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SUZTIARY

Differentiael cross-sections in the superthormmal
energy range heve been measured for the gcettering of
potassiun from msrcury and molecular iodinc. Such inter-
actions are of importance in such fields as high tempersture

chemiotry, plaeme physics and astrophysics.

A major part of the work vwas tho design and
construction of s suiteble apparatus I.E5. one capable of
measuring emall engle differential cross-sections with

high resolutione.

The mrin features of the appesratuc are outlined.
The beam sources, their construction ard performance, the
detector and associated data collection system are

described in some dotail.

The main beam source vwas of the ionisation/neutral-
isation type and was capable of producing superthermal
beams of potessium, rubidium and caesium. The cross-besm

gource was of the simple thermal type.

The detector consisted of a surface ioniser, a
maes spectrameter end electron multipliere. Particle
counting techniques were useds In order to increase tﬂe”
gignal to noisce ratio the cross beam wes modulated. Data
viere punched on paper tape ani subseguently snalysed by

computer.

Pacilities wore developed to gllow measuremont



of energy loss spectra by time of flight.

An expression relating the apperatus resolution to
the beam and detector dimensions wes derived and the effects
of resolutien on the measured scattered intensity caleculated

numerically.

Tho potassium/mercury data were interpreted es
ariaing'fram a single eiastic potential. Tho sosttering
pattern for a Lennard-Jones (8,6) potential with € = 0,087
z 1072 ergs and r, = 4.8 8 was celoulated by the method
of partial'wavés. The écattering pattern, corrected for
apparatus regolution, was & ressonsble fit to the datsa,
however it was found that a better £it could be ocbtained
with a "harder" (18,6) potential and the same values of §

and Dpe

The spectator stripping model of potessium/iodine,
which hss proved 8o useful at thermsl energios, was extended
to suber~thermal,enargiee by integrating the classicel
equationg of motion. It was found that above about 2.5 Geve
the poasibility of resction could be ignoreds. An attempt
ves made therofore to interpret the data as arising frem
either the diambatic covalent potential or the cdiebetic
covalent/ionic potential. Heither completely described the
data. It wes proposed that the scattering could be described
in terms of contributions from both disbatic and adicbatic

potentials.

Although the data allowed tentative conclusions
cnly, they did justify the belief that such experiments were
capable of yielding information on previously unexplored

regions of molecular interactions.



CHAPTER 1.
INTRODUCTION,
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INTRODUCTIOR

This work 1s an account of the design and
conetruction of a molecular-bsam apparatus capable of
measuring differential scattering cross-sections in the
super-thermal energy range. Results ere reported for the

two systems K/Hg, K/12¢

leny phenamseng of everyday experience of the

world sround us arise es a result of the interaction,
collision, of countless numbers of unseen atomic perticles.
Such observations as gas pressure and diffusion, the
conduction of heat, the properties of the liguid and solid
‘states snd the chemical reectivity of certain substances
ere obvious exemples. Clesrly an understanding of these
phenomens requires a knowledge of the forces acting between
the discrete atamic particles end the relationships betiween

these forces and the macroscopically observeble effects.

- The relations between microscopic and macroscopic
properties are deglt with by the theories of statistical
mechanics, see for example Hirschfelder, Curtiss and Bird's
book "ilolecular Theory of Gases and Liguids." The best
known example of such a treastment is to bo found in the
kinetic theory of geses. Starting with the model of a gas
as a collection of gmall "billiard bells" the esquation of

state of an 1ideal gas may be derived.

It 4s the first problem, that of determining the
forces acting between atamic particles which was the concern

of this worke.



2,

Intermolecular Forces

The characterisation and determination of inter—
molecular forces hes besn a subject of great ectivity in
recent yoars and several excellent reviews of the aubjeét
exist, in particular gee Advences in Chemical Physice
volume 12, the book by Margensu and Kestner (MAR 69) ahﬁ
the article by Pauly end Toennies (PAU 65). In conseguence

only a very brief resume will be attempted hers.

In principle intermolecular forces may be
calculated using the Schrodinger equation, this has been
achieved for a few simple systems 1, HeH2* but for eny
more complex system the shoer size of the computation
renders it impossible and verious approximations must be
resorted to. It is normel to classify intermolecular forces
aé long range, intermediate range or short renge; this
classificetion arises mainly from the daifferent approxi-~
mations required in the different regions. At long range
thers 1s little electronic overlap, at intermediate ranges
the electron clouds perturb esch other slightly while at
short ranges considerable perturbation occurs. Needless
to say it is the theory of long-range forces which has

been most oxtensively developed.

"The most easily understood long-range forces are
thoge arieing from pérmanent multipols moments, using
measured dipole, quadrapole moments etc., these may be
-deecribed guite accurately. A second order intersaction may

arise es & result of ths induction of a multipole moment in
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one molecule by the psrmenent multipole mament of another
molecule, again this may be described in terms of the
measured multipole moments and polarizabilities of the
free molecules. Probably the most important of the
long-range forces are the dispersion forces, these may be
;hought of as arising from fluctuations in the electronic
chenge clouds. An ingtantansous multipole in one molecule
may 1nducé a multipole in another molecule and interact

with it.

It can be shown that the dispersion energy 1is

given by

~ »”

B e - Go - s -

The firot term, the induced dipole/induced dipole term, is
normally the only one considered. Various approximations
exist for estimating the coefficient C fron known molscular
guentities (MAS 67), (MAR 69), the absolute values
obtained must, however, be treated with caution. The
epproximations are useful, nons the less, in that they
predict relstionghips between the C coefficients of related

systema.

Although the physical origins of short range
forces are cleasr there exists no good thooretical information.
The forces may be sccounted for in terms of the Pesuli
exclusion principle and the Hellmann~Feynmaen theorem.
when two stoms having zero net spin approach the electron
clouds tend to avoid sach other, the resulting decreese

in the screehing of the nuclei leads to repulsion. Clearly



there is & similerity between thic situation and chemical
bonding in which an increase in nuclear shielding arises

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

If the potentials for same of the molecular
states of a system ere known then it mey be pcsaiblé to
estimate the.potential for auothér molecular state by use
of the~Heit1er~London valeﬁée bond theory or the perfecte
pairing epproximation (cou 52). In the absence of such
information the best that cen be done is & prediction of
the form of the potential. In the intermediate range the
situation is even mof9~bleak, a procedure has been
developed by Dalgarno and Lynn (DAL 56) but because of
algebrgic cqnplexity has not been extended beyond the
case of two helium atoms. The sitﬁaﬁzon«aﬁ ﬁresent 15-
that one simply adds long end short range forces together
end hopes for the best. '

' Although little quentitetive information 1s
forthcoming from theory it is most important, Aone the less,
that theory suggest the qualitetive form of the potential
in a pasrticular cese. Vithout such a guideline experimental

results can‘not, in general, be unanmbiguously interpreted.

Experimental determinstion of intermolecular forces.

Experimental information is obfainaﬁ from three
mejor sources; spsectroscopic observatlions, the bﬁlk

properties of matter and beamn scattering experiments.

A wealth of informetion is available from

Le



spectroscopy (GAY 68). Bound states may be found from the
vibrgtion~-rotation bands, pre -digsociation yielda'the energies
at which different levels cross and 1hfonmation about
repuleive levels may be obteined from the intensity distrib-
utions in continua. Spectroscopic observstions are, however,
limited to stable diatomics and only those levels accessible
from the ground state. In recent years the pressure
broadening of spectral lines has been used, to obtain

1ntenholecu1ar forces.

It hes been pointed out that many phenomena of
everyday experience are a manifestation of the interaction

of atomic particles; 4t seems natural, therefore, to turn

S,

to these phencmena for information on intemmolecular forces.

In principle any bu;k péogerty could be used to determine
intermolecular forces, however in practice very few are
used as several very restrictive criteria must be met.
There must be é\fully developed statistical theory connecting
the macroscopic observable and the intermolecular forces,
the forces must not be so buried in theory that the observ-
eble is almost insensitive to them. Properties which have
proved most useful in this context sre vir1a1~coefficients,
transport preperties of gases end heats of sublimation of
crystals (HIR 54), (MAS 67). The general procedure is to
essume some 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
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these difficulties bulk properties are still the main source
of intermolecular potentials. In studies of bulk properties
one is essentlially measuring the effects of countless etamic
collisions, each having different trajectories and energies.
In beam expérimente single collisions between particles of
known égergy and in known gquantum 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 dynemics
of chemical reactions. A molecular beam is defined as a
unidirectional stream of gaes in which the density or random
velocity is so low that qollisions between beam molécules

do not occur. In order to avoid scattering by other
molecules the background pressure in the experimental =
chamber should be ebout 10~° torror 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 initiasl beam intensity I, is reduced
to I given by

1T, axp(-m2@H))

where n is the particle density in the scattering region and
1 is the length of the scattering region. Q(w ) is the total
cross-section and represents the number of particles
scattered out of the main beam by elastic, inelastic and

reéetive_processes. The angular distribution of material



scattered from the main beam is given by the differential
cross-section 6(0, 2 V).

Cleerly Q(v) = Ié(q¢'V) g

In experimente designed to measure the total
cboss—section the main beam is usually passed through e
chamber containing the scattering ges at a known pressure.
The totel cross-section may then be cbtained from the main-
beam attenuation. Veriation of the total cross-section with
velocity ylelds information about the intermolecular
potential (MOT 65), (BER 66). 1In differential-cross section
work'the main beam is crossed with a seconfary beam and the
scattered intensity measured by roia_t,ing e suiteble detector

around the main beam.

HMolecular beam scattering experiments may be
divided into three clesses depending on the beem energy.
Thermal besms, those having energies less than 0.5ewv. are
produced by effusion of the beam materiel from a small orifice
in a heated oven. The upper energy is limited by the
materisl of the oven. The vegt majority of work to date
has been in the themmel energy region, elastic, inelastic
and proactive collisions having been studied, there ere now
extensive roviews of the subject (BER 67), (PAU 65), (PAU 68),
(HER 66), (GRE 66), (HER 65), (BER 64) and no more will be
said here. High energy beams, those® having energlies greater
then sbout 200 e:v. are formed by accelerating ions to the

degired energy then neutralising the ions, usually by resonant

1.
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charge transfer. This method has normally been applied to

the msasurement of totsl elastic cross sections and yields
information sbout the short range pert of the potential

(AuD 66) (BAS 62). The results obtained are very senaitivav
to apparatus averaging, a fact which was not fully recog-
nised in much of the early work. For want of a better
definition super-~thermalitesms may be defined es those having
energles betwoen thenmal and high energy beama; ) PRUN '0.5 el -
200 e.v. It 18 a sad fact that although this energy range is,
in many weys, the most interesting and useful 1t is also

the least experimentally accessible. It is only in the

last decade that sources capable of working in this energy
fange have boen deveiope& and only recently have many

" pesults been obtained (PAU 70), (CRO 70), (108 70)s

supeerhermal molecular besms cover an eguivalent
tomperature renge of 5 x ios to 2 x 106 ®% and hence
provide a powerful tool for the study of many diverse

phenomenaa.

Heasurement of total and differential elastic
cross sections igs expected to shed light on short and
intermediate range forces (CRO 70), this is of interest
' 4n the calculation of high temperature gaseous trensport
properties, which are not sccossible to direct measurement,
in the theory of flemes end shocks (MAS 67), in theories
of rediation demege (MOF 57) end in calculation of sterio
'hinderance in molecules. It would be extremely difficult

to obitegin such information by sny other meanse.



It is, however, the possibility of studying

inelastic and resctive processes which arcuses most
interest. The trensfer of energy from translational

to vibrationasl and rotationel is the initisl step in many
chemical reactians, & knowledge of the energy transfer
crogs-section is therefore of fuhdamental dmportance to
én understan@ing of chemicel kinetics. Super~thermsl
beams linked with ti@e of flight technigues provides a
method of measuring the excitation efficiency of specific
modes. Work on these lines has been done for the ion-
molecule Bystem.Li*/Hg (SCH 68). Resctive cystems studied
to dete with thermal beams have been rogtricted to those
having essentially zero activation energy, this has been
& seriocus limitation. The sdvent of higher energy besms
means that systems having large sctivetion eneig;es may

be studied. The activation energy itself may be determined
ebsolutely from the reaction threshold.

It is clear that molecular-~beam scattering studies
in the energy range 0.5-200 e.wnwill yisld information of
importance in many ficlds.

Je
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Blastic Scattering Theory

Classsical Mechgnice.

Although the predictions of classical mechanics.
are generally not applicable to collisiocns between stams,
the concepts which arise in cleseical mechenics are useful

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

Consider two particles of masses M1 and H2 and
velocities Vi and V2 which interact aslong a potential V(r),
where r is the internuclear separastion. By removing the
motion of the contre of mass the syétam may be reduced to

@ one body problem; that in which & particle of mass

ﬂ‘ = nl. n&
M,#ﬂg

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

veloeity Vr = V1 + V2.

Using the principles of conservation of energy
and angular momentum the engle of deflection may be
cbtained as a function of the impact parameter b, the
distance of closest approsch in the absence of the inter-

action V(r).

oD
G?(l)) =M -3b I;dbf/}\(l—-gga ~'Y1£?')%l

where E = %fLVrz is the collision energy and r. 1s the

distance of closest epproach given by
?

The deflection funetion'for a typical interstoamic potential
(Pig. 2,1a) 48 shown in Fig. (2, 1b). It wili be seen that
for small values of b the potential is repulsive and@(b)

is positive, as b increasees so the potential becomes

10.



attractive, @(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 @ s in
classical theory the differént contributions are simply
added. The scattered intensity as a function of @ may
be found as follows: . Particles having ..impact paremeters

between b and b + Ab will be scattered through an angle @

QTbAb = -&T 6(0)5n~(2)be

where 6(93 is the differentiel cross-section

(@ = - b d}
6(2) sﬁm .0

The predicted scattered intensity as a function of @ is

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

"It will be seen that @(b) = 0 at b = bg this is known as
a glory singulerity. Another singularity occurs at

b = bp where db/d@ is infinite, @(br) is known as the
rainbov angle. Measurement of such features as the
reinbow may be used to obtain information about the
interaction potential V(r) (BER 64). However such
singularities are unphysical and are a failure of
claessicel mechanics, other fallures -include the inebility
to explain observed ‘oscillatory structure and the angular

dependence of small angle scattering.

Qu_antum Mechanics

' The guantum mechanical treatment may be found
'4n detail in the books by Mott and Massey (MOT 65) Wu and

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



B V(r)

Fig.(2,1a)

F

Typical intermoleculer potentisl

~ Fig. (2,1b) b
Deflection function

1)

‘Scattefed intensity
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with the saelient features (BER 66). A very brief resume

will be given here.

The method used is that of partisl wave analysis,
originally applied in the nineteenth cehtury by Rayleigh
to the scattering of sound waves and adapted in 1927 by

Faxen and Hodtsmerk to the scattering of atomic particles.

Consider the scattering of s particle of mass /u.
and energy E. Associated with the particle is a wave
function “Y which must contain information ebout the
particle before and after scattering. The picture is that
of a plane wave incident on the potential znd s spherical
wave gcattered outwards from it. The wave function msy be
written as

Y= 27, f(@)};&m

r

where | -
Ro=

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

" 6(@) = f(a).] (o)

The wave function Y is then expressed me the sum of partial

waves
od

Y(re)= S b R (Ar) Pe(coo @)

=0

- associated with the 1 the partisl wave ig an angulsr momentum
Ji(1+1) hence 1 may be igentified with the classical

impact parameter b by the rémétibn

b = /2(&»)/{



Al

On cubstituting the expression for “P(N©) in thne
Schroedinger equation and after some manipulation it is

possible to show that
\ 4 Y Mo m B (coso)
f(@) 8’% é (22+1) 2 5\«\.”]'2 2 {Coo0@)

£s0

It may also be shown that the total cross-section § is given
by

Q = Sb(@) AT

% 2 (22+1) 5«:'ng

e:zo0

The quantity ™M g » known as the phase shift, is the
phase difference between the outgoing scattered wave and
the outgoing wave ~1n the absence of a potentisle The
phase shift conteins all the scattering information, "The
great power of thies method lies in the fact that the
expression for J' (@) is feirly rapidly convergenf,
egpecially at thermal energies. The variation of ﬂLl with
1 for a typicel potentiel is shown in Fig. (2,2).

The main differences between the gquantum and
classical treatmepte are the removel of the claésical
singularities end the prediction of interference. It was
stated above that contributions to a given @ from different
bAvalues vore simply added in clessical theory, in the ,
guantum mechanical treatment, being essontially wvave like,
each contribution has associsted with 1t a phase angle and
hence interference may occur. .Pig. (2,4) shows a typical

calculated scattering pattern, such guantum oscillations



. Fig. (2.2)

Typical phase shift curve.
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heve in fact been observed in the laeboratory (BER 60),
(cOW 69a)s These end other quentum effects in elsstic
scattering are discuseed in detail by Bernstein (BER 66)e

%hen there oxists,concurrent with elastic
scattering, inelostic and reactive scattering then the
situation ig greatly complicated. It is, however, possible
to trest the elastic scattering using the optical model
(BER 66), (GRE 66)e In this model the interection
potentiel is essumed coanplex, the imeginary part repres-
enting reection. A complex potential implies complex '
phase shifts which may be written as

MNo= M+ v &

It may then be shown that |
6(e) = 4 [ ( éo(azw) SinBm, (1- rz)"’ P,_(coo@ﬂa

+ (-go(azn)[ conam (1 - &3%4] P,L(CM@“]
where Py, the opacity function, is given by

fzk= | B 0 (- 428)

Various models of chemical reactions may then
'be simulated by a suitable choice of P; (HOR 69), (ROS 67).

Calcglatien of elastic scggtered intensity.

In general it is not possible to go direct from
a measured scattering pattern to the associated intermolecular

potential. Cuided by theory, and intuition, an analytic
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form for the potential is postulsted. For this potential
the scattering pattern may be calculatede The procecdure
is then tb vary the paremeters of the potential until the
best fit of predicted and observed scattering patterns is
ebtaineds A drawback of this procedure is that the
potential so dbtained may not be unigque. ‘Another danger
is that if a potential containing too many adjusteble
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 esbove. The phase-shifts
wore calculated using the J.W.K.B. approximetion (HOT 65),

this gives K . X -
£} K ﬁ
e K 0B Y2 Yo, §0- 50 %]

where A 1s the wavelength given by
%
A = aﬂ(”/‘“‘-)

end I, 1s the classicel turning point.

The J.W.KeBs epproximation was‘used,until.ﬂle.fell.
below 10“2 radiane; subsequent values of the phase shift
were calculated using the Born approximation
= r r
M,m - 2R VDTN as

For a potential of the formm V(r) = C/r® then this reduces
to MOT (65)9
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M = ke (BYT C(s-0) (2= Ya + %)
K2 A h ( [F(%)]al"(z+5/a+&)

and hence for large 1
!
S
M, % Yy

Heving calculated I (@), the scattered intensity in the
centre of mese reference frame, it must then be trans-

’
formed to L ( @,) the intensity in leboratory freme.

The relationships between the centre of mass and
laboratory scattering angles .ﬁx cur case of out of plene
scattering are shown in Pig. (2,3) (MOR 62)s The situation
is simplifled scmewhat by the fact that the angle between
the beams 1s 90%

The velocity of the main beam particle my relative

to the centre of mass is w,

R
-3 a
w, = (1),-7'123) 'ma/(m.-fm\,a\
the velocity of the centre of mass
‘ a
. 2
)%; = ('Yn:llil* “TH,’J:‘) ‘/(p"\-*""la)

from the diagram

2 2 !
ac = VY, + DV, _av,v,cOof}s..

also a : )
AC = W, +w - aw, w, o0

and ’ !
W= W e -aw VY Cooh,

end

x L
W, = YV, +V, —@VV oK



Centre

Fig. (2,3)

of Mass to Lab transformation coordinates.

1 7o
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Now Con X, = CooxX Con P,
. Coa @, (V) Ve Cosxt - D)

= W - WV, ConXk = W, L, Cos@

but, .
V' S @, = AD =W/ ain

: @ _ o' Som P (Ve Conat - V,)
“ Ve (W, ~ D, Conxt) — Lo, W,"Coo@

which may be written as

ton B = ) Sing F

G -HCoo®@
Now
AD = L, @ = DE o @_
DE = (G-Hcoo@)|F
d , ’
o DCl‘: w.'ama¢ +w,a—abo,w.oo-o@

but v. = E.D -I'DC

. o +f 2 L Fp,+6G-HCoo@
L Sens @ =’-"au}. (UO.'B‘ Fw,’
w, _
Hence the centre of mass scattering angle @ may be related
to the observed angle ¢‘_1n the laboratory. It is also
necessary to calculate the ratio of solid angle in the

centre of mass to 1aboratory in order to transform the
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differential cross sections in the centre of mass ;}:é(@)

. d. w
to those in the lsboratory d. b! Q..}
d w.
——"——_— - *
A Lo, Lo | dw.
where

a w = '\Jl'
Far (6.'3/'604'5'
Coo § = (e v =) [aw/v,

General features of the scattered intensity

s/

A uéeful model for the intermolecular potentisl

is the Lennard-Jones (n,6) potential
V(r) = &% (r}"f)ﬂ.. P (B)"]
n- b r b r ]

where € is the well depth and 1y, the equilibrium distancs,
n is frequently teken as 12. The scattering pattern was
calculated for se#eral reasongble values of e and r; to
'obtain an idea as to which systems might be usefully
studied. The results are shown in Figs. (2,1;;)-(2,6)5 |
Note thatI(¢)-¢a is plotted, this was done in order to

remove the steep angular dependence;

It can be seen in Fig: (2,4) that the scattering
pattern consists of two superimposed oscillations: The
slower, freguency sbout 0.20, is the rainbow and super-
fmmerary bovis, o;x top of this can be seen much faster
oscillations, frequency about 0.02°, arising from diffraction

effectss



Pige (2,6) shows the scattered intensity from a
much shallower well than that ebove. It will be seen that
all structure is coupressed into the first 0.1% Clearly
if any information is to be obtained ebout such a system a
lower impact energy is reguired, Pig. (2,7), Pig. (2,8).

The following general conclusions may be drawn;
the apparatué resolution must be about 0.150, it wes 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°, then if a system cof
well-depth ‘@ is to be studied, then the reduced energy E

must be such that

E/e € 500

The variation of the scattering pattern with
incident energy for a typical potential is shown in
Pige (2,6)-Fig. (2,8). It will be seen that as the energy
decreases then the scattering pattern expands out along
the @ exis. It will be realised, therefore, that different
festurcs of the potential may be studied by selection of
the appropriate ehargy. '

The differential cross-gections involved are
- typically in the range 10°-10° 82, 1t 4s shown in the
next chapter that this corresponds to a scattered flux of

from 100-1 particles/cec.
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Electronic energies of KI and Na I

In its ground state an alkali halide is essentially
ionic near the egquilibrium distgnce, calculations based on
such - a model (RIT 51) agres well with expefiment. However
the products of the adiabatic dissociation of an alkali
halide molecule are two ground state atams, hence the
potential curve of the ionic state must cross that of a

cgvalent state at some point Rg¢ . Where

<

Where I(m) is the ionisation potentisl 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 pStentials will
have the form shown in Fig. (2,9). Curve (1) corresponds
to the ionic state for R>Rg and the covélent state“for

R < Rg, curve (2) corresponds to the cevalent state for

R > Rg and the ionic state for R < Rg.

If the s&stem is initially in state (2) with
R > R, say, then 1f R 1s decreased at a finite rate there
is a finite probability that a transition to state (1)
occurs and the system follows the dobted path, Fig. (2,9).
Such behaviour is of importance in spectroscopy (BER 57)
and collision processes (CHI 69), (HOR 69). The system
originally in state (2) may interact by either of the two
botentials (1) or (2), the scattering fram each will be
coherent and hence interference effects will gppear in the

scattering pattern; Observation of such interference gives
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Fig. (2,9)

A._Ikali halide potentials.-



details of the potentials in the region of Rge.

Following the argument of Zener (ZoN 32) 1t is
expected thet transitions betwaen the two states will
occur in a small region around Re, the probasbility of
transition depending on the energy difference between the
two potentials and the relative velocity of the particles.
The probability P of remaining in the same state on

passing the crossing point, IE electron transfer occurs, is
P(b) = | - (- w)

a_ &
where ‘ w = &"ﬂ‘ ‘H,al Rc.
v 2?

‘and the separation between the potentials at Ry is 2/H, s
L 1s the radial velocity and 1s hence a function of the
impact parasmeter be. It is dmportant therefore to have
soms knovledge of the potentials in the region of Rg.

As a first approximation the system may be
considered as @ two state one electron problem, I.3.
exchange intergction with the five p olectrons of the
halogon sre ignored. The electronic wave function may be

written as

T(R,r) = C,(R\o\".(r.\ + Ca(R\q&(ra\

where R is the internuclear separation and“Y and "1, the
alkali metal valence s electron and halide ion p electron
wave-functions respectively. Following the standard
variational procedure (COU 52) a qusdratic in the system
energy E(R) is obtained,

30,



(1-5*) E(R) +&(h,;5 - E-EL) E(g\ +E,E - h:a -

where
S = ‘S"}’."‘radﬁf
h.,a = S%H"&d—‘f
E, —.:SYH'lkd'f

Ea ,.Sjg44ﬁt¢idf

H being the electronic Hamiltonian

He=E + B, + V(rg) + V(ry)

31.

0

21 and E2 being the eigen-energies of the isolated particles,

V(r1) and V(r2) are the potentials experioenced by the
slectron due to the s2lkali metal core end the halide atom

respectivelys

Calculations were performed for the systems K/I
end Ra/I, these are of particular interest having beon
studied extensively spectroscopically (BER 57). Marked
differences in the spectra, attributed to the “erogsing” of
the potontials, have boen observed. The systems have also

been studied using crossed thermal beams (HOR 69).

The besis wave-funoctions ¥, (ry) end Y, (r,) were
of the Hermsnn and Skilmsn type, those of Na and K were
cbtained from Bermann and Skilmen's book (H&R 63), that for
I~ was calculated by Nerasimhen (NAR 69). The potentials

V(r,) end V(r,) vere of the Hartree typc end were caslculated

fraes the tebulated wavo functions. The various integrals
involved vere evaluated numeriéally using Simpson's rule.

It was sssumed that the axis of quantisation lay along Re
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The celculated crossing distances were 12.1 R and
6.4 & for K/I and Ne/I respectively, this comperes with
11.3 & abd 6.9 X 'oalculated using the known ionisation
potentiale and electron affinities. The separation of the
potentials et the crossing point was 5.2 x 10~12 ergs and
2.4 x 10~13 ergs for K/I end Ne/l1 respectivelys The

difference between the two systems is very striking.

Recent experimental work by fioutinho on.the.. . -
inelastic seettebing of K/I and Ng/I gave Hy, as Uek x 10~15
ergs for K/I and 8 x 10~'% ergs for Ne/I (MOU 71). Fluendy's
(FLU 70) work on the elastic scattering of K/I gave a
value of approximately 6 x 10‘15 orgss. Having obteined R,
end 312 the traﬁgition prohabi}ity for the two systems was
calculated using,the Lendau~Zener approximetion. Thé
resuita obtained can serve eas a gualitative guide only
howeovers. If p is the probability of edisbatic behaviour
on one traversal of the crossing point then the probability
of the system, having started in emte (2), being in state (1)
after a collision is h

P(b) = 2p (1-p)
The variation of p’and P(b) with b 18 shown in Fig. (2,10)
and Fig. (2,11). it will be geen that XK/I is essentislly
diebatic at all but the lowest energies. The total crosse
gection for the system finishing in state (1) is

Q= am{Pb)bag

. If comparison is to be made with experimentelly

determined croes~gsections then account must de taken of the
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statistical weights of the states. (HOR 69).

The variation of Q. with energy is shown in
Pig. (2,12).

As the Landau-Zener appro#imation is known to

" have serious limitations (COU 52), (BAT.GO) a more rigorous
spproach was attempteds. The method used was e modification
of that developed by Bates; Johnston and Stewart (BAf 64),

end is similar to the well known variation of constantse.

- The nuclei M aend X were treated as classiéal
particles moving with a constant velocity V. R wés tasken
as the position vector of M relative to X and Z = R.V. It
was assumed that an electron was transferred from state 1
associated with the alkali metal M to state 2 associated
with the halogen X; For simplicity the Qlectronic wave
functions for states 1 and 2 were identified as the atomic
eigen-functions. V(r1) and‘V(rz) were taken as the potentials
axperienced'by the electran in states 1 and 2'respective1y.

The camplete electronic wave-~function may be written as

X =C4 o, (ry) + C, %Y, (ry)

where ¥, (r,) and qf‘f,\(rz) are the atomic eigen-functions.

It should be noted that the coefficients C1 and C2 have no
conhection with those appearing in the L.C.A.0., calculation
sbove. The use of such disbatic potentials has been
justified by Dyknme: and Chaplik (DYK 63)e The variatiations

of the coefficients during a collision are given by



= OO

60

40

Log(E)

20

=
~ Log(Q)

Fig. (2,12)

' Total ion-production cross-sectionse.



v dt - C, K(R LT

LY Gy

e =GR e (-LI{D)y)

where

K (B) = hyp ¢ hyp =5 (hyy + hyp
N 2 (1-32) '

I(2) = S g(R)az

Zo

g(R) = By = E; + hyy = hy, +8 (hy, = hyy)
1 - s°

B =W Vin)¥, B4 ‘?Sq"'a‘ Vrp) ™,
hyy =f¥ vir)Y, hao =S°‘P& vir)
s ”.Iﬁﬁ.v;' / |

E% and E2 being the atamic eigen energles and Zp being
arbitrary (BAT 59)s Clearly C; end C, are dependent

on the impact parameter b.

Writing
G, = a + ib and 02 =C + 44

substituting in the ebove equations and eguating real
and imsginery psrts, the following four real equationg

are ocbtained.

va z..i (¢ 8in T + A Cos I )
~vb = K(BcosI-adsinI).
ve = K(bocosI-aSin I)

vd& = K (acos I+ b Sin I)

vhere I = I(2)/v

3i7s.
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The probability of the system being in state 1 is

a? + b2 and in state 2 c2 + d2. It can be shown that

probability is conserved I.E.

a2 + b2 + c2 + d? =1

Taking the initial conditions as

e + b° = 1

¢ + 4 0

the equations were solved using the Runge-Kutta method.
Computational difficulties limited the impact parameter
to being greaster than asbout 5 a.u. It was not considered
that this would have a serious effect on the total cross-

section.

The probebility of ion-formation I.E. c° + d°,

és a function of impact parameter for the system Na/I is
shown in Fig. (2,13), the maximum will be seen to occur
around b = Rg.- In the case-of K/I behaviour was found to
be essentially disbatic in the energy range considered.
The total ion-production eross-section for Na/I was

calculated as above I.E.
e= & | bPB)de

The variation of Q with energy is shown in Fig. (2,14),

it was found that
QdE -.u7

in agreement with the limiting behaviour of the Landau-Zener
formule (BAT 54). In general however the Landsu-Zener

formula predicts much larger cross-sections, Fig. (2,12).
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The total lon-production cross-section for the
alkali metal/halogen atom systems hes been calculated by
Bandrauk (BAN 69) using the distorted wave approximation.
He obtained the expression

£
Q=7x106A§2 g?_E&_; 22

"where 8 1is ths overlep at Rc and A E the difference between
the alkali metsl ionisation potentiél end halogen electron

affinity. Both E end A E are in electron volts. It will

be seen that again it is predicted that

QX B
For Na/I E = 2,06 esv. Using Slater type orbitals
Berry (BER 57) estimated the overlap in Ne/I to be 3.2 = 10‘3,
however using Hermann-Skilman wave functions a value of 5.9 x
“ 4073 was obtained. Using these values .of S total crosse
sectios of 10.6 22 and 3L.9 32 at 100 esve woere
calculated. Clearly the absolute magnitude of ths total
crosg-sections must remain in doubt until experimentsl data

ere availsblse

It is expected that the approximation ocutlined
sbove will break down et both high and low energies. The
reason for failure at low energies is clear enocugh, the
relative velocity can not be considered constant under
such conditions., 1t is therefore not possible to cbtain
any informaticn for energies near the ionisation threshold.

This scts a lower limit of around 5 e.ve. The upper energy



limit arises in e rather more subtle way; when the electron
"jumps" from one atom to the other, as one atom is moving
faster than the other, the clectron experiences a change.

in momentum, this hae been neglected in the above. As the
relsative energy of the two particles increases so the
effect becomes more important. Bateg and icCarroll (BAT 58)
have shown that the change .ﬁx the electrons momentum may be
ignored if '

VZ << {

where V is the relative velocity and Z the extent of the
smaller wave function in atamic units. Taking 2 = 7 a.ue.

then for the spproximation to be valid
V& 3 x 107 cms/sec

which in the systems considered corresponds to an energy
of ebout 20 k.e.ve In the emergy range considered the

change in the electrons momentum may be neglected.

Unfortunately it was not possible to extend these
calculations to the systems K/I,, Ne/I,. The crossing
distances Re for these systems are 5.5 2 and Ye1 X
respectively hence behaviour similar to Ne/I might be
expected 1.e.‘ essentially adigbatic.
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Classical trajectories for the K/'I2 system.

When a potassium atom collides with an iodine
molecule & number of processes may occur. In order to
obtain a qualitative picture of the collision a model was
postulated and the classical trajsectories calculated. The

model used as based on the spectator model of chemical::

reaction (HER 6§). -

was Adddiy WV g W

It was assumed that when the K/I2 separation

reached a value Rg given by

N

= IK’-EI

&1os

vhere I, end By are the potassium ionisation potential
and iodine electron affinity, then the potassium valence
electron transferred to the iodine molecule. Three

different channels were then open to the system

K+I, — KI+1I (1)
v*"

K +112 —> K +1I, gz)

K+I, —> K+I+I (3)

Cross-sections for the thfee processes have been estimated

for a range of energies.

It vas assumed that the I, molecule was initially
at rest and had zero vibrational and rotational energy. It
wes also essumed that after electron transfer I, behaves
as I I with no interaction between the two particles,

the I atam therefore remains fixed in space:.



L.

The eolectron affinity of 12 is ﬁncertain. values
ranging from 1.2-2.6 @.v. have been roportcd. In ordor to
slaplify calculation the following procedure was uscd to
oectimato Eig‘ The electron affinity of I is sccuratoly
knoun, 3.2 e€.v., as 45 tho bond cnergy of Ia, 1¢5 GaVe,
the electron affinity of I, was taken as 3.2=1.5 €.ve this

is in good agreement with Person's vaelue (PER 63).

The rosults are shown in Pigs. (2,15), perhaps
the most striking feature ic the cross-section for reactive
seattoring, the model predicts that for snergice greater

than gbout 2.5 e.ve. no XKI is formed.

As the energy is increased cbove 2.5 6.v. the
dominant procees in tho dissoccintion of the i10dine moleculGe
At enorgieo ebove 10 e.v. vibrational excitation bocomés
more important then dissociation; thoe I ion is simply not
eble to respond in the timo of the collision snd the cnergy

trancferred to the lodine moleculc decrecsces.

‘ As the energy ic increased still further the
'situetion is reached in which the I remains virtuelly
ptationary during the collision and there ic alnost no
transfer of enorgy, the collision is therofore ossentially

elestic.

Clearly the results derived from this crude model
can not bec taken too seriously but e qualitetive picture is
obtained. The most serious weckness of thic model ig the

neglect of the I.1 interaction. I, hse & well depth of
2
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about Oe8ev and an oquilibrium bond dictance of about
3.2 & (PER 63). This will certainly modify the essumod
coulombic K"'\Ié’ potential. Work is at present in hend
in this laboratory to celculate clessical trajectorics,
" account being teken of all interactions, the effect of
varying the I, potentisl may then be examined.
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EXPiuRIMENTAL,
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Aim of Experiments.

Superthermal molecular beams mey be used to study
a great variety of elastic end inelastic processes.
Plexibility is therefors en important criterion in the

design of an apparatuse

In designing the cpparetus several possible
applications were enticipated. These wersy to cbtain
intermolecular potentials by elaestic scattoring studies,
to measure energy lossc spectra by time of flight and hence
obtain dotalils of vibrational~translational energy transfer
and finally to measure the intermolecular potential in
chemically reactive systems with e view to extending our

understending of chemicel dynamicse

It was shown in the previous chapter that an
spparatus resolution of ebout 0.15° is reguired to study
elastic scattering. It should also be possible to make
measurements out to ebout 5° from the main beam. The
expected scattered signal is small hohce counting technigues
must be useds Care must aleo be taken to reduce background
noise to g minimum. If energy loss spectra Gue to
vibrational.excitation are to be measured then an energy
resolution of better than 0.5 e.ve ig reguired. A
monochromatic source, or gsome form of velocity selector,
would be necessary. As the scattered signal will be very
emall a very eofficient data collection system will be

required o6.g & multichannel analyser or on-line computer.

The requirements for the study of chemically



reactive gyctems are similor to those outlined sbove. In
ad@ition it should be possible to distinguigh between
reactants and products eithor by conventional masg-spectro=-

metry or by time of flight.

E This chaepter is an sccount of the design,
construction end operation of an apparatus to meet the
sbove requiranénts. To date the apperatus haes been used
primarily fo;- tho gtudy of eiastic cbllisions although
time of flight faciiities have been partlally developed

and tested'.
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Introduction

The gpparatus was designed to measure differ-
ential crosse-sections at superthermsl energies for a
variety of systems, the major design requirements have

baeen outlined sbove.

Por rcecasons which will be considsred in the
next section the alkali metals were chosen s the main
beam materials A variety of matorials could be used as

the collision partners

The maein features of the asppesratus are shown
in Pig. (3,1). There were four separatoly pumped chambers,
the first two contained the main-beam source and the
third the cross-beam gource. The detector chanber was
connected to the third chember by means of flexible
bellows and could bs rotated by % 10° round the main beem.
The detector could be rotated by increments as omall as
,0.002°, increments less than 0.01° wero not normally

used howevors

. The detector vas of tho surféee ionisation type
and was folloved by a quadrapole mass=spectrometer and
an eloctron multiplier. Pulse couhting techniguos were
used to poermit the mosgurement of very weak signals and
also to eliminate noise due to drift in tho multiplier
gaine

The scatteored signal, detector position and
other relevant date were recorded on paper tapse and

subseguently analysed by computers
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The rest of this chapter divides into four sections,
the vacuum chambers etce., the sourées, the detector and

data handling system and finally the experimental procedure.

Apparatuse.

_ In discussing the design of the spparatus 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 rélative 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 ordef that the mean free
path of beam particles be greéter than the apparatus
dimensions background pressures should be 1070 torr or

better.

The correct alignment of componehts such as
sources and slits etc. is of great importante inlthis 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, Qn-which'the epparatus sits, consists of
14" square mild steel tube arc 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 bars
were bolted along the length of the frame. These bars

provided the datum to which all measurements wers referenced.
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An "Optical® bench on which the main-beam and cross-besm
could be located wes built up as follows: The bulkhesd
gseperating the detector and scattering chambers Fige (3,2),
was loceted perpendicular and square to the datum bars

and bolted to tham« The bulkhead closing thewmd of the
vecuun oystom vas similar in construction dbut was located
in guide rails to aliov some adjustment along tho length

of the apparatus. Running betwecn tho tuvo bulkheads were
tvo 1" diemeter stcinless-steel bars, these were a tight
fit in locating holes in each bulkhead. The bars there-
fore provided a fixed bench on which the beam sources could
be placed. Each camponent was mounted on a special kinematic
bese plate vhich hed two groovec machined in it, Fige (3,3),
those provided eccurate location on the barse. The vacuum
syetem c¢an now be imagdined as being built round these

fixed para.

The vacuum aystem divides conveniently into two
parts, that containing the sources, and thoe detector chambere.
The source chembers concisted of three Q.V.P. P X 6 glass
cross piéces separafed by stainless-steol bulkheads Pige (3,2).
The cross plecos eat on dural plates, edjustablo for height
and inclinaticn by means of corner screvs. Tho components
were hold rigldly together by means of clamping rings.

Great care had to be taken on assembly to encure thst no
part of the sysfem was under stress. All vacuum ceels were

mgdo by mesns of "O" 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, Leybold 12772, and a liquid
nitrogen cooled baffle, Leybold 12845. These preéautions
were taken to minimise the esmount of hydrocarbon 0il back-~
streaming into the experimental chembers. The third
chamber, the scattering chember, was pumped by an N.R.C. VH 6
0il diffusion pump hsving a pumping speed of approximately
2000 litres/sec. This pump was baffled by an NRC VH 6
liquid nitrogen cooled baffle. The diffusion pumps were
backed by three rotary pumps, two Leybold $12's end & D12,
linked in parallel. Liquid nitrogen cooled cold traps
were placed between the rotary and diffusion pumpse. These
served two purposes, they prevented any volatile corrosive
substances, such as iocdine, from entering the rotary
pumps also, in the event of a mains failure, they prevented
rotary pump 0il being sucked back into the diffﬁsion pumpse

Each chamber was also fitted with a iiquid nitrogen
cooled cold trap. These have a very high pumping speed
for condensibles. The cold traps were made from 1/16"
copper sheet ! brazed and welded in the form of a D. The
traps had a Qapacity of sbout 4 litres and a consumption of

around 1.5 L/hr under normal running conditions.



a e ement

The backing pressure was measured at the exit
of esch Aiffusion pump by means of a Pirani geuge, the
gauge was also connected to ihe vacuum interlocke.
Pressures in the oxperimental chamberg word meesurcd by
AsBaTe VHI9 ion=gauges mounted on the top flongoes of
each chambor.

Hormally the pressure in the backing linc was

around 50,» and in experimental chambers 2 x 106 torr.
Detector Chambor

The detcetor chamber was made from 3/32" staine
 lees stecl sheet folded and erc-welded to form a box

6" x L3" x 63", Connections were mad@® by means of

conflat flanges welded to the basic box, Fige (3,1) mnd
Fige (3,4)e The chember weo pumped by meens of a 70
litres/cec ion-pump, this was used in preference to a
baffled diffusion pump ass when an electron impact detector
iz used the latter gives rise to a beckground noise AQue to
'backstreaming. It was also more convenient to f£it en ion~
pump into the epperatus. Tho normal preesﬁre in the
dotector chamber was 6 x 10"8 torr. The dotoctor sssembly
1toelf hung down into the chember from the top, Fige (3,1)e
'In order thot the detector could bo roteted about the main
beam the detector and scattering chambers were connected by
means of stainless steel bellous. Initiaclly Varien preesure
formed seemed bellows wore used, it was found, however, that

these hed insufficient flexibility and wore prone to lesk
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aftor a short poriod in usece. These bellows were then
replaced by edge welded bellows which were found to be

veotly sUperior;

In order that the detector chamber could be kept
under vacuum when the resct of the apparatus was up to
atmcsphere a gate valve was placcd betwecn the dotsctor
chember ond the bellovus. The basis of tho gate-valve
vias a standerd 8" flange. Half the contre portion was
mechined out and & 3" hole drilled to allow the beam to
pass, a 3" "0" ring grocﬁe-waa'cut concentric with this
holes A stainléae steel plate sliding between ralle waes
used as a seal, see Fig. (3,5). The valve was operated
by means of a 3" diameter rod which passed through the
side of the flanga,'a vacuum seal was cbtained by means
of an "O" ringes The region seen by the dotector was

1limited by means of 0.030" slits mounted on the gate valve.

Rotgtion of the detsctor.

The detector chamber wes bolted to s dural
plate which was free to rotate on a lower fixed platform,
the radius of rotation being fixed by ball-races. The
arragngament is chown in Fige (3,6). Bot 1bto the plgte
end the platform vere two rectanguler stecl sections,
thoae'on the upper plate hed radial V grooves machined
in them, the lowsr platform had onc V lccating groove and
a U guide groove, the grooves being 34" and 20" pradii
roppectively. All grooves were herd chromium plated to

reduco 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 I40°

gbout the mid-polnt was pocsible. The centre of rotation
was approximately in the middle of the scattering chambere.
The lower platform was sdjustable in height thus allowing

the detector to secan cut of the plane of'the main beem.

Tho detector acesembly was rotated by means of the
screw arrangement shown in Fig. (3,6). On rotating the
lead ecrow the drive-~block moves along its guide rails,
the lower part of the drive~block is a tight pliding fit
in the channel vhich is bolted to the plate carrying the
detoctors The plate is therefore forced te rotate on its
batk races. The detector was prevented from moving
forward when the scattering chamber was pumped down by a
epring attached to the main freme of the apparatuse

Leagurement of detector position.

. Two solutions were congsidered to the problem

of finding the angular position of the detector; s

direct angular measurement could be made on the platform
or a linear measurement made on the drive mechanisme. The
lat tor method was chosen for its simplicity. Two choices
vere again open, to measure the rotation of the lesd screvw
or the linear motion of the drive blocks The first metnod
wves rejected because of the likelihooaqof erroreg arising

from backlash and nén»unifOBmity of the threcde

The linear displacement of the drive block was

megsured with a "Teletrak" linear transducer. The transducer
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was mounted on g soparato sub-fraunc and its sensor coupled
to the drive block with a magnet. This systom has meny
points to recanmend it; Dbdoth digital end B.C.D, outputs
are immediately obtained, the messurement is avsolute

and is got therefore affected by teomporary poucr foilure or
an excessive rate of change of pocition. Tho position can

be measurcd to high occuracy and vulith high precicicne.

The only likely source of error in tho mcasure-
ment of the gcattering engle was if the contre of rotation
of the detector and the scattering centro did not coincide.
The magnitude of this error could be easily estimeoted. If
L was the distance fram scattering centre to detector, then
at en angle @ Aif the engular error is not to excecd & @
tho scatbtering centre must be located to better than $ L

where

§L = 150
8ine

Teking @ = 5°, 5@ = 0.05° end L = 51 ecms then
S L F 0.5 cms

This could be easily achieved.

Mein beem source

Introduetion

It hae alroady been mentioned that prior to
1065 ﬁhe great majority of boga scattering studies had been
in the thermal onergy range, l.z. lees than 0.5 e€eve OF
the high ensrgy,’greater than 200 e.ve The only real
exception was the axperiment of Bull and Loon (BUL 1954).

in thic work molecules of C CIu wdra accoclerated by mesans
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of o rapidly rovolving pasddle wheel which produced bursts
of molecules with energies around 1 e.v. The apperatus

vas used to study the reaction
Cs + C»le-—> Cs Cl +«C 013-

but the results obtained were not conclusive and no further

vork appoears to have been donece

In‘the lest decede various courceg have been
developed to bridge, in part at least, the energy gep.
These fall into three broad groups, ion sourcos similar
to those uved at high energlies, sputtering and nozzle sourcese.
The different sourcee are discussed in detzil by Anderson,

Andreg and Pann (AND 66) end Fenn (PEN 68).

A useful sputtering sourco hes been doveloped
by Loz ené coworkers (LOS 68). 1In ihia mothod a beam of
high enerzy, 6 keV, argon ions are directcd at a block of
potescium. Neutral potescium atoms with energios in the
rengo Oe5-U45 e.ve are ejected, thess ére tben collimated -
and mechanically veloclty selocted. Several experiments
have been performed with thie source (LOC 694) but it does’
suffer fron several drawbscks; 4t is reotricted as/to the
beem materials, and the problems of constructing snd
maintaining « machanical velocity sclector &apable of
operating at the reguired cpeeds are acuta.k |

Several types of nozzle source, vhich operate

in different energy rangos, have now been developed; namely
the binery mizture nozzle (AND 66), the shock-tube nozzle

a2s - Nrenvas

(SKI 61) and the arc-heated nozzle (YOU 69)«  In the binary
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nozzle a mixture, consisting in a large part of a light
driver gas and a small gmount of heavy gas, is expanded
through a nozzle, the ensrgy 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 wavse,
which 1s 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.ve. by the first two methods and 20 e.v. by
the lasts It 1s limited in the case of the binary mixture
by the molecular weight of the working gas, in the case .
of shock wave heating by the shock strength and in the

arc-heated nozzle by the materiasls of the nozzle.

The “classic" technigue of ionisation,
acceleration and neutralisation has now been advanced so
that beams having ensergies of less than 10 e.v. can be
produced (CRO 70). It is worth examining the limitations

of a source of this type.

The current which can be dravn from an ion
source is limited by the mutual repulsion of the ions.
It has been shown (WAT 27) that the maximum current
obtainable in a beam of charged particles of mass‘m, energy

V and convergence O is

I = L.67 -TT B (ﬁ/zm)%v%‘ tan? B
mex * o
Unfortunately there exists another restriction such that

not only is the maximum current that can be cbtained limited,

but also it is not always possible to schieve this maximum.
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It wes shown by Simpson and Kuyatt (SIM 63A) that in order
to attein the current densitles for space charge seturation,
in the presence of thermal effects at the emitter surface,
one would have to exceed the gpace charge limitations
imposed by the diode nature of the ion-gun. It was this
restriction vhich defined the lower onérgy 1imit of previous
work. To work outside these limits it is nocessary to
_aecouplo the thermal energy and space charge effects by
first accelerating the ions to s fairly high energy, several
hundred volts, and then decelerating to their finel low
energy. Simpson and Kuyatt (SIM 63 B) designed an electron
gun using this multistage principle, this was later adéptad
by Haskell end Heinz (HAS 66) for use with low energy ions,

The source used in this work was of the ionisation/

neutralisation type incorporating a multistage lens system.

The main becam scurce falls naturslly into throe

perts, the ioniser, the lens system and the neutraliser,
The ioniser.

There are two main mothods by which ions may
be formed; electron impect, either directly or in a
discharge, and surface ionisation. The’advantages end
disadvantages of the two methods are as follows. lectron
impact has a low efficiency,./~10'“, gome form of selector
is required to remove excited epeccies and, in the case of
molecules, fragnents of the perent species. The method
does, hovever, have the advantage of being sppliceble to
all substances. B8urface ionisation is highly efficient,
», 100%, but is almost entirely restricted to the alkall metalse



As there 1s & great wealth of experimental
results on alkali metel systems at thermal energies it
wae decided to try to extend the data to higher energies.
A surface ionisation source wae thersfore chosen for this

WOorkKe

It has besen found that if atoms strike a hot
filament, of work function W, then the ratio of emergent

ions n* to neutrals n is given approximately by

-21 = ¢ exp (P -/ kT)

where ( is the ionisation potential of the incident

atomss The variation of ion-current with tempersture is

shown in Pige (3,7) (HUS 63)s It will be ceen that above

a critical temperature T,, about 1100°C, 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.

Ionisers of this type have been extensively developed in
Aﬁerica for use in space as rocket motors (KUS 65). A
simpler system in which alksali metal vapour is q1rected
at a hot filement (DAT 68), (PAU 66), (ROT 68) was

considered but not used.
—

e s
‘The ionieation potentials of the alkali metals

are
L1 Seli 0uv,
Ka Se1 0eve
K Le3 Qs Ve
Ry, Le2 Geve

Cs 309 Ge Ve

67.
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The work function of tungcocten is approximstely
L4e7 @eve hence lithium could not be used in this loniser
end sodium with only limited efficiency. It would be
possible to use thoge maieriais if rhenium, work-function
5+2 8.v. was used instead of tungsten (51 68). To date

the majority of tho work has been with potassiume.

The ioniser is shown in Pig. (3,8), 1t consists
of two parts, the alkali metal supply oven endé the
tungsten ioniser. The supply oven ﬁae made of stainless
steel, the heaters consisted of 0.020" nichrome 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 anncaled copper gaskete.
On tha‘base of the oven were machined two " V grooves
mutuslly at right angles. The oven sat on three rounded
tungsten pegs 1/16" in dlameter, these engsged in the V
grooves hence fixing the oven position. The ovan angd

tungsten locating pins wers 1insulated from earth.

_ The ioniser section consisted of a molybdenum
tube 3" x 25" = 0.030" on the end of which was welded a
0.030" thick disc of porous tungsten, 75 dense. Initially
it was attempted to slectron-beam weld the tungsten disc
to the molybdenum tube but this proved unsuccessfule The
two parts were finally heli-arc welded snd have given no
trouble during several hundred hours of operation. Thé
method of attaching the ioniser tube to the supply oven is
shown in Fig. (3,9), when the nut is tightened, the anneasled
copper ring distorts and grips the molybdenum tubej in order
to avold crushing the ‘walls of the molybdenum tube & 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 develope It hes been alresdy mentioned
that the ioniser operating temperature must be in the region
of 1200°C, the actusl temperature is not important provided
1t exceeds the critical temperature Tg. Attaining this
temperature proved quite a problem, the solution adopted

was a high current rediation heaters

The heater consisted of a 13" x " x 0.060"
molybdenum tube concentric with the 1pnieer, the tube was
~ s8lit for most of its length and then welded to two molyb-
denum plates (Pige (3,10)e The heater was then clanmped,
by meens of the molybdenum plates, to heavy copper supports
which carried the heater current. Pover was taken tb the
copper supports by measns of 5/%6"Acopper ﬁipes, these also
carried cooling water. The heater carried a current of
approximately 550 amps, the ioniser was then heated by
radiastion. In order to minimise heating of the surroundings
the heater was enclosed in a radiation shield, this consisted
_ of three concentric thin walled tubes 13" long, the inner,
which had a dlemeter of 1", was made of molybdenum, the
outer two tubeé wore 1%" and 13" in dismeter and made of
stainless steel. The rediation shield was itself surrounded

by e water cooled copper shield.
The icniser hes proved very reliable.

The lens systame.

That cherged perticles could be focused by
electrostatic flelds was first recognised in 1931 by Davisson

and Colbick (DAV 31) snd an extensive development of electro=-
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Clamping Nut

Fig. (3,9)

-Method of attaching the ioniser to the supply oven.



 Pig. (3,10)

Ionis'er Hestere.
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optical devices’has followed.

The motion of a charged particle in an electric

field is governed by the Lorentz eguation.

However no general solution in terms of lens
perameters is avallable. Lens 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

pareameteorse.

The lens system used in this work was based on
that developed by Simpson end Kuyatt (S1i 63B) and liaskell
and Heinz (HAS 66), the lens is shown in Pig. (3,11)s The
extraction stage wee a standard Sos immersion lons the
properties of which are known (SOA 1959). The grid
and accelerating electrodes, which were made of molybdenum
end stainless steel respectively, were mounted on alumina
rods and secured with tungaten springs. The defining
sperture was mounted on the bulkhesd separating ths first
two chambers and was insulated from it with byrophyllite.
The deceleration stage was a two element lens the focal
properties of which have been meassured by Spengenberg and
Pield (SPA 43). The lens was mounted on a separate base-
plate in the second chembers. No provision was made to
allow variastion of the inter-stege distance from outside
the vacuum systeme This restriction means that the ion-
beam can not be truly optimised 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. 4ounted on the same base~platse as
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tho lens wero X, Y deflector plateg, to correct any mis-
alignment of the icn beam, and a device for locating the
ion-beem. This consisted of four 1/16" rods mounted
matually at right angles round the main.beam axis, the
ion-current at each rod could be measured with an slectro-

meter hencc the centre of the ion-beam could be found.
Performance

The performance of the lens system.wae-difficult
to ostimate as there wes no way of detcormining, experimentally,
the focus of the lens or the ion~boem profile. Tho ion-
current pessing through the charge~exchange cheomber :hen
it contoined no vapour was messured. The charge exchangs
chamber slits and the final lens olement défine a-ﬁinimum
value of the convergence angle O , using this it was possible
to estimate the ion-curront apd comparehwith experiment,

this is shown in Pig. (3,12).

It will be socn that at higher onergies the ion-
current is over estimated by a factor of gbout six. However
in the circumstances the agreement was considored gquite
good. In similar work Haskell and Heinz (HAS 66) found

digcrepancies up to g factor of about thirty.

Aithough the lens ayétam eppeared to function
guito well it wasg considéred worthwhile experimenting ﬁith
different systems. A deceler&tiém lens of the Lyndholm
multi-clement iype is at presont under congtruction. This
lens has besn used with success in the production of 105
beams (WOL 69) and is ﬁora filexiblo than the two element

lens in use at presont. It is hoped that the properties of
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the lens will be calculable using the program developed by
UsK. AsEeAe Culham (BAT 65).

The Neutraliser

After passing through the finel lens the ims
were neutralised by resonant cherge transfer.

M ¢
Ut
mFast + 8 — HFast + N

as the mess of the electron is 80 much smaller than that
of the atom there is little momentum transfer and hence
the fast neutral is 1little deviated from its path. A
discussion of the subject will be found in the review by
Hasted (HAS 62). |

The ions pessed through & chamber containing
“bctasaium vapour; 4&f the length of the chanber is 1 end
the number density of the potassium vapour n then the
fraction of ione neutrelised is given by the familiar
Beer-Lambert laé

1/x, = exp-(n6l) ,
where 6 is tho cherge transfer cross-section. In the case

: 2
of potassium 1in the energy renge considered 6»2003 (MAH 68).

It 18 clear that s given sttenustion may be
achieved by verying n or 1 independently. On the grounds
that the sooner tho ions are neutralised the better to
prevent spreasding of the ion beam by mutusl repulsion it
would appear that 1 should be_as small as possible. On
the other hand if the vapour pressure of potessium is
. dncreased then the background pressure of potassium in
the system will also rise. This 1s undesirsble as ions
may then be neutralised in the lens system ngore decelera-

tion. A compromise between these two conflicting
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considerations muet be found.

The charge exchange chember i1s shown in Pig. (3,13)
the neutralisation region is seven cms. long. Emergent
fast neutrals sre collimated by means of slits to form a

narrow ribbon 0.125" x 0,009",

Tho chamber was heated by meens of 0.020"
nichrome wire threasded on fused aluming tudoes, the
temperature was meosured by a N4 Al/Ni Cr thomao-couple.
Unneutrelised iong leaving the charpge exchanse chembor were
deflected on to g collector plate, the ion current uas

measuresd by meens of an electrometer.

Having fixed the length 1 it ctill remained to
determine the optimum value of n, I.l, thet which maximises
the fast neutral flux. Clcarly n may not be increasod
indefinitely as elactic scattering would becomg important.
Following the argument of Holletein gnd Pauly. kP&U’éG)
the optimum vealue of n ic cuch that

néeél £ 1

. In this case an operating temperature of 150°C was predicted.
‘This was vorified experimentally, the neutral flux being
moeasured as a function of charge exchange chember temperature

Fig (39“4)o

Under certain circumstances, sec next section; it
would be eadvantageous if the materinl of the main bcen and
the charge exchange vapour were different. It was considered
that if the ionisation potential of the two mateéials were
similar then it should be possible to produce & fast neutral

begm.
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Fige (3,13)

Charge Lxchange Chamber.
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An attembt was made to produce a beam of cgesium
by charge exchange between caesium ions and potassium atams,
the ionisation potentisls of caesium and potassium are 3.9 o.ve.
and 4.3 respectively. Caesium was produced by heating an
equimolecular mixture of caesium chloride and sodium to
about 250°C in the supply oven. Although caesium ions were
produced without any difficulty no fést neutrals were detected.
It is possible that more success would be had with a
rdbidium/potassium mixture, the ionisation potential of

rubidium is 4.2 6.vV. This has not yet been tried.

Oven Power Supplies

The supply oven and charge exchange chaembers 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/NiAl thermocouples. Initially the charge exchange
chamber temperature was controlled by sn Ether type 2006
three term controller, this fed, in turn, a magnetic'amplifier
and & saturable resctor. Although greast 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 wes then put on the

supply oven the temperature of which was not critical.

Lens Power Sggg;ies

Two separate groups of power supplies were used,
a high current supply for the lenses themcelves and a low
current supply for the deflector plates. The lens voltages

were supplied by thres Kelthley 240A 0-1200 volt supplies.



The low current supply consisted of two Kingshill power
supplies, a 5300 20 volt supply and a M1510 150 volt supply,
these fed a resistor chain from which the various voltages

could be tapped. All supply lines were A.,C. decoupled.
The Detector.

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

250 quadrapole mass-gpectrometer. The original clectron

impact ioniser was replaced by a surface ioniser, Fig. (3,15).

The ioniser consisted of a platinum/tungsten filament
0.020" x 0.001". 1Ions 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 énergy of the incident neutrals. Brozdly speaking

two types of behaviour may be identified, these depend

on whether the filaﬁent temperature 1is greater than ths
critical temperature Tec, about 900°C in our case. Hulpke
and Schlier havg found that for temperatures greater than Tc
then the ionisation efficiency for potassium on platinum/
tungsten is nearly 100% for energies up to 3 e.v. but falls
off sbove this energy dué to reflection (HUL 67). A
detector has been designed (LOS 69B) which overcomes this
problem but is not suitable for our application. This
situation could be tolerated but for a further complicstion,
nemely that at temperatures'greater than Tc thermal
potassium effusing from the charge exchange chamber and-

filament impurities asre ionised. This noise would swamp the

82
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signal dus to the beams Tho first effect could be avoided
by using a material othor thsgn potassiun in tho charge
exchange chamber, thisc vas discusscd in tho provious coctiaone.
Little is known of the procasgses occurring ot toemperrtures
below Tee Tho ionisation efficiency apponrs o incrogce
stecply with inereasing incident energy .Pige. (3,16)

(RCT 69) but rreoumebly reaches a platcau or meximun as
reflection incrcacges. In this vork the filoment current
was adjustecd to a point just balow that at vhich thermael
potascium was donised. It was net possiblec to mossurc the
filamont temperaturc directly ap the defining clits vwore

too small to gllow accurate pyrometer rondingse.

After meps selcction in the quadrapole the lons
were gccelerated into an olectron multipliers The measured
trancmiccion of the lenc and guedrapole vas in the region
of 83. Initially o fourtccn stage copper/baryllium

6

multiplior was usced, thio had a goin of gbout 10° when

nov. Howover after enxposure to tho atmosphore the géin
fell drastically to around 103. It was, hougver, found
possnible to reactiﬁmze the multiplier by bakinp at 55000
in hydrogen at one atmogphere then in dry oxysen under
pimiler conditions for three hours. Aftor thic treatment
tho gain prsturned to its previocus value and proved guite
satisfactory. However a vacuum fallure vhen tho S.H.T.

vag on docctivated the multiplior permanently.

AD B Peplacement it was decided to use s llullsrd
type 419 BL channcl electron multiplior, G.S.0. (EVA 65).
A Celielie 46 a small, cbout 2", coiled glass tube coated
internally with e thin layor of wmetallic 1occd or vansdium
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phosphate glass. A high potential, 2.5 Kv 4in our case,

is connected scross the C.E.M., the internal coating then
funotions ge a continuous dynode. Ions, froa the qusdrspole,
are accelerated into the C.HE.l.,, on strikingz the surface
secondary elesctrons are produced, the officlency is

ebout 507. Under the influence of the applied field they
zig~zag up the tube producing a cascade of electrons.

Llectron gains of better than 108

are possible, however
neture being what it is C.E.li's have their drawbacks.

The maximum incident flux which can be measured is limited
'by the nature of the aubrace coating. in any cmltiplier
the current which can be drewn must be less than about 43
of the current flo'wing in the dynode resistance chain.

If too large a current flows, corrosponding to an excess
flux, then the effect 1s to reduce the size of the output
pulse, if this falls bélow the detection threshold then
the multiplisr is eaid to be saturatede In o coﬂ&entional
multiplier the resistor chein current isc in the regiocn of
a milliamp. hence there is no real rsestriction on the
incident fluX. A C.E.l. on the other hand hee a resistance
of about‘s x 10° £ and hence draws about 0.5 f‘a‘ It ve
assume en emplifier input capscitance of around 4O pF

and a minimun detectable output pulse of 100 mv then the
equivalent threshold is 2.5 x 105 electronss If .we
restrict the average pulse current to 23 of the wall
current then the multiplier will saturate et an incident
flux of ebout 2 x 10° iong/sec. 1In practice the C.E. .
was found to saturate at 9 x Tond ions/sec. The multiplier
background noise at this equivalent threshold wes about 2



87.

- pulgor/sec. If roguired tho meximua count rote for saturation
could be increased by raising the E.H.T. up to a meximum of
3¢5 Kv but this is accompenicd by a disproporticnate increase
in beckground noige. Tho output from tho C.i.l. 4is fod, vis
a protection circuit, to an gmplifier. The cmplificr used
was a Hewlett«Packard 462A on 40 db gain, on ettenpt vas
made to placo a O db Keithley 414 high impedance pulsd
enplifior botwcon the CoB.M. ond the L62A but this was
unsuccossful duoe to R.F. pickup from the quadrepolc. Pulsoes
frem the 462/ vero solcectod using a variable throshold.dise—
criminator (COW 68). The diceriminator gavo & volt pulses
ebout 20 nanoseconds long, these were oplit in on impedance
matching netyoﬁk and fed to the inputs of a Chronetica

Ranocounter 400.

Perfgpmance of naine-beam sourceo.

It was not posrible to maeke a ‘direct calculstion
of the noutral beam flux as neither the ion~beem geometry
nor the detector ionisation efficiency wore known. At best
only crude cstimatos of oxpected intensity could be made,
a.beiter idea of the source performance €ould be cbtained by

comparison with other similar sources.

The mein beam flux, as meesured at the electron
multiplier, is shovm versus beam energy in Pige (3,17).
In order to cbtain the actual flux ot the detector the
following must be known; tho detecior ionisation e$f§o;ency.
the quadrapole transmission and the multig;ier efficiency,

none of these quantities were accurately known.
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At 100 e.ve the messured beam flux was 7.5 X 10“
particles/sec, taking the detector znG multiplier efficiencies
as 507 end the quadrapole transmission of 8% then the flux
6 particles/eec. The

6 str which

at the detector was about 3.8 x 10
angular area of the detector wac 2.8 x 10

12

gives a flux of 1.4 x 10 © particles/str/sec. This conparss

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

Tho measured ion-current gt 100 @.v. was 8.8 x 10~19,,
if 60% neutralisation is sssumed then a meximum neutral

£lux of 3.3 x 10° particles/sec is predicteds This 1hp11ee
thet the beam divergence was sbout 1% At 60 e.v. the flux

11 particles/str/sec, this
12

at the detector was 7.8 x 10
canpares with Pauly's velue of about 8 x 10 € particles/str/sec.

The bYeem divergence was sgain about 3°.

The figures aré'encouragxng in that they show
that improvemepnts can ctill be maede in the systam. The two A
main points of attack are clear, to improve the overall |
detection efficliency and to decresse the beam divergence;
The problem of the detector may easily be solved by removing
the quadrsgpoles, this should inereasé tho moasured signal by
a factor of ten or more. cléavly such ection will introduce
& source of noise into the system, in the procent arrange-
ment thie should not be a problem, any noise arising boing
second ordor of smeallness. If differential cross-asectiong
are to be messured at encrgies less than sbout 50 e.v. then
the detector must be modified. The solution to the problem
of beam divergence 1s not sc clear; energy rasclution may
have to be sacrificed and the length of the charge exchangs

chember decrcaped.

1
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Crosg-Beam

Source

The crosc-beam wag directed verticolly downtards
in order that, after intersccting the msin boam, it passed
directly into the diffusion pump hence maximising pumping.

The cross-beem sourco is shown in Pig. (3,18), it
consisted of two separately hoated monel chambers. It was
intended that the source be used initislly for producing
beans of iodine molecules or atoms, the iodine ntomz to be
formod by thermal dissocistion. The theranl dicsceintion
of icdine molecules is treated in detail in the FPhoD. Thesis
"Theoretical end Zxperimental Studies of Atomic and fioleculor
Scattering” by Y.3. Horne (Gidinburgh, 69) and only tho results
will be quoted here. The porcontage dlscociation of iodine
ae a function of tamperature, at varicus prosgures, is
shoun in Pig. (3,19). It ves intended to run the discociation
chember at sbout 500°C to give around 953 disscociation,
hovever overhcating of tho source prevented this and to
dato beams of iodine moleculos only have becn produced. It
is hoped that the introduction of water cooling will over-
coii® the problem. The séurce can, 0of course, bo used for
a variety of other substances provided source tomperatures

in excess of about 400°C are not required.

The choice of materials for the source slitc was
restricted by the problem of corrosion, icinc vill attack
even stainlegs stoel. It ia well knowvn that a culti-chaonnel
array gives a highor intensity thon a single clit of the

samo dimensions (ARD 66), however such orrays, Zacharias foil
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etcs are normally formed from nickel which is badly attecked
by iodine.

The solution found to this problem was to use a
gless capillary erray. This material, "Permionics", was
0«25 ems thick, had pores 50,» in dismeter and was about
70% transparents A section of the material O.¢ cma x Qe2
cms was ‘araldited” in e chamnel machined in the source,
the beam was defined by means of gold slits O.€ cms x 0,05

CliSe

The cross-beam mount is shown in Pig. (3,20).
The upper plate, which carried the source etc., wae
supported by four stainless Qtool pilliare mounted on the
bese plates The source was locsted on three rounded
tungsten pinse The beam wae modulated (see next section)
by a sixteen slot disc driven by a Smithe MHS/3 Motor
which was mounted on the upper plate. In order to prevent
the main beam beeing" the chopper disc the disc was
enclosed by a copper sheets Also mounted on the upper
?hto were two 9 way electrical connectors and a light
bulb which formed part of the modulation syetem On the
base plate was attached s photo-cell and main-besm
collimsting slits.

The intensity obtained fram a long narrow chennel
hes been studied by Giordmaine end Wang (GI0 60), following
their results an intensity of 3¢3 x 10'% stoms/str was
calculated for an iodine vapour pressure of 5 torr. It
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was not possible to measurs the cross-besm flux directly,
it could bdbe inferred, however, from the attenuation of

the main besam.

dssuming a totel crosse-section of 20 A2 énﬁ a
ecattering region O.L cm long the mein beem cttenustion
vaeg calculated to be 2.9, this compared uith § mepsured
value of.around 2.5% It would clearly be cn advantage.
Af the attonustion could be increzsed, thic vos not
possible with the present sowrce, in fact o nozzle source

would bs rcguired.

Expected‘ Scattercad Flux

The scattersd flux at an cngle @ is given by

I(0) = luieVg 6 (@) Vgiighy
VaVx1c v

N¥pn = main-beam flux .
Hx = crose~besm flux

Vg = scattering volume

Vm = main-beem velocity

Vx = crosc-beam velocity

Vrp = rolative velocity

"Wo = dotector width

hg = detector hoight

6(©) = airferentisl crosc-gection

1l = dictanco fron detector to scettering contre

Now vpor Vpp 2 Vg
and Vg~ hg W,
< I1(0) . NN, 6 (@) Wohd

Vy 12




S6e

Taking

-2

Nx —_ 1017 atoms cm 1

sec

2 1

N, ~ 2X 10! atoms cm™2sec™

Var 2x 106 cms sec"

Vx S 1T X 1 cms sec

h = 0.5 cms

)
Wo Qo 05 cms

1l 58 em

i(e) = 10! x 6 (@) particles/aec

Using the calculated values of 6 (@) a scattered flux of
the order of 100-10 particles/sec wae predicted which was
in fair accord with experiment.

Power Suppliep

The crosgs-begm source heater was supplied by a
20 v 5A D.C, power unit and the dissociation chamber heater
by a 30 v 10A D,C, power unit. The A.C. power to each unit
was controlled by an Bther type 991 temperature controller.
Temperstures were measured using NiCr/NiAl thermocouples.
Tho chopper motor was supplied by an 8 volts 2 phese 50 hz
A.C, power unit, a etaﬁting voltage. of 14 volts was also

available.

Modudation,

The experiment in which the messured signal
corresponds to the scattered flux.alone is realised in
experimentalists dreems only. In practice the signsal, at

any angle, is made up of & number of contribﬁtions. Thesge
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arg -
1. llain-bezm ntomo ecattered by the cross-beam

2. lain-beam atoms scattorcd by the background gas
3. At emall angles the main beam “"wings®

L. Noigo from thc lon-pump

5« THoige in the dotection electronics I... wultiplicr

darik curronte.

If the hoiee, « s contributiono £,3,4 and 5,
vas constant then the truc scattored eipnsl, contribution 1,
could be easily found by owitching the cross~beem off and
on with a beem flzge Hovever none of these quantities\}s

constant vwith time, samo are slowly varying some rapidly.

Consider first the contributicne from tho ione
puzp ond detector elcct:onica, thege aro ocsentially
repdom in naturo cnd precsent no reol problem. In foct it
vas normal Qhen collceting data to turn tho ion-pump off
honce romoving o ngjor sourco“of noieg.. llore mmportaﬂt is
the contribution due to scattoring from tho bsckground ges,
this will fluctucto dus to uncveness in tho pumping of
the diffusion pumpn. The effect of these fluctustions may
bp pe&ucod by modulating the cross-bosm.

' Tho theory behind tho modulsticn tccknigue hao
recently been roviewed (FON 66) and will not be gono into
here. Suffice t0 s8ay that tho vecuun cysctom may bo treated
in a monner analegecus to an RC electrical filter hardling

voltage fluctuntions. Asseciated with the vacuum gyctem
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there is a pressure time constant'S given by

T = v/s

Where V i1s the system volume snd S the pumping speed.
It can be ghown that an improvement in the signal:noise
ratic- is obtaeined if

3 > 1/v
where » is the cross<besm modulation frequency.’ In our
case the volume of the cross-beam chamber was eighteen

litres while the pumping speed was 1000 L/S hence
{-1.318 ns

The time constants of the source gnd detector chambers are
30 ms and 100 ms respectively. The mo8ulation frequency

used was 266.7 Hze

Experimental abrgngement

 The crose-beam was chopped by meens of a rotating
disc, this_haa been described in the.section dealing with
the cross-beam source. A referencs signal was taken from
the disc by means of a lamp and photocell, this was
arranged so0 that the reference pulse and the pulse leagving
the cross-beam were in phase. The photocell used was an
M.S.Ps 6 silicon phoﬁodicde, this was arranéod in the input
of a Schmitt trigger Pige (3,21)s The Schmitt was scamewhat
unusual 4n that both its trigger point and hysteresis were
adjustables The smallest possible valus of h&stereais.
e few millivolts, was used in order to reduce jittor in

the pick off pointd After the cross-béam is turned on
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thorg is o delay of arcund 109,&5, corresponding to filight
times in tho apparatus, before g signal appears at tho
detoctors The duration of the signal is 2.2 ms there

ﬁhen followé a noiso period of 1.6 mo whon the cross-boem
is shut off. Tho situstion ic summericed in Pig. (3,22).
Tho tuo counters are arranged so thot one counts Guring
the signal on period only and the other during the

signal off period. ~ '

The‘épening and closing of the counters is
controlled by delay lines fod from tho Schmitt, thece
ere shown in Fige. (3.23).' Bach delay lino consists cof
~ two Aim PWD 103 pulse width/delay units ond an Aim PPA 104
pulse amplifiar. Tho geguence of operation is boot inferred
from the diagrem, in outline it is as follows. The output
pulse fram the Schmitt is conneected to the input of the
first PuD 103 of the cignal line, I.3. the dolay line
vhich opens the counter during the signel on pericd. Tho \
pulse on emerging from the PPA 104 amplifier.has‘an anplitude
swinging from +1 to -1 volts sot by the amplifier, a width
W4 of 1 ms set by the sccond PwD 103 in tho line and is
delayed with rospect to the input pulge by an‘émount D1 0.6 ms
sct by the first PuD 103, The output pulse io conneeted to
the inhibit line of one of tﬁe.countersa The counter is
turned on by +1 volts and off by =1 volts. A similar
sequence occurs in the other delay line except that for
reasong of ctability, it is fed not f£rom the Sehmitt but
from the output of the first PUD 103 in the signal 1ine.
The delay D2 was 1.8 me hence the total dolay of the noise
line waslz.u ms, I.E. D1 + D2, the width W2 was 1 mse
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Having atartgd this segquence off it is necesssary
to stop it when sufficient dats has been collected, this
was schieved using a Viatesta 500 series batching»counter.
The Watesta counts the mo@glation pulses, at the output of
the last PPA 103 in the noiée line, when a preset number
is resched the counters are closed by'bagsing the inhibit
lines negative. No further data can be'racorded until the
| Watesta reaches another ﬁreeet number at which it resets
itself and opens the counters again; During the tims in
which the'countera are closed the data accumulated 1is
recorded either manuslly or on paper tape, the counters

. then being reset to zero.

If the signal is 8 Hz and the noise¢ KN Hz and
the counters were open for n modulation periods, then the
numbers recorded on the two counteré will be nlI (S+N) and
%2 Ne In order, therefore, to ocbtain the scattered signal
- 8 i1t would be necessery to know 1 and W2, although they
are namiglly equal they may differ by several percent. In
order to obtain the true signal S it is therefore necessary
to switch the widths W1 and W2 between the two delay lines,
it is of coﬁrae necessary to switch the 1nput'tovthe batching
couater at the same time. Switching occurred at the end of
each batch of nH modulation cycles. The numbers recorded on

the counters in two successive batches will be

n¥1 (S+N) %2 N

n#1 N | nW2(S+N)
Hence one may easily obtein

n. (W1+%2). S



In order to check the counting system for any
possible systematic error the basckground signal from the
ion-pump was used ss a source of random noise. About
six hundred observations were taken and the mean of the
difference between consecutive obgervations calculated,
this should be zero. For a totel of £36 cbeervations
each of 1000 modulation cycles the mean count per obser-
vation was 118.5 and the mean difference bcectween
consecutive observations was 0.98 with a stendard
doviation of 0.66. This may be interpreted by saying
that at the 95% confidence level there is no systematic

bies greater than about.0.8%.

Recording of datge

The amount of data obtained during a scattering
8xperiment may be enormmouse. It is necessary ¢t have &
systém capable of hendling this data 1if the-potentlai of
the numericsl output is to be realised in full. At any
one angle the scettered signal and its variance is -
required.s The order of ten observations at up to e
hundred angles must therefore be made. This is clearly

not practicaeble by hand.

The ideel 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 optimiseds This 1idsal

has not yet been realised.

In the data handling system used, numbers fram

the counters and the angle encoder were punched on paper

10k
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tape which wes later snalysed by computer. . The hub of the
system was the interface unit, this interrogated the
counters and angle encoder and operated the tape punch.

The opcration of the system will be briefly described.

Numbers recorded by the counters asppeared on
7 X 4 BsCoeD. 1lines, in eddition there were 4 identifier
lines, the angle (or rather a lineer meesurement related
to the angle) eppeared on 4 x L B.C.Ds lines. In addition
there were three msnual flag lines and a line 1ndica£1ng
the state of the width switching unit. There were
therefore & total of 84 B,C.D. lines, these were punched
on eleven lines of eight hole tape. This system is
thérefore very officient giving two decimal digits per
line of paper tape. The punching sequenéa was as follows:
At the end of a counting perlod the watesta batching
counter sent a pulee to the interface unit which then
selected eight B.C.D, lines, punched them to tape and
advanced the tape, another eight B.C.D. lines were then
selected and punched, this occurred eleven times meking a
total of eighty~eight charscters. The four extra char-
acters were used as check digits by repeating previous
charaectors. The punching rate, controlled by an internal
oscilletor, was 30 tspe lines/sec. hence the total time
teken to punch eightyeight charaecters was lesg than half
e seconde At the end of a punching sequehce the interface

reset.the counters to 2eroe

If required the frequency of the internal
oscillator could be raised, this would allow a much higher
egmpling rate.
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Apperatus Resolution

If the apparatus were ideal then the observed
scattering pattern would have the form predicted above, sce
Pig. (3,25). 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 sccount in a
"real” apparatus:

(e) Pinite main-beam size

(b) Pinite cross-beam size

(¢) EBnergy distribution in main beam
(d) Cross-beam energy distribution

(e) Finite detector size.

In this c¢ase the energy of the cross-beam, about
Oe1 esve, was unimportant hence contributicn d could be
neglected. The main-beam energy spread was sbout 0.25 e.v.
aﬁd hence was unimportent. It has been shown (COW 68) that
b is dnimportant in the case of small angle scattering.
It waé decided therefore to sverage the "ideal" scattered
signel over the detector and main beam only. Of spsecial
intercst was the effect of finite detector height on the
mgulér resolution at small angles, for ¢i. = h/l, where
h is the det&ctor height and 1 the distance from the

scattering centre.

It was considered that this pert of the work was
particularly important as much of the early high eneégy

beem work has been found to be invelid due to neglect of
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apparatus averaginge

The observed scattered flux at an angle ) may

be written as h: 2edb n w/a

Tp =7 [ | Fesyavasayqs
| ° g-df © _1,&
Cleerly the problem falls into two perts, averaging over

the main-beam and averaging over the detectore.

Averggigg over main beam.

The coordinate system used is shown in Pig. (3,24).
The scattered intensity at a height Z and angle @ 1is

I(#2) = }: _; F(OPY) a2 oLy |

where h and 0 are the heights and angular width of the

main beeme PFram the figure

Q 2 a '
X = 2L +,& -&Efvm‘x

ML Y 8L —aL coo @

and z'a= ya.,)'a .
Y o . m_.- [,Em ¢/(ya*z.-.)'/a]
"= ey) <1 PO

where I (o¢) 18 the "ideal" intensity at an angle o and
P (V) the main beam profile.

I(p 2) was obtained from the previocusly calculated
I(®), the main beam profile being teken as trapezoidele. The
values of Z chosen were the ebscissa& Of a seven point Gauss

quadraturee.
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Fig. (3,24)

Apparatus Averaging Coordinates.
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Averaging over detector.

The measured intensity at en angle (® may be
written es h Zrdp

I(p)= f S I(S$)dSaz
o y—d.ﬁ
where h1 18 the detector height and @ @ 1is the detector
angular half-width, d @ = tan™' (@/21) where @ is the
detector widthe The integral was evaluated using Simpsons
rule over § and a seven point Gauss guadrature over Z.
The values teken for the spparatus psremeters were hz= h’

= 031", W = 0,020" 1 = 22,7%, b = 0.12°
General Prodictions

.In order to assess the importance of the Varidus
epparatus parameters the apparstus averaged scattering pattern
was calculasted using different values of the detector heighte.
The potential used was the Lennard-Jones 12«6 with o = 1.01Lerg
and my = 3.08 the 1deal scattered 1ntensity is shown in
Fige (3,25). The reinbov engle is seen to be 0.65° with
éécondary bows at 0.35° and 0.15°, superimposed on the bows
are much.faster ogcillations having o séparation of about
0.05°. Thé apparatus averaged scatterihy pattern, calculpted
using the above valuss of the apparatus porameters, is
chown in Fig. (3,26). It will be seen that although the
primary and secon&ary bows are gtill visible the short
wavelength oscillations have been smeared out. The apparatus
resolution was thersfore better then 0.2° for angles greater
than about 0.1% It was considered that en apparstus
resolution of this magnitude would be adsquate as a knowledge
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of the reinbow structure is sufficient for most purposes,
moreover an 1mprovemeut‘1n the resolution can only be

gained at the expense of signal.

In order to separate the effects of the various
epperatus paremetéra the averaged scattered intensity was
calculated using the following values of apparatus parameters
h=0.31", h' = 0.31", ¥ = 0,001", b = 0,001° and h = 0.001",

n' = 0,001, ¥ = 0,020", % = 0.12°. The results are

shown in Pige (3+27) and (Pig. 3.28). It will be seen

that 4in neither cese 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 recammend such action.

Experimental Procedure.
Aligpment

‘HIt is of critical importance in any seatiering
experiment that the components ere correctly aligneds The
meintenance 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. cocmponents of the main beam source were
aligned, lenses, charge-exchange chember etc., 80 thet the
mein bean 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 Rig (3.3)e The point of the pin lay on

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

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, therefors, on

a flat table using ah engineers height gauge.

Preliminary Procedggeg.

Having ensured the correct elignment of camponents
the cross beam was loaded and placed in position, electrical
connections were mede and the system checked. The main
beam supply oven and charge exchange chamber were loaded
with glass phials of distilled potaessium which were
crushed on sealing tﬁe chambers. The source and charge
exchange Shamber were placed in position, electrical

connections made and the system checked.

The system was roughed down to 0.2 torr, the
becking line traps filled with liquid nitrogen and the
diffusion pumps started. When the pumps were boiling the.
oryo»baf%?e wers filled with liéuid nitrogen, the levels
" being thersafter maintained automatically. The spparatus
was then generally left to pump overnighte When the
pressure hed fallen to about 10'5 torr the ion-source
cooling water waes turned on end the cold trgps filled with
ligquid nitrogen. The charge exchange chamber, source oven
and ioniser heater were then slowly warmed, the source and
ioniser being brought to operating temperature first. The
ion beam was located and steered through the charge exchsenge
chember using the doeflector plates, the ion current was then
meximised by adjusting the grid snd acceleration volteges.
The charge exchange chamber was then brought to its operating
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temperature and the main besm flux at the detector maxiqiaed
by adjusting the deflector, grid and accelerator voltages.

A preliminery angle scan was then made to determine the
main-beam profile. The cross-beam was brought dp to opera-

ting temperature end the apparatus allowed to stabilise.
Data Collection

At the start‘of a swegp the detector waes positioned
Just to one side of thé mgin-beam, a start of sweep code was
set up an 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 pericds
the detector pdsition was changed by about 0.0uo. The
detector was swung through the main beesm and one to two
degrees from ite As the detector was moved further from
the main beam the time apedt at each angle was increased.
#hen it appeared that sufficient data had been collected
the end of sweep code was punched and'counting stopped.
Each sweep took about 1% hours and ebout & dozen sweeps were

teken in any ones run.

Preliminary data reduction.

Details such es collision partnors, main beam energy
otc. were added to each data tape and the tapes read to

magnetic tape prior to enalysise.

The anelysis program first reconstructed the decimal
data, the format of each sentense is shown in Fig. (3,29).
The prograem searched the data until the stert code was lbcated,
it then continued until the sentence end code was found, the
sentence was then checked to see if it hed the correct format,

if not it was rejected. The sentence, Af accepted, was stored
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Tape Characters

Tape Charactors

1 -4 5 - 3v
Stert Code Scaler A"  10°
Scaler "A" 107 Scaler "A"  10°
Sealer "A" 103 Scaler "aA" 10“
Scaler "aA% 105-. Scaler "A" 106
Flage Angle 10~ |
Angle 1072 Angle 10™!

Angle 10° Scaler "B"  10°
Scaler "B" 10 Scaler "BY  40°
Scaler "B" . 40° sealer "B* 0%
Scaler "BY 105 Scaler "BY 106

Check digits

'Enﬁ Code

Fig. (3329)

Sentence Format.
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and the next sontence located, this procedurs continued
until the angls was found to have changed, all the data
teken at 6ne engle were then processed. The mean and
standard deviations of the scaettered signal were
calculated, any observations differing by more then two
standard deviations frag\the mean were rejected and the
mean snd stendard deviastion recalculated. This procedure
removed the effect of any burst noise. The procedurs
was continued until the end of sweep code was identified,
a summary of the data was printed and also stored on

disc for subseguent analysis.

Analysis_of datg

The method of analysie used was similar to
that described by Cowley (COW 69b) and Horne (HOR 69)
which was based on the method of Horrison (HOR 63),
deconvolution using the main beam profile was not

included howsever.

Deta, previocusly reduced by the moethod outlined
“above, wereiread from magnetic tabe and then filtered
 us1ng Morrisons method. In this method a smoothing
function £, in our case f wes ﬁhe main beem profile, is
applied, I.E.

I,(0) =I(0),, > ¢

1,()=1,, (@ + (1), ~I 6 (@) xr¢

the iterated velues being constrained to lis within four
‘standard deviations of the ocbserved intensity. This has the

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

with tho transform f.

Time of flight

The importance of energy transfer studies to
reaction kinetics, gaseous transport properties etc. has
alreedy been mentioneds A method of finding the translastional
energy lost, or gained, by & particle during a collision 1is
to measure its time of flight over a known distance,

Although experiments of this kind were not donc during the
coursc of this work, the epparatus and exporimentszl procedures
have been developed to the point where such an experiment
would be feasnible. It is worthwhile, therefore, going

into the possibilities and difficulties of such an experiment.
The collision pertners of immediate intercst were K/Tz.
Neglecting electron excitation there are two inslastic

channels of intereste

L 4
Ke+I,—> K+, (1)

K+I,—> KI+I (2)

. The arrival spectrum resulting fran thesse processes
was calculated. It wae mssumed that in process (1) the
potassium lost a maximum of 1.5 e.ve (the i1odine bond strength)
to vibrational excitation, in process (2) it was ascumed that
sbout 75;5 of the repction exothermicity went into vibrational
excitation of KIl. To meke thess calculations meaningful
account must be takan'of the initisl energy distribution of

"the potassium, this was assumed to be Maxwollian with @
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temperature corresponding to that of the ion emitter (this
is discussed in the next section). The arrival specirum
for a range of initial energles is shown in Pig. (3,30).

It will be seen that to detect process (1) & time resolution
of O.S,A.S or better is required. Thise appears to be within
the bounds of possibility but reguires further studye.

A point of encouragement is that provided the arrival

- spectrum can be megsured accurately it is possible to
deconvolute 1t to remove the effect of the initial energy
spread the form of which is known. The detecticn of any

slower KI shou2d present no problems.

Eggerhnental_Arrangement

In essence the technique is quite simple, the
mgin béam is modulatéa to form short, ~ 1 ,»s.puleeea A
short time later the detector is ensbled for about 1,»&
and the signel noted. By varying the delay between the
gtart of the main beam pulse and ensbling the detector
the arrivsl spectrum mey be mapped. Howeﬁer 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 disgram of the crosa-beam
modulation and time of flight electronics is shown in
Pig. (3,23)s The relationship to the originel system can
be easily seen, the only additions are a ciock genereator
end delay line, end two AND gates. An attempt will be
made to describes the operation of ﬁhe systems Modulation
pulses are provided by an Al C.G.U, 102 clock generator,
these aere fed to two lines, one to modulate the main besm

and one to cpon the counters. The width of the beam
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modulation pulse is set using en Al PWD 103 and the
levels using en Al{ PPA 104, the pulse 1s then gpplied
to the ion-beam deflector pletes, ‘the pulec levels set
such that when the pulse is “On" the ion-begm ies on.

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

end then poraelleled to one input of ocach AND gate. The
other inputs of the AND gatees are connected to the outputs
of the modulation lines final PiWD 103's, and the AND gate
outputs fed into the modulation line PPA 104's. The
relationships between the various pulses is shown in

Pige (3,31)e Tho romainder of the date handling system
is unchanged. |

In order to check the system the flight time of
potassium, without a collision partner, was measurcde The
results aﬁe ghovn in Pig. (3,32).. A large discrepancy
wes found between the measured and calculated f£light
times, asbout 1&,&5. ‘This has, howsver, been sccounted for
in the flight time of ions in the quadrapole, this was
- found to be 1u.9,»s.

More date are required in order to calibrate

‘ thé spparatus. This is necessary as the actual boam energy
does not correspond exactly to the set voltage due to
contect potentisle. It 4s thought that this offect will
give rige tc an orror of less than 1 e.vs and hence ie
unimportant in elostic ccattering studies except at low

- onergleos. A restriction of the precent system is the

time tskon to collect data. This could be improved upon

by replacing the countors with & fast sulti-channel enalyser

or an on~line computer. 8uch systems have not yet been

triaed.

122.
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Main Besm Energy Spread.

It has been alreéd& mentioned that the expected
energy épread would be Maxwellien with a temperaturg
corresponding to that of the ion-emitter. Such behéviour
has been observed in a pimilar type of 1on-em1ttqy. An
attempt was made to measure the energy spread of the
neutral beam by time of flights This was partially

successfule.

The number of particles having a velocity in the
range v-> v+ dv is

Nv) = 44 nv° oxp (=v/ot®) dv
R YL

where o = ) (2kT/m), the most probsble velocity, If
this velocity distribution is superimp‘oeed on a voloé:ity
V then similarly | |
NV + v).= 4 nv® exp (~vo/o®)
T eo3

If the distance from source to detector is 4, then the
flight time ¢ 18

| t = 4/Vav

and dv = =4 dt

N

AN
-

The number of particles arriving botween times t —» ¢t ¢ dt

is therefore

Thie 1s the distribution which would arise if the initial
pulse was & © function. In practice, however, it has a

finitc length; say the initiaml pulse is described by the
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function I(t), then the arrival spectrum is given by

(&) _vle-eM) - vie-e))
Al - CjI - d'(?;,-:): %( (b-e)ot*

where C is a constante.

If the initial pulee is rectangular aend of length t, then

AlL) = C S (;:;: vy axp (- (d.-'VX??/Xto(a)cLXdJ

where X = t-t!

It is slso important to take into account
the finite time “aperture" of the detector. If the detector
is open for s time t g then the measured arrivel spectrum

is given by G
Mee) = § aledax
b

Arrival spectra wore calculated using the above expression,
‘and compered with experimental results FPig. (3,32). It
will be seen that a general sgreement axists but firm
conclusions can not be drawn because of the poor quslity

of the data.

In conclusion it may be said that although
some development 1s still reguired, the possibility of
studying inelastic procéesee by time of fliight tedhniques

existg,.
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Preliminary data vere obtained for tho systems
K/dg end K/Iz. Although the daeta must be regarded as
exploratory only and the conclusions reached tentative
the main featurss of the apparatus design and experimental
procedures proved sound and gave encoursgement to future

work.

R/ig

The system K/Hg has been the subject of meny
collision studies and the potential is now well known for
part of its renge at least. It was considered therefore
that it would provide a good test of the apparatus and

experimental procedurase.

Reliable data were obtained for 100 e.v. only.
Deta obtained at 60 e.v. &nd 80 e.vs. wore unroligble
becauso 6f main beém fluctuastions occurring at these
engrgiea. In all five angulor sweeps were taken at 100 €eVe,
a typical sweep is shown in Pig. (4,1), the intensity is
multiplied by ﬁD’S to remove the steep angulor dependencee.
The average of the five smoothed sweeps is shown in
Pige (4,2)e The main features are a meximum at about 0,08°
the intensity there after incressing approximstely linearly
vith angle. At anglecs greater then ebout 1.0° there is same
evidence of oscillatory structure though the data can not
be teken as relisble in this region. Any assumed model
for the potential must account for these features and also

should be compatible with previous wWorke
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The K/Hg system has been praviously studied et
thermal energies, for a biblicgraphy see the articls by
Bernstein and ¥uckerman (B3R 67), end st suporthoermal
energies (PAU 70). The presently accepted model for the
K/Hz potential i a Lennard~Jones n-6 with Py = 4.8 R.

€ = C.C87 pico-ergs and n about 8. Using the methods
Aoutlined in Chapter II the differentianl cross-gections

were calculated and aversged over the spporatus parsmetors,
Pig. (4,3) and Fig. (4,4). A meximun is prodictod et C.06°
in fair confirmation of experiment, the slight discrepancy
(about 0.029) may be due to sn error in the angulor zerc

or in the assumed beam hsight. At angles greater than the
maximum the curve 4does ries almost linearly in good

egrsement with experiment, ne structurs ls however predicted.

The effects of varying n were investigated and the
results for n = 18 are shown 4n Pig. (4,5) and Pige (4,6),
ﬁhes will be seen to be 1little different fram the 8/6 cases
On the basis of the gradient at larger engles the Yharder"
18/6 pntential is fevoured. |

That oxact ggreement is not cbtained at lagger
‘anglesg is not surprising when the region of the potential
corresponding to thoge angles is considered. Tha region
in Qquestion maey be found as follows: the corresponding 1

value i3 cdtained fran the relationship

N, * Vs
the turhing points for éach 1l value being tasbulated, the
region of the potential mapped is known. For a lab
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2 pad, this

scattering engle of 1° "L; is 1.05 x 10"
was found to correspond to a turning point of about 0.75
Previous work at thermal energies has maepped only that
region of the potential corresponding to the rsinbow angle
I.E, values of r greater than S These mcasurenents
are not therefore sensitive to the form of the chort
range forces. 8imilarly the work of Pauly (PAU 70)
elthough at superthermal energiee, is not sonsitive to the
short range forces being baaed or messurement of glory

oscillations in the total cross-gection.

The dstae presented here are therefore unigue

arising from a previously ummapped region of the potential.

Lack of tims has precluded any real attempt to
fit the larger angle scattering by varying the form of
the short range potential. It is probeble that 4if
ctructure i present then it ariscs frqm an inelastic

gffect and heneé will be more Aifficult to treoate.

It ie however evident that wo have a useful
tool for elucidating ehort and intermediste range

molecular interacticns.

K/1o

tiuch information has been obtained about the
potassium/halogen systems. The measuresment of elastic
differential cross-sections (HOR €9), (GRE 66), resctive
differentiel cross-sections (TOE 68) and product energy
dietributions allow the testing of detasiled models of the
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systems. These have been corroborgted by trajectory
calculations (BLA 68) which make it possible to reproduce
the collision dynemics, assuming a suitable potentisl. To
date the vast majority of these experiments have been st
thermal energies, however it was shown in Chspter Il

that performing these experiments at superthermal energies
should yield new information. There have been two rocent
studies of the alkali metal/halogen B8ys temss Los and
Baede (LOS 70) have measured total 1onieation cross-
sections, Schlier et als (SCH 70) have meassured differ-
entiel elastic cross-sections for the halogens and

halogen contsining campoundse

As in the case of K/Hg relieble data were
obtained at 100 e.ve. only. A typilcal sweep, agaein multi-
plied by ¢zis shown in Pig. (L4,7), the average of five
smoothed sweeps is shown in Pig. (4,8).

The model used for the K/I, eystem 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, an
electron 1s transferred from the K to the 12.

It is further assumed that the 1’2 ion behaves
as I~ + I, the I atom having the role of a spectator only.
The K* then picks up the I~, by means of coulcmbic
attraction, to form the excited product KI. When it is

attompted to extend this model to higher energies two
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pointe must be borne in mind; the system may no longer
follow the adisbatic potential I.E. electron transfer
mey not occur. Also it may not be energetically possible |
to form the product K I.. These possibilities were

discussed more fully in a previous chapter.

As a first step the scattering pattern for the
diabatic potontizsl was calculated vsing a Lennard~Jones
12/6 potentiel with ry = 4.5 A and £ = 0.024 pico-ergs
(HOR 69). The calculated differential cross-sections
are shown in Pig. (4,9) and Pig. (4,10)¢ Comparison
with the experimental dste ahoﬁs little mgresment, at
best only the general shape of the curve is given at

small anglese

At the other extreme we may have purely adisbatic
| behaviour, in this case the system may be described up
to the crossing point Ty in terms of the above diabatic
potential and after the crogsing point in termes of some
form of coulcmbic ﬁdtential. If the essumption as to
‘the nature of I, ic followed then it is clear that the
coulombic peotentisl will be simply thet for K I, vhich is
well known. To test this possibility the procedure ouﬁ»
lined by Horne (HOR 69) was used. In thio the Lennard-
Jones potential switches smoothly to a modifisd Varshnie
Shukla potential {PAT 67). This potential contains
ossentially no adjusteble paremeters.s The results are

shown in Fige (4,11) and Pig. (4,12).

It is clear that this potential slso does not
coanpletely describe the deta. Some similerity mey hovever

' be found, e.g. there is rough agreement with the predicted
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inflexions and moxima at 0.46°, 0.57°, 0.73° and 0.85°,
At angles greater than about O.5° it was found that the
measured I () x ¢}3 levelled off whereas the theoretical
curve continued to rise out to sbout 1.5°. A further
possibility is that both the above processes moy
contribute to a greater or lesser extent. On the basis
of tho rosults of Chapter II 4t would bs expected thgt
the probebility of diabatic or andisbatic beheviour would
bo a function of ilmpsact pabameter. In addition contri-
butions from the two cheannels are cocherent and hence
interfecrence effecfs are possible. It is clear that a
vory ccﬁplex scattering pattern mey results If inter-
foronce effects are noglected then this model may be used
to givo a partial doscription of the data. At small
angleos I.I less then about 0.42 1t has bocn noted that
there is gome gimilarity between the scattoring from the
digbatic potontisl end tho oiperimental dates At angles
groater than aobout O.L;o hovover there oxisto sevoral
inflexions and maxima vhich are more compatible with the
adicbatic potential although the overall shepe of the

curve ig not predicted.

On the basis of the cbove mofel it wmey be
concluded that tho smaell angle gocattering ic dominated
by the diabatic potential, while at larger angles there
ic a contribution from the adiebatic potential. On the
basis of the calculated differentisl crocc-cections the
adiabatic contributioﬁ was estimated to be very approximately
30%. Two possible explanations present thcmselves for the

fall off at larger angles, cither the contribution from the



adlisbatic potential has diminished or inelastic processes
have became important. The results of Chapter II would
tend to favour the firsgt possibility.

It mey be argued that the process
+ -
K + 12 —> K + 12
is dominant and the scattering is not purely elastice.
Although the sbove and similer processes have been studied
(ROT 69) (LOS 70) 4t was considered to be of 1little

importanée in this case.

To check this the total ionisation cross-section
was calculeted by'means of the Landsu~Zener -approximations.
R, wes taken as 5.5 R and H,, &s 6.1 x 107'% ergs (LOS 70),
the total cross-section was found to be 3.0 32 at 100 e.v.,
this is at least an order of megnitude less than the
elastic totael cross-section. It therefore appears
unlikely that this process is of importance. The
spectator stripping model for the reasction

K + 12-ﬂ> KI +1
predicts a product scattering engle & given by

fﬁ = ten~! DI Vip
mg Vg

6 cms/sec  this

For V:a = 10“ cms/sec, VK = 2.2 X 10
gives gﬁ = 0.8°. It was shown in Chapter II however that

reaction was unimportant at this energye.

Elastic differential coross-sections for K/C12 and
K/Bré and some halogen conteining compounds have been

measured in the energy renge O0«5-12 e.ve. by Schlier (SCH 70).

145.
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Hc found, in the alkall metsl/halogen case, enhanced
scattering at large angles. This was interpreted in terms

of a contribution from the Gisbatic potentiel. However
as Schlier apposre to take no account of the poscibility
of the adigbatic potential not leading to rcacticn it is

considered that his conclusions are suspect.

It is clear thet no firm conclusions may be
droun at thio stage, more extensive data, including time
of flight anselysis, being required. That the problem
also morits furthor theorotical effort i1s obvious, it is
sugecested thet the optical model may provide a useful
insight.



CORCLUSIONS

Differentisl cross-sectione have been measured
for collisions between potassium and mercury atoms
at 100 e.ve At small angles the results are consistent
with the known elastic potentisl, at large angles a

more complex treatment appears to be called fore.

Meassurements woere also made for the system
potassium snd moleculor iodine. No clear conclusions
could be drawn in this case. It gppeared that the data
could be best described as arising from & mixture of

diabetic end adisbatic behaviours.

12.}.7.
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