 o. o. o. 0.018 0.156 0.014 o. o. 
0.0010 o. o. o. 0.014 0.149 0.011 o. o. 
0.0011 o. o. o. 0.011 0.112 0.004 o. o. 
0.0012 o. o. o. 0.011 0.123 o. o. o. 
0.0013 o. o. o. 0.011 0.127 o. o. o. 
0.0014 o. o. o. o. 0.072 o. o. o. 
0.0015 o. o. o. o. 0.072 o. o. o. 
0.0016 o. o. o. o. 0.051 o. o. o. 
0.0017 o. o. o. o. 0.025 o. o. o. 
0.0018 o. o. o. o. 0.014 o. o. o. 
0.0019 o. o. o. o. 0.022 o. o. o. 
0.0020 o. o. o. o. 0.018 o. o. o. 

e2 'rf ~ e .?.rr .. J..!.rr s. ~ 2 ~ 8 .f..rr .. ~ 8 

o. 0.514 0.511 0.478 0.507 0.504 0.482 0.460 0.533 
0.0001 0.054 0.054 0.138 0.188 0.239 0.257 0.134 0.058 
0.0002 0.072 0.069 0.051 0.145 0.185 0.207 0.051 0.018 
0.0003 0.011 0.033 0.051 0.120 0.123 0.163 0.025 0.011 
0.0004 o. o. 0.018 0.094 0.105 0.094 0.011 o. 
0.0005 o. o. 0.007 0.101 0.091 0.043 0.007 o. 
0.0006 o. o. o. 0.072 0.087 0.029 0.007 o. 
0.0007 o. o. o. 0.033 o. 145 0.029 o. o. 
0.0008 o. o. o. 0.007 0.145 0.014 o. o. 
0.0009 o. o. o. o. 0.105 0.011 o. o. 
0.0010 o. o. o. o. 0.120 0.004 o. o. 
0.0011 o. o. o. o. 0.076 0.004 o. o. 
0.0012 o. o. o. o. 0.058 o. o. o. 
0.0013 o. o. o. o. 0.058 0.004 o. o. 
0.0014 o. o. o. o. 0.022 o. o. o. 
0.0015 o. o. 0. o. 0.025 o. o. o. 
0.0016 o. o. o. o. 0.004 o. o. o. 
0.0017 o. o. o. o. 0.004 o. o. o. 
0.0018 o. o. o. o. o. o. o. o. 
0.0019 o. o. o. o. o. o. o. o. 
0.0020 o. o. o. o. o. o. 0~ o. 
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e2 ~+ 1T g 5 1 3 1 7 0,1T 9 15 5 1 ~ ~ '*'" 2 8""•8"" ~·'t'f SIT•SIT rrr • 4'"' 't'f • "ti'"' 8 • 8 2 

o. 0.967 0.982 1.011 0.909 1.000 0.938 0.949 1.007 0.960 
0.0002 0.663 0.569 0.442 0.315 0.308 0.337 0.435 0 • .536 ·0.543 
0.0004 0.496 0.493 0.246 0.337 0.341 0.330 0.359 0.467 0.471 
0.0006 0.424 0.362 0.297 0.261 0.228 0.283 0.312 0.355 0.380 
0.0008 0.395 0.308 0.333 0.174 0.1 OI 0.127 0.301 0.286 0.312 
0.0010 0.337 0.308 0.312 0.076 0.029 0.047 0.210 0.272 0.297 
0.0012 0.322 0.290 0.192 0.029 0.004 0.025 0.105 0.297 0.286 
0.0014 0.337 0.312 0.101 0.007 o. 0.007 0.072 0.283 0.290 
0.0016 0.337 0.297 0.072 0.004 0.007 0.007 0.033 0.301 0.225 
0.0018 0.351 0.319 0.058 0.011 o. o. 0.011 0.232 0.275 
0,0020 0.301 0.261 0.022 o. o. o. 0.004 0.138 0.308 
0.0022 0.366 0.264 0.022 o. o. o. o. 0.083 0.348 
0.0024 0,355 0.207 0.014 o. o. o. 0.004 0.098 0.337 
0.0026 0.304 0.214 0.014 o. o. o. o. 0.076 0,293 
0.0028 0.308 0.167 0.011 o. o. o. o. 0.040 0.283 
0.0030 0.290 o. 149 o. o. o. o. o. 0.036 0.217 
0.0032 0.315 o. 116 o. o. o. o. o. 0.025 0,221 
0.0034 0.283 0.101 . o. o. o. o. o. 0.025 0.159 
0.0036 0.279 0.091 o. o. o. o. o. 0.007 0.127 
0.0038 0.243 0.094 o. o. o. o. o. 0.018 0.098 
0.0040 0.254 0.083 o. o. o. o. o. 0.007 0.094 
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Tal 

e2 qr+~ 3 5 
SJT•SJT trr.trr trr.frr 0,1f 9 15 5 1 srr •? -rrr ·rw ~ • .!frr trr 

o. 0.040 0.040 0.036 0.036 0.033 0.036 0.040 0.036 0.036 
0.0002 0.138 0,076 0.022 o. o. o. o. o. 0.004 
0.0004 0.174 0.072 0.007 0.022 0.022 o. o. o. o. 
0.0006 0.192 0.120 0.036 0.065 0,014 o. o. o. o. 
0.0008 0.185 0.127 0.105 0.033 0.007 o. o. o. o. 
0.0010 0.196 o. 149 0.123 0.014 o. o. o. o. o. 
0.0012 0.214 0.152 0.094 0.004 o. o. o. o. o. 
0.0014 0.250 0.210 0.051 o. o. o. o. o. o. 
0.0016 0.272 0.192 0.036 o. o. o. o. o. o. 
0.0018 0.315 0.232 0.029 0.004 o. o. o. o. o. 
0.0020 0.286 0.203 . 0.007 o. o. o. o. o. o . 
0.0022 0.344 0.221 0,018 o. o. o. o. o. o. 
0.0024 0.344 0.174 0.014 o. o. o. o. o. o. 
0.0026 0.297 0.196 0.014 o. o. o. o. o. o. 
0.0028 0.301 0.152 0.007 o. o. o. o. o. o. 
0.0030 0.286 0.145 o. o. o. o. o. o. o. 
0.0032 0.315 0.109 o. o. o. o. o. o. o. 
0.0034 0.283 0.101 o. o. o. o. o. o. o. 
0.0036 0.279 0.091 o. o. o. o. o. o. o. 
0.0038 0.243 0.094 o. o. o. o. o. {), o. 
0.0040 0.254 0.083 o. o. o. o. o. o. o. 

Taz 

e2 1f 3 5 1 3 frr,frr 0,'!1' 9 #,r5 7 J.!.rr ~ ~ 
:1: 4>-+z SJT•SJT trr•-rrr srr • a rrr • 4"' 8 • 8 2 

o. 0.043 0.043 0.047 0.036 0.047 0.047 0.051 0.036 0.033 
0.0002 o. o. o. o. o. o. 0.025 0.062 0.120 
0.0004 o. o. o. o. 0.007 0.007 0.007 0.105 0.152 
0.0006 o. o. o. 0.007 0.01 I 0.054 0.054 0.094 0.185 
0.0008 o. o. o. 0.004 0.004 0.022 0.109 0.094 0.232 
0.0010 o. o. o. o. o. 0.004 0.080 0.130 0.239 
0.0012 o. o. o. o. o. 0.004 0.043 0.185 0.246 
0.0014 o. (j, o. o. o. o. 0.029 0.217 0.264 
0.0016 o. o. o. o. 0.004 0.007 0.022 0.228 0.210 
0.0018 o. o. o. o. o. o. 0.007 0.178 0.268 
0.0020 o. o. o. o. o. o. 0.004 0.109 0,297 
0.0022 o. o. o. o. o. o. o. 0.072 0.333 
0.0024 o. o. o. o. o. o. o. 0.094 0.326 
0.0026 o. o. o. o. o. o. o. 0.072 0.286 
0.0028 o. o. o. o. o. o. o. 0.040 0.283 
0.0030 o. o. o. o. o. o. o. 0.036 0.217 
0.0032 o. o. o. o. o. o. o. 0.025 0.221 
0.0034 o. o. o. o. o. o. o. 0.025 0.159 
0.0036 o. o. o. o. o. o. o. 0.007 0.127 
0.0038 o. o. o. o. o. o. o. 0.018 0.098 
0.0040 o. o. o. o. o. o. o. 0~007 0.094 
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Tbl 

e2 Q>+! ~-+r 1 3 1 7 0.7T 9 15 s 7 ~~~ 
2 "fiT·~ ·SIT •8"" arr • """ffT 'f'l' • t"f e • a 2 

o. 0.522 0.543 0.522 0.500 0.547 0.547 0.486 0.525 0.543 
0.0002 0.272 0.221 0.214 0.192 0.210 0.185 0.214 0.275 0,257 
0.0004 o. 116 0.174 0.130 0.174 0.152 0.188 0.181 0.170 0.221 
0.0006 0.043 o. 141 0.178 o. 112 0.094 0.091 0.149 0.130 0.123 
0.0008 0.033 0.098 0.156 0.072 0.040 0.025 0.076 0.076 0.040 
0.0010 0.022 0.112 o. 127 0.029 o. 0.014 0.040 0.040 0.036 
0.0012 0.033 0.080 0.051 0.011 o. 0.004 0.014 0.022 0.033 
0.0014 0.029 0.065 0.033 o. o. o. o.o 11 0.011 0.007 
0.0016 0.014 0.083 0.022 o. 0.004 o. 0.004 0.022 0.007 
0.0018 0.011 0.062 0.018 0.007 o. o. o. 0.014 o. 
0.0020 0.004 0.043 o. o. o. o. o. 0.011 o. 
0.0022 0.011 0.025 o. o. o. o. o. 0.004 o. 
0.0024 0.004 0.025 o. o. o. o. o. o. o. 
0.0026 0.004 0.018 o. o. o. o. o. 0.004 o. 
0.0028 0.007 0.011 o. o. o. o. o. o. o. 
0.0030 0.004 o. o. o. o. o. o. o. o. 
0.0032 o. 0,004 o. o. o. o. o. o. o. 
0.0034 o. o. . o. o . o. o. o. o. o. 
0.0036 o. o. o. o. o. o. o. o. o. 
O.Ob38 o. o. o. o. o. o. o. o. o. 
0.0040 o. o. o. o. o. o. o. o. o. 

Tb2 

e2 c~>+f 3 5 1 3 1 7 0,7T -frr .!4rr .?:rr .:J..rr ~~..17T SIT•f'T ~·;;-7T i"'"•if'T • a '+ • 4 a • a 2 

o. 0.362 0.355 0.406 0.337 0.373 0.308 0.373 0.409 0.348 
0.0002 0.254 0.272 0.207 0.123 0.098 o. 152 0.196 0.199 0.163 
0.0004 0.207 0.246 o. 109 0.141 0.159 0.134 0.170 0.192 0.098 
0.0006 0.188 o. 101 0.083 0.076 0.109 0.138 0,109 0.130 0.072 
0.0008 0.178 0.083 0.072 0.065 0.051 0.080 0.116 0. 116 0.040 
0.0010 0.120 0.047 0.062 0.033 0.029 0.029 0.091 0.101 0.022 
0.0012 0.076 0.058 0.047 0.014 0.004 0.018 0.047 0.091 0.007 
0.0014 0.058 0.036 0.018 0.007 o. 0.007 0.033 0.054 0.018 
0.0016 0.051 0.022 0.014 0.004 o. o. 0.007 0.051 0.007 
0.0018 0.025 0.025 0.011 o. o. o. 0.004 0.040 0.007 
0.0020 0.011 0.014 0.014 o. o. o. o. 0.018 0.011 
0.0022 0.011 0.018 0.004 o. o. o. o. 0.007 0.014 
0.0024 0.007 0.007 o. o. o. o. 0.004 0.004 0.011 
0.0026 0.004 o. o. o. o. o. o. o. 0,007 
0.0028 o. 0.004 0.004 o. o. o. o. o. o. 
0.0030 o. 0.004 o. o. o. o. o. o. o. 
0.0032 o. 0.004 o. o. o. o. o. o. o. 
0.0034 o. o. o. o. o. o. o. o. o. 
0.0036 o. o. o. o. o. o. o. o. o. 
0.0038 o. o. o. o. o. o. o. o. o. 
0.0040 o. o. o. o. o. o. o. o. o .. 
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Tc 

61 0 trr -Mr 
"' 

41r 8 ~ trr -MI-I; ~ 8 

o. 0.014 0.007 . 0.007 0.007 0.011 0.011 0.011 0.011 
0.0002 o. o. o. o. 0.007 0.069 0.141 0.228 
0.0004 o. o. o. o. 0.004 0.051 0.185 0.315 
0.0006 o. o. o. o. 0.007 0.062 0.279 0.261 
0.0008 o. o. o. o. o. 0.087 0.326 0.174 
0.0010 o. o. o. o. o. 0.105 0.312 0.076 
0.0012 o. o. o. o. o. 0.152 0.192 0.029 
0.0014 o. o. o. o. o. 0.210 0.101 0.007 
0.0016 o. o. o. o. o. 0.221 0.072 0.004 
0.0018 o. o. o. o. 0.004 0.272 0.058 0.011 
0.0020 o. o. o. o. . 0.004 0.236 0.022 o. 
0.0022 o. o. o. o. 0.011 0.250 0.022 o. 
0.0024 o. o. o. o. 0.014 0.196 0.014 o. 
0.0026 o. o. o. o. 0.007 o. 196 0.014 o. 
0.0028 o. o. o. o. 0.007 0.156 0.011 o. 
0.0030 o. o. o. o. 0.004 0.134 o. o. 
0.0032 o. o. o. o. 0.004 0.112 o. o. 
0.0034 o. o. o. o. 0.004 0 .lOl o. o. 
0.0036 o. o. o. o. 0.004 0.091 o. o. 
0.0038 o. o. o. o. 0.004 0.094 o. o. 
0.0040 o. o. o. o. o. 0.080 o. o. 

az 1l" ~ 8 ~ ~ ~ 2 ~ frr ~ 8 

o. 0.011 0.014 0.011 0.011 0.011 0.018 0.011 0.011 
0.0002 0.239 0.228 0.174 0.040 0.004 0.004 o. o. 
0.0004 0.312 0.304 0.264 0.054 o. o. o. o. 
0.0006 0.228 0.279 0.268 0.047 o. o. o. o. 
0.0008 0.101 0.127 0.264 ,0.080 o. o. o. o. 
0.0010 0.029 0.047 0.203 o. 127 o. o. o. o. 
0.0012 0.004 0.025 0.098 0.207 o. o. o. o. 
0.0014 o. 0.007 0.072 0.239 o. o. o. o. 
0.0016 0.007 0,007 0,033 0.250 0.004 o. o. o. 
0.0018 o. o. 0.011 0.207 0.011 o. o. o. 
0.0020 o. o. 0.004 o. 127 0.014 o. o. o. 
0.0022 o. o. o. 0.072 0.022 o. o. o. 
0.0024 o. o. 0.004 0.087 0.014 o. o. o. 
0.0026 o. o. o. 0.069 0.014 o. o. o. 
0.0028 o. o. o. 0.036 0.004 o. o. o. 
0.0030 o. o. o. 0.033 o. o. o. o. 
0.0032 o. o. o. 0.025 o. o. o. o. 
0.0034 o. o. o. 0.025 0.004 o. o. o. 
0.0036 o. o. o. 0.007 o. o. o. o. 
0.0038 o. o. o. 0.018 0.004 o. o. o. 
0.0040 o. o. o. 0.007 o. o. o. o. 
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e2 0 ~ 
8 

~ 
~ 

~ 8 
~ 
2 

~ 
8 

.,Lrr .. ~ 
8 

o. 0.507 0.417 0.504 0.460 0.467 0.504 0.489 0.475 
0.0002 0.054 0.065 0.250 0.380 0.351 0.120 0.051 0.022 
0.0004 0.007 0.004 0.058 0.344 0.250 0.098. 0.004 0.018 
0.0006 o. o. o.o1 1 0.228 0.170 0.072 0.007 o. 
0.0008 o. o. 0.007 0.159 0.188 0.062 o. o. 
0.0010 o. o. o. 0.141 0.156 0.062 o. o. 
0.0012 o. o. o. 0.091 0.152 0.047 o. o. 
0.0014 o. o. o. 0.062 0.159 0.040 o. o. 
0.0016 o. o. o. 0.043 0.185 0.033 o. o. 
0.0018 o. o. o. 0.025 0.181 0.022 o. o. 
0.0020 o. o. o. 0.018 0.141 0.007 o. o. 
0.0022 o. o. o. 0.014 0. I 96 o. o. o. 
0.0024 o. o. o. 0.011 0.192 o. o. o. 
0.0026 o. o. o. 0.018 0.174 o. o. o. 
0.0028 o. o. o. 0.011 0.181 o. o. o. 
0.0030 o. o. o. 0.014 0.159 o. o. o. 
0.0032 o. o. o. 0.004 . 0.159 o. o. o. 
0.0034 o. o. o. o. 0.134 o. o. o. 
0.0036 o. o. o. o. 0.152 o. o. o. 
0.0038 o. o. o. o. 0.145 o. o. o. 
0.0040 o. o. o. 0.004 0.145 ·o. o. o. 

e2 1f ~ ~ J+rr 
i 8 4 e 4trr 

2 
~ a ~ 

4 
~ 

8 

o. 0.467 0.457 0.482 0.507 0.471 0.471 0.446 0.457 
0.0002 0.014 0.029 0.083 0.210 0.250 0.283 0. 178 0.080 
0.0004 0,022 0.007 0,022 0,149 0.236 0.264 0.072 0.018 
0.0006 o. o. 0.007 0.138 0.217 0.170 0.036 0.004 
0.0008 o. o. 0.018 0.087 0.163 0.120 0.018 o. 
0.0010 o. o. o. 0.069 0.159 0.076 0.007 o. 
0.0012 o. o. o. 0.033 0.134 0.058 0.007 o. 
0.0014 o. o. o. 0.014 0.112 0.029 o. o. 
0.0016 o. o. o. 0.014 0.101 0.036 o. o. 
0.0018 o. o. o. o. 0.120 0.025 o. o. 
0.0020 o. o. o. o. 0. 116 0.011 o. o. 
0.0022 o. o.' o. o. 0.127 0.011 o. o. 
0.0024 o. o. o. o. 0.145 0.011 o. o. 
0.0026 o. o. o. o. 0.120 0.007 o. o. 
0.0028 o. o. o. o. 0.138 0.004 o. o. 
0.0030 o. o. o. o. 0.101 0.004 o. o. 
0.0032 o. o. o. o. 0.123 o. o. o. 
0.0034 o. o. o. o. 0.083 o. o. o. 
0.0036 o. o. o. o. 0.080 o. o. o. 
0.0038 o. o. o. o. 0.058 o. o. o. 
0.0040 o. o. o. o. 0.054 o. o. o. 
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SUMMARY 

In this study we measured inelastic cross-sections of CsF 

molecules, selected into a particular rotational state with quantum 

numbers (j,mj)• scattered from Ar and Kr atoms. 

The experiments were carried out in a molecular beam apparatus 

in which a monoenergetic· beam of GsF molecules was perpendicular 

crossed with a monoenergetic beam of rare gas atoms. Before the 

scattering the CsF beam was selected into the rotational state 

(j,m.) • (2,0), and analysed, after the scattering, on the presence 
J ' 

of molecules in the rotational state (1,0). The state selection was 

achieved by making use of the spatlal varlation of the Stark energy 

of polar molecules in an inhamogeneaus electric field. 

The aim of this experiment was to obtain information about the 

anisotropic behaviour of the intermolecular potential. For the 

description of this potential we made use of the lowest order terms 

of the potential, derived by Buckingham. 

A transition between the rotational states (2,0) and (1,0) is 

mainly due to the odd terms of the intermolecular potential, i.c. the 

P1(cos y)~- 7 and the P3(cos y)~-7 terms, where! is the intermolecular 

distance vector and y the angle between this vector and the axis of 

the molecule. The value of the coefficients of these terms, determining 

the magnitude of the transition probability between the rotational 

states, are relatively uncertain, which is mainly caused by the value 

of the higher order polarisabilityl) of CsF, which is not experimentally 

known. 

In this work we tried to obtain absolute values of the inelastic 

cross-sections, not only to find a reasonably reliable value for the 

higher order polarisability, but also to give others the opportunity 

to test their theoretica! approach of the problem of inelastic cross

sections. 

I) The higher order polarisability represents the quadrupale moment 

which is induced in the molecule by a homogeneaus electrastatic 

field, and the dipole moment induced by a field gradient. 
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For such an absolute maasurement the product of the rare gas 

(target) beam density and the effective length of the scattering volume 

must be known. We found the value of this product ~;;perimentally, by 

measuring both the attenuation of the unselected CsF beam (by scattering 

from Ar), and the small angle differential cross-section of CsF and Ar. 

With the same experiment the absolute value of the total cross-section 

was found, yielding a value for the coefficient of the spherically 

symmetrie potential term. 

An important part of the work was the optimisation of the two 

focussing selection systems (the monochromator and the analyser), 

including the position and dimension of the beam stops and diaphragms. 

For this purpose we developed a computer program in which molecular 

trajectories through the apparatus could be simulated. Aftar the 

optimisation we have calculated the transmission function of the 

apparatus with the same computer program. 

Further, we were concerned with a theoretical calculation of the 

inelastic cross-section. We made use of a "half-classical" method, in 

which the relative motion oj: the two cellision partners is assumed to 

proceed along the classical path, while the rotational transition is 

caused by the torque which appears during the passage of the atom. 

The resulting (quantum mechanical) transition probability has been 

calculated numerically. 

We measured the inelastic cross-sections under a number of 

different experimental conditions. Firstly, the quantiaation axis of 

the CsF molecules in the scattering region could be chosen in two 

directions, namely perpendicular to the relative velocity vector and 

parallel to the target beam axis. Secondly, we measured the cross

sections for transitions between different m.-substates, i.c. the 

(2!7)~(10) transition and the (20)+(1±1) tra~sition. This was possible 

by depolarising the beam before and aftar the scattering, respectively 

(by total depolarisation the molecules are equally distributed among 

the mj-substates). Thirdly, we measured the inelastic cross-sectien 

at different mean deflection angles. This was carried out by partly 

screening the opening of both lens systems. 
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The calculated values of the inelastic cross-section, in 

particular for CsF-Ar, could be brought into a reasonable agreement 

with the measured values by adjusting the coefficient of the 

P1 (cos y)r-7 term. From the value of the found coefficient, a value 

could be derived for All+ 2AL, the higher order polarisabilities 

parallel and perpendicular to the molecular axis. 
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SAMENVATTING 

Dit proefschrift gaat over de metingen van inelastische werkzame 

doorsnedes van CsF moleculen in botsing met Ar en Kr atomen. De CsF 

moleculen worden vóór de botsing geselecteerd in een bepaalde rotàtie

toestand met quantumgetallen (j,mj). 

We voerden de experimenten uit in een molecuulbundelmachine-waarin 

een mono-energetische bundel CsF moleculen werd gekruist met een mono

energetische edelgas bundel. Alvorens het botsingagebied met de edelgas 

bundel te bereiken, werden uit de CsF bundel de moleculen in de

rotatietoestand (j,mj) • (2,0) geselecteerd. Voorbij het botsingagebied 

werd de bundel geanalyseerd op het voorkomen van moleculen in de 

rotatietoestand (1,0). De toestands-selectie werd tot stand gebracht 

door gebruik te maken van de Stark energie van de polaire CsF moleculen, 

die plaats afhankelijk is in een inhomogeen electrastatisch veld. 

Het doel van het experiment was enig inzicht te verkrijgen over 

het niet isotroop zijn van de intermoleculaire potentiaal. Om die 

potentiaal de beschrijven maakten we gebruik van de laagste orde 

termen van de potentiaal zoals die door Buckingham is afgeleid. Een 

overgang van de rotatietoestand (2.0) naar de toestand (l.O) wordt 

hoofdzakelijk veroorzaakt door oneven termen van deze potentiaal, en 

wel door de P1 (cos y)r-7 en P3 (cos y)r-7 termen, waarin~ de inter

moleculaire afstandsvector is en y de hoek tussen deze vector en de 

molecuulas. De waarde van de coëfficiënten van deze termen, die de 

grootte van de overganswàarschijnlijkheid bepalen, zijn betrekkelijk 

onzeker vanwege de onbekende waarde van de hogere orde polariaeerbaar
heid I) van CsF. 

In dit onderzoek hebben we gepoogd de absolute grootte van de 

werkzame doorsnedes te vinden, teneinde een redelijk betrouwbare waarde 

te vinden voor de hogere orde polariseerbaarheid, en om theoretici de 

mogelijkheid te geven hun. theorieën te testen met experimenteel 

I) Hogere orde polariaeerbaarheid karakteriseert zowel het quadrupcol 

moment dat in een molecuul· geÏnduceerd wordt door een homogeen 

electrastatisch veld, als ook het dipool moment geÏnduceerd door 

een veld gradiënt. 
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bepaalde werkzame doorsnedes. Om de absolute grootte te vinden is het 

noodzakelijk het produkt te kennen van de dichtheid van de edelgas

bundel en de effectieve lengte van het botsingsgebied. Dit produkt 

hebben we experimenteel gevonden door een meting van zowel de ver

zwakking van de ongeselecteerde CsF bundel (door de edelgasbundel). 

als ook van de differentiële werkzame doorsnede van CsF en Ar bij 

kleine hoeken. Uit dit experiment konden we ook een nauwkeurige 

waarde afleiden voor de absolute grootte van de totale werkzame door

snede. en dus van de coëfficiënt van de bolsymmetrische potentiaalterm. 

Een belangrijk deel van het werk gaat over de optimalisering van 

de twee focusserende selectie systemen (zeg de monochromator en de 

analysator). met inbegrip van de positie en de grootte van bundel-

blokkades en diafragma's. Voor dit doel ontwikkelden we een computer

programma waarmee molecuulbanen door het apparaat konden worden gesimuleerd. 

Na de optimalisering hebben we de transmissiefunctie van het apparaat 

met hetzelfde computerprogramma uitgerekend. 

Vervolgens hielden we ons bezig met de berekening van de in

elastische botsingsdoorsnede. Hiertoe maakten we gebruik van een "half 

klassieke" methode, waarin wordt aangenomen. dat de relatieve beweging 

van de twee botsingapartners langs een klassieke baan verloopt. terwijl 

de rotatie-overgang wordt veroorzaakt door her koppel. dat uitgeoefend 

wordt op het molecuul wanneer het atoom voorbij vliegt. De resulterende 

quantummechanische overgangswaarschijnlijkheid werd numeriek uitge

rekend. 

De inelastische werkzame doorsnedes werden onder een aantal ver

schillende experimentele omstandigheden gemeten. Ten eerste konden we 

de quantiaatie-as in twee richtingen kiezen, n.l. loodrecht ten op

zichte van beide bundels en evenwijdig aan de edelgasbundel. Ten tweede 

hebben we de werkzame doorsnedes gemeten van overgangen tussen ver

schillende m.-subtoestanden. in het bijzonder de overgangen (22 •!21 )+(1,0~ 
J ·-en (2 0 0)+(1,±1 ). Dit konden we doen door respectievelijk vóór en achter 

het botsingagebied de'CsF bundel te depolariseren (door volledig te 

depolariseren raken de moleculen gelijk verdeeld over de verschillende 

mj-subtoestanden). Ten derde hebben we de werkzame doorsnede gemeten 
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bij verschillende gemiddelde afbuighoeken door de opening van beide 

lenssystemen gedeeltelijk af te schermen. 

De berekende waarden van de inelastische werkzame doorsnede, 

althans voor CsF-Ar, konden in redelijke overeenstemming gebracht 

worden met de gemeten waarden door aanpassing van de coëfficiënt van 

de P1(cos y)~- 7 term. Uit de waarde van de gevonden coëfficiënt konden 

we een waarde afleiden voor de grootheid All+ 2A~, de hogere orde 

polariseerbaarheden evenwijdig en loodrecht op de molecuulas. 
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1. Het group-dipo l.e modd vdn Sundbcrg geeft voor: de mol.e.culdire 

poltlriseerb.'J.~Yh~d.d van een ionogeen molecuul als Cs'F' onwaarschijn

l :i.jl< hoge w.';l~r.den,. indien d~ tweede hypurpo l;:tr isee:rbaarheid v.c\Il 

de. ione.n in rekening wordt gebrnc:ht. 

dit proRfschrift, 

K. Sundbe.rg, J.Ch<i!m.Phys .. 0_(1977) 111 •• 

2. Mt.::l b11hulp van in dit proef.::ç.h1,""ift heschre.ve.n me~tutethoden 

tof:'._eep.a.~t. op KCl in plaats van op C.sF"' ku1n1.en in pr.:i.nc.ipe 

afzonderlijke waarden gt.•vondea worden van de hogere ocd~ 

JH.>l<lri"""rbaarhcden A /1 en !!..!." 

dit pr:oefs~hrift. 

3. Meting van de snelheidoverdeling van moleculen -<.owe.l in de 

grondtoestand als in de meta?t.abiele toestdnd- die ontsnappen 

uit r.::.o:::n pl.:l.öimt dooc een gaGtje in de ope.luitingswdnd_.. kt:m de 

plasma el.,ctronRn t.cmpcratut1r geven diçhtbJ.j die. wand. 

P.C.A. Theuwe e,a., 

wordt gepubliceerd. 

4. Dett:.c.til:::! van e::.cn atoombunJeJ via excitatie van de. -':.!löil\ft.L) !1.-;t.-:1-X 

c:en mctas.tabi.t:l. rdve.au hiedt grote voordeleü boven dete.c:.ti.e 

via ionisilt.i.<' g<ovo1gd door massafiltering. Dit komt voor.!l.l tot 

uiting WJnn~.er het r<:>Hga~ in d" detectorruimte hoofdzakelijk 

hestaat uiL de~.;,lfde atomen als de hunde.l. 

P.G.A. Theuws e.a., 

wordt gepubliceerd. 

5. Toevoeging V8n drie-d .. e.ltje" botsingen, tussen één Ne a toon\ 

.LII Je I s 4 toest.~nd en twee. Ne atom"n .i.t\ de grondtoesc.~nd, aan 

ltet model waarmee Steenhuyae.n de botö ingscoëfficiënt yM 

berekent, geeft -~ j gn i fi cant. andere resultaten voor y
11

. 

L.W.G. Steenhuysen, proefschrift, 

P.K. L"ichner e.a., 

Phys. Re.v. A12 (1975) 2501. 



6. Bet ve'd~ent aanhevelin~ om eontact~n te stimul~rcn tussen 

theoretici op het gebied van verstrooiing in de lage-~nergie 

kernfysica en op het gebied van molecuulverstrooiing. Analoge 

problemen ~ouden gemeenschappelijk met vrucht kunnen worden 

a~ngepakt~ terwijl doublures vermeden worden. 

7. De Gauss-Ne~ton methode voor een algemeen klein~te k~adraten 

p~obLeem çonvergeert lineair en niet kwadratiech~ 

J.L. de Jong, Syllabus Optimali

seringsmethoden, THE 1976. 

8. Zolang het grotendeels aan de fabrikanten van verpakte levens

middelen wordt overgelaten hoe en op welke plaats de versheid 

van hun artikelen wordt aangeduid, hebben slimme puzzelaars 

onder de consumenten grotere overlevingskansen. 

9. B11-pa.alde sch.a.akprobleemstelli.ngen lenen zich uitstekend voor 

oplossing met behulp van een geschikt computerprogramma. 

Wanneer er voor goede oplossingen prijzen beschikbaar worden 

gesteld, behoort een op de,gelijke wijze verkregen resultaat 

hors concours ingezonden te worden. 


