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SUM!iARY 

Differential cross-sections in the euporthormal 

energy range have been measured for the scattering of 

potassium from mercury and molecular iodine. Such inter-

actions, are of importance in such fields as high temperature 

chemistry, plasma physics and astrophysics, 

major part of the work was the design and 

construction of a suitable apparatus I.E. one capable of 

measuring small angle differential crocs-.occtione tiith 

high resolution. 

The main features of the. apparatus are outlined. 

The beam sources, their construction and performance, the 

detector arid associated data collection system are 

described in acme detail. 

The main beam source was of the ionisation/neutraj-

3.sation type and was capable of producing euperthermal 

beams of potassium, rubidium and caesium. The cross-beam 

source was of the simple thermal type. 

The detector consisted of a surface ioniser, a 

mass spectraneter and electron multiplier* Particle 

counting techniques were used. In order to increase the 

signal to noise ratio the cross beam was modulated. Data 

wore punched on paper tape and subsequently analysed by 

computer. 

Facilities were developed to allow measurement 



of energy lose spectra by time of flight. 

An expression relating the apparatus resolution to 

the beam and detector dimensions was derived and the effects 

Of resolution on the measured scattered intensity calculated 

numerically. 

The potassium/mercury data were interpreted so 

arising fran a single elastic potential, The ecattering 

pattern for a Lennard-.Jones(8 96) potential with E 	0.087 
x io 12  ergo and r = 4.8 R was calculated by the method 

of partial waves. The scattering pattern, corrected for 

apparatus resolution, was a reasonable fit to the data, 

however it was found that a better fit could be obtained 

with a "harder" (18,6) potential and the same values of f. 
and rm.. 

The spectator stripping model of potassium/iodine, 

Which has proved sO useful at thormal energies, was extended 

to super-thermal energies by integrating the classical 

equations of motion. It was found that above about 2.5 e.ve 

the poosibIlity of reaction could be ignored. An attempt 

as made therefore to interpret tha data as arising from 

either the diabatic covalent potential or the adiabatic 

covalent/ionic potential. Neither completely described the 

data. It was proposed that the scattering could be described, 

in terms of contributions from both diebatic and adiabatic 

potentials. 

Although the data allowed tentative conclusions 

only, they did justify the belief that ouch experiments were 

capable of yielding Information on previously unexplored 

regions of molecular interactions, 
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IlTRODUCTION 

This work is an account of the design and 

construction of a molecular-beam apparatus capable of 

measuring differential scattering cros-sections in the 

super-thermal energy range. Results are reported for the 

two systems  K/Hg, K/I2. 

Many phenomena of everyday experience of the 

world around us arise as a result of the interaction, 

collision, of countless numbers of unseen atomic particles. 

Such observations as gas pressure and diffusion, the 

conduction of heat, the properties of the liquid and solid 

states and the chemical reactivity of certain substances 

are obvious examples. Clearly an understanding of these 

phenomena requires a knowledge of the forces acting between 

the discrete atomic particles and the relationships between 

these forces and the macroscopically observable effects. 

The relations between microscopic and macroscopic 

properties are dealt with by the theories of statistical 

mechanics, see for example Hirschfeider, thirties and Bird's 

book "Molecular Theory of Gases and Liquids-" The beat 

known example of such a treatment is to be found in the 

kinetic theory of gases. Starting with the model of a gas 

as a collection of small "billiard balls" the equation of 

state of an ideal gas may be derived. 

It is the fizt problem s  that of determining the 

forces acting between atomic particles which was the concern 

1. 

of this work. 



Intermolecular Force 

The characterisation and detennination of inter-. 

molecular forces has been a subject of great activity in 

recent years and several excellent reviews of the subject 

exist, in particular see Advances in Chemical Phyolce 

volume 12, the book by Wargenau and Keetner (AR 69) and 

the article by Pauly and Toennies (PAIl 65). In consequence 

only a very brief resume will be attempted here. 

In principle intermolecular forces may be 

calculated using the Sohrodinger equation, this has been 

achieved for a few simple systems H24 , HeR 	 but for any 

more canpiex system the sheer size of the computation 

renders it imposeThie and various approximations must be 

resorted to. It is normal to classify intermolecular forces 

as long range, intermediate range or short range; this 

classification arises mainly from the different approxi-

mations required in the different regions. At long range 

there is little electronic overlap, at intermediate ranges 

the electron clouds perturb each other slightly while at 

short ranges considerable perturbation occurs. Needless 

to say it is the theory of long—range forces which has 

been most extensively developed. 

The most easily understood long-.range forces are 

those arising from permanent mult1pc&moments, using 

measured dipole, quadrapole moments etc., these may be 

described quite accurately. A second order interaction may 

arise as a result of the induction of a multipole rnnent in 

2. 



one molecule by the permanent inultipolo moment of another 

molecule, again this may be described in terms of the 

measured multipole moments and polax'izabilities of the 

free molecules. 	Probably the most important of the 

long-range forces are the dispersion forces, these may be 

thought of as arising from fluctuations in the electronic 

change clouds. An instantaneous multipolo in one molecule 

may induce a multipole in another molecule and interact 

with ito 

It can be shown that the dispersion energy is 

given by 	 S 	
-' st 

ø(r)* .-C/1, _ C/ra _ C,/rID 

The first term, the induced dipole/induced dipole term, is 

normally the only one considered. Various approximations 

exist for estimating the coefficient C from known molecular 

quantities (LAS 67) 9  (MAR 69), the absolute values 

obtained must, however, be treated with caution. The 

approximations are useful, none the less, in that they 

predict relationships between the C coefficients of related 

systems. 

Although the physical origins of short range 

forces are clear there exists no good theoretical information. 

The forces may be accounted for in terms of the Pauli 

exclusion principle and the Hellmann-Peynman theorem. 

when two atoms having zero net spin approach the electron 

clouds tend to avoid each other, the resulting decrease 

In the screening of the nuclei leads to repulsion. Clearly 

3. 



there is a similarity between thio situation and chemical 

bonding in which an increase in nuclear shielding arises 

fran a build up of electrons in the inter-nuclear region. 

If the potentials for sane of the molecular 

states of a system are known then it may be possible to 

estimate the potential for another molecular state by use 

of the Ijeitler-London valence bond theory or the perfect-

pairing approximation (coU 52). In the absence of such 

information the best that can be done is a prediction of 

the form of the potential. In the intermediate range the 

situation is even more bleak, a procedure has been 

developed by Dalgarno and Lynn (DAL 56) but because of 

algebraic complexity hoe not been extended beyond the 

case of two helium atoms. The situation at present is 

that one simply adds long and abort range forces together 

and hopes for the best. 

Although little Quantitative information is 

forthcoming from theory it is most important, none the less, 

that theory suggest the Qualitative form of the potential 

ma particular case. Without such a guideline experimental 

results can not, in general, be unambiguously interpreted. 

Exerimenta 1 dote rrtination_o intermolecular forces. 

Experimental information is obtained from three 

major sources; spectroscopic observations, the bulk 

properties of matter and beam scattering experiments. 

A wealth of information is available from 



spectroscopy (GAY 68). Bound states may be found from the 

vibration-rotation bands, pre diesociation yields the energies 

at which different levels cross and information about 

repulsive levels may be obtained from the intensity distrib-

utions in continua. Spectroscopic observations are, however, 

limited to stable diatomios and only those levels accessible 

from the ground state. In recent years the pressure 

broadening of spectral lines has been used, to obtain 

intermolecular forces. 

It has been pointed out that many phenomena of 

everyday experience are a manifestation of the interaction 

of atomic particles; it seems natural, therefore, to turn 

to these phenomena for information on intennolecular forces. 

In principle any bulk property could be used to determine 

intermolecular forces, however in,practico very few are 

used as several very restrictive criteria must be met. 

There must be a fully developed statistical theory connecting 

the macroscopic observable and the intermolecular forces, 

the forces must not be so buried in theory that the observ-

able is almost insensitive to them. Properties which have 

proved most useful in this context are virial coefficients, 

transport properties of gases and heats of sublimation of 

crystals (fIR 514), (MAS 67). The general procedure is to 

assume sane form for the potential guided by theory and 

intuition, and attempt to reproduce the experimental data. 

Unfortunately potentials obtained in this way are rarely 

unique, also the one potential often fails to describe 

both transport properties and virial coefficients. Despite 

5., 



these difficulties bulk properties are still the main source 

of intermolecular potentials. In studies of bulk properties 

one is essentially measuring the effects of countless atomic 

collisions, each having different trajectories and energies. 

In beam experiments single collisions between particles of 

known energy and in known quantum states may be studied. 

In the last fifteen years molecular beam scattering has 

been used increasingly in the determination of inter- 

molecular forces and in the study of the molecular dynamics 

of chemical reactions. A molecular beam is defined as a 

unidirectional stream of gas in which the density or random 

velocity is so low that collisions between beam molecules 

do not occur. In order to avoid scattering by other 

molcules the background pressure in the experimental 

chamber should be about 107  totror less. As molecules 

in the beam suffer no collisions before the scattering 

region their energy and internal states may,  in general, 

be well defined. 

After interaction with other molecules in the 

scattering region the initial beam intensity 10  is reduced 

to I given by 

i LO 

where a is the particle density in the scattering region and 

1 is the length of the scattering region. Q()  is the total 

cross-section and represents the number of particles 

scattered out of the main beam by elastic, Inelastic and 

reactive processes. The angular distribution of material 

6 . 
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scattered from the main beam is given by the differential 

cross-section 6(e.V). 

Clearly 	
Q(v) 

In experiments designed to measure the total 

cross-section the main beam is usually passed through a 

chamber containing the scattering gas at a known pressure. 

The total cross-section may then be obtained from the main-

beam attenuation. Variation of the total cross-section with 

velocity yields information about the Intermolecular 

potential (MOT 65),  (BR 66). In differential-cross section 

work the main beam is crossed with a secondary beam and the 

scattered intensity measured by rotating a suitable detector 

around the main beam. 

Molecular beam scattering experiments may be 

divided into three classes depending on the beam energy. 

Thermal beams, those having energies less than 0.5e;v. are 

produced by effusion of the beam material from a small orifice 

In a heated oven. The upper energy is limited by the 

material of the oven. The vast majority of work to date 

has been in the thermal energy region, elastic, inelastic 

and reactive collisions having been studied, there are now 

extensive reviews of the subject (BER 67), (piU  65),  (PAU 68), 

(HER 66 ), (GRE 66)9 (HER  65), (Bi&R 64) and no more will be 

said here. High energy beams, those having energies greater 

than about 200 e.v. are formed by accelerating ions to the 

desired energy then neutralising the ions, usually by resonant 
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charge transfer. This method has normally been applied to 

the uaaureinent Of total elastic cross sections and yields 

infomation about the short range part of the potential 

(MD 66) (MAS 62). The results obtained are very sensitive 

to apparatus averaging, a fact which was not fully recc-

nised in much of the early work. For want Of a better 

definition super-thermaliamc may be defined as those having 

energies between thexmal and high energy beams, I.E. 0.5 ei.v - 

200 e.v. It is a sad fact that although this energy range is, 

in many ways,  the moot interesting and useful it is also 

the least experimentally accessible. It is only in the 

last decade that áouxos capable of orkin. in this energy 

range have been developed and only recently have many 

--results - been obtained (*U 70, (CRC 70), (LOS 700 	- 

Super-thermal molecular beams cover an equivalent 

temperature range of 5 x 10-'to 2 x 10  o and hence 

provide a powerful tool for the study of many diverse 

phenomena. 

&leasurement of total and differential elastic 

cross sections is expected to shed light on short and 

intennediate range forces (CR0 70), this is of interest 

In the calculation of high temperature gaseous transport 

properties, which are not accessible to direct measurement, 

In the theory of flames and chocks (MAS 67), in theories 

of radiation damage (MON 57) and in calculation of steno 

hinderanco in molecules. It would be extremely difficult 

to Obtain such information by any other means. 



It is, however, the possibility of studying 

inelastic and reactive processes which arouses most 

Interest* The transfer or energy from translational 

to vibrational and rotational is the initial step in many 

chemical reactions, a knowledge of the energy transfer 

cross-section is therefore of fundamental importance to 

an understanding of chemical kinetics. Super-therrnal 

beams linked with time of flight techniques provides a 

rnethod of measuring the excitation efficiency of specific 

modes. Work on these lines has been done for the ion- 

molecule system L1/a2 (SCH 68). Reactive systems  studied 

to date with thermal beams have been restricted to those 

having essentially zero activation energy, this has been 

a serious limitation. The advent or higher energy bens 

means that systems having large activation energies may 

be studied. The activation energy itself may be determined 

absolutely from the reaction threshold. 

It is clear that molecular-beam scattering studies 

in the energy range 0.5-200e.v.wil1 yield information of 

importance in many fields. 

9 . 
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THEORY 



astic 8cgttoing Theory 

Classical MenXCa. 

Although the predictions of classical mechanics. 

are generally not applicable to collisions between atoms, 

the concepts which arise in classical mechanics are useful 

In the description of any scattering system (GOL 50). 

Consider two particles of masses Ml and M2 and 

velocities V1 and V2 which interact along a potential V(r), 

where r is the internuclear separation. By removing the 

motion of the centre of mass the system may be reduced to 

a one body problem; that in which a particle of mass 

LA. = 	Pla.Pl& 
/ f MML 

moves in the field of a fixed centre of force with a 

velocity Xr = V1 + 

Using the principles of conservation of energy 

and angular momentum the angle of deflection may be 

obtained, as a function of the impact parameter b, the 

distance of closest approach in the absence of the inter- 

action V(r). 	 °°f 	v~r~  
e(b) ir-b 

re 	
E— 

where E = ,AA.Vr'2  is the collision energy and r  is the 

distance of closest approach given by 

r. 
The deflection function for a typical interatomic potential 

(Fig. 20a) is shown in Fig. (2, ib). It will be seen that 

for small values of b the potential is repulsive ndb) 

Is positive, as b increases so the potential becomes 

10. 



attractive, 0(b) falls to a minimum and then goes to zero 

as b is further increased. 	It will be seen that more 

than one value of b may contribute to a given 0 , in 

classical theory the different contributions are simply 

added. The scattered intensity as a function of 0 may 

be found as follows: Particles having .irhpact parameters 

between b and b + & b will be Ecattered through an angle 0 

rrrbtb = — ff 6(0).(e'e 

where 6(0) is the differential cross-section 

• 	6(0)__b 9 
- 

The predicted scattered intensity as a function of 0 is 

shown in Fig. (2,1c). There are several points of interest. 

It will be seen that 0(b) = 0 at b = bg this is known as 

a glory singularity. Another singularity occurs at 

b = br where db/dø is infinite, Ø(br) is known as the 

rainbow angle. Measurement of such features as the 

rainbow may be used to obtain information about the 

interaction potential V(r) (BER 64). However such 

singularities are unphysical and are a failure of 

classical mechanics, other failures --include the Inability 

to explain observed oscillatory structure and the angular 

dependence of small angle scattering. 

Quantum Mechanics 

The quantum mechanical treatment may be found 

in detail in the books by Mott and Massey (MOT 65) Wu and 

Ohmura(WU 62) etc., a recent review by Bernstein deals 

11. 
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Deflection function 	 Fig. (2,1c) 

Scattered intensity 



with the salient features (BER 66). A very brief resume 

will be given here. 

The method used is that of partial wave analysis, 

originally applied in the nineteenth century by Rayleigh 

to the scattering of sound waves and adapted in 1927 by 

Faxen and HoLternark to the scattering of atomic particles. 

Consider the scattering of a particle of mass 
/.I-

and  energy E. Associated with the particle is a wave 

function cy which must contain information about the 

particle before and after scattering. The picture is that 

of a plane wave incident on the potential and a spherical 

wave scattered outwards from it. The wave function may be 

written as 

'=L 

where 
A = I-A_ ­-)& 

It can be shown that the differential cross—section is given 

by 	 * 

6(e) = S(o)-S(0) 
The wave function 'P is then expressed as the sum of partial 

waves 
Cab 

= 

associated with the I the partial wave is an angular momentum 

/i(ii) hence 1 may be identified with the classical 

impact parameter b by the re±ation 

b = le (t 1) /-k 

13. 
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On Substituting the expression for 	in the 

Sohroedinger equation and after some manipulation it is 

possible to show that 

so 
(avA., ') L 

4E so 

It may also be shown that the total cross-.section Q is given 

by 	
a = 

00 

ago 

The quantity '1e 	known as the phase shift, is the 

phase difference between the outgoing scattered wave and 

the outgoing wave in the absence of a potential. The 

phase shift contains all the scattering infornation. The 

great power of this method lies in the fact that the 

expression for5 (0) is fairly rapidly convergent, 

especially at thermal energies, The variation of q ,, with 

I for a typical potential is shown in Fig. (2 0 2). 

The main differences between the quantum and 

classical treatments are the removal of the classical 

singularities and the prediction of interference. It was 

stated above that contributions to a given 0 from different 

b values wore simply added in classical theory, in the 

quantum mechanical treatment, being essentially ave like, 

each contribution has associated with it a phase angle and 

hence interference may occur. 'Pig. (2,4) shows a typical 

calculated scattering pattern, such quantum oscillations  
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have in fact been observed in the laboratory (DER 60), 

(coi 69a)6 These and other quantum effects in elastic 

scattering are discussed in detail by Bernstein (BIM 66)o 

when there ozists,concurreflt with elastic 

scattering, inelastic and reactive scattering then the 

situation Ld greatly complicated. It is, hoever, possible 

to treat the elastic scattering using the optical model 

(BIM 66), (GRE 66). In this model the interaction 

potential is assumed cc*nplez, the imaginary part repres-

enting reaction. I complex potential implies complex 

phase shirts which may be written as 

AV + 

It may then be ehovn that 
coo 

6(0)  

00 

(. 

where P1 the opacity function, is given by 

P.e 	I - -ai1-(-4 L 

Various models of chemical reactions may then 

be simulated by a suitable choice of P1 (i0R 69) 0, (ROS  67). 

Calcp 	 intensit.i 	 c  

In general it is not possible to go direct from  

a measured scattering pattern to the associated intermolecular 

potential. Guided by theory, and intuition, an analytic 

16e.  



17o  

form for the potential is postulated. For this potential 

the scattering pattern may be calculated. The procedure 

is then to vary the parameters of the potential until the 

best fit of predicted and observed scattering patterns is 

obtained. A drawback of this procedure is that the 

potential so cbtained may not be unique. Another danger 

Is that if a potential containing too many adjustable 

parameters is used the procedure degenerates into a rather 

complicated curve fitting exercise of little physical 

significance. 

The scattered flux was calculated using the 

method of partial waves outlined above. The phase-shifts 

were calculated using the J.W.K.B, approximation (MO? 65)9 

this gives 

A 	
r 	 b 
	 d,c 

where A is the wavelength given by 

A a Ir 
("f%f ) PA 

and r is the classical turning point. 

The J.VI1.K.BI approximation was used.until(() fell 

below 102 radians, subsequent values of the phase shift 

were calculated using the Born approximation 

'TL= 	
.

4 
For a potential of the foxn V(r) a C/re  then this reduces 

to MOT (65), 
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= —41FAC 	 fl(s—s)PLe— 	+/ 

[ rncof ) ]a 	 "A ) 
& 

and hence for large 1 

o( is-a 

Having calculated I (0)1 the scotteed.intensity in the 

centre of mesa reference frame, it must then be trans.. 

formed to X( ) the Intensity in laboratory frame. 

The relationships between the centre of mass and 

laboratory scattering angles in our case of out of plane 

scattering are shown in Fig. (20) (MOR 62). The situation 

16 simplified somewhat by the fact that the angle between 

the beams is 900. 

The velocity of the main beam particle ml,  relative 

to the centre of mass is 

I 
-V216 ) 	TIL / 

( 	 , 4 

the velocity of the centre of mass 

from the diagram 

at 	 ,a 	St 	 I 
AC. = );), + - 	- 	i), 

also 

PC 
L 	

+ WO
- w,'  

and 
S 

and 

= 	 - 	C-o 	. 



I 

c 

- 	 (2 

Centre of Mass toLab transformation coordinates. 



20. 

Now 	 Gus 	 Co-o< CO-. Ø 

COk( - ),'.vc C000( 

= - 	1.)  C. 

but, 

WO 	OR- 

= w, '  

-L&.),(A),'C,o-o0 

which may be written as 

tc_rr, 0 = 	W, '  S 0 F 

C - H Co-0Ø 

Now 
AD 	W' !:i:r.  

DE 	(G—HCo-oø)/F 

and
'A. 	 I A 

D C.  

but 	 = Lb + DC 

FV, $ C, -UCoø 
••. 	 I 	& 	Co-0 	(")[- F(..o,' 

WI ,  

Hence the centre of mass scattering angle 0 may be related 

to the observed angle Ø in the laboratory. It is also 

necessary to calculate the ratio of solid angle in the 

centre of mass to laboratory in order to transfozTn the 



differential cross seotis in the centre of mass  

to those in the laboratory 4. 6L9~3 
c&.. 1-i) 

	

cL6(& 	a6(e') 	.w = 	 • 

CL w1. 	a. 	CA- (.4.) 

where 

-. 
- 

	

oIWL. 	('/ii 

. 	

-t L),- i 0 )/a  W: -1 > , , 

General features of the scattered intensity 

A useful model for the intermolecular potential 

is the Lennard-Jones (n 0 6) potential 

V(r) 
I , 11 r 	- 

r 
>' ~

>)" I 
where 8 is the well depth and z the equilibrium distance, 

n is frequently taken as 12. The scattering pattern was 

calculated for several reasonable values of e and i'm  to 

'obtain an idea as to which systems might be usefully 

studied. The results are shown in Figs. (2 9 4) — (2 9 6). 

Note thatl()sØ is plotted, this was done in order to 

remove the steep angular dependence. 

It can be seen in Fig. (2 9 4) that the scattering 

pattern consists of two superimposed oscillations The 

slower, frequency about 0.20,  16 the rainbow and super-

numerary bows, on top of this can be seen much faster 

oscillations, frequency about 0.02 0, arising from diffraction 

21.. 

effects. 



Pig. (2,6) shows the scattered intensity from a 

much shallower well than that above. It will be seen that 

all structure is compressed into the first 0.10.  Clenrly 

if any information is to be obtained about such a system a 

lower impact energy is required, Pig. (2,7),  Pig. (2 1,8). 

The following general conclusions may be drawn; 

the apparatus resolution must be about 0.150,  it was not 

practicable to attempt to resolve the faster oscillations. 

If it is considered that for useful measurements of the 

Intermediate potential to be possible the rainbow angle 

must be greater than about 0.1 0  # then if a system of 

well-depth 'e is to be studied, then the reduced energy 

must be such that 

E/€ 5OO 

The variation of the scattering pattern with 

incident energy for a typical potential is shown in 

Pig. (2,6)..Pig. (2,8). It will be seen that as the energy 

decreases then the scattering pattern expands out along 

the 0 axis. It will be realloed, therefore, that different 

features of the potential may be studied by selection of 

the appropriate energy. 

The differential cross-sections involved are 

typically in the range 	 , it is shown in the 

next chapter that this corresponds to a scattered flux of 

from lOOsul particles/sac. 

22. 
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Electronic energies of KI and Na I 

In its ground state an alkali halide is essentially 

ionic near the equilibrium distance, calculations based on 

such .s. model (RIT 51) agree well with experiment. However 

the products of the adiabatic dissociation of an alkali 

halide molecule are two ground state atoms, hence the 

potential curve of the ionic state must cross that of a 

covalent state at some point R0 . Where 

j(rnL)— E(x) 
P,..c. 

Where 1(m) is the ionisation potential of the alkali and 

E(X) the electron affinity of the halogen. If the covalent 

state has the same symmetry as the ground state than the 

non-crossing rule applies (coU 52) and the potentials, will 
have the form shown in Fig. (2,9)o Curve (1) corresponds 

to the ionic state for R>R0  and the covalent state for 

R ( R0 , curve (2) corresponds to the covalent state for 

R > Re  and the ionic state for R ( Re. 

If the system is initially in state (2) with 

R .> R0  say,  then if R is decreased at a finite rate there 

is a finite probability that a transition to state (1) 

occurs and the system  follows the dotted path, Fig. (2,9). 

Such behaviour is of importance in spectroscopy (BER 57) 

and collision processes (CHI 69) 9  (HOR  69). The system 

originally in state (2) may interact by either of the two 

potentials (1) or (2), the scattering from each will be 

coherent and hence interference effects will appear in the 

scattering pattern. Observation of such interference gives 
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details of the potentials in the region of R0. 

Following the argument of Zoner (Z.Tk 32) it is 

expected that transitions between the two states will 

occur in a small region around Rc, the probability of 

transition depending on the energy difference between the 

two potentials and the relative velocity of the partioleo. 

The probability P of remaining in the same state on 

passing the crossing point, IS electron transfer occurs, is 

P(b) = I ..e/xp( - LA) 

a a 
where 	_ 	ii IH,I Rc 

and the separation between the potentials at R 0  is 2/R1  j. 
.) is the radial velocity and is hence a function of the 

Impact parameter ibo It is important therefore to have 

some knoviedge of the potentials in the region of R0. 

As a first approximation the system may be 

considered as a two state one electron problem, 

exchange interaction with the five p electrons of the 

halogen are ignored. The electronic wave function may be 

written as 

= c,(R1(r, + 16 

where R is the internuclear separation andC1 and '% the 

alkali metal valence electron and halide ion p electron 

wave-functions respectively. Following the standard 

variational procedure (CoU 52) a quadratic in the system 

energy E(R) is obtained. 
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where 

3 =Jd1 

K ea = 	Hi—f 

E , 

Eak a 
JrcL- 

H being the electronic Hamiltonian 

H=E1  +B2 +V(x'j)+V(r2 ) 

and E2  being the el.gon-energies of the isolated particles, 

V(r1 ) and V(r2 ) are the potentials experienced by the 

electron due to the alkali metal core and the halide atom 

reapeótivoly. 

Calculations were performed for the systems K/I 

and iTs/I, these are of particular interest having boon 

studied extensively spectrocooplcaU,y (BR 57). Marked 

differences in the spectra, attributed to the "crossing" of 

the potentials,, have been observed. The systems have also 

been studied using. crossed thermal beams (IfoR 69). 

The basis wave-functions 	(r, ) and 'P. (r2 ) were 

of the Hormann and Skilman type, those of Na and K were 

obtained from Hermann and Skilmnen'o book (mR 63), that for 

I was calculated by Narasimhan (NiR 69). The potentials 

v(r 1 ) and V(r2 ) viere of the Hartree typo and were calculated 

from the tabulated vavo functions* The various integrals 

Involved were evaluated numorleally using Simpson's rule. 

It was assumed that the axis of quantisation lay along R. 



The calculated crossing distances were 12.1 2 and 

6.4 2 for ic/I and Na/I respectively, this compares with 

11.3 2 and 6.9 2 calculated using the known ionisation 

potentials and electron affinities. The separation of the 

potentials at the crossing point was 5.2 x 10 	ergs and 

2.14 x 10,13 ergs for All and Ne/I reapectivelyo The 

difference between the two systems is very striking. 

Recent experimental work by Lioutinho on. - the- 

inelastic scattering of K/I and Na/I gave g12  as 4.4 x icr15  

ergs for K/I and 8 x I 	ergs for Na/I (MOU 71). Pluendy' a 

(FLU 70) work on the elastic scattering of K/I gave a 

value of approximately 6 x 10~

15  ergs. Having obtained  RC 

and H12  the transition probability for the two systems was 

calculated using the Lndu-Zenor approximation. The 

results obtained can serve as a qualitative guide only 

however. If p is the probability of adiabatic behaviour 

on one traversal of the crossing point then the probability 

of they system, having started in date (2), being in state (1) 

after a collision is 

P(b) = 2p (lisp) 

Thevarietion of p,  and P(b) with b is shown in Pig. (2,10) 

and Pig. (201). It will be seen that ic/I is essentially 

diabatic at all but the lowest energies. The total cross-

section for the system finishing in state (1) is 

Q=air P(bba 

If comparison is to be made with experimentally 

determined cross-sections then account must be taken of the 

32. 



P 

05 

- - 

6 	 8 	 10 	 12 
bci.u. 

0 	 10 	 20 	 :30 
ba.u. 

Fig. L2) 
Probability of adiabatic behaviour as a function of impact 

v. 



0L 

-U 

O•2 

Probability of ion-formation, Landau Zener. 

6 	 8 	 10 	 1 
b&u. 

A 
0•4 

-U 	 Na/I 	5000e.v. 
0 

0-2 

6 	 8. 	 10 	 12 
ba.u. 

Fig. (21 1) 



statistical weights of the states. (HOR 69). 

The variation of Q with energy is shown in 

Fig. (2,12). 

As the Landau-Zener approximation is known to 

have' serious limitations (cou 62) 0  (BAT 60) a more rigorous 

approach was attempted. The method used was a modification 

of that developed by Bates, Johnston and Stewart (BAT 64)9 

and is similar to the well known variation of constants. 

The nuclei M and X were treated as classical 

particles moving with a constant velocity V. R was taken 

as the position vector of M relative to X and Z = R.Z. It 

was assumed that an electron was transferred from state I 

associated with the alkali metal M to state 2 associated 

with the halogen X. For simplicity the electronic wave 

functions for states 1 and 2 were identified as the atomic 

eigen-functions. V(r1 ) and V(r2 ) were taken as the potentials 

experienced by the electron in states I and 2 respectively. 

The complete electronic wave-function may be written as 

X = o (r1) + 2" (r2) 

where 1P, (r1 ) and 	(r2 ) are the atomic eigen-functions. 

It should be noted that the coefficients Cl and C2 have no 

connection with those appearing in the L.C.A.O, calculation 

above. The use of such diabatic potentials has been 

Justified by Dyk'ne and Chaplik (DYK 63). The variatiations 

of the coefficients during a collision are given by 
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= 
0417- 

where 

() = 	+ 1112 -, s (h11 + 1122 
2(1-2) 

Z (z) 	g(R)dz 

g( R) = 	+ h11  • 1122 +S (h12  1121) 

1112  

hil 	V(r2 ) ° I 

s ct 8 

1121 

1122 	V(r1 ) °'/ 

31  and Fj2 being the atanic eigen energies and Z0 being 

arbitrary (BM 59) 4  Clearly C and 0.are dependent 

on the Impact parameter be 

Writing 

C1  =a+ib and c2 =C+id 

substituting in the above equations and equating real 

and imaginary parts, the following four roel etuationO 

are obtained. 

ye 	=K(c Sin l+d Cos i) 

= K(b coo l—d Sin I) 

VC 	= i(boosiíe Sin I) 

—vd 	= (a Coe X+b Sin I) 

where I = 

317,. 



The probability of the system being in state I is 

2  + b2  and in state 2 	+ d2  a 	 . It can be shown that 

probability is conserved I.E. 
2 	2 	2 	2 a +b +0 +d =1: 

Taking the initial conditions as 

2 2 a +b=1 

+ d2  = 0 

the equations were solved using the Runge.utta method. 

Computational difficulties limited the impact parameter 

to being greater than about 5 a.u. It was not considered 

that this would have a serious effect on the total cross-

-section. 

The probability of ion-formation I.E. a 2 + 

as a function of impact parameter for the system Na/I is 

shown in Fig. (203), the maximum will be seen to occur 

around b = R0. In the case of K/I behaviour was found to 

be essentially diabatic in the energy range considered. 

The total ion-production dross-section for Na/I was 

calculated as above I.E. 

Q= 

The variation of Q with energy is shown in Fig. (2,114), 

it was found that 

QoE -.147 

in agreement with the limiting behaviour of the Landau-Zenor 

formula (BAT 514). In general however the Landau-Zener 

formula predicts much larger cross-sections, Fig. (2,12). 
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The total ion-production cross-section for the 

alkali metal/halogen atom systems has been calculated by 

Bandrauk (BAN 69) using the distorted wave approximation. 

He obtained the expression 

Q=7x106  a 2 	(2JA 	R2 

where S is the overlap at R. and a E the difference between 

the alkali metal ionisation potential and halogen electron 

affinity. Both Z and A E are in electron volts. It will 

be seen that again it is predicted that 

For Ne/I 	E = 2.06 e.v. Using Sister type orbital 

Berry (BR 57) estimated the overlap in Ne/I to be 3.2 x 10-3  

however using Hermann-Ski]inan wave functions a value of 5.9 x 

10 -3 was obtained. Using these values of S total cross- 
o2 	 2 sections of 10.6 	and 34.9 R 	at 100 O.V. were 

calculated. Clearly the absolute magnitude of the total 

oross-aectione must remain in doubt until experimental data 

are available. 

It is expected that the approximation outlined 

above will break down at both high and low energies. The 

reason for failure at low energies is clear enough, the 

relative velocity can not be considered constant under 

such conditions. It is therefore not possible to d,tain 

any information for energies near the ionisation threshold. 

This sots a lower limit of around 5 e.v. The upper energy 
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limit arises in a rather more subtle way; when the electron 

"Jumps" from one atom to the other, as one atom is moving 

fester than the other, the electron experiences a change, 

in momentum, this has been neglected in the above. As the 

relative energy of the two particles increases so the 

effect becomes more important. Bates and McCarroll (BAT 58) 

have shown that the change in the electrons momentum may be 

ignored if 

vz<.< I 

where V is the relative velocity and Z the extent of the 

smaller wave function in atomic units. Taking Z = 7 a. u. 

then for the approximation to be valid 

V< 3 z I07  oms/sec 

which in the systems  considered corresponds to an energy 

of about 20 k.e.v. In the energy range considered the 

clange in the electrons momentum may be neglected. 

Unfortunately it was not possible to extend these 

calculations to the systems k(/1 211  Ne,112 0 The crossing 

distances R0 for these systems  are 	and 4.1 

respectively hence behaviour similar to Na/I might be 

expected i.e. essentially adiabatic, 

L&2. 



Classical trajectories for the K/1 2  system. 

When a potassium atan collides with an iodine 

molecule a number of processes may occur. In order to 

obtain a qualitative picture of the collision a mode], was 

postulated and the classical trajectories calculated. The 

model used as based on the spectator model of chemical: 

(Ttit ZIZ\ 
a -in c& tea a* 	.aa% J¼t / - 

It was assumed that when the K/I 2  separation 

reached a value Re given by 

K 

whore I and B, are the potassium ionisation potential 

and iodine electron affinity, then the pptassium valence 

electron transferred to the iodine molecule. Three 

different channels were then open to the system 

K+12 	KI+I 	 (1) 

K 	2  ---p K +1 	 (2) 

K+12  — 	K+i+I 	(3). 

Cross-sections for the three processes have been estimated 

for a range of energies. 

It was assumed that the 12  molecule was initially 

at rest and had zero vibrational and rotational energy • It 

was also assumed that after electron transfer I 	behaves 

as I 	I with no interaction between the two particles, 

the I atan therefore remains fixed in space:. 
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The electron affinity of 12  is uncertain, values 

ranging from 1.2-2.6 o.v. have been reported. In order to 

sipli14v calculation the following procedure was used to 

ootimsto 1 I2 The electron affinity of I ie accuratoly 

knovrn, 3.2 e.v., as is the bond energy of 129  1.5 o.v., 

the electron affinity of 12  was taken as 3.2-1.5 o.vo this 

Is in good agreement with Person's value (PiR 63). 

The results ore shown in Figc. (2 0 15), perhaps 

the most striking feature is the croesseotion for reactive 

scattering, the model predicts that for onorioe greater 

than about 2.5 e.v. no XI is formed. 

As the energy is increased above 2.5.e.v. the 

dominant process is the disecition of the iodine ziiolocu.L. 

At onorgieo above 10 e.v. vibrational excitation becomes 

more important than dissociation; the I ion is simply not 

able to respond in the time of the collision and the energy 

trsnzferrod to the iodine molecule docreneece 

As the energy is increased still further the 

situation is reached in which the I remains virtually 

stationary during the collision and there is almoat no 

transfer of enorgj, the collision is therefore essentially 

elr,atic. 

Clearly the results derived from this crude model 

can not be taken too seriously but a qualitative picture is 

obtained. The most serious weakness of this model i2 the 

olect of the LI interaction. 	12 has a vell depth of 
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about 0.8ev and an oQullibriuLll bond dicitanco of about 

3,2 2 (PER 63). This will certainly modify the assutod 

coulonbic LI2  potential. Viork is ot present in hand 

In this laboratory to calculate classical trajectories, 

account being taken of all interactions, the effect of 

varying the 	potential may then be examined. 



CHAPTER III 

XPiLUMEAL• 



Aim of_xp or iments. 

Supertherrnal molecular beams may be used to study 

a great variety of elastic and inelastic processes. 

Flexibility is therefore an important criterion in the 

design of an apparatus. 

In designing the cpparatus several possible 

applications were anticipated. These core; to obtain 

Intermolecular potentials-by elastic scattering studies, 

to measure energy loss spectra by time of flight and hence 

obtain details of vibrational-translational energy transfer 

and finally to measure the intermolecular potential in 

chemically reactive systems with a view to extending our 

understanding of chemical dynamics. 

It was shown in the previous chapter that an 

apparatus resolution of about 0,15 0 is required to study 

elastic scattering. It should also be possible to make 

measurements out to about 50  from the main beam. The 

expected scattered signal is small hence counting techniques 

must be used. Care must also be taken to reduce background 

noise to c minimum. If energy loss spectra due to 

vibrationalexcitation are to be measured then an energy 

resolution of better than 0.5 e.v. is required. A 

monochromatic source, or some form of velocity selector, 

would be necessary. As the scattered signal will be very 

small a very efficient data collection system will be 

required e.g a multichannel analyser or on-line computer. 
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reactivo sycterm are similar to those outlined above. In 

addition it should be possible to diotinuiah between 

reactants and products either by conventionil mass-spectro-

metry or by time of flight. 

This chapter is an account of the design, 

construction and apekaticn of an apparatus to moot the 

above requirements. To data the apparatus has been used 

primarily for the study of elastic collisions although 

time of flight facilities have been partially developed 

and tested. 



Introduction 

The apparatus was designed to measure differ-

ential cros&'.aeetions at euperthermal energies for a 

variety of systems, the major design requirements have 

boon outlined above. 

For reasons which will be considered in the 

next section the alkali metals were chosen as the main 

beam material. A variety of materials could be used as 

the collision partner. 

The main features of the apparatus are shown 

inFig* (30 ). There were four separately pumped chambers, 

the first two contained the main-beam source and the 

third the cross-beam source. The 'detector chan2er was 

connected to the third ehsmber by moans of flexible 

bellows and could be rotated by 1 100  round the main beam. 

The detector could be rotated by increments as small as 

09002, increments less than 0.010  were not normally 

used however. 

The detector was of the surface 2.onieation type 

and was folloted by a quadrapolo mass-spectrometer and 

an electron multiplier. Pulse counting techniques were 

used to permit the moaourement of very weak signals and 

also to eliminate noise due to drift in the wultiplior 

gain. 

The scattered signal, detector position and 

other relevant data were recorded on paper tape and 

subsequently analysed by computer. 
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The rest of this chapter divides into four sections, 

the vacuum chambers etc., the sources, the detector and 

data handling system and finally the experimental procedure. 

Apparatus. 

In discussing the design of the apparatus three 

major points must be dealt with, the vacuum system itself, 

the internal location and alignment of components and finally 

the means by which the detector and the main beam may be 

rotated relative to each other. 

To reduce noise arising from spurious scattering 

it is desirable that the detector and each of the two 

sources be separately pumped. In order that the mean free 

path of beam particles be greater than the apparatus 

dimensions background pressures should be 10 6  torr or 

better. 

The correct alignment of components such as 

sources and slits etc. is of great importanthe in this type 

of work. Not only is it important that the apparatus may 

be aligned to start with it is a great help if on dismantling 

and subsequent reassembly as little as possible is disturbed. 

The main frame, on which the apparatus sits, consists of 

i" square mild steel tube are welded to form a bed 

10' x 3' x 26". The legs were provided with adjustable 

feet for levelling. Two flat and parallel mild steel bare 

were bolted along the length of the frame. These bare 

provided the datum to which all measurements were referenced. 
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An "Optical" bench on which the main-beam and cross-beam 

could be located was built up as follows: The bulkhead 

separating the detector and scattering chambers Fig. (3 9 2) 0  

was located perpendicular and square to the datum bars 

and bolted to them. The bulkhead closing the .nd of the 

vacuum aetom was similar in construction but was located 

In guide rails to allow some adjustment along tho length 

of the apparatus. Running between the two bulkheads were 

two 1" diameter stcinleas-steel bars, these were a tight 

fit in locating holes in each bulkhead. The bare there- 

fore provided a fixed bench on which the beam sources could 

be placedo each component was mounted on a special kinematic 

base plate which had two grooves machined in it, Pig. (3,3), 

these provided accurate location on the bars. The vacuum 

system can now be imagined as boing built round these 

fixed bars. 

The vacuum system divides conveniently into two 

parts, that containing the sources, and the detector chamber. 

The source chambers consisted of three Q.V.]?. P X 6 glass 

cross pieces separated by stainless-stool bulkheads Fig. (3 0 2). 

The cross peooa cat on dural pltee, adjustable for height 

and Inclination by means of corner acrewo. The components 

were held rigidly together by moans of clamping rings. 

Great care had to be taken on assembly, to ensure that no 

part of the system was under stress. All vacuum seals were 

made by means of 110" rings. 
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Vacuum Pumps and Cold Traps 

The main beam source chambers were pumped by 

Leybold DPL 150 oil diffusion pumps, these have a pumping 

speed of about 1000 litres/sec. The pumps were baffled 

by water cooled ring baffles, Leyboid 12772, and a liquid 

nitrogen cooled baffle, Leybold 12845. These precautions 

were taken to minimise the amount of hydrocarbon oil back—

streaming into the experimental chambers. The third 

chamber, the scattering chamber, was pumped by an N.R.C. VT-I 6 

oil diffusion pump having a pumping speed of approximately 

2000 litres/sec. This pump was baffled by an NRC Vii 6 

liquid nitrogen cooled baffle. The diffusion pumps were 

backed by three rotary,  pumps, two Leybold 812's and a D12, 

linked in parallel. Liquid nitrogen cooled cold traps 

were placed between the rotary and diffusion pumps. These 

served two purposes, they prevented any. volatile corrosive 

substances, such as iodine, from entering the rotary 

pumps also, in the event of a mains failure, they prevented 

rotary pump oil being sucked back into the diffusion pumps. 

Each chamber was also fitted with a liquid nitrogen 

cooled cold trap. These have a very high pumping speed 

for conderisibles. The cold traps were made from 1/16" 

copper sheet .brazed and voided in the form of a D. The 

traps had a capacity of about L litres and a consumption of 

around 1.5 L/hr under normal running conditions. 
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The backing pressure was measured at the exit 

of each diffusion pump by means of a Piirani gauge, the 

gauge was also connected to the vacuum interlock* 

Pressures in the oxperimental c larors wore iieasurod by 
r 

A..I. VH 9 ion-gauges mounted on the top tlngoe of 

each chaiixbore 

Normally the pressure in the booking line was 

around 50r and in experimental chambers 2 x 104m06 tox'x', 

Detector Chamber 

PhA ñ&c.tnr n hnmb ar tvnn ninda ftn /32' attin... 

lees stool sheet folded and are-welded to fozn a box 

6"  x 4' x 6. Connections wove made by means of 

conflat flanges welded to the basic box, Fig. (0) and 

Fig. (3,4). The chamber was pumped by moans of a 70 

litres/ceo ion-pump, this was used in preference to a 

baffled diffusion pump as when an electron impact detector 

Is uod the latter gives rise to a background noise duo to 

bsckatroaxning. It was also more convenient to fit an ion-

pump into the aparetus. The normal pressure in the 

detector chamber was 6 x 10' torr. The detector asceibly 

Itself hung dotvn into the chamber from the top, Fig. (30). 

In order that the detector could be rotated about the main 

beam thö detector and scattering chambers were connected by 

means of stainless steel bollois. Initially Varian pressure 

fol!ned seamed bellows wore used, it was found, however, that 

these had insufficient flexibility and were prone to leak 
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after a short period in use. These bellows were then 

replaced by edge welded bellows which were found to be 

vastly superior. 

In order that the detector chamber could be kept 

under vacuum when the root of the apparatus vms up to 

atmosphere a gate valve vas placed betveE n the dotetor 

chamber and the bellovo. The basis of the gate-valve 

vise a standard 8" flange. Half the centre portion was 

machined out and a " hole drilled to allow the beam to 

pass, a V t1 0 11  ring groove was cut concentric with this 

hole. A stainless steel plate sliding between rails was 

used as a seal, see Fig. (3,5).  The valve was operated 

by meanz of a " d1neter rod which passed through the 

side of the flange, a vacuum coal was cbtalned by means 

of an "0" ring. The region seen by the detector was 

limited by means of 0.030" slits mounted on the gate valve. 

Rotat ion of the detector. 

The detector chamber was bolted to a dural 

plate which was free to rotate on a lower fixed platform, 

the radius of rotation being fixed by ball-races. The 

arrangement Is shown in Fig. (3,6). Set into the plate 

and the platform vero two rectangular stool sections, 

those on the upper plate had radial V grooves machined 

In theta, the lower platform had one V locating groove and 

a U guide groove, the grooves being 34" and 20" radii 

respectively. All grooves wore hard cbrnium plated to 

reduce wear. Ball-bearings, " in diameter, wore located 
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in the grooves thus allowing the plate to rotate relative 

to the platform* An angular displacement of up to ± 10' 

about the mid-point was possible. The centre of rotation 

was approximately in the middle of the scattering chamber. 

The lower platform vas adjustable in height thus allowing 

the detector to scan out of the plane of the main beam. 

The detector aseembly was rotated by means of the 

screw arrangcnont shown in Pig. (3,6). On rotating the 

lead acrow the drive-block moves along its guide rails, 

the lower .part of the drivoblock is a tight eliding fit 

in the channel which is bolted to the plate carrying the 

detector. The plate is therefore forced to rotate on its 

ball races. The detector was prevented from moving 

forward when the scattering chanber was pumped down by a 

spring attached to the main frame of the apparattis. 

Iea8Jwement of detect or position. 

Two solutions were considered to the problem 

of finding the angular position of the detector; a 

direct angular measurement could be made on the platform 

or a linear measurement made on the drive mechanism. The 

latter method was chosen for its simplicity. Two choices 

were again open, to measure the rotation of the lead screw 

or the linear motion of the drive block... The first method 

was rejected because of the likelihood of errors arising 

from backlash and non-uniformity of the thread. 

The linear displacement of the drive block was 

measured with a "Teletrak" linear transducer. The transducer 

- 
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63. 

was mounted on a separato sub-fvao and its sonooz' coupled 

to the drive block with a magnet. This sz/otorn has many 

points to recawond it; both digital and B.C.])s outputs 

are Immediately obtained, the meaeurenont io absolute 

and is not therefore affected by tozorcrj pocior fciluro or 

an excessive rate of chano of position. Tho position can 

be ieasurod to high accuracy and viith high precision. 

The only likely source of error in the moasure.. 

mont of the scattering angle was if the contra of rotation 

of the detector and the scattering contra did not coincide. 

The magnitude of this error could be easily estimated. If 

L 

 

was the distance from scattering contra to detector, then 

at an angle 0 if the angular error is not to exceed 6 0 
the scattering centre must be located to better than 6 L 

where 

6L.= L 6 
sine 

Taking 0 = 50 bø 0.05 and 1. = 51 ems then 

bLt0.5crna 

This could be easily achieved. 

tnbeam source 

Introduction 

It has airOady been mentioned that prior to 

1965 the great majority of boe-M scattering studios had been 

in the thermal energy range, l.i o  less than 0.5 e.v* or 

the high energy, greater than 200 e.v. The only real 

exception was the experiment of Bull and Moon (BUt. 19514). 

In this work molecules of C C¼  wore accolerated by means 



of a rapidly revolving paddle wheel which produced bursts 

of molecules with energies around I eve The apparatus 

vas used to study the reaction 

Ca.COl—+ CsOl+C013  

but the results obtained were not conclusive and no further 

ok appears to have been dono. 

In the last decade various sources have been 

developed to bridge, in part at least, the energy gap. 

These fall into three broad groc, ion sources similar 

to those used at high energies, sputtering and nozzle sources. 

The different sources are discussed in detail by Anderson, 

Andrea and Penn (ADM, 66) and Penn (PEN 68). 

A useful sputtering source has been dQvelopod 

by Loo and coworkers (LOS 68). In this method a beam of 

high energy, 6 koV, argon ions are directod at a block of 

potassitun. Neutral potassium atoms with enerios in the 

range 0.5-45 e.v, are ejected, these are then collimated 

and mechanically velocity selected. Several experiments 

have been performed with this source (LOC 69A) but it does 

suffer frau several drawbacks; it is restricted as/to the 

beam materials, and the problems of constructing and 

imaintaining n mochanical velocity selector capable of 

operating at the required speeds are acute. 

Several types  of nozzle source, thich operate 

In different energy ranges, have now been developed; namely 

the binary mixture nozzle (ATM  66), the shccktube nozzle 

(SKI 61) and the are-heated nozzle (You 69). In the binary 

640 
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nozzle a mixture, consisting in a large part of a light 

driver gas and a small amount of heavy gas, is expanded 

through a nozzle, the energy of the heavy gas is increased 

by collisions with the faster light molecules. In the 

shock-tube nozzle gas is heated by means of a shock wave, 

which is restricted to a short pulse of material. In 

the arc-heated nozzle a combination of arc-heating and 

aerodynamic acceleration is used. 

The maximum beam energy which can be obtained 

is about 10 e.v., by the first two methods and 20 e.v* by 

the last. It is limited in the case of the binary mixture 

by the molecular weight of the working gas, in the case 

of shock wave heatitg by the shock strength and in the 

arc-heated nozzle by the materials of the nozzle. 

The "classic" technique of ionisation, 

acceleration and neutralisation has now been advanced so 

that beams having energies of less than 10 e.v. can be 

produced (CR0 70). It is worth examining the limitations 

of a source of this typo. 

The current which can be drawn from an ion 

source is limited by the mutual repulsion of the ions. 

It has been shown (VIAT 27) that the maximum current 

obtainable in a beam of charged particles of mass LI, energy 

V and convergence 6 is 

1max = 4.67 ii 	('9/2M) !WV 	m2 '6 

Unfortunately there exists another restriction such that 

not only is the maximum current that can be obtained Limited, 

but also it is not always possible to achieve this maximum. 
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It was shown by Simpson and iKuyatt (SIM 6314) that in order 

to attain the current densities for space charge saturation, 

in the presence of thermal effects at the emitter surface, 

one would have to exceed the space charge limitations 

imposed by the diode nature of the ion-gun. It was this 

restriction which defined the loer onorgj limit of previous 

work. To work outside these limits it in necessary to 

decouple the thermal energy and space charge effects by 

first accoleL'atinr the ions to a fairly high energy, several 

hundred volts, and then decelerating to their final low 

energy. Simpson and Kuyatt (SIM 63 B) dositned an electron 

gun using this multistage principle, this was later adapted 

by Haskell and Heinz (HAS 66) for use with low energy ions. 

The Source used in this work was of the ionisation/ 

neutralisation type incorporating a eiultistsgo lens system. 

The main bcam source falls naturally into three 

parts, the ioniser, the lens system and the neutraliser. 

The ioniser. 

There are two main methods by which ions may 

be formed; electron impact, either directly or in a 

discharge, and surface ionisation. The aavntagoa and 

disadvantages of the two methods are as follows. !lectron 

impact has a low efficioncy,_'10 4, some form of selector 

Is required to romove excited species and, In the case of 

molecules, frarente of the parent species. The method 

does, however, have the advantage of being applicable to 

all substances* Surface ionieEltion is highly efficient, 

j' 1OO, but is almost entirely restricted to the alkali metals. 



As there is a great wealth of experimental 

results on alkali metal systems at thermal energies it 

was decided to try to extend the data to higher energies. 

A surface ionieat ion source was therefore chosen for this 

work. 

It has been found that if atoms strike a hot 

filament, of work function V!, then the ratio of emergent 

ions n' to neutrals n is given approximately by 

= a exp(Ø-.W/kT) 

where 0 is the ionisation potential of the incident 

atoms. The variation of ion-current with temperature is 

shown ii Fig. (3,7) (HUS  63). It will be seen that above 

a critical temperature T0 , about 11000C, the ionisation 

efficiency is almost independent of temperature. 

In this work ions were produced by allowing 

alkali metal vapour to diffuse through hot porous tungsten. 

lonisers of this type have been extensively developed in 

America for use in space as rocket motors (KUS 65).  A 

simpler system in which alkali metal vapour is directed 

at a hot filament (DAT 68), (P,u 66), (ROT 68) was 

considered but not used. 
7-- 

 The ionisation potentials of the alkali metals 

are 

Li 5.14 e.v, 

Na 5.1 Oi,V, 

K 14.3 e.v. 

Rb 4.2 O.v. 

CS 3.9 e.v. 
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The work function of tungcten is approximately 

4.7 e.ve hence lithium could not be used in this ioniser 

and sodium with only limited efficiency. It would be 

possible to use these materials if rhenium, work-tunction 

5.2 e.ve was used instead of tungsten (H;I 68). 	To date 

the majority of tho viork has been with potassium. 

The Ioniser is shown in Fig. (3 0 8) 0  it consists 

of two parts, the alkali metal supply oven and the 

tungsten Ionisers The supply oven was made of stainless 

steel, the heaters consisted of 0.020" nicbrcme wire 

threaded through fused alumina tubes. The oven tempera-

ture was measured with a NiCr/NiAl thermo-couple. The 

oven was sealed by means of an annealed copper gasket. 

On the base of the oven were machined two 	' V grooves 

mutually at right angles. The oven sat on three, rounded 

tungsten pegs 1/16" in diameter, these engaged in the V 

grooves hence fixing the oven position. The oven and 

tungsten locating pins were insulated from earth. 

The ioniser section consisted of a uzolybdenum 

tube 3" x .25" X 0.030" on the end of which was welded a 

0.030 thick disc of porous tungsten, 75 dense. Initially 

it was attempted to electron-beam weld the tungsten disc 

to the molybdenum tube but this proved unsuccessful. The 

two parts were finally hell-arc welded and have given no 

trouble during several hundred hours of operation. The 

method of attaching the ioniser tube to the supply oven is 

shown in Fig. (3 9 9), when-the nut is tightened, the annealed 

copper ring distorts and grips the molybdenum tube; in order 

to avoid crushing the walls of the molybdenum tube a short 

length of thick walled stainless-steel tube was placed inside. 
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This system worked very well though if thermally cycled a 

leak was liable to develop. It has been already mentioned 

that the loniser operating temperature must be in the region 

of 1200 0C, the actual temperature is not important provided 

It exceeds the critical temperature T 0. Attaining this 

temperature proved quite a problem, the solution adopted 

was a high current radiation heater. 

The heater consisted of a 1! x i ll  x 0.060" 

molybdenum tube concentric with the ioniser s  the tube was 

slit for most of its length and then welded to two molyb-

denum plates (Pig. (3 9 10). The heater was then clamped, 

by means of the molybdenum plates, to heavy copper supports 

which carried the heater current. Power was taken to the 

copper supports by means of 5/16" copper pipes, these also 

carried cooling water. The heater carried a current of 

approximately 550 amps, the ioniser was then heated by 

radiation. In order to minimise heating of the surroundings 

the heater was enclosed in a radiation shield, this consisted 

of three concentric thin walled tubes I' ll  long, the inner, 

which had a diameter of 1", was made of molybdenum, the 

outer two tubes were 1*" and 1" in diameter and made of 

stainless steel. The radiation shield was itself surrounded 

by a water cooled copper shield. 

The ioniser has proved very reliable. 

The lens _svs tern. 

That charged particles could be focused by 

electrostatic fields was first recognised in 1931 by Davisson 

and Colbiok (DAy 31) and anextenaive development of electro- 
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optical devices has followed. 

The motion of a charged particle in an electric 

field is governed by the Lorentz equation. 

However no general solution in terms  of lens 

parameters is available. Lena characteristics are, therefore, 

usually determined experimentally or indirectly by a 

modelling procedure (KLE 53). It is difficult therefore 

to determine a priori the optimum values of the lens 

parameters. 

The lens system used in this work was based on 

that developed by Simpson and Iu.yatt (SIU 63B) and Haskell 

and Heinz (HAS 66), the lens is shown in Fig. (301). The 

extraction stage was a standard Sos immersion Ions the 

properties of which are known (SOA 1959). The grid 

and accelerating electrodes, which were made of molybdenum 

and stainless steel respectively, were mounted on alumina 

rods and secured with tungsten springs. The defining 

aperture was mounted on the bulkhead separating the first 

two chambers and was insulated from it with pyrophyllite. 

The deceleration stage was a two element lens the focal 

properties of which have been measured by Spangenberg and 

Field (SPA 143). The lens was mounted on a separate base-

plate in the second chamber. No provision was made to 

allow variation of the inter-stage distance from outside 

the vacuum system. This restriction means that the ion-

beam can not be truly optlmised but it was not thought to 

be a serious disadvantage. To reduce the effect of spurious 

surface charges the lens elements were coated with colloidal 

graphite before each run. Mounted on the same base-plate as 
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the lens were X, Y deflector platen, to correct any mis-

alignment of the ion beam, and a device for locating the 

ion-beam. This consisted of four 1/1 6 11  rode mounted 

mutually at right angles round the main beam axis, the 

ion-current at each rod could be measured with an electro-

meter hence the centre of the ion-beam could be found. 

Perf 

The performance of the lone sjc torn was difficult 

to estimate as there was no viny of doternining, experimentally, 

the focus of the lens or the ion-beam profile. The ion-

current passing through the charge-exchnnge chamber hen 

it contained no vapour was measured. The charge exchange 

chamber elite and the final ions element define a minimum 

value of the convergence angle 6 , using this it was possible 

to estimate the ion-current and compare with experiment, 

thia is ebon in Pig. (302). 

It will be coon that at higher energies the ion-

current is over estimated by a factor of about six. Hovievor 

in the circumstances the agreement was considered quite 

good. In similar vork Haskell and Uelnz. (Hs 66) found 

discrepancies up to a factor of about thIrty. 

Although the lens system appeared to function 

quite well it was considered worthwhile experimenting with 

different systems. It deceleration lens of the Lyndholm 

multi-element type is at present under contruetIon. This 

ions has been used with success In the production of ion 

beams (iOL 69) and is more flexible than the two element 

lens in use at present. It is hoped that the properties of 
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the lens will be calculable using the program developed by 

U.K.A.LA. Cuiham (AT 65). 

The Neutraliser 

After passing through the final lens the ions 

were neutralised by resonant charge transfer. 

+ 
Mp50t +&t —* M 	+ 

Past 

as the mass of the electron is 80 much smaller than that 

of the atom there is little momentum transfer and hence 

the fast neutral is little deviated from its path. A 

discussion of the subject will be found in the review by 

aasted (HAS 62)0 

The ions passed through a ehaiibez' containing 

potassium vapour; if the length of the chamber is I and 

the number density of the potassium vapour n then the 

fraction of ions neutralised Is given by the familiar 

Boer-Lambert law 

1/1 0  M exp-(n6l) 

where 6 is the charge transfer cross-section. In the case 

of potassium in the energy range considered 6-2002
2

(H 68). 

It is clear that a given attenuation may be 

achieved by varying n or 1 independently. On the grounds 

that the sooner the ions are neutralised the better to 

prevent spreading of the ion beam by mutual repulsion it 

would appear that 1 should be 	small as possible. On 

the other hand if the vapour pressure of potassium is 

increased then the background pressure of potassium in 

the system will also rise. This Is undesirable as ions 

may then be neutralised in the lens system before decelera-

tion. A compromise between these two conflicting 
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considerationo must be found. 

The charge exchange chamber is shown in Fig. (303) 

the neutralisat ion region is seven ems. longe Fimergent 

fast neutrals are collimated by means of slits to form a 

narrow ribbon 0.125' x 0.009'. 

The chamber was heated by meana of 0.020' 

n1chroiio vire threaded on fused alumina tubes, the 

temperature was measured by a Ni A14i Cr tharo-couple. 

Unneutralised ions leaving the charge oxchine chamber were 

deflected on to a collector plate, the ion current as 

measured by means of an electremeter* 

having fixed the length 1 it still remained to 

determine the optimum value of n. I., that which maximises 

the fast neutral flux. Clearly n may not be increased 

indefinitely as elastic scattering vould bocoo important. 

Following the argument o Holletein and Pauly,/ (P8U 66) 

the optimum value of n is ouch that 

n6l 	I 

In this case an operating temperature of 15006 was predicted. 

This was verified experimentally, the neutral flux being 

measured no a function of charge exchange chamber temperature 

Fig (3,14). 

Under certain circumstances, see next section *. it 

would be advantageous If the material of the resin bea-m and 

the charge exchange vapour were different. It was ôorLeidercd 

that if the ionisation potential of the two materials were 

similar then it should be possible to produce a fast neutral 

beam. 
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An attempt was made to produce a beam of caesium 

by charge exchange between caesium ions and potassium atone, 

the ionisation potentials of caesium and potassium are 3.9 e.v. 

and 4.3 respectively. Caesium was produced by heating an 

equimolecular mixture of caesium, chloride and sodium to 

about 2500C in the supply oven. Although oaesium ions were 

produced without any difficulty no fast neutrals were detected, 

It is possible that more success would be had with a 

xtbidium/potaesium mixture, the ionisation potential of 

rubidium is 11.2 e.v. 	This has not yet been tried. 

Oven Power Supplies 

The supply oven and charge exchange chambers were 

both supplied by 30 V 5A D.C. power units. The A.C. input 

to the power supplies was controlled by ether temperature 

control units, the oven temperatures being monitored with 

NiCr/NiA1 thermocouples. Initially the charge exchange 

chamber temperature was controlled by an Ether type 2006 

three term controller, this fed, in turn, a magnetic amplifier 

and a saturable reactor. Although great accuracy was claimed 

for this unit it never worked satisfactorily and was 

eventually replaced with the Ether type 991 which had 

controlled the supply oven. The 2006 was then put on the 

supply oven the temperature of which was not critical. 

Lens Power Suppies 

Two separate groups of power supplies were used, 

a high current supply for the lenses thernelves and a low 

current supply for the deflector plates. The lens voltages 

were supplied by three Keithley 240A 0-1200 volt supplies. 
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The low current supply consisted of two Kingehull power 

supplies, a 5300 20 volt supply and a M1 510 150 volt supply, 

these fed a resistor chain from which the various voltages 

could be tapped. Al]. supply lines were A.C. decoupled. 

The Detector. 

The detection system was based on an E.A.I. Quad 

250 quadrapole mass-spectrometer. The original electron 

impact ioniser was replaced by a surface Ioniser,, Fig. (305)e 

The ioniser consisted of a platinum/tungsten filament 

0.020" x 0.001". Ions produced at the filament were 

focused into the mass-spectrometer by means of a lens. 

Beam material missing the filament passed straight on into 

the ion-pump and hence could not contribute to background 

noise. Surface ionisation of fast neutrals is not as 

simple as the thermal case, as the ionisation efficiency 

depends not only on the surface temperature but also on 

the energy of the incident neutrals. Broa1y, speaking 

two types of behaviour may be identified, these depend 

on whether the filament temperature is greater than the 

critical temperature To, about 90000  in our case. Hulpke 

and Schlier have found that for temperatures greater than 

then the ionisation efficiency for potassium on platinuz' 

tungsten is nearly 1009 for energies up to 3 e.v. but falls 

off above this energy due to reflection (HIlL 67).  A 

detector has been designed (LOS 69B) vihich overcomes this 

problem but is not suitable for our application. This 

situation could be tolerated but for a further complication, 

namely that at temperatures greater than To thermal 

potassium effusing from the charge exchange chamber and 

filament impurities are ionised. This noise would swamp the 
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signal duo to the beam. The first effect could be avoided 

by using a material other than potaesiun in the charge 

exchange chamber, this was discussed in the previouo cocti. 

Little is known of the proocsses occurring ct tcor.tures 

below Tc. The lonloation efficiency opporxo to increase 

steeply with increasing incident energy :Pig. (306) 

(ROT 69) but .rooumobly roaches a plateau or maximum as 

reflection increases. In this work the filcaont current 

was aduz ted to a point just below that at which thermal 

potasciun was ionised. It tias not posiblo to macuro the 

filament temperature directly cc the defining slits were 

too small to allow accurate pyrometer readings. 

After facas selection in the qudrapolo the iouo 

were accelerated into an electron multiplier. The measured 

transmission of the lone and Quadrapolo was in the region 

of 8. Initially a fourteen otao copper/beryllium 

multiplier was used this had a gain Of about 106  when 

new. However after exposure to the atmosphere the gain 

fell drastically to around 1O. It was, hotcver, found 

possible to reotivate the multiplier by bakin at 350 0C 

in hydrogen at one atmosphere then in dry oxyaon under 

similar conditions for three hourso Piftor thie treatment 

the gain returned to its previous value and proved Quite 

satisfactory. However ci vacuum failure when the m.N.To 

was on deactivated the multiplier permanently. 

Ac a replacement it was decided to use a £ullord 

typo 419 EL channel electron multiplier, O.L.L3. (1VA 65). 

A 	is a omafl, about 2, coiled glass tube coated 

internally with a thin layer  of metallic load or vanadium 

0. 
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phosphate glass. A high potential, 2.5 Ky in our case, 

Is connected across the C.E.r. ,  the internal coating then 

functions as a continuous dynode. Ions, from the quadrapole, 

are accolerotedinto the 	on striking the surface 

secondary electrons are produced, the efficiency is 

about 505. Under the influence of the applied field they 

zigzag up the tube producing a cascade of electrons. 

Electron gains of better than 0 are possible, however 

nature being what it is C.E.'e have their drawbacks. 

The maximum incident flux which can be measured is limited 

by the nature of the surface coating. In any multiplier 

the current which can be drawn must be less than about 1 

of the current flowing in the dynode resistance chain. 

If too large a current flows, corresponding to an excess 

flux, then the effect is to reduce the size of the output 

pulse, if this falls below the detection threshold then 

the multiplier is said to be saturated, In a conventional 

multiplier the resistor chain current is in the region of 

a milliamp, hence there is no real restriction on the 

incident flux. A C.E.LJJ, on the other hand has a resistance 

of about 5 x 10 it, and hence draws about 0.5 p.o.. If we 

assume an siuplifier input capacitance of around.40 PP 

and a minimum detectable output pulse of 100 my then the 

equivalent threshold is 2.5 x 10 electrons. If we 

restrict the average pulse current to 2 of the wall 

current then the multiplier will saturate at an incident 

flux of about 2 x 10 ions/sec. In practice the C.LLI10 

was found to saturate at 9 x 10 ions/sec. The multiplier 

background noise at this equivalent threshold was about 2 
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puos/eac. If zuired the mcztjmu count rate for saturation 

could be incroaeed by raloizig the 1.LTo up to a rnazirnum of 

3.5 Ky but this is accompeniod by 'o disproportionate increase 

in background noice. The output from tho C.1T. is fed, via 

a protection circuit, to an ainpU fier. The cmpUfior used 

was a HewlottPacknrd 4624k on 40 db gain, an attempt was 

made to place a 0 db ioithley 111 high impedance puled  

crplifior between the C. . Li. end the 462i but this wan 

unsuccessful duo to £.?. pickup from the quadrapoloo Pulses 

from the 4621k were colcctod using a variable thros}ioldd.is-

criminetor (CO;J 66). The diserim2.natdr gave 4 volt pulses 

about 20 nanosocodz long, these were split in an impedance 

matching nottork and tad to the inputs of a Chronetics 

1anocounter 100. 

Pozformanc a of man.ssbem a ource. 

It was not posriblo to make a direct calculation 

Of the neutral beam flux as neither the ion-beam geometry 

nor the detector ionisation efficiency wore known. At beet 

only crude ostimetoo , of expected intensity could be made, 

a better idea of the source porfoxnanco could be obtained by 

comparison with other similar sources. 

The main beam flux, so measured at the electron 

multiplier, is shown versus beam energy in Fig. (3,17). 

In order to obtain the actual flux at the detootor the 

following must be known; the detector Ionisation efficiency, 

the quadrapolo transmission and the multiplier efficiency, 

none of those quantities vex's accurately known. 
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At 100 e.v. the measured beam flux was 7.5 x  104 	
1 

 

particles/sec, taking the detector and multiplier efficiencies 

as 5() and the quadrepole transmission of 83 then the flux 

at the detector was about 3.8 x 10  particles/see. The 

angular area of the detector was 2.8 x 	etr which 

gives a flux of 1.4 x 10 12 particles/str/aeco This onpare 

with about 1013 particles/otr/sec obtained by Pauly (PAU 66). 

Tho measured ion'-current at 100 o.v. was 8.8 x 10A, 

if 60 neutralisation is assumed then a maximum neutral 

flux Of 3.3 x 109  particlec/seo is predicted. This implies 

that the beam divergence was about j0•  At 60 e.vo the flux 

at the detector was 7.8 x 1011  particlos/etr/seo, this 

compares with Pauly's value of about 8 z 10 12  particloo/str/sec. 

The beam divergence was again about 1 0. 

The figures are encouraging in that they show 

that improvements can ctill be made in the system.  The two 

main points of attack are clear, to improve the overall 

detection efficiency and to decrease the beam divergence. 

The problem of the detector may easily be solved by removing 

the quadrapole, this should increase the measured signal by 

a factor of ten or more. Clearly such action will Introduce 

a source of noise into the system, in the procont arrange-

ment this should not be a problem, any noise arising being 

second order of smallness. If differential cross-sections 

are to be measured at energies loss than about 50 e.v. then 

the detector must be modified. The solution to the problem 

of beam divergence In not so clear; energy resolution may 

have to be sacrificed and the length of the charge exchange 

chamber decreased. 
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2.ross-Bo am  

Source 

The croos-bean wab directed verticcily downvarda 

in order that, after intersecting the main beam, it passed 

directly into thodiffusion pump hence maximeing pumping. 

The cross-beam source is shown in Pig. (3,18), it 
conistod of two separately heated xnonel ch6rr2ers. It was 

Intended that the source be used initially rov,  producing 

beams of Iodine molecules or atna, the iodine otoa to be 

forod by thermal dissociation. The theriial din' icociation 

of iodine molecule is treated in detail in the Ph.D. Thesis 

"Theoretical and xporitnenta1 Studies of Atc*nic and Loloculor 

Scattering" by D.S o  Rome (cLtnbux'h, 69) and only the results 

will be quoted hero. The percentage dissociation of iodine 

as a function of teiiperaturo, at vaHcus prQoourco, is 

shon in Fig. (3919). It was intended to run the dissociation 

ohcther at about 5000C to give around 95, dissociation, 

however overheating of the oouxo prevented this and to 

date beams of iodine molecules only have boon produced. It 

is hoped that the introduction of water cooling will over 

coiie the problem. The source can, of course, be used for 

a variety of other substance provided source temperatures 

in excess of about LOO °C are not required. 

The choice of materials for the source slit was 

restricted by the prlem o corrosion, l.cdjnrz oill attack 

oven stainless steel. It is well knori that a iulti-channel 

array gives a higher intencity than a single alit of  the  
esmo dimensions (ID 66), hoover such arrays, Zacharias foil 
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etc* are normally formed from nickel which is badly attacked 

by iodine. 

The solution found to this problem was to use a 

glass capillary array. This material, "Prrnionioc", was 

0.25 ans thick, had pores 50 in diameter and was about 

704 transparent. A section of the material O.f ama z 0.2 

one was araldited" in $ channel machined in the source, 

the beam was defined by means of cold elite 0.( ama x 0.05 

cz. 

Mount 

The cross-bean mount is shown in Pig. (3,20). 

The upper plate, which carried the source eta., was 

supported by four stainless steel pillars mounted on the 

base plate. The source was located on three rounded 

tungsten pins. Thu beiiu -as modulated (see next section) 

by a sixteen slot uic uriven tj E. 	 ...../ .UtOZ' 

which was moimteu on the upper plate. In order to prevent 

the main beam i3eeing" the chopper disc the disc was 

enclosed by a copper sheet. Also mounted on the upper 

Plate were two 9 way electrical connectors and a light 

bulb which formed part of the modulation system. On the 

base plate was attached a photo-call and main-boom 

collimating slits. 

The intensity obtained fra a long narrow channel 

has been studied by Giordmaine and Sang (olo 60), foUoing 

their results an intensity of 3.3 z 10 atcme/atr was 

calculated for an iodine vapour pressure of 5 torr. It. 

93. 
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Oz'os s-be am Mount. 
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was not Possible to measure the cross-beam flux directly, 

it could be inferred, however, from the attenuation of 

the main beem. 

Assuming a total cross-section of 20 A 2  and a 

ccatterinf' region 0.4 cm long the main beam QttonuOtion 

wa calculoted to be 2.9 9  this cpz'ed vith a metsured 

.value of around 2. 5. It would clearly be cri &vntce 

If the attenuation could be increased, th.tc vicc not 

pociblo with the present eotwce, in fact c nozzle source 

would bo required. 

Expected Sonttercd Flux 

The ecttered flux at an cnglo 0 ij given by 

I (e)) 	NNxV6 6(0) V g h 
VmVxl' 

where 

Nm = main-be am flux 

Nx 	crossbeam flux 

V6 = scattering volume 

VM = main-beam velocity 

vx  = croac-bom velocity 

Vr = relative velocity 

r/o  = detector sidth 

he = detector height 

6(0) = diforentjc1 cro-section 

1 	= dtcnco fri detector to scattering centre 

No 	Vr >> %Tx 

and 

6 (0) W0h 
V lie 



Taking 

iofl'  atoms cm 2 sec  -1 

Nm J2x 107 atoms  cm-2  see -.1 

Vm j-  2 x 106 ems seo 1  

j 1.7 x 10 ems 

h0  =0.5cms 

= 0.05 cnia 

1 =58cm 

x(e) 10 x 6 (0) particles/bee 

Using the calculated values of 6 (0) a scattered flux of 

the order of 10)-10 particles/sec was predicted which was 

in fair accord with experiment. 

Power Supj,liea 

The cross-beam source heater was supplied by a 

20 v 5k D.C. power unit and the dissociation chamber heater 

by a 30 V WA D.C. power unit. TheA.C. power to each unit 

was controlled by an Ether, typo  991 temperature controller. 

Temperatures were measured using NiCr/NIA1 thermocouples. 

The chopper motor was supplied by an 8 volts 2 phase 50 liz 

A.C. power unit, a starting voltageof 14 volts was also 

available. 

Moduct ion. 

The experiment in which the measured signal 

corresponds to the scattered flux alone is realised in 

experimentalists dreams only. In practice the signal, at 

any angle, is made up of a number of contributions. Those 



are - 

1e iain-beia citazio scattered by the cross-beam 

IJain-beam atone acattorcd by the background gas 

At email anlee the main beam ing& 

Z. 11oico from the ion-pump  

5* Boise in the detection electronics I.. ciultiplior 

dark cur'rönt. 

If the noise, I.. contributionc 20,Li ond 5, 

ac constant then the true ecattorod oinel, contribution 1, 

could be easily found by o,itching the cross-beam off and 

on with a beam flag. Hoover none of these quantities is 

constant viith time, some are slowly varying some rapidly. 

Consider first the contributions from the ion.. 

puzp and detector olectronico, thece are occontially 

random in nature and present no real problem. In fact it 

t-I&O 	 uhen collecting data to turn tho Ion-pump off 

hence removing a major source of noice* iioro important is 

the contribution duo to scattering from the background gas, 

this will fluctuato due to unoveneas in the pumping of 

the diffusion pumo, The effect of those fluctuations may 

bo roducod by modulating the cross-bean. 

The theory behind the mdu1ation tccmiquo has 

recently boon reviewed (FON 6) and cJll not be gone Into 

here. Suffice to say that the vacuum, system may be treated 

in a rnanner anasouo to an 2C electrical filter handling 

voltage fluctuations. Associated pith the vacuan system 
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there is a pressure time constant' given by 

-.• nv/S 

Where V Is the system volume and S the pump1w epee(. 

It can be shown that an improvement in the signal:noise 

ratio -  is obtained If 

':c•> j/-11 

where v is the cross-beam modulation frequency. In our 

case the volume of the cross-.bearn chamber was eighteen 

litres while the pumping speed was 1000 118 hence 

= 18 •ifls 

The time constants of the source and detector chambers are 

30 ma and 100 me respectively. The modulation frequency 

used was 266.7 Uz.' 

perime nt'al arngement 

The cross-beam was chopped by means of a rotating 

disc,, this has been described in the section dealing with 

the. orosa'beam source. A reference signal was taken from 

the disc by means of a lamp and photocell, this was 

arranged so that the reference pulse and the pulse leaving 

the cross-beam were in phase. The photocell used was an 

t. 8.?. 6 silicon photodiodé, this was arranged in the input 

of a Schmitt trigger Pig. (3 9 21). The Schmitt was somewhat 

unusual in that both its trigger point and hysteresis were 

adjustable. The smallest possible value of hysteresis, 

a few millivolts, was used an order to reduce jitter in 

the pick off point.' After the cross-beam is turned on 

0 
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there is a delay of around 100
Vj- 

s #  corresponding to flight 

times in the apparatus, before a signal appears at the 

detector. The duration of the signal is 2.2 me there 

then follows a noise period of 1.6 me when the crose—beesi  

Is shut off. The situation lo suiarised in Fig. (3,22). 

The two counters are arranged so that one counts during 

the signal on period only and the other during the 

signal off period. 

The opening and closing of the counters is 

controlled by delay lines fed from the crniitt, these 

are shown in Fig. (3.23). Ecøb delay line consists of 

two Aim PD 103 pulse width/delay unite and an Mm PPL'\ 1014 

pulse amplifier. The soauonco of operation is boot inferred 

from the diagrn, in outline it is as follows. The output 

pulo from the 3ohmttt is connected to the input of the 

first PD 103 of the signal line, I.Z. the delay line 

which opens the counter during the signal on period. The 

pulse on emerging from the PI'A 104 amplifier hac an *mplitude 

swinging from .1 to ..1 'volts sot by the amplifier, a width 

1-I1 of I me set by the second PD 103 In the line and Is 

delayed with respect to the input pu.ls& by on amount Dl 0.6 me 

sat by the first PiD 103.  The output pulse to connected to 

the Inhibit line of one of the counters o  The counter is 

turned on by +1 volts and off by ..1 volts. A similar 

seuonco occurs in the other delay line except that for 

reasons of e%abiiity, it is fed not from the schmitt but 

from the output of the first ?WD 103 in the sina1 line, 

The delay D2 woo 1.8 me hence the total delay of the noise 

line was 2.4 ms, 1. 1134 Dl + D2, the width W2 was I mc. 
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Schmitt Trigger. 
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Having started this sequence off it is necessary 

to stop it when sufficient data has been collected, this 

was achieved using a Wateeta 500 series batching counter. 

The Wateata counts the modulation pulses, at the output of 

the last PPA 103 in the noise line, when a preset number 

is reached the counters are closed by biasing the inhibit 

lines negative. No further data can be recorded until the 

Watesta reaches another preset number at which it reacts 

itself and opens the counters again. During the time in 

which the counters are closed the data accumulated is 

recorded either manually or on paper tape, the counters 

then being reset to zero. 

If the signal is S Hz and the noise N Hz and 

the counters were open for h modulation periods, then the 

numbers recorded on the two counters will be r (S.N) and 

zW2 N. In order, therefore, to obtain the scattered signal 

S it would be necessary to know WI and W2, although they 
Pt. 

are nomiall.y equal they may differ by several percent. In 

order to obtain the true signal Sit is therefore necessary 

to switch the widths WI and W2 between the two delay lines, 

it is of course necessary to switch the input to the batching 

counter at the same time. Switching occurred at the and of 

each batch of if modulation cycles. The numbers recorded on 

the counters in two successive batches will be 

nwI(S+N) 	nW2 N 

nWI N 	nW2(3+N) 

Hence one may easily obtain 

n(W1+w2). 8 
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In order to check the counting system for any 

possible systematic error the background signal from the 

Ion-pump was used as a source of random noise. About 

six hundred observations were taken and the mean of the 

difference between consecutive observations calculated, 

this should be zero. For a total of 636 observations 

each of 1000 modulation cycles the mean count per obser-

vation was 118.5 and the mean difference between 

consecutive observations was 0.98 with a standard 

deviation of 0.66. This may be interpreted by saying 

that at the 95 confidence level there is no systematic 

bias greater than about., 0.8. 

Recording of data. 

The amount of data obtained during a scattering 

experiment may be enormous. It is necessary to have a 

system capable or handling this data if the-potential of 

the numerical output is to be realised in full. At any 

one angle the scattered signal and its variance is 

required. The order of ten observations at up to a 

hundred angles must therefore be made. This is clearly 

not practicable by hand. 

The ideal solution to the problem of data 

handling would be an on line computer, this would provide 

Immediate feed-back to the operator and hence the 

experimental conditions could be optimised. This ideal 

has not yet been realised. 

In the data handling system used, numbers fran 

the counters and the angle encoder were punched on paper 
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tape which was later analysed  by computer. The hub of the 

3ystem was the interface unit, this interrogated the 

counters and angle encoder and operated the tape punch. 

The operation of the system will be briefly described. 

Numbers recorded by the counters appeared on 

7 x 4 B.C.D. lines, in addition there were 4 identifier 

lines, the angle (or rather a linear measurement related 

to the, angle) appeared on 4 x 6 B.C.]). lines. In addition 

there were three manual flag lines and a line indicating 

the state of the width switching unit. There were 

therefore a total of 84 B.C.D. lines, these were punched 

on eleven lines of eight hole tape. This system is 

therefore very efficient giving two decimal digits per 

line of paper tape. The punching sequence was as follows: 

At the end of a counting period the Wateota batching 

counter sent a pulse to the interface unit which then 

selected eight B.C.]) o  lines, punched them to tape and 

advanced the tape, another eight B.C.]), lines were then 

selected and punched, this occurred eleven times making a 

total of eighty-eight characters. The four extra char-

actors were used as check digits by repeating previous 

characters. The punching rate, controlled by an internal 

oscillator, was 30 tape lines/sec. hence the total time 

taken to punch eightyeight characters was less than half 

a second. At the end of a punching sequence the interface 

reset-the counters to zero. 

If required the frequency of the internal 

oscillator could be raised, this would allow a much higher 

sampling rate. 
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Apparatus Resolution 

If the apparatus were ideal then the observed 

scattering pattern would have the form predicted above, see 

Fig. (3025).  In the case of a real apparatus what is 

observed is the "ideal" scattering pattern convoluted 

With the apparatus constants. 

The following must be taken into account in a 

"real" apparatus: 

Finite main-beam size 

Finite cross-beam size 

energy distribution in main beam 

Cross-beam energy distribution 

(a) Finite detector size. 

In this case the energy of the cross-beam, about 

0.1 e.v., was unimportant hence contribution d could be 

neglected. The main-beam energy spread was about 0.25 e.ve 

and hence was unimportant. It' has been shown (covi 68) that 

b is iinimpor'tant in the case of small angle scattering. 

It was decided therefore to average the "ideal" scattered 

signal over the detector and main beam only. og special 

interest was the effect of finite detector height on the 

*ngular resolution at small angles, for 0 - h,1, where 

h is the detector height and 1 the distance frn the 

scattering centre. 

It was considered that this part or the work was 

particularly important as much of the early high energy 

beam work has been found to be invalid duo to neglect of 
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apparatus averaging. 

The observed scattered flux at an angle 0 ma 

be written as 	
i. 'a 

1'(Ø) 	 y, z 
O 0.c),S  

Clearly the problem falls into two parts, averaging over 

the main-beam and averaging over the detector. 

Averaging over main beam. 

The coordinate system used is shown in Fig. (3,24). 

The scattered intensity at a height Z and angle 0 is 

-  F,  (,~. Y) CLOT OLY 
where Ii and '6 are the heights and angular width of the 

main beam. Fran the figure 

X 	 - &2Z co-,> C< 

but 	aCAa 
)< 

and 

	

&0) 
	 at 

hence 	
F ( 	i ( 	P&*") 

where I (at) is the "ideal" intensity at an angle O( and 

P ('P) the main beam profile. 

I( z) was obtained from the previously calculated 

1(0), the main beam profile being taken as trapezoidal. The 

values of Z chosen were the dbscissaZi of a seven point Gauss 

çuadrature. 
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Fig. (3,2ti.) 

Apparatus Averaging Coordinates. 



109 

iveragjng over detector. 

The measured intensity at an angle 0 may be 

written as 	 i, 

S 
O - d 

where h1  is the detector height and d 0 is the detector 

angular half—width, d 0 = tn 1  (0121) where i Ic the 

detector width. The integral was evaluated using Slmpsons 

rule over 5 and a seven point Gauss quadrature over Z. 

The values taken for the apparatus parameters were h' = 

= 0.31" 9  W = 0.020" 1 = 2297", 6 = 0.12 

General Predictions 

In order to assess the importance of the various 

apparatus parameters the apparatus averaged scattering pattern 

was calculated using different values of the detector height. 

The potential used was the Lennard-Jones 12.u6 with e = 1.Op.erg 

and ft = 3.OR, the Ideal scattered intensity is shown in 

Pig. (3,25). The rainbow angle is seen to be 0.65 with 
secondary bows at 0350  and 0.15 9  superimposed on the bows 

are much faster oscillations having a separation of about 

0.0500 The apparatus averaged soatterin pattern, calculated 

using the above valu'oo of the apparatus parameters, is 

shown In Pig. (3 926) It will be seen that although the 

primary and secondary bows are still visible the short 

wavelength oscillations have been smeared out. The apparatus 

resolution was therefore better than 0.20 for angles greater 

than about 0.10.  It was considered that an apparatus 

resolution of this magnitude would be adequate as a knowledge 
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of the rainbow structure is sufficient for most purposes, 

moreover an improvement in the resolution can only be 

gained at the expense of signal. 

In order to separate the effects of the various 

apparatus parameters the averaged scattered intensity was 

calculated using the following values of apparatus parameters 

h 0.31 0 0  h1  = 0.31k', W = 00001" 9  6 = 0.001 and h = 0.001", 

= 0.001 0  W = 0.020", 6 = 0.12. The results are 

shown in Pig. (3627) and (Pig. 3.28). It will be aeei 

that in neither case is there any real improvement in 

resolution, it is therefore clear that an increased resolution, 

if required, can be achieved only by reducing both the 

width and height of the detector and main-beam. The 

resulting decrease In signal does not recommend such action. 

Experimental Procedure. 

It is of critical importance in any scattering 

experiment that the components are correctly aligned. The 

maintenance of alignment, once set, was facilitated by the 

optical bench arrangement; components, once aligned, could 

be removed from the system without the alignment being lost. 

First the. components of the main beam source were 

aligned, lenses, charge-exchange chamber etc., so that the 

main beam axis coincided with the centre of the detector. 

A section of base plate with a pin driven into it was used 

as an alignment Jig Vig (3.3). The point of the pin lay on 

the beam axis and was used to align a telescope, permanently 
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mounted on one end of the apparatus, along the beam axis. 

Alignment of the cross-beam was a more difficult 

problem, as it pointed downwards the slits could not be 

viewed directly. Alignment was carried out, therefore, on 

a flat table using an engineers height gauge. 

Pe liminpz'y Procedures. 

Having ensured the correct alignment of components 

the cross beam was loaded and placed in position, electrical 

connections were made and the system checked. The main 

beam supply oven and charge exchange chamber were loaded 

with glass phiala of distilled potassium which were 

crushed on sealing the chambers. The source and charge 

exchange Chamber were placed in position, electrical 

connections made and the system checked. 

The system was roughed down to 0.2 torr, the 

backing line traps filled with liquid nitrogen and the 

diffusion pumps started. When the pumps were boiling the. 
1 

oryo-baffee were filled with liquid nitrogen, the levels 

being thereafter maintained automatically. The apparatus 

was then generally left to pump overnight. When the 

pressure had fallen to about 10 torr the ion-source 

cooling water was turned on and the cold traps filled with 

liquid nitrogen. The charge exchange chamber, source oven 

and ioniser heater were then slowly warmed, the source and 

ionlser being brought to operating temperature first. The 

Ion been was located and steered through the charge exchange 

chamber using the deflector plates, the ion current was then 

maximised by adjusting the grid and acceleration voltages. 

The charge exchange chamber was then brought to Its operating 
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temperature and the main beam flux at the detector maximised 

by adjusting the deflector, grid and accelerator voltages. 

A preliminary angle scan was then made to determine the 

main-beam profile. The cross-beam was brought up to opera-

ting temperature and the apparatus allowed to stabilise. 

Data Collection 

At the start of a sweep the detector was positioned 

Just to one side of the main-beam, a start of sweep code was 

set up on the interface manual flags and counting begun. 

After the first counting period the manual flag was changed 

to the normal run code. After about twenty counting periods 

the detector position was changed by about O.OJi °. The 

detector was swung through the main beam and one to two 

degrees from it. As the detector was moved further from 

the main beam the time spent at each angle was increased. 

When it appeared that sufficient data had been collected 

the end of sweep code was punched and counting stopped. 

Each sweep took about 1J hours and about a dozen sweeps were 

taken in any one run. 

Preliminary data reduction. 

Details such as collision partnors, main beam energy 

etc* were added to each data tape and the tapes reed to 

magnetic tape prior to analysis. 

The analysis program first reconstructed the decimal 

data, the format of each sentence is shown in Pig. (3,29). 

The program searched the data until the start code was located, 

It then continued until the sentence end code was found, the 

sentence was then checked to see if it had the correct format, 

if not it was rejected. The sentence, if accepted, was stored 
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Tape Characters Tape Characters 
5-8. 

Start Code $caler 'At' 10  

Scaler "A" 101  Scaler "A" 10 2  

Scaler ' i A" 103 Scaler "A" 10 

Scaler 1'A" 10 Scaler 106 

Flags Angle 10 103  

Angle Angle 10 

Angle 10 0  Scaler "B" 100 

Scaler "B" 101 Scaler "Be' io2 

Scaler "B" 103 Scaler "B" 10 

Scaler "B" ID5  )caler 106 

Check digits &d Code 

Pig. (3,29) 

Sentence Format. 
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and the next sentence located, thic procedure continued 

until the angle was found to have changed, all the data 

taken at one angle were then processed. The mean and 

standard deviations of the scattered signal were 

calculated, any observations differing by more then two 

standard deviations from the mean were rejected and the 
\ 

mean and standard deviation recalculated. This procedure 

removed the effect of any burst noise. The procedure 

was continued until the end of sweep code was identified, 

a summary of the data was printed and also stored on 

disc for subsequent analysis. 

Ana.sis of data 

The method of analysis used was similar to 

that described by Cowley (Cow 69b) and borne (HOR 69) 

which was based on the method of Morrison (MOR 63), 
deconvolution using the main beam profile was not 

included however. 

Data, previously reduced by the method outlined 

above, were read from magnetic tape and then filtered 

using Morrison method. In this method a smoothing 

function f, in our case f was the main beam profile, is 

applied, I.E. 

(e)) * r 

the iterated values being constrained to lie within tour 

standard deviations of the observed intensity. This has the 

effect of removing attenuation, I.E., apparently negative 
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scattered intensity at small angles, and noise incompatable 

with the transform f. 

Time of flight 

The importance of energy transfer studies to 

reaction kinetics, gaseous transport properties etc* has 

already been mentioned. A method of finding the translational 

energy lost, or gained, by a particle during a collision is 

to measure its time of flight over a known distance. 

Although experiments of this kind were not dono during the 

course of this work, the apparatus and experimental procedures 

have been developed to the point where such an experiment 

would be fea&ible. It is worthwhile, therefore, going 

Into the possibilities and difficulties of such on experiment. 

The collision partners of immediate interest were ic/i2. 

Neglecting electron excitation there are two inelastic 

channels of interest. 

Ks12 —" K+1 	 (1) 

xi+i 	 (2) 

The arrival spectrum resulting from these processes 

was calculated. It was assumed that in process (1) the 

Potassium loot a maximum of 1.5 e.v. (the iodine bond strength) 

to vibrational excitation, in process (2) it was assumed that 

about 75 or the reaction exothormicity wont into vibrational 

excitation of iU. To make these calculetiono meaningful 

account must be taken of the initial energy distribution of 

the potassium, this was assumed to be iaxtellian with a 



120. 

temperature corresponding to that of the ion emitter (this 

is discussed in the next section) The arrival spectrum 

for a range of initial energies is shown in Fig. (300). 

It will be seen that to detect process (1) a time resolution 

of 0.5p.Sor better is required. This appears to be within 

the bounds of possibility but requires further study* 

A point of encouragement is that provided the arrival 

spectrum can be measured accurately it is possible to 

dcc onvoluto it to remove the effect of the initial energy 

spread the form of which is known. The detection of any 

slower KI should present no problems. 

Exporime ntal Arrangement 

In essence the technique Is quite simple, the 

main beam is modulated to form short, - lj&s.pulsesi A 

short time later the detector is enabled for about 

and the signal noted. By varying the delay between the 

start of the main beam pulse and enabling the detector 

the arrival spectrum may be mapped. However the remarks 

made in the section dealing with cross-beam modulation 

still hold hence the time of flight procedure must be 

tied in with it. A block diagram of the cross-beam 

modulation and time of flight electronics is shown in 

Fig. (3 9 23). The relationship to the original system can 

be easily seen, the only additions are a clock generator 

and delay line., and two AND gates. An attempt vill be 

made to describe the operation of the system. Modulation 

pulses are provided by an AIM C.G.U. 102 clock generator, 

these are fed to two lines, one to modulate the main beam 

and one to open the counters. The width of the beam 
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modulation pulse is set using an AlLd PTI) 103 and the 

levels using an AIL P214 104, the pulse 18 then applied 

to the ion-beam deflector plates, 'the pulse levels set 

such that when the pulse is £VQI  the ion-beam is on. 

The counter control pulse is delayed  by two PD 103's 

and then paralleled to one input of each AN) gate. The 

other inputs of the AND gates are connected to the outputs 

of the modulation lines final P?D 103's, and the AiD gate 

outputs fed into the modulation line ?2d4 104's- The 

relationships between the various pulses is shown in 

Fig. (3,31). The remainder of the data handling system 

is unchanged. 

In order to check the system the flight time of 

potassium, without a collision partner, vas measured. The 

results are shown in Pig. (3932). 14 large discrepancy 

as found between the measured and calculated flight 

times, about 141A. s. This has, however, been accounted for 

in the flight time of ions in the quadrapolo, this was 

found to be 
149r8' 

More data are required in order to calibrate 

the apparatus. This is necessary as the actual beam energy 

dose not correspond exactly to the set voltage due to 

contact potentials. It is thought that this effect will 

give rise to an error of less than I e.v* and hence i.e 

unimportant in elastic scattering studies except at low 

energies. 14 restriction of the present systm is the 

time taken to collect date. This could be improved upon 

by replacing the counters with a fast ultichanrel analyser 

or an on-line computer* such systems have not yet been 

tried. 
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Min Beam Energ Spread, 

It has been already mentioned that the expected 

energy spread would be £Iaxwollian with a temperature 

corresponding to that of the ion-emitter. Such behaviour 

has been observed in a similar type of ion-emitter. An 

attempt was made to measure the energy spread of the 

neutral basin by time of flight. This was partially 

successful. 

The number of particles having a velocity in the 

range v-* v+ dv is 

N( v) = 	eXp 	 dv 

where o( = / (2kT/m), the most probable velocity. If 

this velocity distribution is superimposed on a velocity 

V then similarly 

i(V + v) = nv 2 	exp (-v 2/0) 

If the distance from source to detector is d, then the 

flight time t is 

t = d/V+v 

anddv = -ddt 

The number of particles arriving between times t - t + dt 

Is therefore 

N( t) 	 (d.i.Vt )2 exp( -( d-Vt) 	dt lix 	

t4 

This is the distribution which would arise it the initial 

Pulse was a & function. In practice, however, it has a 

finite longth say the initial pulse is described by the 
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function 1(t), then the arrival spectrum is given by 

	

00 	 aL 

= C 	Ib') CL ( d...VLb-b'))•
'c 

 

	

• 	(t-.')' 	1'i (b_.1 )a 9(t  

where C is a constant. 

If the initial pulse is rectangular and of length t o  then 
be 	 a 

	

= c 	 ( (/XcLxd 

there X = t..t1  

It is also important.to  take into account 

the finite time "aperture" of the detector, If the detector 

Is open for a time t g then the measured arrival spectrum 

is given by 

IlLb') 
= b 

Arrival spectra wore calculated using the above expression, 

and compared with experimental results Pig. (3 9 32). It 

will be seen that a general agreement exists but firm 

conclusions can not be drawn because of the poor quality 

of the data. 

In conclusion it may be said that although 

some development is still required,, the possibility of 

studying inelastic processes by time of flight techniques 

exists. 



CHAPTER IV 

'RESULTS AND DISCUSSION 
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Preliminary data wore obtained for the systems 

K/hg and ic/12. Although the data must be regarded as 

exploratory only and the conclusions reached tentative 

the main features of the apparatus design and experimental 

procedures proved sound and gave encouragement to future 

vi ork. 

ir 

The system K/hg has been the subj cot of many 

collision studies and the potential is now, well known for 

part of its range at least. It was considered therefore 

that it would provide a good test of the apparatus and 

experimental procedures. 

Reliable data wore obtained for 100 e.v. only. 

Data obtained at 60 o.v. and 80 e.v. were unreliable 

because of main beam fluctuations occurring at these 

energies. In all five angulor sweeps were taken at 100 e.v., 

a typical  sweep is ahorn in Pig. (49 1), the intensity is  

multiplied by fio k3 to remove the steep angulor dependence. 

The average of the five smoothed swoops is shown in 

Pig. (49 2). The main features are a maximum at about 0.08 0  

the intensity there after increasing approximately linearly 

with angle. At anglos greater then about 1.0 there is come 

evidence of oscillatory structure though the data can not 

be taken as reliable in this region. Any assumed model 

for the potential must account for these features and also 

should be compatible with previous work. 
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The K/Hg system has been previously studied at 

thermal energies, for a biblicgraphy see the article by 

Bernstein and Rackerman (54R 67) and at euporthox'mal 

onergica (PAU 70). The presently accepted model for the 

K/Hg potential is a I1ennard-.Joneo n.6 with rm  = 4.8 Re 

C = 0.087 picoergo and ri about 8. Using the methods 

outlined in Chapter II the differential cross-sections 

were calculated and averaged over the apparatus paramo tore, 

Fig. (40) and Pig. (4,4). I maximum is p'Qdiotôd at 0.06 

in fair confirmation of experiment, the alight discrepancy 

(about 0.020)  may be due to an error in the angulor zero 

or in the assumed beam heighte At angles greater than the 

maximum the curve does rise amoat linearly in good 

agreement with experiment, no structure is however predicted. 

Theeffecta of varying n were investigated and the 

results for n = 18 are shown in Fig. (495) and Pig. (4,6), 

they will be seen to be little different fran the 8/6 case. 

On the basis of the gradient at larger angles the 'harder" 

18/6 potential is favoured. 

That exact agreement is not obtained at larger 

angles is not surprising when the region of the potential 

corresponding to thore angles is considered. The region 

In Question may be found as follows: the corresponding 1 

value is cbtained fran the relationship 

0/a 
the turning poiflts for each 1 value being tabulated, the 

region of the potential mapped is known. For a lab 
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scattering angle of 10  rr 	is 1.05 x i0 2  rad, this 

was found to correspond to a turning point of about 0.75 rm. 

Previous work at thermal energies has mapped only that 

region of the potential corresponding to the rainbow angle 

I. L values of r greater than rm.  These noaeureents 

are not therefore sensitive to the form of the short 

range forces. Similarly the work of Pauly (Pw 70) 

although at superthermal energies, is not sensitive to the 

short range forces being based on measurement of glory 

oscillations in the total cross-section* 

The data presented here are therefore unique 

arising from a previously unmapped region of the potential. 

Lack of time has precluded any real attempt to 

fit the larger angle scattering by varying the form Of 

the short range pOtential. It is probable that if 

otructure is present then it arises from an inelastic 

effect and hence will be more difficult to treat. 

It is however evident that we have a useful 

tool for eluoldatina short and intermediate range 

molecular interacti. ens. 

Much information has been obtained about the 

potaesium/a].ogen systems. The measurement of elastic 

differential cross-sections (HOR 69), (GRE 66), reactive 

differential cross-sections (TOE 68) and product energy 

distributions allow the testing of detailed models of the 
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systems. These have been corroboreted by trajectory 

calculations (BLA 68) which make it possible to reproduce 

the collision dynamics, assuming a suitable potential. To 

date the vast majority of these experiments have been at 

thermal energies, however it was shown in Chapter II 

that performing these experiments at superthennal energies 

should yield new information. There have been two recent 

studies of the alkali metal/halogen systems. Los and 

Baedo (Los 70) have measured total ionisati.on cross--  - 

sections, Soblier et ale (13CH 70) have measured differ-

ential elastic cross-sections for the halogens and 

halogen containing oanpounds. 

As in the case of K/Ng reliable data were 

obtained at 100 e.v. only. A typical sweep, again multi--  
- 

plied by Øia shown in Fig. (14,7), the average of five 

smoothed sweeps is shown in Fig. (14,8). 

The model used for the 1/I2  system has already 

been discussed and will be only outlined here. It is 

assumed that initially the particles approach along a 

covalent potential but at a certain separation r'c  an 

electron is transferred from the K to the 12s 

It is further assumed that the 1- 2  ion behaves 

as 1 + I, the I atom having the role of a spectator only, 

The K' then picks up the 1, by moans of coulomb ic 

attraction, to form the excited product KI* When it is 

attempted to extend this model to higher energies two 
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points must be borne in mind; the system may no longer 

follow the adiabatic potential I.E. electron transfer 

may not occur. Also it may not be energetically possible 

to form the product K L. These possibilities were 

discussed more fully in a previous chapter. 

As a first step the scattering pattern for the 

diabatic potential was calculated using a Lennsrd..Jones 

1/6 potential with rm = 4.5 A and E = 0.0224 Pico-ergs 

(HOR 69).  The calculated differential croas.s.sections 

are shown in Pig. (24,9) and Pig. (,io). 	Comparison 

with the experimental data shows little agreement, at 

best only the general shape of the curve is given at 

small angles. 

At the other extreme we may have purely adiabatic 

behaviour, in this ease the system may be described up 

to the crossing point r0  in terms of the above disbatio 

potential and after the crossing point in terms of some 

form of coulombic potential. If the assumption as to 

the nature of 1 is followed then it is clear that the 

coulombic potential will be simply 'that for K. I, which is 

well known. To test this possibility the procedure out-

lined by Horns (HOR 69) .  was used. In this the Lonnard 

Jones potential switches smoothly to a modified Varshni 

Shukis potential (PAT 67). This potential contains 

essentially no adjustable pareinotere. The results are 

shown in Fig. (24,11) and Pig. (24 1,12). 

It is clear that this potential also does not 

completely describe the data. Some similarity may however 

be found, e.ge there is rough agreement with the predicted 
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inflexions and maxima at 0.46 0 9  0.57, 0.73 and 0.85°. 

At angles greater than about 0.5°  it was found that the 

measured I (0) xØ 4  levelled off whereas the theoretical 

curve continued to rise out to about 1.50.  A further 

possibility is that both the above processes may 

contribute to a greater or lesser extent. On the basis 

of the rosulta of Chapter II it would be expected that 

the probability of diabatic or adiabatic behaviour would 

be a function of impact parazeter. In addition oontri-

butione from the two channels are coherent and hence 

Interference effecta are possible. It is clear that a 

very complex scattering pattern may result. If inter-

foronco effects are neglected then this model may be used 

to givoa partial description of the data. At small 

angles I. t. less than about 0940  it has boon noted that 

there is some similarity between the scattering from the 

diebatic potential and the experimontal data. At angles 

greater than about 0.4 0  however there exists sovoral 

infloxions and maxima which are more compatible with the 

adiabatic potential although the overall chape of the 

curve is not predicted. 

On the basis of the ibovo model it may be 

concluded that the small angle scattering is dominated 

by the diabatic potential, while at larger angles there 

Is a contribution from the adiabatic potential. On the 

basis of the calculated differential crosc'sootiona the 

adiabatic contribution was ectitnated to be very approximately 

30. Two possible explsnatione present themselves for the 

fall off at larger angles, either the contribution from the 

14  
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adiabatic potential has diminished or inelastic processes 

have become important. The results of Chapter II would 

tend to favour the first poasibilit. 

It may be argued that the process 

K+I2 — K+I 

Is dominant and the scattering is not purely elastic. 

Although the above and similar processes have been studied 

(ROT 69) (Los 70) it was considered to be of little 
importance in this case. 

To check this the total ionisation cross-section 

was calculated by means of the Landau-Zener approximation. 

R0  was taken as 5'5 	 as 6.1 x 10-14  ergs (LOS 70), 

the total cross-section was found to be 3.0 R2  at 100 e.v., 
this is at least an order of magnitude less than the 

elastic total cross-section. It therefore appears 

unlikely that this process is of importance. The 

spectator stripping model for the reaction 

K + 12* KI + I 

predicts a product scattering angle 0 given by 

0 = tan7l  MI  V12 

1 K. 

For V12 = 10 ems/eec, VK = 2.2 x 106 oma/sec this 

gives of = 0.80. It was shown in Chapter II however that 

reaction was unimportant at this energy. 

Elastic differential cross-sections for X/C12  and 

and some halogen containing compounds have been 

measured in the energy range 0.512 ev. by Schlier (SCH 70)0 
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Ho found, in the alkali metal/halogen case, enhanced 

scattering at large angles. This was interpreted in terms 

of a contribution from the diabatic potential. However 

as Sohilor appears to take no account of the ponoibilit 

of the adiabatic potential not loading to reaction it is 

considered that his conclusions are suspect* 

It is clear that no firm conclusions may be 

drcn at this stage, more extensive data, including time 

of flight anal.ycis, being required. That the problem 

also merits furthor theorotical offot is obvious, it is 

suggested that the opt oal model cay provide a useful 

Insight* 
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CONCLUSIONS 

Differential cross-sections have been measured 

for collisions between potassium and mercury atone 

at 100 e.v, At small angles the results are consistent 

with the known elastic potential, at large angles a 

more complex treatment appears to be called for. 

Measurements were also made for the system 

potassium and moleculor iodine. No clear conclusions 

could be drawn in this case. It appeared that the data 

could be beet described as arising from a mixture of 

diabetic and adiabatic behaviour. 
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