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Abstract

This is an account of studies made on metastable mercury atoms

using molecular beam techmniques.

The metastable mercury atoms are‘produced by electron bombardment
of aAground state mercury beam. Experiments involving an atomic beam
decay technique and magnetic state selector have been used to determine
the composition of the metastable mercury beam and the lifetimes of
the states involved. The results suggest that there are two states
in the beam, the 63P, and 63P;, at energies below 10eV. A lifetime
of 1.3 + 0.2 x 10735 was found for the 63P, which was tentatively
attributed to a magnetic dipole transition to the 63P1. Assuming
that the excited mercﬁry beam is not polarised, an estimate of the
lifetime of the 63P; was found to be 1.3 * O.4 x 1073S but no similar

mechanism could be proposed for this decay.

Thermal energy collisions between metastable mercury and the
alkali metals, sodium, potassium and rubidium have been studied in
crossed molecular beam experiments. Interference strugiure was resolved
in all cases suggesting that the atoms interact by a single effective
potential in the attractive reéion probed at these energies. Potentials
have been produced in all cases by inversion of the experimental
cross sections and a critical evaluation of the method of inversion has

been carried out.

Theoretical considerations of the excited mercury/alkali systems
suggest that the single effective potential arises because the
potential energy curves involved are not significantly different from

each other and because theAHg*/alkali systems correspond to weak

coupling cases.



No attenuation of the interference structure is observed so that
quenching of the metastable state is not an important process along

trajectories sampling only the attractive part of the potential.
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Chapter 1

Introduction




1 Introduction

The major aim of this work is an investigation of metastable
mercury atoms and a determination of the intermolecular potentials
involved in collisions of these atoms with alkali atoms using

molecular beam techniques.

Electronically excited atoms and molecules play an important
role in flames, shocks, explosions, electrical discharges and photo-
lysis and any knowledge of the intermolecular forces involved would
aid the fundamental understanding of the physics and chemistry of
these processes. Although, the investigation of these phenomena
has given some information regarding cross sections for collisions
of excited species, the identity of the particles involved must often
be inferred and in most cases more than one species 1is involved.
Therefore, it is virtually impossible to obtain potential functions
for the interactions between excited and ground state particles from
such experiments.‘ However, provided the lifetime of the excited
species is sufficiently long molecular beam scattering:Qechniques can
be used to'defermine cross sections for both elastic and inelastic
scattering'of_these excitedvspeciesltogether with the interaction

potentials involved.

During the past decade, in particular, there has been increased
activity in the fields of elastic, inelastic and reactive scattering
using molecular beam techniques LFLU 1973(&2} . E{OS 196é]. The
majority of this effort has been directed towards ground staté atoms
and ions and very little work has been done on the investigation of

differential scattering of metastable ateoms[GRO 196@ . [KAL 19733,

[1aB 1973] .



Elastic scattering experiments are primarily aimed at extracting
intermoleéular potentials and less.directly any'concurrent inelastic
and reactive events. This arises because the elastic scattering

‘behaviour of atoms and molecules is completely determined by their
interaction potential, not oﬁly from classical considerations but
.also'according to quantum theory. Unfortunately, the inversion of

the scattering paftern to yield a potential is a difficult problem since
experimental observations ?re limited in angular and energy range, are
less than perfect in resolution-and include some noise. For these
reasons, previously existing data was fitted to simple model

potentials. Unfortunately this led to ambiguities in results since

the assumed form was by no means unique. Recently, however, the

problem of direct inversion has been tackled with considerable

success [BUC 1971(8.)] .

On the basis of experimental‘techniques elastic scattering can
be divided into two parts; (1) tﬂe evaluation of the short range part
of the potential 5y means of pigh energy beam scattering experiments
and (25 the determination of the attractive well and long range part

of the potential from scattering observations at thermal energies.

Unfortunately very little experimental information is as yet
available on the superthermal scattering of mercury from alkali metals
[DUC 1971] whereas the thamal energy scattering of these species has
been extensively studied [MOR 1§62(a)] [or 1962(v)) [Hos 1960]

[mow 1964) [Huw 1965) [BAR 1966]. These collisions between ground state
Hg atoms (1Sp) and alkali metal atoms (ZS%) at thermal energies are |
necessarily elastic and occur under the influence of a single potential.

Accurate scattering measurements on these systems have recently been



made by Buck and Pauly [E;UC 1971(‘0)] [BUC 1972] and intermolecular
potentials have been obtained by direct inversion of this data. The
éhape of the reduced poténtials for these alkali/mercury systemns
determined by thié iﬁversion procedure are the same for all systems

but they deviate significantly from that of model potentials commonly

used.

The corresponding interactions between alkali atoms and the
excited states of mergury are not so Clearly understood [DAR 19Tﬂ .
The lowest of such states are the 63P,, 6P, and 6P, at, respectively,
4,6keV, 4.89 eV and 5.43 eV above ground. . The 63Po and 63P, are
metastable while the 63P; decays radiatively to the ground state and
~hés a lifetime of 10™7 seconds. The thermal energy collisions .of these
excited atoms with other species is complicated not only by the
possibility of energy transfer but also by the fact that a manifold
.of potentials arises from the separated atoms due to the poééible spin
pairings‘(if the partner is not a singlet atom) and my states of the

Hg atom.
AN

The photochemistry of the excited states of mercury and in
particular of the 3P, atom is éf great importance and has been extensively
studied but the processes involved are by no means completely determined.
The understanding of these fundémental processes of électronic energy
transfer and their relation to curve crossing must begin with simple
systems where a knowledge of the adiabatic potential curves can be
obtained. The alkali metal/excited mercury system is a useful case
for this purpose since both theoretical studies and the unravelling
of potential energy curves thrdugh magnetic state selection offer the

hope of a complete picture.



Inelastic events occuring in collisions of excited atoms, mercury
in particular, are reviewed in chapter 2. Both experimental data
and theoretical calculations are considered in order to supply some

‘insight into the possible magnitude of such inelastic events.

The collision free environment in a molecular beam experiment
offers the possibility of obtaining information on the polarisability,
the electric and magnetic moments., the fine and hyperfine structure
and the lifetimes of metastable afoms and molecules and although beam
experiments involving metastable mercury have been in existence for
some time [LIC 195d] conéiderable uncertainty still surrounds some of
~ the major properties of the metastable beam species. In chapter 3
experiments are described in which the composition of the beam is
defermined and estimates made of the lifetimes of .the species involved.
The conclusions of this work are presented before embarking on any
discussion of the scattering experiments since a knowledge of the beam
composition and the lifetimes of the species involved is essential

to any understanding of the scattering data.

M

In phaptér L a theoretical description of the interaction between
an excited mercury atom and a ground state potassium atom is given
and results are presented for the calculated potential energy curves.

. Chapter 5 consists of a brigf resumé of scattering theory and the
anelysis involved in interpreting the results of scattering experi-

ments.

The experimental procedure and the results.obtalned are presented
in chapter 6 together with the treatment and analysis of this raw

scattering data. A method of inversion is described and critically



discussed and potentials are produced for the systems Hg*/Na, Hg*/K

and Hg*/Rb by inverting the differential cross sections.

The evaluated potentials are discussed in chapter 7 and examined
in the light of other experimental and theoretical knowledge before

the conclusions are presented.



Chapter 2

Collisions of Excited Atoms



2 Collisions of Excited Atoms

Several types of collision between an excited atom or molecule

and another particle may be distinguished.

A¥ + B > A¥ + B (a)
A¥+B—>A+B : (b).
A* + B > A + B¥ (e)
A¥ + B > ABY + ¢ (a)
A* + B > A+ Bt +e (e)
A¥* + B > A* + B +e - (f)

Reaction (a) is straightforward elastic scattering, the other
processes are all inélaétic. Process (b) represents the conversion
of excitation energy to the kinetic energy of separation of the,
products. An example of electronic energy transfer is given in
process (c) whereas processes (d) and (e) are associative and
. Penning ionization respectively. Collisional ionization is
represented by process (f).

N
Elastic scattering will not be treated here since it is discussed

in Chapter 5. Processes (b) and (c) will be discussed initially and
then a treatment of the ionization processes will be given; Finally,
a short discussion of molecular beam ‘experiments in this area of
research will be presented. )
A wide variety of experimental techniques have been employed
to study the reactions of excited species. In general,’the procedure
isvdifferent according to whether the excited states-concerned'are
metastable or not. Molecular beam experiménts are useful for the

study of metastable states due to their relatively long lifetimes.

However, in cases



vhere the excited species involved is not metastable the progress
of the reaction may be followed by observing the radiation emitted

either in quenching or sensitized fluorescence experiments.

In the early development of the study of quenching a great deal
of attention was paid to mercury vapour as a working substance,
mainly because of its experimental convenience but also because of

its effectiveness in the photosensitization of chemical reactions.

The quenching of Hg(3P;) by Ar is an example of reaction (b).j
The 3P1 state is deactivated directly to the ground state 1S by
collision and all the excitation energy appears as kinetic energy
of the recoiling mercury and argon atoms because the energy of the
3p, state is inéufficient to excite Ar to any of its excited statés.
Since the direct conversion of large amounts of electronic energy
is very inefficient the cross section is small. This process can
be explained in terms of figure[2-l].

If the collision partner is a diatomic or triafomic molecule
the situation is very different. Accurate total quench;hg cross
sections have been measured by Deech et al [DEE 1971] for a variety
of.collision parfners with Hg(3P1). Typical cross section values
found were for Hy, D and CO = 2282, for CO, * 1082, for 0, * 6082
for N,1% and N,15 = 0.7582 whereas for Xe £ 2 x 10 382, The
situation in the case of Xe is similar to that of Ar whereas the
large Hz and D, cross sections have been described to efficient
collision COﬁplex formation which results in chemical quenching;
HgH being the dominaﬁﬁ channel.v Pitre et al [?IT 197éJ and

Horiguchi et al [HOR l97i] have shown that the N, cross sections



- Quenching of an excited mercury atom by collisions of the
second kind with an argon atom in its ground state.

Figure 2-1



 for 3, > 150 and 3P ~ 1Sy are very small. This suggests that the
results of Deech have to be interpreted as multiplet mixing cross
sections; 3P1 > 3P0. Because of the different vibrational energy
levels of the two N isotopip molecules; Deech's results provide
evidence against a resonance effect in vibrational electronic
energy transfer for 3P; + 3P transitions. Such a resbnance effect
vas thought to be important previously. Vikis et al [VIK 1972]
found that mqst molecules which they investigated predominantly
induced 3P; -+ 3P; transitions instead of quenching to 15;. €O,
proved to be a notable exception for more than 99% was directly
quenched to the ground state whereasrCO caused mainly transitions

to the 3P; state (~85%).

The fact that CO caused transitions to the 3P, means that the
distribution of vibrational states in CO, described to quenching
of Hg(3P,), as observed by Poianyi et al {POL 1967] must be a result
of CO quenching of the metastable 63P;. Polanyi et al measured the
infrared emission from specific vibrational states in order to
‘determine how the energy is partitioned between vibratigg and kinetic
energy of relative motion and to try to infer the mechanism of the

energy transfer process. It appeared that for CO less than half of

the amount of electronic energy involved is converted into vibrational

energy.

A qualitative explanation of Polanyi's results was given by
arguing that the excited Hg-CO potential energy curve must have a
minimum which favours the formation of a relatively long lived
collision complex. Moreover, the excited state potential energy

curve should cross the ground state curve in a region which is



accessible at thermal energies. The electronic transition is assumed
to occur as a sudden process at the crossing péint so that nearly

all the energy released is present as repulsion between Hg and the
nearest atom in CO. The CO molecule then separates from the Hg atom
due to this repulsion. The rotational and vibrational excitation |
of CO occurs during the separation. Within this model the experimental
distributién of vibrational states aftér quenching could be explained

theoretically [LEV 1972].

These are just some of the experiments on quenching which have
been performed and include some of the more recent experiments.

Earlier ﬁork is thoroughly reviewed by Massey et al EMAS 1971].

The other type of experiment, sensitized fluorescence is
demonstrated with a classic example, the fluorescence of a mixture
of mercury and thallium vapour irradiéted with light from a mercury
lamp. This process was first reported in 1922 [CAR 1922] and the
direct proportionality of the thallium line intensity to thallium
pressure and to the illumination intensity, and of decr—ase in
mercury fluorescence with thallium pressure indicate clearly that
the thallium atoms gain their excitation by collision with optically

excited mercury.

One of the first detailed studies of the relative efféctiveness
of energy transfer from a given atom to different states of a
second atom was carried out by Beutlef and Josephy [BEU l92§] who
studied the mercury sensitized fluorescence of the diffuse series of
sodium. Their results seemed to show that the probability of transfer

is'greatest when the energy defect AE is least since the most favourable
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process is:

Hg (63P,) + Na (32s%) + Hg (61Sg) + Na (92s%)
where AE = + 'Ol9eV. This "resonance" effect was the subject of great
argument for sometime and Kraulinya‘[kRA 1970] found that this
resonant behaviour was not present in the collisions HgT%, Hgln,
HgCd and Hg Na and explained her results not in terms of collisions
of the second kind but by long lived intermediate states. In view
of Kraulinya's resﬁts Czajkowski et alf CZA '1973] have re‘c.ently re-
investigated the HgNa system at low Hg pressures. They found cross
sections ranging over three orders of magnitude (107! -+ 102 §2),
showing a clear resonance dependence on the electroﬁic energy
difference AE and appear -to have provided conclusive evidence in

favour of such a resonance effect.

It should be noted that, until quite recently, there was
essentially no theory of elecfronic energ& transfer. At best a little .
could be said about general rules that sometimes apply and a modest
amount about what kind of theories one could postulate, the implica-
tions of each and how one might go about setting up théﬁproblem,

Most of the recent theories are still restricted to moderately specific
and vefy limited classes of systems,eg. the transitions between the

fine structure components of the 2P terms of excited alkali atoms

in alkali-inert gas collisions [NIK 1965]. '+ In cases where larger
amounts of energy aré transferred the theories remain relatively
primitive. Therefore the discussion which follows does not contain

a formal treatment of ‘inelastic scattering for energy transfer

processes. It presents a very brief outline of the formalism and

then proceeds to a discussion of a number of approximations and
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theories used by a variety of authors in'tackling their specific
pfoblem. A working knowledge for the theorist can be obtained
[LEV 1969], [MOT 1965] and an outline of inelastic scattering is

covered by Fluendy et al [FLU 1973].

There follows a simple example to illustrate the problems of
theoretical investigation of electronic energj transfer. When two

atoms A and B collide then the wave equation is as follows:t

2 ' .
[%;-Vz - Ha(ra) - Ho(rb) -~ V(r,ra,rb) + E] ¥ =0 2-1

where u is the réduced mass of the system, ra and rb are the co-

ordinates of the atomic electrons and V(r,ra,rb) is the interaction

energy of the two atomic systems.

In order to calculate the probabilities of excitation, ioniza-
tion or charge transfer on impact, a solution of equation [2—i] must

be obtained which has the ésymptotic form for large r

iknr

v = eikr cos © Yo(ra,rv) + b fn(6,¢) L 'wn (ra,rb) - 2-2
n=0 r

m .

where k2 = g~ [E - B : A
and k2=2¢ [E-g5)

Thus %% is the wave number of the relative motion after excitation
of the nth state. The cross section for excitation of the nth state

of the system by the impact is given by
T 27 ’

- kn . 2 o3 -
Q -j J' E 1 (0,0)]2 sin 0 dods 2-3
[o] [+ 28 :
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The usual method of calculating f,, approximately is to expand y
in a series of the form

V== Fn(r) ¥, (ra,rb) : o)
n

which on substitution in equation [?—l] gives

i[-g—u v2 - V(r,ra,rb) + E - En] Fn(r) yp(ra,rb) = 0 2-5

Multiplying by wn*(ra,rb) and integrating over the co-ordinate space
- of the electrons we obtain by virtue of the orthogonal properties

of the atomic wave functions

n? 2 = -
[Zu v +kn] Fn—iUmnFm 2-6

where U = ;21-% fV(r,ra,,rb) Un*(ra,rb) Yy(ra,rb) drgydry

The relations arrived at in 2-6 are hardly directly useful as
they stand since not Bnly is there an infinite number of them but
most computational schemes would be carried out in terms of a partial
wave expangion, multiplying, especially in the case of heavy particles,
the number of equations still further. Almost inevitably it is
necessary to close the set of coupled equations by selgsting only a
few channels for calculation. As an example, only two-states o and n
need to be‘considered when they are in close resonance but all other
states are in poor resonance. The problem is then reduced to that
of solving the coupled equations

[\72 + k2 - Uoo] F, = Uy Fn

[\72 + ky2- Unn] Fp = UgpFo

Having illustrated the problem in this analysis it is useful to

discuss some of the theories and approximations used in a theoretical



- 13 -

description of the excitation transfer problem.

' There are two general rules that have often been applied to
interpret the process of electronic énergy transfer. The rules are
the Wigner spin selection rule which states that the total spin of
the system is conserved throughout the inelastic collision and the
energy resonance rule which 1is that excitation transfer is most
efficient when the relative kinetic energy of the colliding species
is most nearly conserved. However, it seems that neither of these
rﬁles can be treated as a general law. For example, the transfer of
excitation from Ar* to N, was shown to conform nicely with the
Wigner rule [FIS 1967] but the simple He* + He processes clearly
violate this rule. In the other case, the transfer of excitation
from Hg* has been shown in some systems to conform with the energy

resonance rule whereas in other cases it dees not.

The possible sorts of microscopic theories of electronic energy
transfer can be put into three classes depending on how the inter-

action responsible for the transfer is described. ThesQ are:

1) Theories based on interactions describable in terms of radiation-
like interactions, including true radiative transfer processes
and interactions that can be written as multipole-multipole

interactions.

2) Theories requiring explicit description of the states of the
donor A* or of the acceptor B during the course of the collision

but in which A and B essentially retain their identity.
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3) Theories in which A and B become so strongly coupled that
" a description of the transfer process requires explicit

consideration of the compound system.

At this stage in a general discussion it is useful to present
the formal expressions of inelastic scattering since they provide
a convenient store for all the information from which certain points

can be selected.

The problem can be formulated so that the cross section into
any final state is proprotional to the absolute square of the transition
.matrix element,ie <B|T|a)? where B represents the final state of
interest for the isolatedAsystem and |a> represents the system as it
is initially prepared, then<B|T|a> is the projection of <8|ya*) of
the final state on the fully time developed system |y, + > which
began as o and experienced the collision [THO 1961] . The formal
relationship between the T operator and the Hamiltonian of the full
syétem, H, and the interaction potential U, the part of H that keeps
states |a> and |B> from being stationary throughout the collision

can be written as

' -1
T=U+limU[E-H+iZ] U 2-8
L »>o0 '

where E is the energy of the system and I serves as a convergence

parameter.

The first decision in the solution of <B|T|u> is a determination
of how much of the system can be described classically and how much
of it has to be stated in quaptum mechanical terms. An impact
parameter formulation is used in the classical case and a partial

wave expansion in the'quantum case. The impact parameter method
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requires evaluation of the T matrices of many collision, each with
its specified impact parameter and an average taken over all these
impact paraméters; The impact parameter method has been described
by Callaway and Bauer [CAL 1965] in which changes in speed or in
direction of particles during the collision are ignored. The
partial wave method requires a knowledge of all the wave functions
of the system and the total transition probability is given from the
sum over all final angular momentum and the average over all initial
statés. For light particles,eg electrons and hydrogen and helium
atoms.the partiai_wave method is suitable since a full partial wave
calculation can be carried out. This method was used by Buckingham
and Dalgarno [ﬁUC 1952] to describe resonant energy transfer for

He¥* + He.

The second decision is on what representation_to use for the
-internal parts of the stateé |a> and |B>. The compound system may
be described in terms of a simple product of functions for free
A* and B in the incoming channel and for free A and B* in the
outgoing channél, this is the simplest approximation ;;d would be
the most reasonable first approach for a weak interaétion type of
'theory. This is the type of theory used by Callaway and Bauer
[?AL 1965] for treating alkali 2P§*2P% transitions due to collisions -
of excited alkali atoms with inert gas atoms. However, this method
is unlikely to be successful for collisions involving large energy
or momentum transfer and is certainly inapplicable to rearrangement
collisions. A more sophisticated approximation would take account
of one colliding partner acting on the other at the lowest level

of perturbation theory, ég allowing for splitting of states that are
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degenerate or allowing the wave function of B to be perturbed by
the incoming A¥, Nikitin has treated the theory of spin orbit
»relaxation at this level ENIK 1965]. Finally there is the perturbed
stationary state or adiabatic strong coupling approximation. This is
appropriate for collisions in which the AB complex behaves almost
adiabaticélly so that few moleéulﬁr states are excited or required
in the calculation. This calculation is made using the stationary
state wave functions for the full (AB)¥* complex system but with the
nuclear kinetic energy omitted. The most commonly used cfiterion
for the application of this method is that %% .a>> 1 , where
AE and 'a' are respéctively the energy difference between the two
states and the range 6ver which. the transition occurs. Collisions
with small impact parsmeters ﬁhicﬂ;é¥e usually the most important
in producing inelastic effects unfortunately involve large values
of the radial velocity so that the approximation becomes least
satisfactory in the important region. |

The fhird type of judgement in constructing a theory of electronic
energy transfer is a decision about what force is reggonsible for the
interacfion. For long range interactions U is presumably a multipole
intefaction oﬁerator,eg dipokrdipole or quadrupole induced dipole.
This is the lbngest range and most weakly coupled form in which the
pertubations of A and B on each other can be éxpressed. It requires
that the chargé distributions of A and B are essentially non-
penetrating.. In a theory of type 2 or ;ype 3 the details of the

interaction between A and B will need to be more specific.
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Two types of operators may play the dominant role in theAcoupling
mechanisms, the electrostatic potential terms or the nuclear kinetic
énergy, The former is sometimes sufficient especially_if A and B
are identical. In this case,_thé adiabatic Hamiltonian, and
particularly the electron—-electron terms fgg-'may be large enoﬁgh
that |

ﬁ édiabatic =U
One then only needs the matrix elements

Ai* A, |H adiabatic| A; A,* to get a first approximation

to the exchange probability[BUC 1952].

In Nikitin's descfiption of the rare gas excited alkali
collisions [NIK 196§]>the adiabatic electrostatic terms are collected
iﬁto two parts. The first expresses the long range behaviour of

- the interaction, and is the principal operator of Callaway and Bauer
[pAL 19651. The other part is the exchange interaction which has
an exponential dependence on the distance betﬁeén fhe atoms and

can be represented as A exp [—aﬁ].

n

If one assumes that the unsymmetrical collision problem can
be solved to arbitrary accuracy in the adiabatic or Born Oppenheimer
approximation then one must use the nuclear kinetic energy operator

to develop the coupling.

ia

The kinetic energy of relative motion of A and B (%;—Qvé can
be separated into angular and radial parts. The perturbations due
to the radial part are apparently the mosf important anes for
processes iike;re—dissociation and autoiénization. The angular
’momentum parts play a role in two ways. Firstly, there are direct

couplings between electronic and nuclear angular momentum in which
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rotational energy is transferred and the total angular momentum

of the nuclei changes. In the second type of coupling the nuclear
angular momentum is constant but its direction changes in a way

that produces a re-orientation of the electronic angular momentum
and thereby a .chaﬁge of electronic state and sometimes of transfer

of electronic energy from one molecule to another[?AT 1962].

Despite all this complexity simpler qualitative microscopic
models have been in existenée for a long time,eg [KAL 1929]. These
models all posed the question of how a system crossed frém one
potential curve to another with emphasis on the relation between
the cross section and the distance at which the crossing or avoided
croésing occurfed. The essential explanation of fluorescence
quenching by molecules,\in these models, has been this. The molecule
B and the excited metal atom A* approach on a curve lying between
the ionic AiB; curve and the ground state curve A-B. The ionic curve
cuts the A¥-B system, the system mekes a transition to the attractive
curve'and accélérateé tdwards~colla§sé. Then the coulomb curve
crosses the'ground‘state A<B curve and either the enti}e system
flies apart as in Hg* + H, ~ Hg + 2H or a reaction occurs to
dissociate the original molecule as in Na* + H, -~ NaH + H. In
“either case. the system cannot find its way back to the curve giving

A* + B and a quenching reaction occurs.

So far only excitation transfer processes have been considered
but as mentioned previously there are a number of ionization
processes which can occur in the collisional interaction of excited

species with ground state atoms or molecules. These are
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(¢) A* +B ~+ ABY + ¢ Associative ionization
(d) A* +B > A+Bt+e Penning ionization
(e) A* +B - At + B+ e Collisional ionization

For associative ionization to occur in a thermal energy collision
the energy required to ionize A* must be less than the dissociation
energy of ABY into A* + B, Hornbeck et al [HOR l95i] studied the
appearance potentials of He, ¥, Ney* and Ar,* relative to those

for He+, Net and Ar* and demonstratéd'clearly that the diatomic
-molecular ion is generated by collision of an atom in its ground

state with an atom in an excited state and not with an ion.

Penning ionization has also been recognised for many years
since it was first reported by Kruithoff and Penning [KRU l93f]
and along with associative ionization is one of the most important

mechanisms for ion production in flames and other chemical systems.

In associative and Penning ionization processes there are
three kinds of excited state of the initial excited reactant which
may be involved.. One type is the normal optically allowed short
lived state like the 2!P state of helium. Another is the relatively
low lying metastable state like the 23S or 21S state of helium
and finally there are relatiVelyilong lived highly excited states
which are probably high Rydberg states which owe their long life-
times to the small oscillator strength of the highly spread out

states.

Information on specific state dependences was supplied by
Muschlitz et al [HER 1965]. Their He* source was designed
specifically to eliminate all .low lying optically allowed states

and also highly excited long lived states. The differences
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between 215 and 235 He* were not found to be grossly different
which suggests that the spin of the excited electron does not

affect the ease with which it can gain enough energy to ionize.

In contrast to the various low lying states whose behaviour
is relatively similar, the high lying states seem to differ
considerably from the low lying métastables. Firstly highly
excited states are capable of collisional ionization although

A¥* + B > A* + B + e
was only observed when B was at least triatomic suggesting that
the energy for thermal.collisiénal ionization comes from
vibratiéonal energy in B [HOT l96f]. Hotop et alA[HOT l96f] also
found that the reaction |

Ar*¥ + H, > ArHt + H
is the most favourable process with a cross section an order'of
magnitude greaﬁer'than for Penning ionization and associative
ionization is unobservable for this system. By contrast, Penning
ionization of H, by He* is the most probable process almost a
factor of 10 more probable than rearrangement ionizagzon.' Again'

associative ilonization is less important than the other mechanisms

but with He¥* or Ne¥* on H, it is an observable process.

Energy anal&sis of the elecfrons from Penning ionization can
be used as a spectroscopic probe to locate states of the B* ion

in the process A* + B> A + BY + e if metastables of known energ&
are used or to locate metastable states of A¥* if known detector
molecules B are used. Cermak has used this approach to study the
states of molécule—ions and to determine various ionization

potentials for the formation of these ions [CER 1966]. In many
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cases the ionization potentials gave good agreement with values
from photoelectfon spectroscopy. The intensities and peak shapes
indicate that Penning ionization is a Franck-Comdon procesé

in the sense that tﬁe distribution of vibrational states of the
B* ion corresponds to the vertical excitation from the initial

vibrétional distribution of B.

The theory of such processes can be tackled by poténtial

curve arguments.

It may generally be assumed that in a collision of A¥* with
B the ground state of the ion AB* is attractive and exhibits a
minimum. The next problem is to construct a potential curve or

curves of the excited A* - B or (AB)* interaction.

1) (AB)* could correspond to an electron outside ABY in its ground

state. In this case AB¥* lies below AB* and is attractive.

2) (AB)* could correspond to an electron bound to an excited AB+

and also has an attractive well. A

3) (AB)* could correspond to an electron bound to AB* in a

repulsive state.

Heterénuclear diatomics have been studied by various workers,
eg[pER 1966]_[HOT 196@]. The rare gas-metal atom systems studied
"by Cermak have.potentials corresponding to an electron bound to an
excited AB* because the lowest excited states of the rare gases
are well above the ionization potentials for the alkalis or mercury.
Therefore the electrons released in Penning or associative ionization

‘ could carry avay a large amount of energy or, in principle, could
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leave the ionized system highly excited. The former is observed

and in the reaction Hg + He (238) » Hg* + He + e the electron carries
avay ail the exoergicity which suggests that the potential curves for
the initial aﬁd final states are essentially parallel. Electfon energy
deficiencies were observed for Hg + He (2!S) and this was interpreted
as implyiﬁg that at the range of internuclear separations,‘where a
transition occurs, points on the potential diagram EFig 2-2] represent~
ing the initial state lie lower, relative to the asymptote of the |
“initial state, than do the corresponding points of the final ionized
state, relative to their own asymptote. Thus a downward vertical
‘transition from (Hg He¥®) to (Hg He)” + e gives the electron less than
the total exoergicity of the reaction leaving some as kinetic energy

of relative nuclear motion.

As a final analysis in terms of potential curves an analysis of
the relationship between Penning and associative ionization is

considered.

In the case of He¥ - Ar the electron must carry away a large

amount of energy and one must determine the relationship between the
initial kinetic energy and the fraction -of the energy carried away

by the electron. Hermgn et al [HER 1966] considered a similar situation
in terms of whether or not the A¥ - B system made its downward trans-
ition to a point to the left of the point Ro, the classical turning
point for a pair of free particles A + BY with zero kineﬁic energy.
Figure E2—3] shows a situation for which associative amlPenning

ionization differ only im so far as the Franck-Condon
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. transition from the upper curves turning point reaches above or
Below the dissociation iimit of ABT, The requirement for such a o .
i, situation is that Ro fof ABY falls to the left of Ro for A*¥ - B

so that both free and bound states of AB* are accessiﬁle via
vertical transitions from the turning points of the potential for
free A* + B. The ratio of ABY to B is thus determined by the
fraction of colliding pairs witﬁvrelative kinetic eﬁéfgy above En.
vIn.non central collisions the principal effect of rotation is to
raise more of the AB* curve above the dissociation 1limit and this
_ moves Ro (AB*) to the right. This in turn lowers Er and therefore
. produces more Pennirg ionization and less associative ionization
than one would infervfrbm head on collisions only. It should also
be nbted that if Ro (A*B) is less than Ro (AB*) then associative

ionization is very improbable.

Miller [MIL 1970 (ai] has presented a thorough analysis of
the theory of Penning and associativé ionization in é classical,
semi-classical and quantum mechanical framework and formulae‘for
the total cross sections for the ionization processes, the angﬁlar
distfibutions for ions and the distributioﬁs of ionized electrons

~

are developed.

A brief resumé of the main points of Miller's work [MIL 1970(a)

MIL 1970(b), MIL 1972] is presented here.

E&mre[Q.h] depicts the Born Oppenheimer potential Vo(R) for
the AB system which dissocistes to the states A¥ and B. V+(R)
. is the potential of the (AB*) system which dissociates to the

ground electronic species A and B*. If the excitation energy of
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A to A* is greater than the ionization potentiaiAof B, as igdicated,
then the (AB)* curve is the lower boundary for a continumof

poténtial curves of the system (AB)? + e”, to a good approximation

this continuum of potentials is V+(R)‘+ I where I is the continuously
vériable energy of the ionized electron. For any fixed internuclear
distance therefore the electronic state corresponding to the A*'- B
curve is embedded in a continuum of states of the (AB)* + e type.
Consequently for each inté;nuclear distance R there is a width I'(R)
(units of energy) aésociated with Vo(R) for decay of the discrete
electronic state into the continuum electrénié state degenerate with it.
' At infinite separation the width vanishes, i.e. F(R) +0asR~»> o since'
the coupling between discrefe and continuum electronic stéées vénishes.
. The potent_iais Vo(R), V+(R) and the width I'(R) are obtainable by fairly

- standard but not trivial electronic structure calculations.

In the complete quantum mechanicél analysis of the Penning
situaticn #he appropriate matrix elements are

sz0® = -21 (B) exp (ing,o + ingy) <upo(R) IVorlugp(®) . 279
where ugz(ﬁ) is the radial wave fun;tioh of the potential V,(R) and
H2otR) is the radial wave function of the potential Vo(R)-3ir(R).
The function Vo i is the coup}ing between the two elegtronic states
'at»internuclearJdistance R

Vo,z(R) = Jd:er(r;R) [BE]l,z(rsR) - 2-10

. where r denotes all electronic co-ordinates, xo(r;R) is the discrete
_electronic state which dissociates to A* + B and xz(r;R) is the
continuum electronic state which dissociates to. A + BY + e7(Z).

The width is given by

I'(R) = 2n |Voz (R) |2 | o - 2-11
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Vo(R) represents the A¥ - B potential

- V4(R) represents the A -~ B potential. :
The shaded area indicates a continuum of potential
curves which dissociate. to the states A, B* + e.

'  Figure o)
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‘Similar expressions can be derived for_thé associative
ionization. Miller points out that many of the salient features
of Penning ionization and associative ionization are apparent by

casual inspection of Vo(R),V,(R) and the width‘F(R).

Miller et al [MI.L 1970(b)] have carried out a simplified
theoretical treatment of Penning ionization of the hydrogen atom
by helium metastables. In this calculation they uséd'avconfigura—
tion interaction_tecﬁnique using %he same basis set for the
description of the N electron A¥ - B state and for the (N-1) electron
(A —.B+) state. The basis set was chosen to p?ovide an accurate
description of the helium 1S and 2S atomic orbitals and the hydrogen
1S atomic orbital. Molecuiar calculatioﬁs Qere then carried out
and the ground state potentiglAfor He H* and excited states of HeH

were produced.

Although the ratio of Peﬁning lonization to associative

_ ionizetion cross sections cennot bg rigorously evaluated without

-; knowledge of the width I'(R) one can employ a simple model, which
does not include this width, at‘low collision energies. The model
is applicable only at energies‘sufficiently low for clgssical
orbiting t0'occuf in the A*¥ - B potential. In Miller's calciulation
the rgéulting“expression for the total ionization cross section

is given by

oTOT(E) = mR2 [1 - VO(R)/E] | o 2-12
where R = R(E) is the larger root of the equation
E=Vy(R) +3 RV, R) . . 2-13

vhere V,(R) is the A* - B potential and E is the collision energy.
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The associative ionization cross section
‘oar(e) = w82 [1 - v (R)/E] | | 2-14
but where R = R(E) is the root of

E=Vo(R) +%RVL (R) . - - 2-15

'where.V+(R) is the A - BY potential .

A recent calculation'[MIL 1972] presents the use of the auto-
ionization width I'(R) as a function of internuclear distance which
allows rigorous evaluation of the total ionization cross sections

and relative amounts of He H* and He + HY obtained together with

the energy -and angular distribution of the heavy particles.

In this paper they use the relationship
I‘(R) 2mp |<x|H-E|w>|2 ' - 2-16

where ¢ is the 1n1t1al discrete electronic state, x 1s .the flnal

electronic cont1nuum~state whlch is energetlcally degenerate with

¥, H is the electronic Hamiltonian, E is the electronic energy of

- the discrete state and p is the density of final continuum states..

Equaticn1[2-16] can be solved to find I'(R). Using classical and
semi-classical techniques‘the total ionization cross section is
given by
e 2 (I'(R) [ _ 3 _
o-Y dRhnR.(ﬁo—-) 1 VO(R)A/E]( . 2-17
. ° :
where Vv, is the radial velocity.

‘Expressions were also derived for tﬁé associative ionization
cross section together with the energy and éngular distribution of
the iﬁnized electrons and the angular distributions of the heavy
pérticlgs. Total iﬁnizatioh croés sections were found to be

30-h0 X2 [Fig‘z—ﬁl. Associative ionization is found to be 22% of
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the total ionization cross section in the limit of zero collision
: enérgy. This fraction decreases with increasing energy being about
18% at the éollisioh energy corresponding to 300°K. A comparison
_of these results with those obtained by the orbiting model shows
that the model is adequate in predicting.the total ionization cross

sections but is less accurate for more detailed collision properties.

Miller's work seems to offer an accurate theoretical anélysis
of the physical situation and therefore the situation appears to be

. - - - - '
more clearly resolved than in excitation transfer processes.

‘Molecular Beam Scattering Experiments

The metastable states of helium have received most attention
experimentally because (a) helium is an important constituent of
the universe (bj the radiative lifetime of these states is long enough
for. them to be studied under a variety. of experimental conditions
(c) they are sufficiently energetic (19 » 20ev) to ionize any collision

partner (d) helium is sufficiently simple electronically to allow

theoretical treatments from first principles.

_Studies of excited electronic species by molecular beam
techniqﬁes prior to 1966 afe well reviewed by Muschlitz [MUS 196é].
Rothe et al [Ror 1965] observed the velocity dependence of the
total cross section of He (23S;) colliding with Ar and Kr. They
interpreted their results in.terms of a L-J (12:6) potential.

,Grossér et al [GRO 19631 performed the first differential cross
section measurement for a metastable atom in which they‘invgstigated

‘the_systeﬁs He* - He and He* — Ar and determined limits on the values
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of £ and Rm for a L-J (12:6) potential. Unfortunately they were

unable to make an independent determination of I and Rm.

Since that time the rare gas metastables have been studied

in detail from the point of view of inelastic processes by Muschlitz
et al [PEN 1968], [kRA 1972], [N 1972]'and by Hotop and Niehaus
[HOT 19665:, s [}-{OT 1969(a2],[HOT 1969(b3] s {_HOT 1970]. In the first
mentioned of thé é#periments by Muschlitz et al the relative cross‘
seétion for ionization of Hp, HD and Dy, using fhermal energy beams
of 23S and 21S helium atoms, were measured. They found that the
créss séction for production of H,*, HD' aﬁd D,% increased in that
order. The isotope effect is explained in terms of the initial
formation of a pre-ionization state thaﬁ may either dissociate or
ionize. 'Iﬁ.the sécond experiment a thefmal energy beam of metastable
He 2ls, 235 or Ne (3P2,o) broduced by electron impaét enters a
collision chamber into ﬁhich.a kﬁown pressure of gas‘B has been
introduced. Penning and associative ions are formed and extracted
by-a smail electric field, mass gnalysed and counted. Ratios of
the cross section for associative to total ionization cross sectilons
have been measured. By determining thé ratio as a function of the
ccllision chamber pressure and by measuring thé relative intensity

s

of the secondary product ion B,* the cross sections for

" a*+B > A+B*+B (1)

AB* + B > A+ Byt - (2)

ha;e been determined. The effect of a change in thé ratio of 2!s
to 235 helium in the metastable beam has also been investigated by
changing the exciting beam energy. In collisions of He* with

both argon and krypton the ratio of associative to total cross

. section is greater for 23S than for 21S. The large size of the
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cross sections for process (1) which range from 210 K2 for

NeAr+ - Ar to hTO,RZ'for HeKr' - Kr suggests that tﬂe assoclative
ions are formed very close to theii dissociation 1limit. The final
experiment in this group mentioned, concerns an inveétigation of
the velocity dependence in the thermal energy range of total
ionization .cross sections of Ar, Kr and Xe in their ground states
on impact of a velocity selected beam of metastable nematoms in
the 3P, (16.6eV) and 3Py (16.7eV) states. The éomposition of the
beam was measured using an inhomogeneous field deflecting magnet.
The'ionization measuréments were of sufficient precision to aliow
simultaneous determination of both seéondgry electron ejection
..".efficiency and the cross section. Anal&éis of the results
iﬁdicatgs that the iﬁtgraction leading to ionization is short

ranged.

No survey of recent excited ﬁetastable atom coilisions would
be complete without a menfion of the work performediby Hotop and
Niehaus. In their first étudy [ﬁOT 1968 théy report on ionizing
collisions of long lived excited species with atoms and molecules
using a crossed molecular beam technidueu Relative cross sections
for the production of ions are presented. This work was followed
[HO’I‘ l969(a)J by an analﬁrsis of the Penning electrons produced. in
thermal collisons of He (2!S) and He (238) with Ar,Kr,Xe and Hg.
Their third contribution [HOT 1969(b)] 1s a measurement of the
relative cross sections for Penning and associative ionization
by the helium metastables and in the fourth report intermolecular
potentials are determined for the Penning electron distributions.
These distributions, arising from tﬁe ionizetion of Na and X by

. helium metastables, as well as the absolute cross section for
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P enning ionization of Na by He (238) and'relative cross
sections for ionization of Na and K by He (2!S) and He (238) were
measured. The cross section was found to be of the order of 15 R2
fof Penning ionization of Na and the ratio of cross sections for
He (218) to ﬁe-(23S) were found to be 1.20 * 0.10 in the case of

>

Na and 1.14 * .10 for K.

The results from the work of these two groups, which overlap,

are similar.

‘ TABLE 2.1
Ratios R, of AI to the sum of AI and PI
~ SYSTEM R T (°K)*| REFERENCE
He* - Ar [ 0.252 : 90 | | HOTOP et al
"] 0.161 ) 320 | | HOTOP et al
0.145 * 0.005: 330 | | MUSCHLITZ et al
He¥ - Kr' | 0.273 - 90 . | KOTOP et &l
) '0.125 : 320 . | HOTOP et al
0.11% + 0,00k 330 ' | MUSCHLITZ et al!
Ne* — Ar. 0.343 + 0,005 330 ' | MUSCHLITZ et al:
Ne¥ - Kr' | 0.319 % 0.005' 330 ° | MUSCHLITZ et al’

'*Temperatures listed are those of the metastable beam.

The results of Table 2.1 show, as predicted, that the ratio o%
‘associative to total jonization decreases with increasing temperature.
Othér metastable speciés which have received considerable attention
' in molecular beam experiments are the metastable levels of mercury
(63P,,0). Van Itallie et al [VAN 1972]‘have reported the relative
ihtramultiplet quenching cross sections for the transitions
‘Hg(63P,) > Hg(63P;) for a variety of collision partners. 'Iﬁ this

experiment crossed molecular beams were used and the phosphorescence
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of Hg(63P1) frém thé interaction region vas monitored. They also
showed that the energy .resonance with vibrational states-in the
other co}lision partner does not aﬁpear to be a major factor in
determining fhe magnitude of the intramultiplet cross sections

for the process. Their results for collisions with the rare gases
‘He and Xe exhibit very small cross sections compared to N, CO

and NO etc which indicates that internal degrees of freedom are
required. for significant cross sections when the éuencher lacks

excited states below Hg(63P2).

Thé mercury metastables have also been studied by Krause ‘ -
et al [KRA 1973] . In this experiment the de-excitation of
" metastable mercufy atoms haﬁe been studied by a modulated cross
beam méthod uéing Hy, Dy, NZ,NO and CHy. The molecular beam was .
- velocity selected and the photon emission at 2537 R was studied
versué tge molecular speed. In this &ork quenching expefiments wvere
performed and signals aé wavelengths other than 2537 hi¢ were sought
in an effort to indirectly detect the presence of mercury photon
-emission from higher states. Light emission corresponding to four
strongly allowed transitions that tefminaté on 63P was not
detected at excitation voltages between 5eV and 1l6eV. (3D3o
metastables might be readily quenched to any nuﬁber of well known
' short lived Hg states such as 6°Dj (8.85eV) or 738; (7.73eV).
These short lived Hg states radiate to 6%, at 3656 R ana su61 R
réspectively. They also cascade to 63, at 3127 £ ana 4358 R).
" The relative cross sections obtained are similar to those of
VAN ITALLIE ef al [VAN 19725 since there is oniy weak energy
dépendence of thé quenching cross section and tﬁerefore.velocityl

selected'and velocity averaged cross sections for the two experiments
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should be in good agreement. The results are in good agreement with
a model [BYK 196&] which assumes that quenching occurs when the
potential energy surface; that describe the interaction of Hg(63?2)
"+ M and the interaction Hg(63P;) + M* intersect. Thevquenching
efficiency then depends on the energy separation of the initial

and final states of the quasimolecule.

Relati&e Penning and associative ionization cross sections
were determined for collisions of Hg(63P,,0) with the alkali metals
fMAR 1972]. The relative cross sections were obtaingd by following
the changing alkalili cross beam flux with a hot wire ‘detector and
_the ion production using a qﬁadrupole mass fiiter. The associative/
Pehning ionization cross sections for sodium and potassium were 0.28
and 0.028 ;espectively. No associati&e ionization was observed
for rubidium and cesium. A study of the reaction observed by
Josephy and Beutler [BEU 1929] for Hg(63P;) was carfied out for
Hg(63P,,0) + M > Hg(1So) + M* by Martin [MAR 1972]. No Na*

fluorescence was observed.

‘There -are other works in the field of excited atom collisions
but these are too numerous to mention here. Thosevmentioned, cover
. some of the work which is more relevant to this study of collisions

.of metastable mercury atoms.

It is obvious that some of the experimental results, now available,
contain a wealth of informationbabout the processes wiich occur in
excited atom collisions. This is especially true of'the molecular
beam technique where collisions of individual atoms and molecules

can be studied and in which photon, ion or excited atom emission
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from the collision region can be monitored. This information can be
used to test formal theories or provide necessary information for

use in approximate methods.

The situation in the case of energy transfer processes is still
éomplex as' can be seen from the number of approximate theorigé'in
usé.. Formal theory resﬁlts in vast comput at ional problems and is
likely to be limited to simple systems involving light particles.

A number-of'recent approximate theories héve~appeared which are still
restricted to moderatély specific and very limited classes of |
" 'systems énd are relatively untested. For one'set of processes,
however, the transitions between the fine structure components of
fﬁé 2p terms of excifed alkalis in alkali/inert gas collisions, a
theory h;s been develOped[NIK 196§]'Which seems to promise a
Vduantitatively accurate analysis of the bhysical situation. 1In
other cases where_lafger amounts of energy are transferred tﬁe
situation is not as bright. In these cases it seems that thé

" results from experiménts, such as those by Polanyi et al [POL 1967],
will form the basis of some potential energy curve argument in an

attempt to resolve the physics of the situation.

Perhaps becéuse of the ease of detecting ioné, a significant
ambunt of data is now at hand on ionization processes especially
wifh éxcited helium. This has proved especially useful since
‘ vhelium‘is sufficieptly simple electroniéally to allow theoretical
treatments from first principles and a full theory has been
developed for fhe_Penning and associative ionization précesses
[MIL 19723. It should be possible to extend this theory tb other

excited atoms e.g. mercury, admittedly with an increase in the
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computational effort if a complete formal solution is to be obtained.

However, it may be possible to make realistic assumptibns to reduce

the computational effort.

.Potential energy surface arguments are found in numerous places
in this discussion and fherefore any information obtained about
these surfaces will help to gnravel some of the problems. With
increased theorétical expertise and sophisticated experiments the

future determination of the physics of excited atom collisions is

bright.



Chapter 3

Properties of the Metastable Beam
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3 Properties of the Metastable Beam

Electron bombardment of a beam of mercury atoms results in the
production of two or possibly three metastable states depending on
the excitation energy. These states are the 3Po, 3P2 and possibly
3p, [LIC 1953]; located at L4.6L4, 5.43 and 9.05eV respectively above
the ground state [Fig 3—1]. An experiment by Borst'[BOR 1969], using
the trapped electron technique has indicated that the excitation
cross sections for-3P 2 excitation are much larger thén those of the
other metastable states e.g. the cross séction for the 3P, is
approximately 100 times greater'than for the 3D3 étate and fherefore
the important metastables in the beam would seem to be the 3P, and -

3Py at an excitation energy of 10eV.

The 3P, and 3P0 states are metastable for the foilowing reasons.
The 3Py » 1S, transition is forbidden for ali-types of radiation by
the rule J=0 <> JéO whereas the transition 3P, > 180 is rigorously
forbidden for electric dipole>and magnetic dipole radiation since
AJ=2, and for electric quadrupolé radiation by the parity rule. The
63P, state can decay, however, to the 3P1 state via magnetic dipole
radiation. Lifetimes in the absence of épecific effects might thus

be-expectéd to be of the order 1ls.

Previously reported experimental values for the lifetime of

the 3P state varied frbm 4,2 x 10 “ seconds [KIM 19601 to

'7.5 x 10 3 seconds [MCA l§6i] while the reported values for the
lifetime of the 3P, state were 1.3 x 10 % seconds [TIT 1965] and

1.2 x 10 3 seconds [BAL 19651. Since these values aré in gonsiderable

disagreement an attempt has been made to find the lifetimes of these



Term diagram for mercury

' Figure 3-1
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species together with the ratio of the cross sections for excitation,
by electron bombardment, of the 3P, and 3P; which McConnel et al

[MCC 1968] have predicted to be 5:1.

Lifetimes of excited species are affected'not oniy by the
presence of electric or magnetic fields but also by collisions with
other atoms or molecules. The molecular beam technique provides an
excellent means for the determination of field-free space lifetimes
since it 1s only necessary to measure the decrease in intensity of
the beam as it passes through a good vacuum. When a’thermal source
of molecules is used without velocity selection the velocity
distribution of the atoms must be considered with the result that the
intensity of excited molecules of velocity in the range v to v + dv
remaininé in the beam at a distance L from the point of excitation
is ‘ -

Ir(v)av = Io(v)av exp (- T% ) | o 5—1
where 7 is the mean lifetime and Io(v)dv the corresponding intensity

at the point of excitetion. The latter quantity is given by the usual

'Maxwell-Boltzmann distribution.

2 2
Io(v)av = bnlg (QWET)L vZ exp (- g%f) av 3-2

The reason for this is that although the effusion process
contributes a factor of v to the normal distribution, the probability
" that a molecule will be excited by electron impact is proportional to J

v 1, By varying the position of the detector with respect to the )

source an estimate of the lifetime can be obtained from the equation

[ 32][ r1c 1957].‘ |
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Lifetime estimates can also be achieved by measuring the inverse
of the vélocity distribution, the time of arrival distribution, which
is the time it takes an atom or molecule to drift from a pulsed

electron bombarder to the detector [FRE 196i].

The velocity distribution in a beam of ground state molecules
which has been formed by effusion through a thin slit is the

Maxwell-Boltzmann v3 distribution.

As has been pointed out the productibn of metastables by électron
borbardment leads to a modified velocity distribution. However,
when pulsed bombardment is used this corfection applies only to the
fastest molecules, tﬂo;e with Qelocities greater than'vé = L /tp where
L is the length of the bombarder, and tp is the duration of the
bombarding pulse. Species with velocities less than ve are . all
bombarded for éhe same lengfh of time so thétlthe third power bf v

is correct. The time of arrival expression is then:

' _n+ L2 't '
N(t) = Ll exp (- - ) 3-3
. act T
n+2 c
t . ~
where Np,(t) is the number of atoms arriving after time t at a distance

2KT)%

L from the source, a = ( M

and C is a constant.

"

(n=3for v <v,, n=2 for v > vg).

An estimate of the lifetime can be obtained by using a fitting
procedure for the values c¢ and T. Equation [3—3] neglects the finite
length of the bombarder and it also assumes a known velocity

distribution.

A method incorporating both experimental techniques has been

developed by Johnson [JOH 197%] in which a pulsed source is used and
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the time.of arrival distribution of a thermal beam of metastable
molecules. is sampled and detected at two positions. The theory,

using Johnson's notation is as follows:

The total number Ni(v) of metastables with velocity v that are

counted at detector i is therefore
. . ho— Bl
Ni(v) =vzk Ci(k) ny (v,k)e T ' .; Y

where Ci(k) is a constant efficiency factor of the i'th detector.
The ratio of the number of metastable molecules in the same velocity_-

interval at two spatially separated detectors yields the expression:

t
'.2 .
No(v) Ctx nolv,k)e™g—
R = = . ‘ 3_5
N1(v) Ix nolv,k)e bl
, Tx

which is independent of the two deﬁector efficiencies except fof the
normalisation constant C. Also, the initial velocity distribution,
aetermined not 6nl& by the effusion from the source slit but also by
the excitation process in the electron gun is the éame for all
 States k; ' therefore the ratio‘R is independent of the initial

velocity distribution.

s

. If all the metastable states in the beam decay at the same
rate 1 = T then:

R = Ce~t/q - 3-6

Therefore a plot of log. R versus time of flight t = (tz—tlf
is a straight line whose slope yields T. However, if the metastable
'states have different decay rates, thenlogeR versus t is no longer
a straight line; any curvatﬁre in the plot indicates that metastable

states with different decay rates are present in the beam.
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.Although the apparatus used in this work ‘does not offer the

possiﬁility of having two different flight paths at the séme’time

it was felt that Johnson's method could be adapted to experiments
performed dﬁ different occasions with different flight paths
pfovided the initial conditions could bé reproduced. This method
was preferred since it combines the major points of both previous
methods and it does not reqﬁire any prior knowledge of the velocity
distribution since log,R versus t is independent of velocity distri-
bution whereas any fitting procedure requires that the exac£

velocity distribution is known.

Magnetic deflection analysis of the beam is a powerful tooi in
the determination of the constituents of the beam since all atoms
with.nén‘zero effective moment’are deflected in an inhomogeneous
magnetic field. The technique was firsf used\in the.cléssic
experiment of Stern and Gerlach [STE l92i] vhich demonstrated the

spatial quantization of angular momentum in the case of silver atoms.

In a non homogeneous magnetic field a neutral atom or molecule

experiences a force Fz'given by

_ . dB . _
F, = peff - 237

effective dipole moment of the particle in the field

where p eff

dB

az

magnetic field gradient, the Z axis being taken as
the direction of the magnetic field
The effective dipole moment has a magnitude given by

peff = m;8 Ho A o . 3-8

\

vhere my is the magnetic quantum number in the case where the much

smaller nuclear magnetic moment is neglected. In the above
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expression g is the Lande factor and ¥o is the'Bohr magneton.

eh '
Ho = Sme 3-9
my can take on 2J+1 values where J is the total angular momentum

quantum number of the atom.

Thus if an atomic or molecular beam is sent transversely through
an inhomogeneous magnetic field, the beam splits into components
corresponding to various magnétic Subsfates and each component under-
goes a deflection determined by the length of the magnet, the field
gradient, the mass and velocity of»fhe atom or molecule since the
deflection D is given by;

A

D =702 S ' , 3-10

A= HA (1, + 214ly) where M = mass of the atom, 1, is the length
M d: . m

of the mégnet, 15 is the lehgth from the magnet exit to the-deteétor.

In a sﬁfficiently large inhomogeneous fiéld the 3P2 state of
mercury should therefore be split into five components whereas the
'3 3py should be unaffected. ‘ (The field should be sufficiently large
to decouple the eleétronic and hucleaf motions for the mercury
isotbpes with non zero nuclear spin). Unforfunately in the present ' !
apparatus the'detgctor is fixed and therefore there is no
possibility of detecting the mjy = + 2, *1 states separately.
ﬁowever, by making the exit aperture of the magnet very narrow it
should be possible té detect only those atoms which remain un-—
deflected in the magnetic field. A computer program, which calculates
the expected deflection'pattern‘produced by passing a beam of
metastable Hg atoms (in a par£icular J state) through a non homo-
geneous magnetic field is discussed in Appendix I. From the results

of this program it is possible to select the values of the slit
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widths required for the magnet apertures so that only those atoms
.with zero effective moment are transmitted. The signal in this
case is thén made up from the m;=0 state of the 3P2 atoms and the
total amount of 3Py atoms in the beam. Assuming that.the m; states
are populated equally in the 3P2 atom the total signal contains

3p, atoms 4-% of the whole amount of 3P, atoms in the beam. By

measuring the transmitted current with the magnet on and off

information should be obtained about the constituents of the beam.

Experimental -

-~

The apparatus used in the present experiment is shown

schematically in figure [3—2].
Vacuum Sjstem

The vacuuﬁ'system consiéts of a stainle§§ steel frame measur-

ing 22 inches ‘along all sides and 12 inches high. Side plates

»e bolted to this frame and sealed with rubber rings. One of
the side plates has electricai and water feed throughs while
‘another has a perspex viewing window. The metastablevatom detector
is bolted to one of the other sides.  The bottom plate holas a
water cooled chevron baffle for a 12 inch diffusion,pﬁmp,' The 1id,
which can be lifted by means of a hoist, contains a large copper
liquid nitrogen cold trap. Coéper curtains aré bolted to the cold
trap on all four sides so that when thé cold trap is filled ;ery

high pumping speeds for easily condensible material are achieved.
Source

The ground state mercury beam is formed by effusion through

)
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a glass capillary array plate from a carefully'thermostated oven.,
This oven, which is made -throughout of stainless steel, was designed

by Darwell [DAR 1972].
Exciter

Thevbéam is exci£ed by a magnetically collimated flux of

- electron; of controlled eneréy. The electron gun is mounted in
.front of the mercury oven'bﬁt separate from it [Fig 3—3]. This
gun consists of an anode with a groove down its entire length
through which the Hg béém is passed. The cathode is mounted
underneatﬁ the slit in tﬁe anode as close to the anode as possible
but insulated from it by tﬁin mica strips. Standard uncured oxide
cathodes:from PL36 pentode valves, supplied by Mullard,are used.
These cathodes are heated indirectly,‘the heating filaments also
being supplied by Mullard. At an anode—cathodé voltage of 10V,

" the emission current is of the order of 8 ma.. A magnetic field

is provided bj two "Eclipse" C magnets as shown in figure [3—3].
The magnetic field is 600 gauss, measured by a Hall probe, with the
result that the electrons leaving the cathode travel in a helical

path. The cathodes are replaced before each experiment.

The method of excitation is rather inefficient since perhaps
only 1 in 105 of the atoms are excited, but it does have the
advantage over discharge sources of being more selective in so
far as only those states with energies less than the excitation
energy can be excited. It might be expected that the effects of
recoil would destroy the collimation thus mak{ng such a méfhéd

unsuitable for cases where very close beam definition is necessary.
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However, if £he electron gun is placed very cl§ée to the source
slit the loss of intensify by scattering out of the beam.is not
"great siﬁce it 1s at least in part cqmpensated by scattering of
particlés inté fhe-beam.‘ At an excitation energy of 10eV the
3P1 statevisvproduced together ﬁith the metastable 3P2 ani3P0;
The ffdduc£ion of 3P; results iﬁ the emission of photons at
2536. 5 R s1nce ‘this state is radiatively connected to the ground
state. The photons emitted by the exc1ter which reach the
deteétor have been measured and are discussed later.. A mercury
2536.5 R discharge has also been obéerved, viewed through the
perspex window, with a high source pressuie (& 10 torr) and a

high excitation voltage (5 16V).

Magnétic‘State Selector

The magne£ic state seléctor is an inhomogeheous magnetic
field of thc two wire type [RAM 1956}. The magnet is 10 cm in
_length, the other important dimensions are shown in figure [3—&].
The field strength can be varied over é limited range by varying
the exciting current.between 0 and 30 amps. A plot of magnetic
field strength, measured with a Hall probe vefsus exciter current

is shown in figure [3—5].

. In Appendix I a program for the calculatlon of the predicted
deflection patterns for a given velocity dlstrlbutlon is discussed.
As a result of these calculations the magnetic field was provided
with entrance and exit apertures ~ 0,006 cm in width. Figure [3—6]
shows, for a magnetic field of 7.5 kilogauss, an entrance aperture
of O.QO6ﬁcm, an exit aperture of 0.006 cm, that the fraction of

‘metastables with non zero effective moment which are transmitted
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is predicted to be negligible, This design feature was checked
by a saturation plot showing that with the magnet.‘ fully excited
less than ~ 3% of atoms with a non zero effective moment were

transmitted [Fig 37%]...

At thermal velocities the mag;etic field therefore acted as
a éﬁitch;- with the field off the beam was transmitted without loss
ﬁhile with the field on only etoms with zero effective moment were
transmitted since at a fiel& of 7.5 kilogauss nuclear coupling

.effects can be ignored.

Metastable Detector

This piece of equipment has been described in detail by
Darwall [DAR 1972ﬂ. A short treatment of the main points ﬁill be

presented here.

The detector is based on an Auger process by which tﬁe

~ electronic energy of the metastable is transferréd to an electron
in the conduction bana'of a metal. In cases where the energy of
the metastable is greater than the ﬁork function of a metal then
Auger electrons may be ejected from the métal surfacg when the

atom collides with the surface, The metal surface used is pot-
assium depoéited on a tungsten peg. The measured work function for

¢

potassium is

t+

2.177

0.00k at ~ 206°K [GAR l96i]
2.217 :

0.00k at ~ 300°K

I+

The metastable states of mercury 3P; , have sufficient energy
b
to eject electrons from the potassium surface since they have

energies of 4,6LheV and 5.43eV respectively. The conduction band
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of potassium extends from n 2.2V to 4.6V below the vacuum level -
[KIT 1956] and since both metasfables have energy in excess of

4,6V the surface should be a véry useful detector for both species.

-

The detector is mounted in a separate U.H.V. chamber which is
made oflstéinless steel throughout. Iﬁ is connected to the main
chamber via a bakeabie valve and a slit and it is pumped by a
Ferranti 80 ls.'1 ion pump and a liquid nitrogen cooled Titanium

sublimation pump.

The detector consists of a tungsten peg [Fig 3—8] mounted so
that it éan be transversely moved out of the path of the Hg¥* beam
to a position in front of a small oven filled>with potassium.

Th; tungsten peg is insulated from ground by a P.T.F.E. sleeve so
that it can be floated at a»gonvenient voltage. A three element
electrostatic lens is mounted above the position of the peg when

it is situated inthe path ;f the Hg¥ begm. The whole assembly is

- mounted oﬁ a 6" diameter flange so that tﬁe entire unit can be
withdrawn from the vacuum chamber for cleaning or‘re—filling of

the alkali oven. Copper shielding is positipned so that the C.E.M. -
is protected from the oven heater.wires and further shielding was
added to reduce the amount of alkalil sprayéd arouﬁd the chamber
when the tungsten peg is being plated. An adequ;te film of
potassium can be deposited on the peg aftér 30 ﬁinutes exposure

to the potassium beam, with the oven at 230°C. Once deposited

the potassium surfac; would last several months and many experiments

provided the pressure was maintained below 1 x 1079 torr.
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Electrons ejected from this surface are focussed into a
Mullard Channel Electron Multiplier by the electro;tatic léns.
In the C.E.M.“each electron produces an avalanche of electrons
which is treated as a single pulse. Typical voltages during the
experiments are shown in TébleL}ﬂJand typical'background counts
were about 100 second~! while typical signal counts were 60,000
second‘l. The background‘count rate was largely due to photons

produced from the hot cathode.

. Table 3-1

Unit | Voltage
Peg . -80vV
_ Lens 1 +70V
. . : Lens 2 ' -T1V.
Lens 3 -80V

C.E.M. entrance - .0
C.E.M. collector 2.8Kv

Sincé the collector end of the C.E.M. is at 2.8KV, the output
pulses are taken off by a 00.001 uF capacitor. This is followed by
a protection circuit after which the signal is fed into a Keighley III
amplifer which in turn is followed by a Hewlett Packard HPL62A
amplifer and a discriminator and pulse shaper circuit which have

Abeen described by Cowley [COW 196@]. The signals are then counted
| into two scalers, in the case of the scattering experiments, or into

a multichannel scaler in the lifetime determination experiments.

By plotting the observed metastable signal at the detector
against the exciter voltage the excitation function for Hg* may be
obtained. The excitation function A is plotted in figure [3-9]

fogether~with excitation function B produced by Darwall [PAR 197é].
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Both excitation functions were obtained using a potassium surface.

At each voltage the observed signal i(V) has been multiplied by the

i(V max)
i(V)

This is to compensate for the larger currents flowing at higher

- factor where i(V) is the exciter current at voltage V.
voltages giving rise to greater signals. The results exhibit a
threshold éround 6V with two subsequent maxima at 9.5V and 15V.
The curves are in good agreement witﬁ those obtained by Lichten
[LIC 1956], The first peak is attributed to the 3P0’2 whereas the
peak at 15V will contain contributions from 3P0’2 and perhaps 3D, |
although a significant part of this signal is probably due to
photons.' :

Signal

After discrimination the‘signal pulses, in this expérimeht,
were counted in a multichannel scaler. Timing information ﬁas
obtained by pulsing the excitation voltage on for 10 ps at 20Ams
intervéls.and tfiggering the sweep of the channel address for the
multiscaler in synchronism. The metastable counts were thus collected
as a function of their flight time in 10 ps wide channels spaced
by lo.us intervals of ‘dead time.during which the channel advanced.
In the experimenté with the magnet the store of the multiscaler
was divided iﬂtq two halves, the first half being used to collect
signals while the magnet was on and the éecond for signals while
the magnet was off. The two types of oBservation were hade in
alternate periods of 5 minutes until sufficient precision was
obtained [Fig 3—1@]. The data, counts versus arrival time were
finally output on papertape for computer analysis. In the experiments

to evaluate the lifetime of the 3p, state the distributions shown
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in figure [3—&1] were obtained for two different flight paths.
In this case magnetic selection was not used and the signal was
counted into all the channels of the multiscaler, otherwise the

situation was identical.

By inserting a delay into the excitation pulse circuit it was
possible to open the multichannel scaler before applying the excit-
ation pulse. In this mode it was.possible to observe the instantan-
eous arrival of photons, the majority of which are presumably 2536.5 R
photons, a plot of signal versus arrival time is shown in Figuré [3~lél
As shown in Table[3-é} increasing the excitation voltage increases

the ratio of photons to metastables and the number of metastables

produced appears to be approximately constant. Since these photons

arrive instantaneously they will have no effect on the lifetime or
magnetic selection experiments in which the multiscaler channels are
opened in synchronism with the excitation pulse. However, the effect

of‘photons will need to be considered in the scattering experiments

and it is obvious from Table[}—é}that in these experiments the exciter

should be operated at the lowest possible voltage. -
TABLE 3-2
Voltage | Metastables | Photons | Metastables/
Photons
10.0V 19,000 20,000 0.95
12.5V 18,500 30,000 0.62
15.0V 19,000 50,000 0.38

The number density of Hg atoms at the exit of the exciter was
calculated as n 102 atoms cm™3 and the background pressure was 10— -

1077 torr in the flight path so that removal of excited species by
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self scattering or by collision with backgrouna.gas vas negligible
(A £ ~ 103 -10%m). A celculation similar to that of Borst and
Zipf [BOR l97i] showed that any photon contribution to the signal
due to decay in flight was less than 0.1% of the total signal.
Radiation trapping of the 2536.5 & 1line is also negligible at the
beam densit;y used [ALPY 19h9] 3 finally the dimér fraction in the

beam at the source pressures used (< 5 torr) is entirely unimportant.

Analysis and Results

State Selected Measurements ,; -;

y At excitation energies between 6 and 10eV the only long lived

stétes of Hg accessible are the 63P, and 63P;. Since the electrons
pr;duciné the excitation are‘spiralling along the magnetic iines
of. force of the collimating field which is perpendicular to the
velocity of the atom no po}arisation effects can arise and.all the
magnetic gubstates of the 3P2 must be equally populated, If §F(t)
~ and §?(t) are the beam signals at flight time t with the magnet on

and off respectively, then

s(t) = x + (1 - 5x) - ' 3-11
and - 7 - ,
5°(t) = 5% + (1 - 5x) ' | 3-12

where X is the apparent fraction of the beam in each magnetic substate
of the 3P, and the qualification apparent is used since this fraction
will include the effect of any differential sensitivity between

- the 3P) and 3P, states in the detector.
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The apparent composition of the beam is now

P2(1) = 2 (89(¢) - $H(¢)) | 313
1P0() = SH(x) - § (89(x) - sH(t)) o 3

N~

The ratio of these compositions as a function of flight time
in the beam can be related to the lifetimes of the states 1, 19

and their cross sections for excitation o, and gg.

3 - .
1F2(5) oy e~ 2 :
3p - E t . . 3-15
1°0 - =
0'0 e
.3P
I°2(t) g 1 1
or In 50—+ = 1In(c %)+t (=—-=) 3-16
1 Fo ~ %0 T0 T2 '

* Thus the difference in the lifetimes of fhe‘two states can

" be obtained from the slope of a loé plot of this relation, while

an additional éssumption about C the relative detector efficiencies
will enable the ratio‘of the cross sections to be determined. Since
, the work function of the potassium surface used in the detector is
considerably lower than fhe energy of béth metastable sfates,‘g

can plausibly be taken as ﬁnity; A typicai plot of this type is
shown in figure [3-13] and the results of a least mean square fit
for data taken at several excitafion voltages are given in Table{B-a.
The error bars are two standard deviations long and are computed
from counting statistics assuming no correlation between the noise
in the 8° and SH observations. Making an initial estimate of the
half lifé of the 3P, state of 1lms enables the difference in half-
life of the two states to be estimated. These estimates are also

shown in »Table[B—?}
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 TABLE 3-3

Magnetic Deflection Experiments

Excitation | o(3P,) (E) Giadle;t of P10t | pstimated 1ife-
Voltage - o(°Pg) - (= - =)ms. | time differences ms.
B 9 . T2
10 L.62 + 0.6 -= 0.02 + 0.06 0.02 + 0.06 -
12 4,76 £+ 0.8 =-0.02 +£0.06 | . 0.02 * 0.06
15 b1k + 0.8 0.007% 0.07 - 0.07 + 0.06

The lifetimes of the two states are identical within the experi-
mental error. The ratio of cross sections is only rather approximately

determined but it is close to the statistical ratio for the states.
Lifetime of 3P, state

To‘eXtract absolute values of the lifetimes of the two states
it is ﬁecessary to make decay measurementc at more than one detector
source distance [JOH 197%].4 However, since the lifetime of bothv
states is the same, the magnetic selecting field is not.required in

these experiments.

The ratio of the fraction of metastables in a velocity interval

v 1o v + dv after flight paths of length 2; and %, is

(v ) x I(v) : |

,,=N__:_2_L = GxI(v)em 1 : _

R(V) N (v, 22) G x I(V)e’zz ‘ T
T

vhere I(v) is the initial velocity distribution and the convolution

G accounts for the finite length of the exciter and pulse widths etc.

The ratio R(v) is independent of the actual velocity distribution

(2=} =
DL Ry 118 f?)

2] BRI Y
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and yields a relation for the metastable lifetime.

In R(v) o (211 ==L | 3-18

.
3

A typical plot of this type is shown in figure [3—1&] and the

complete results are given in Table[?—%}

. TABLE 3-h

Lifetime for 3P, state

“Exciter Path Length | Source Temperature| Lifetime °P,

Voltage | o, 2y T Ty ‘ms.
cm ' oK '

10V 35.3 60.0 448 448 1.25 + 0.30

12v. 35.3 60.0 448 448 1.26 + 0.40

‘ 15V 35.3  60.0° 448 LL8 1.30 + 0.50

“10V 36.2  60.0 448  LL8 1.40 * 0.30

12v 36.2 ~ 60.0 448 " Lu8 1.35 + 0.40

' Mean Estimate 1.30 + C.17

10V | 35.3 - 60.0 433 LL48 1.05 + 0.25

15v | 35.3  60.0 433 Lu8 1.00 * 0.20

Once agailn the estimates are least méah square fits to the data.
An error occurs because the electron bombardment region is finite.
This'leads.td an uncertainty in the effective distance between the
two detectors. Taking half of the bombardmentAlength as the total
distance error one obtains a maximum error bound for the lifetime
+ 0.2 ms, well within the statiétical uncertainty of thebpresent

experiment.

The plots show no sign of curvature at any excitation energy
and although the photon output rises very sharply at higher voltages

the metastable signal remailns falrly constant [Table[3 éi} There is

~
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no evidence for any contribution from the 3D; state. This pre-
dominance of the P states is in accordance with the cross section

measurements by Borst [BOR 1965].

Because of thé mechanical changes required to alter the beam

. path these'experimenfs had to be performed on different occasions.

As the precision depends upoh the reproducibility of the velocity
aistribution it was.necessary to determine the stability of these
results to possible variations, in particﬁlar in the source temperéture.
The observations at the bottom of Table[3—4]illustrate this point.

Since the-possible temperature drift is only 1-2%k at most, any error
from this source is small in comparison with the statistical

uncertainty.

.

On first consideration of the-results it apﬁeared that the half

life obtained ﬁaé rather short. The value of 1.3 x 103 seconds
means that s large percentage (v 80%) of the metastable beam has

, decayed before reaching the detector in the case of the longer flight
path. An attempt to verify this value was made by fitting a
Maxwellian distribution to the data obtained for the longer flight
path by using the expression obtained in equation [3—3]; An estimate
for the half 1ifé of 2.1 ms was achie&ed. By convoluting the -excita- V
tion pulse width and exciter dimensions an estimate of 1.5 ms was
obtained. Therefore the value of 1.3 ms t .17 seems additionally

confirmed.
Conclusions

- The measured ratio for the excitation cross sections to the

3P2 and.3Po states was found to be almost independent of energy in
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the range 10 - 15eV and within experimental error identical to that

calculated by McConnel et al [MCC 1968]. .

The lifetime of the T2 state,1.3 * 0.2 x 1073s,found in this
~work is in excelleﬂt accord with that observed by Baltayaﬁ et al
[BAL 19653rwho monitored the 3P, concentration by using the absorption.
corresponding to the 63pP, » 735, transition. Both these results,
ﬁoﬁever, differ substantially from the value 1.3 x-10™"*S reported by
Tittel [TIT 1965] on the basis ‘of iine.brpadening measurements. This
latter work was primarily directed to the measurement of line bfoaden—
ing cross sections for the rare gases and the natural life may be iﬁ
error due to residual background impurities, ﬁossibly N, in the cell.
* Since the present results and those of Baltayan et al u;ing a quite
diffeTenﬁ technique are in agreement, the longer lifetime wéuld seem

secure.

< The 3Py lifetime, 1.3 * 0.4 x 1073s, is rather different to that
, reported by McAldufi et al [MCA 19651 but as the error iimits on
their rate constant correspond to lifetimes between 4 and 20 ms the
‘disagreement is not severe. In earlier work Kimbell et al [KIM 1960]
found a half life,of h.2 x 10‘“S'by absorption measurements on the
forbidden line at 2656 R (6%pg » 61305; 'It.is poséible that this
valﬁe-may be appropriate for Hg isotopeé with nuclear spin. |
For isotopes with zero nuclear spiﬁ (about- 70% of the natural
abundance are of this type) J is a good‘quantum nu;ber and trans-—
itions from the 63P “to the ground state are forbidden for electric
dipole, quadrupole and magnetic dipole radiation. Transitions from

- the 63P, are similarly forbidden though this state can decay via
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magnetic dipole radiation to the 3p;.

In contrast, isotopeé wvith nuclear spin have F as a good quantum
‘number and can interact with the 3p, state so that their natural life
‘will be éonsiderably shorter. Radiatioq for the 3P, and 3Py + Sy
transitions in respect of these isotopes has been observed [RAY 192{],
[FUK 192é], [MRO 19hé], [KES 195&]. The natural life of these states
of mercury would therefore be expected to depend ﬁpon the isotope and
the F quantum number. Recent values for the lifetime of the 63P0'

state for the odd isotopés of mercury were Tygq = 1.T75, 1201 © 2.65s
[BIG 196{] and these vélues are in considerable disagreement with the
vélue for the lifetime of the 3Py obtained in this work

3 .
(tr = 1.3 £ 0.4 x 10™ 8).

4

If was pointed out that the apparently short lifetimes.determined
in this experiment might be due‘to attenuation of the metastable beam
by background gas. The fact thatbthe lifetime evaluated is due to
decay and not to scattering by the background gas can bé confirmed
by considering the ratio of the metastable removed by background
scattering to that lost by decay. In this work even with a pessimistic
-assumption of }03 Ré fér the total crdss section the scattering loss 1is
only ~10% of that.due to decay.  In the experiments of Van Dyck et el
[VAN 1972(b)] the corresponding ratio.was abéutA25% and they were able
to demonstrate by changing the background pressure that their measured
lifetime was not perturbed at this level. The questions now remain
about possible modes of decay for the two states since the beam decays
by more than 30% between the two detector positions and there seems
1ittle doubt that the decay measured is due to the dominant species

in the beam (i.e. zero spin isotopes).

A
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The decay of the 63P2 sfate is presumablylﬁy magnetic:dipole

to the 3P;. However, no ‘similar mechanism can be proposed for the

- 3p, étate and in view of the lack of décay processes-(even two photon
- electric dipole radiation is forbidden) it would appéar that the
lifetime values found for the odd isotopes of mercury (1199=1.T$,
T901=2.69) [BIG 1967] are more plausible than the values of the

3P lifetime found in this work (t = 1.3 # 0.4 x 10738). It is thﬁs
possibie that the initial assumption that all mjy states of the
.3P2.are equally populated is incorrect and thaf_some degree of
pdlarisation exists in the beam i.e; my = O is preferentially
.papulated. On the other'haﬁd the assﬁmption ﬁay be correct and then .

some other decay process for the-3P0 state must be sought.

L]
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4 Theoretical Interatomic Potential Energy Curves.

- Although collisions involving metastable atoms are an important
process in gas phase experiments, there are relatively few
theoretical papers on the subject eg [bUC 195§], [yAS 196ZJ,
[?01'196g]. Most theoretical papers on collisions of excited

. species treat the cases of optically allowed excitation E}MT 1961].

The description and understanding of many of the most interest-
'ing processes in atomic and molecular physics involves é knowledge
of the molecular wave functions and potential surfaces accessible
to a set of.interacting atoms. This can be looked upon as the

calculation of the interatomic-potential energy curve in a diatomic

‘molecule [BRO 1971].

This chépter presents a crude calculation of the theoretical
potential curves for the molecular states involved in a collision
between Hg* (?Pz) and anvalkaii metal M. Such potentialé, together
with-the ground state potential curves for (Hg-M) and (Hg-M)+ are’

. B\
required in a consideration of possible inelastic processes which

might occur in these collisions.

In the pfesent work the systems of interest involve the
coliisional interactions of Hg*(3P,) with Na, K and Rb. This
discussion will be limited to the interaction of Hg*(3P,) and
K(ZS%) as a typical case. Firstly, a descriﬁtioﬁ of the metastable
atom will be given followed by a description 6f the possible
molecular states which arise in the collision. A method for the
calculation of the interatomic potentials for diatomic systems

using the Heitler-London [?EI l92f] method is then presented.



- 58 -

A computer program for the calculation of the terms involved is

then discussed and the application of this method to the system

Hg*(3P,) + K(2S,) is then considered. Finally theoretical potential
2

energy curves for this calculation are presented.

Metgstable Mercury.

Considering only the two outermost 6S and 6p electrons of Hg
and writing the determinental wave function for these electrons as
SaP 8 = = | 65a(1) 6po B(2) - 6poa (1) 65 8(2) P
o vz
vhere a, B refer to the spin wave functions and the subscripts to
the nl quantum numbers, then the Russel Saunders wave functions for

the (J,mJ) states may be written in terms of the Clebsch-Gordan

coefficients as:

%, M =2 = Sap;a
MJ=1 w=%ESap1B+SBP1a] +é— Sapoa ,
MJ=0. w=ﬂ”%E3GP05+SBPo°‘J +V'15 SBp B+ SaP_lo.t]_
M o=-1 =) Ec,dp_ls + SBp_) oa +,\,—l;,_-=- SBpoB |
M o= -2 y= S8p_18 o

3P1 MJ=1 Y= 3 Eap1B+SBP1aJ "V% Sapoa
M, =0 v = ZEBplB "S"P_Ia
Mp=-1 v=3[Sap,e*S6p1a]+ & SBpes

3o My=0 ¢ =%[§ Bpi1B + Sa P_.aJ - ﬁ%’ [_Sa PoB + SBPOa]

L.1

Wave' functions for the 6S and 6p electrons have been calculated
by Darwall et al [DAR l970] [DAR 1972]. Limited HARTREE-FOCK wave
functions were computed for the 3P states of mercury in which

exchange between the 65 and 6p electrons was included explicitly
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and the exchange of both outer electrons with the core was
represented by an approximation due to Slater [?LA 19513 using

Herman-Skillman core wave functions [HER 1965}.

| | 1
V exch: core = -6 [%220“ 2(25+1) ‘I’ng(r)z/rzj 5 -2

The computed wave functions were tested by calculating the polar-
isability of the atom but unfortunately the values obtained did not
agree particularly well with the experimental values [PAR l97é]
although they did provide better agreement than coulomb wave functions
used by McConnell ét al |MCC 196§]. It was decided to use Darwall's
wave funétions for the 6S and 6p electrons of mercury in this
calculation. A one electron coulomb wave function was chosen for

the potassium 4S electron. The coulomb and Hartree-Fock orbitals

were fitted by a linear combination of three Slater orbitals

[?ABLE hJJ.
¢ = Alrn‘exp (mayr) + Apr"2(=a,r) + Asr™3 exp (-a3r) L4-3
TABLE L.1
Orbital A Ao Ag ni | na | n3 oi 02 o3
D
Hg 6S -6.132 31.44 33.38 [2 1 1 1.20 1.60 2.00
Hg 6p 13.52 ‘ -11.09 (li1.24 N1 1 2 1.00 1.20 1.80
K Ls L2877 L4597 -1.26312 |1 |1 .5663| .7762|1.0194

Molecular States.

In a collision between two atoms the system will start off in a
state corresponding to Hunds case (c) but as the interatomic
separation (R) decreases so it will tend more towards Hunds case

(a). For Hunds case (c) the spin orbit coupling between L and S

is strong compared with the axial interatomic field. In this case
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L and S couple to give J and it is only the components of J along
the internuclear axis that will couple together. In this instance
only the component Q of the sum of the two angular momenta J along

the axis is well defined.

Q= | My My | 4=

At smaller separations the interatomic field may become
sufficiently strong that both the L's are coubledvto it. In this
case it is only the proje?tions ML along the internuclear axis. that
are well defined and the total arigular momentum quantum numbers of

the molecule about the axis are given by

Ch= g e 4=5
The electronic angular momentum  is given by adding A and
S vectorially, where S, the spin angular momentum gquantum numbers
are given by adding the spins of the two atoms vectorially. This
is known as Hunds case (). However, it should be noted that even
at the distance of closestvgpproach.the system may only be described
by some intermediate form of coupling of the angular momenta. This

N
is particularly true for systems involving heavy atoms.

Table [h.é] presents the molecular states in A S notation for
Hunds case (a), in which the bonding interaction is much greater

than the spin orbit coupling.

TABLE k4.2
Type Number :
|
.u'ﬂ' MJ=5/2’ 3/2’ %, % 8
YL My o= 32, 3 4
2y M, = 3/5, 3 (Two kinds)l X2
2z My = 3 (Two kinds)2X 2
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There is a total of 24 states aﬁd unfortunately no information is
évailabie on the energy ordering of these states. One could say
fairly confidently that one of the 2¢ will show a pronounced minimum
in the potential corresponding to a normal bond E‘ig h.l(a)], whereas
the di'state would probably be highiy repulsive {Eigf h.l(bﬂ. Table
[F-i] shows the statés involved for Hund's case (¢). Here the

designation.is appropriate where the J state of the heavy atom is left

intact.
TABLE 4.3
Atomic States (JJ) States
3P2 + ZS% 5/2’ 3/2, %’ %’ 3/2
3p, + ZS% 3/5, %, %
éPo + ZS% '

A total of 18 states is produced in this case although there are
also an additional 6 states from the 1P1 state of atomic Hg, to be
considered, meking a total of‘2h states in all. Unfortunately it is
not possible to unambiguously correlate the states characterised
by 2 and the molecular states. No spectroscopic data i? available

to shed light on any of these systems.

In attempting to produce a correlation diagram the following

aésumptions might be used:

1) The %I state with the outer pairing lies lowest and the 2I state

with the inner pairing lies highest.

2) The “m states lie lower than the %z states.

!

3) The 27 state with inner pairing will lie close to the “r.



Schematic shéwing bonding schemes

a) 22 outer
b) ‘8

Figure L1



- 62 -

4) The “I is close in energy to the 2y (inner) since the outer

electron configuration is identical.

It is certain that the “ws/ state must come from 3P, and that’
2

the 1P1 state can only give rise to doublet states.

With reservations two possible correlation diagrams are shown
in Fig [y.g]. There is a personal preference for Fig [}.2(&)] since
the 2% and “I , which have the same outer configuration, are close

together.

It should be noted that five molecular states evolve from the
interaction of Hg(3P,), the dominant species in the metastable beam
experiment, with K(ZS%), Depending on the order of the molecular

states the following tentative correlations may be made [?ABLE h.%].

TABLE L.k
M.J MS . Q Molecular
: State
2 1/2 5/2 b 5/2 '\
2 -3 3/2 Yo 3/,
1 2 3/2 4z 3/2
1 -3 1/, Yo 1/,
0 1/2 1/2 by 1/2

Wave functions for these states are required in any potential
calculation. The simplest wave function is that of the |2 2> state
of Hg combining with the |3 3> state of K which can be written as

a single determinant.

|| 6sabp; absSa|| . 4L-6
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Zeroth order molecular wave functions of this kind are used in the

calculation.

Potential Energy Curve Calculations.

The method of calculation is that introduced by Heitler and
London for the hydrogen molecule EEEI 1927]. The essential feature of |
this method is the assumption that the electronic structure of the
atoms 1is léfgely preserved in a molecule and that the energy of the

covalent bond is associated with exchange of electrons between atoms
[pav 1935 [bra 1963].

Kodaira et al: E{OD'J.Q'Tl] calculated potential energy curves for

1

the system He* + He by the Heitler London method using Slater type
orbitals and their results for the collisional transfer of triplet
excitations between helium atoms agree reasonably well with calcula-
"tions based on more i‘igorous pofentia.ls E{OL 19692. A similar method
is proposed here but firstly it is useful to examine the potential
" energy curves for two hydrogen atoms in order to understand the.e'xact

AN
mechanism of the binding as described by the Heitler London method.

The hydrogen atom in its ground state has an electron ina 1 S
orbital. If the nucleus is labelled a and the elsctron 1 then the wave

function can be written as

vy =8 (1) b=T
The second atom (nucleus b, electron 2) has a wave function
g =D (2) L-8

The wave function for the total system can be represented as

q,t>= [_21 282] ~2 [a(l) b(2) t a(2) b(1)] L-9

where §' = J‘a(l) b(l) (3.v_.L ' L4-10
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- Equation [h-9] satisfies the condition that the wave function
for H, must give equal chance of each electron being around the two
nuclei. When spin is included in the wave function then since y_
is symmetric to electrén exchange it must be combined with an
anti~symmetric spin function in order to satisfy the Pauli exclusion

principle. This results in a singlet state

1,w+' = [2 + 23] -3 Ea(l‘)bl(z) + a(2)b(l}%&(l)s(2) . a(2)3(1)J

Lh-11
whéreaé y_ becomes & triplet state
-3 -] a(1)a(2)
3y_ = [2 - 25]_ [a(l)b(2) - a.(2)b(l} o (1)8(2) + a(2)8(1)]
bl '8 (1)8(2)
. =12
The Hamiltonian for the system is
H=Ha+H_b+H1 4-13

where Ha‘and Hb are the Hamiltonians for atoms a and b and H! is
given Dby:

gl=-_1 4,21 -i-%-- - b=1Y4

where ra, is the distance from electron 2 to nucleus a -
rb; is the distance from electron 1 to nucleus b
ri» is the distance between electron 1 and 2

R is the internuclear separation.

The energy of the system is then given by

E =j'w H ¢ 4-15
Making use of the fact that a(l) is an eigen function of H_ and
'b(2) is an eigen function of H_ then

E=2E + ﬁ v H y dvydva L-16



- 65 -

where y = y_ the energy is given by
- Q+ A ' -
B, =2y +71 72 o b
and where y = y_ the energy is
= Q- A -
E_ 2By + 7152 L-18
in which
= (f .2 2 11,1 .1 : -
Q Ha (1) v4(2) rb, “ras +r12 + 3 | aniav, 4-19

and
= i .1 .1 .1
A= I[a(l) o) (-2 -2 42 R] a(2)b(2)avidv,  4.20
Q is called the coulomb integral and A is termed the exchange integral.

The majority of the integrals which have.to be calculated

e.g. ‘H a2(1) v2(2) E—r%lj dvidvy

can be evaluated analytically [?OU 19h%].

However integrals of the type

j&‘ a2(1) b2 (2)5—2 dv,dv,

and more especially

SY a(1) b(l)rll'-z a(2) b(2) av,dv,

are extremely difficult to determine.

The evaluation of such integrals is normally carried out by
using the Neumann expansion fo? 1412 in termg of elliptical co-
ordinates. However, the mathematical structure of the expansion is
unfortunately not all that simple. Huzinaga [hUZ 1967] recently reviewed
'.the literature on the evaluation of such molecular integrals and he
also gave a thorough covg;age of the evaluation of integrals over
Gaussian basis sets. The Gaussian basis sets render evaluation of
such integrals easier. However, they have a drawback in that when

viewed as'represénting atomic wave functions they behave very poorly
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néar the origin and at large distances from the nucleus.. In this
respect Slater type functions are the better of the two and it is
essential to discovér whether the marked simplicity in the evaluation
of these integrals involving Gaussian orbitals offers enough
compensation for the poor characteristics as atomic functions. For
the case considered in this chapter the integrals at intermediate

and large separations are of greatest interest and therefore Slater

type orbitals are used.

A general integral program is an essential part of the calculation
of potential energy curves and the next section presents a simple

approximate method of evaluation of f;é type integrals free from
1 .

the mathematical complexities of the other formulations.

1
A method for Solution of Coulomb and Exchange rjo Integrals

These calculations were carried out on the IBM 360/50 at the
Edinburgh Regional Computing Centre. A flow diagram of the computer

program is shown in Appendix II.
Y

In this program an internuclear axis is defined and two nuclei
are placed at positions A ahd'B on this axis at a distance R apart
Eéig h-i]. A field of integration is then defined in the first
quadiant and divided up into a nﬁmber of boxes of equal volume.

The centres of these boxes are then considered to be the possible

positions of the electrons.

In the outer cycle of the routine the co-ordinates of all possible
positions of electron 1 are set up. The wave functions for the

electrons can be read in either in tabulated form or as Slater
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fitted combinations of atomic orbitals. The values of the wave
functions for electron 1 with :espect to nuclei A and B are then
generated for a fixed position of electron 1 and the value of |

82(1) or a(1)b(1) is found where a(l) is the value of wave function
of electron i with respect to nucleus A. This essentially determines
thevamount of charge at the centre of each box. This amount of
charge is taken to Be uniforﬁ throughout the box. For each .position
of electron 1, electron 2 can move to every position in all four
quadrants and the wave function for electron 2 with respect to A

and B is evaluated each time and therefore b2(2) and a(2)b(2) can

be determined (Provision is make for the possibility of electrons 1
and.2 being located in the same box. This situation is treated as
two overlapping cubes of uniformly distributed charge). The distance
between the electrons is then computed and values for a2(1) b2(2)r%é
and a(l)b(l)r%2 a(2)b(2) are obtained. A summation is then carried

V out over all positions of electron 2 in the four quadrants while
electron 1 remains in the same posifion._ In the.outer cycle electron
1 is then moved to a new position and the procedure isé;epeated keep~-
ing & running total in the outer loop. Electron 1l moves only through-
out. the first Quadrant. The complete sum is then multiplied by four

to take into account all four quadrants.

‘ Since extensive calculations have been performed on H+ H e.g.
.[&CL l96é] it seeﬁed sensible to test this method using two hydrogen
1S orbitals which were:

p=nte k.21
Table [@-i] shows the values obtained for two internuclear separations
by this method and also those obtained by Slater [?LA l9éi] for the

integrals 1
sz(l) p2(2) = avydvy
T2
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TABLE 4-5

Integral Value

Internuclear Separation
- Slater This Work

3 a.u . .3198 .3170
4 a.u 2476 .25y

These values were obtained with a box volume of 0.4219 (a;ufa
and a field of integration of 18 a.u along the X axis and 6 a.u
on both the Y and Z axes. Nuclei A and B were situated at 6 a.u

and 9 a.u and 10 a.u respectively.

A‘variety of other values for the field and box dimensions was
triéds It wﬁs found that gfeatly increasing the field of integration
had little effect since the values of the wave functions at these
distances are very small. Not surprisingly it was also found that
the smaller the value of the internuclear separation (R) then the

smaller the box size required to give the same accuracy.

Unfortunately as_the accuracy was increased so was thé amount
of computing time required. It was therefore decided g; normalise
these integrals using the knowledgé that

N =‘[¢2(1) p2(2) avydv,
should equal unity. By dividing the computed ?alue of the integral
by the value of N obtained in the calculation the following results'

were obtained {%ablé h.é].
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TABLE L-6
Coulomb l/ry, Exchange !/ri,
Ra.u | Slater This Work | Slater This Work | Normelisation
1.5 .Look . 4905 .2969 .2965 .980
2.0 k259 | .h263 .1842 .1840 .975
2.5 .3684 .3685 .1066 .1062 " .975
3.0 .3198 . 3202 .0585 .0584 .990
4.0 .2LT6 .2L478 .0156 .0156 .990

These results were very encouraging although evaluation of
these integrals at each separation required_about 10 minutes of
computer time. These values were obtained with the same dimensions
mentioned previously. It seemed reasonable to attempt to use fhis
meﬁhod, with normalisation, for the Hg¥ - K case although the computer
time might be considerable if an accurac& of 0.96<N & 1.0000 1is

required.

Béfore'embarking on the computations for Hg¥ - K the method was
further tesﬁed'by a consideration of hydrogen fluorideL; This seemed
a useful test for the program since S and P electrons are involved in
the binding, a situation whidh is similar to that in Hg¥ - K.

‘The data for comparison in this case was that obtained by Ransil
[%AN 1960].

ACartésian axes were chosen with the hydrogen nucleus at
(xy, 0, 0) and the fluorine nucleus at (x2, 0, 0). The value of
the bond 1éngth used waé'l.733 a.u and the Slater type functions
: .

were as follows



¥ = ¢ (F,18) = (E#i) 5. exp (-I1r)
Y, =y (F,28) = (%ﬁi),% r exp (-Ior)
bs = v (Fy2p,) = (E-’—s) P x exp (-2or)
Yy =V (F,2pz) = (Eﬁi) : 7 exp (-Iyr)
s = ¥ (F,2py) = (zﬁi) : y exp (-Izr)
v = ¥ (H,18) = (E%E) : exp (-I3r)

where I,= 8.7, I, = 2.6, 1.0

™
w
[}

The results which were obtained are shown in Table [h—i] in’
which I =uYr%éAc‘ vhere ﬁ, Y, A and ¢ are atomic wave functions. 1)
are the results of Ransil, I, are the results of this work and N is

the normalisation used in this work.

TABLE 4-T

13 1o N
.5016 . [.4998 | .9897

.16L42 |.1638 | .9897
1121 |.1112 | .9707
5277 |.5259 | .970T
.4886 |.u86L4 | .9900

(o) (o) .o\_ O\ O ONE
slon o v o
Al & w o o P>
sl EF w w nola

L0277 |.0274 | .9900

These results were obtained with a field of iﬂtegration measuring

16 a.u bn the X axis and 6 a.u on the Y and Z axes. The hydrogen
nucleus was situated at 6.0 a.u along the x axis and the fluorine
nucleus.at T.733 a.u. The box volumé used was 0.4219 (a.u)3 and

the above calculations took 13 minutes of computer time. The amount
Of-dOmpﬁtéf'ﬁime was again large for the required accuracy. However
it was décided to continue and use this method in a crude calculation
of the potential surfaces for Hg*(3P,) + K(ZS%) since the accuracy was

good.(ie. greater than 98% in all cases [?able h-i].)
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Calculation of the interatomic potential energy curves for

Hg*(%Pp) + K(%8;)

Calcul#ti§ns of the interatomic potential in the m;, Mg coupling
scheme were made usihg the limited Hartree Fock Slater two electron
_or'bita.ls already calculated for the 3P2 state of Hg [DAR 1972]'.
These were combined with the wave function for potassium to form
linear c§mbinations of Slater determinants that preserved J and my

as good quantum numbers. The wave functions which were used are

listed in Table [é-l] .

The simplest interaction arises from the collision of
3P22 + ZS%,% and can be represented hy the following zeroth order
Heitler London three electron Slater determinant [E-2é].
6S a(l)  6p; a(l) Ka(l)

6sa(2) 6p;a(2) Ka(2)

V= == -
VO | 6sa(3) 6pal3) Ka(3) h-22

An approximate Hamiltonian using the core potentials (with
exchange) of the unperturbed atoms together with the splcific electron/

electrar repulsion terms among the three valence electrons was then

" chosen.

g =-3V;2 - 3v,2 - 3vs? - VHg(1) - VHg(2) - VHg(3):

' 1 1l +1 ZaZ
-V -V - VK += 4+ = = 4 £A%e
K(1) k(2) (3) rip Trzz ri3 R 4-23

where (-3V;2) = kinetic energy of electron 1

VHg(1l) 2"potential energy between the mercury core and electron 1

r%é = electron/electron repulsion term
Z%ZB = nuclear/nuclear repulsion term with the cores taken

to be point charges.
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- When the wave function [§—2é] is combined with the Handltoﬁian
[§-2i] and substituted in the expression for the energy of the state
[;tlé] then a vast number of terms require to be computed. A more
detailed analysis is performed in Appendix III for this specific

example although it is obvious by inspection that terms such as

Xx a (2) [~vEg(1)] ke« (2) o h-2h
§6pa(3) [=vk(3)] 6p o (3) 4-25
j5p5<1)xa(2)§2-6pa<1)xa(a) 4-26
$GSa(l)Ka(2)?}.2.6_Sa(l)Ka(2) 4-27
Jésa (1) ka(2) - . b-28

are required in the computation.

A list 6f all the possible integrals required was then drawn
up and computed for the various internuclear separations required.
However due to the orthogonality of the wave functions and the fact
that the overlap integral j%pl a (1) K a (1) is zero then the total

number of terms required was reduced.

Wherever possible the integrals were evaluated anelytically by '
the methods of Coulson [COU 1943] eg [E-2L], [E-23] ana [u-26]
whereas %2- type integrals eg @-2@ and&-2ﬂ were evaluated using
1

the summetion method presented previously.

All the required integrals were computed at the one time for a
specific internuciear separation since this only required one
evaluation of thé interelectron distances. Initially, for a
noma.lisa.tion fac"ccz;f"g"reater than :96, the,completé computation . at

~one internuclear separatioﬁ required 89 minutes. This is excessive
and therefore calculations were attempted with a larger box size and

hence with less accuracy. A comparison of the values obtained for
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certain integrals with the two normalisation values is shown in
Teble [1-8].

TABLE L-8

mmorear | Integral Normal-|Normalised| Time
Separation | isation| Value |Required
13aw | 6p(16(1) 2 Ms(2)ks(2) | 0.9705 | 0.0799 89
13 a.u 6p(1)6p(1)r%éhs(2)hs(2) 0.8867 | 0.080k4 _11'.
13 a.u 6p(1)hs(1)r%é6p(2)ys(2) 0.9705 | 0.0005 89
13 a.u 6p(l)hS(l)£%é6p(2)hS(2) 0.8867 | 0.0005 'll,
7 a.u 6p(l)6p(l)f%éhs(2)hs(2) 0.9865 | 0.1455 69
7 e 6p(1)6p(1)f%éhs(2)hs(2) 0.8957 0.1470 10
7 a.u 6p(l)hS(l)£%26p(2)hS(2) 0.9865 | 0.0278 69
7 a.u .6p(1)1&S(‘1)r3'1-26p(2)l&S(2) 0.8957 | 0.0282 10

The results are in good agreement and therefore tille method
using the larger box siz_e wasladopte'd. Once the integrals had been '
computed the relevant algebra was performed for all possible states
(Appendix III) for each internuclear distance and a value for the
poténtia.l energy was obtained. These values were calculated for

- internuclear separations between 5 a.u and 14 a.u. The results

‘are displayed graphically,EFigs E44] @5] [h.GJ @7] E;S] ] ,

Although the valueé obtained fdr each term are accurate to
within 2% the total error bars are large due to the addition of

errors in the summation of all the terms involved for each point.
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Relatively shallow wells are obtained with depths rangipg from
8 x 10 14 ergs to 13 x 10 1% ergs, all much less than the spin orbit
splitting in mercury. The p081t10ns of the potentlal minime are

roughly constant at 8.

These calculated potentials are similar to the ground state
potential where the well depth is 8.40 + 0.29 x‘lO_l“ ergs and
r, = 4,91 t 0.03 &% [EUC 197é]. However a smaller value of r is
obtained. This may be due to the fact that the core-core repulsion
in the Hemiltonian was expressed as that for.point charges. This
means.that the value of the potential at internuclear separations
which are less than the sum of the two core radii will be incorrect.
Therefore for values of R less than 2.53 this is certainly true since
the ionic radii of Hg2+ and K+ are 1.1 and 1.33R8 respectively and it

may be true for larger values of R.

These calculated potentials will be compared with those derived
from experimental scattering patterns in a later chapter. .However,
it should be remembered that this calculatlon is rathei® crude. -An
approximate Hamiltonian has been used [}ppendlx IIi] as well as
gzeroth order molecular wave functions. It is probable, however,
that the neglect of terms in the Hamiltonian will have little effect
since the major terms have been included. Configuration interacfion
has also been omitted and it should be noted that it is primarily
the interaction of states with the same Q value arising from different
separated atomic statea that leads to the lowering of the 25 from

[?ig. h.é] . _However prcvided the states computed here are not

involved this omission will have little effect. 1In conclusion one
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should be wary of leaning too heavily on this calculation because
of the assuﬁptions used and the fact that the experimental

'polarisability was not reproduced too well with these wave functions.



chapter 5

Elastic Scattering Theory and Interpretafion

of Thermal Energy Scattering Results
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5 Elastic Scattering Theory and Interpretation of Thermal
Energy Scattering Results.

Scattering Theory

As the subjecf has been thoroughly reviewed elsewhere (e.g.
vBernstein [ROS.1966] and Pauly et al [BAT 1965])oniy a brief outline
will be presented here. The theory can be treated classically or
quantum mechanically. Classical mechanics can be used successfully
for the treatment of transport and other bulk properﬁies of gases
. whereas quantum mechapics is generally required only tb describe

the properties of individual molecules.

Classical Mechanics

Although the detailed predictions of classical mechanics are
generally not applicable to collisions between atoms in which quantum
mechanics plays an essential part, the concepts which arise in

classical mechanics are useful in the description of any scattering

system [?OL 196é].

By separating out the motion of the centre of mass of the system
the two body collision problem can be formally reduced to the problem
of one particle interacting with a central force field, V(R). This

single particle has a mass

MM
po= 22102 5-1
M1+M2
where M; and M, are the masses of the colliding particles. The particle
moves in the field with a velocity Vr = V; - V, where V; and V; are

‘the velocities of the colliding particles.
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Using the conservation of energy and of angular momentum, the
angle of deflection X is obtained as a function of impact parameter.
_ ® 2 21
x(b) = 1 = 2b) =p— [1-%-1@1] ® @R 5-2
R . R E
ro '
where E is the reletive kinetic energy of the system and Ro is the

distance of closest approach given by;

2 _ﬂ.&]___z -
R, [1 5 b 5-3

The deflection function for a typical interatomic potential
-[Fig 5-1(3)] is shown in Fig iS-l(b)]. For small values of b the
potential is repulsive and x(b) is positive. As D increases so the
pbtential becomes attractive and x(b) falls to a minimum and then goes
to zero as b is further increased. From Fig [S—l(b)] it is obvious
that the scattering at angles x-which are less than xr, the rainbow
angle, results from three impact parameters. Classically, the
differential scattering cross section is expressible directly in

terms of the deflection function by the relationship

_ bi : -
o(x) i STn X8 | - 5-4
dbi
where the summation is over all possible branches of the deflection

funetion contributing to the scattering at an angle X.

Equation [S—h] highlights some of the failures of classical
theory in that it predicté singularities at the glory impact parameter
where x = O and at the rainbow angle where %% =.O. Such singularities
are never observed in reality and classical mechanics also fails to
explain the oscillatory structure and the angular dependence of

small angle scattering.
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c) Phase shift curve

' Figure 5-1°
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Quantum Scattering

In the quantum mechanical description of scattering the
singularities mentioned previously.become finite in accord with
experiment and the various scattered contributions at an angle X
do not simply add together but there is a phase relationship between

the contributions and interference effects occur.

The quantum mechanical treatment of scattering may be found in
detail in the. books by Mott and Massey [MOT 1965] , Wu and Ohmura
fWU 196%], Fluendy and Lawley [FLU l97é] and a review by

Bernstein [ROS 196§J deals with the salient features.

As in the classical case the problem reduces to a consideration

i of the scattering of a particle of reduced mass u and energy E from

a central force. Associated with the particle is a wave function ¥
which must contain information about the pgrticle before and after
scattering. The situation can be described by &a plane wave incident
on the potential and a spherical wave scatﬁered outwards from it.

The wave function may be written as

Clkz - ffx) e1kR 5-5

where k = K. gnd Z is the axial direction.
h

The differential cross section is given by
olx) = | £(x) |? 5-6

and the total cross section by

Q= 2n S“sin x | £(x)]|? ax 5-7
° N

The incident wave may be expressed as an infinite sum of partial

waves each with & specific orbital angular momentum. This method
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finally‘gives

1 © - 2inf
= = 2L + - -
| £(x) = 53 I, (22 + 1)(e 1) Py(cos x) 5-8
where n, is the phase shift between the 2th partial wave scattered by
the potential V(R) and the same partial wave for the case where

V(R)=0. Py(cos x) are the Legendre functions.

It may also be shown that the total cross section Q is giﬁen by

Q= Tl:’g' zz(zz + 1) sin?ng 5=9

The problem is now reduced to flndlng Ng . This can be done Dby
solving the so called radial equation (see Bernsteln [BOS 1963)
Although this gives exact phase shifts it is very laborious for atomic
»collisibns where the maximum velue of £ is typically more than 1000.
Provided ﬁne collision is not between slow moving light atoms the

JWKB method [MOT 1965] can be used where

nb=vk§ (1- m)dR j'(l- - 5-10

The impact parameter is related to & by
1
=4 [z + %} A 5-11

and Ro is the distance of closest approach.

In the differential cross sections reported later the computer
program, Monoenergy Forward [pOW l96é], was used to calculate
differential cross sections in centre of mass and laboratory co-
ordinates. This program calculates phase shifts by the above method

~until n is less than 0.1 radians, higher order phase shifts belng

derived using the Born Approximaxion.[MDT 1965].
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Semi-Classical Scattering

Most phase shift functions are smooth functions of 2 [Fig S.l(c)]
and for thermal scattering are greater than %-over most of their range
zi'ﬂl . - . . . .. .

so that e in | 5-8 | is oscillatory. To handle this situation the

technique of stationary phase is used for approximating the partial

vave summation [FOR 1959].

The partial wave summation for f(x) is first replaced by an

integration and the integral is split into two parts

_ =1 @ 2]..712 - N°
£(x) = 5o Som +1)e®M P (cos X)a1 j’o(zz +1) P,(cos x)ar

5-12
The second integral in [5—12] is a delta function and so vanishes
for x # O. 'Next an approximation for the Legendre polynomials in

the first integral of [?-lé] is introduced for large values of £
Pa(cos x) % [%(2 + 3) 7 sin g] sin [(2 +3) X +-E] 5-13

vhich when substituted gives

f(x) = -1 Sm(z + i)% L2 _e-i¢_(£) di 5-1k

e .
k(2msin x)2 Jo

where

6,(2) =2n(r) x (2 +3) Xsq 5-15

The contribution of a range of & values of width A% around some
value 2; to f£(Xx) can be examined by expanding n(%) in a Taylor series
about 2i so that the phase ¢ becomes:

o ‘ | : )

) = ., dny - _ d“n - 2

0, (1) = 2n(e) +2-3) " (e-e) + & (-
=21
+=--x (0 + ) xty ' 5-16
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—d'—r]&.= - -
Now 2 ax X ' 5-17

so that neglecting higher terms than the quadratic in Ls—lé] a region
of stationary phase in ¢(%2) centred about Ex is found where Ex
satisfies

2(30%) = + yobs | 5-18
. |

The width A% of the stationary phase region in which ¢; changes by

less than © 1s seen from

6,(2) = 2n(2)) = 202+ Dn'(gy) + 0" () (2 = 207 + 5-19

Nl

to be proportional to n" (zx)' but need not be specified if we use

the following standard integral to evaluate [ﬁ-lh] when {?-19] is

substituted.
e riax? 2 _ (M3 _tim 5;20
| o © dx< = (E’) e by
so that '
- 1 '
£(x) = =K T X 3%y - s
_ 2 [n"| sin x)
where .
. : 1"
= - il ' I -
a, (x) =2n (2y) 2(8y + 2)n (2x) *ToT ¥ BN 5-22
The main semi-classical approximation to o(x) is then
L
o(x) = | £ (x) |?= ey 5-23
[Zkz I-—azz‘ I sin x]

Interfering Branches of the Deflection Funétion

There is one respect in which [5-23] may be in error and this
arises from the possible presence of more than one region of
stationary phase in ¢+. The condition for stationary phase is that

% satisfies [5—18] and this may well be fulfilled by more than one



- 82 =

value of &. In particular, for values of x less than the rainbow

angle there will always be three solutions of [5-18].

If the energy of the collision is such that the rainbow angle
is greater than 2w, fhe'situation is even more complicated because
trajectories that suffer a deflection of x + 2nmw are experimentally
indistinguishable from those deflected through x and each contributes
a region of stationary phase and is a separate branch of the deflection
fuﬁction. In order to obtain the correct phase to |2n| between all
these bfanches, a new phase B is defined that replaces a in [5_22]. '

8 = 2n(s,) - 2(2 + Bnt (2 ) - (2 - nn: - : )% 5-2l

' .
where the term TETT- %- provides the relative phase change of g-in

passing from the positive to the negative branch of the deflection
function. - Each of the 3 regions 23, %2 %3 [Fig S(lb)] gives a
contribution to f(x) of the form [5—2#} and their sum is the resultant
amplitude. The semi-classical differential cross section then becomes

alx) = |z fn (x) |2 - 5-25
. |

=z | fn(x)|2+z22 | fn (x)]] £ (x) | cos (B -B )
n H#B n m
5-26
where the second term represents an oscillatory contribution in the

presence of the dominent first term wvhich is in fact the classical

value of oy
n .
Therefore o(yx) = I o (x) + interference terms between all
semi all branches

. classical
classical branches

For heavy particle scattering the second term in equation [‘5—2%

is dominant and so remembering that n'(zx) changes sign in passing
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from ¢+ to ¢_ then:

B -8 = (2,7 %) x AU
the upper sign referring to the case in which both branches come from
¢+ and the lower sign to one branch from ¢+ and the other from ¢_.

Defining the periodicity A of the modulations as

-cos (B -8,) = cos 2m X/A
' 5-28

Therefore the periodicity of the oscillations in the differential

cross section yields information about the range of the deflection

function.

Transformation from Centre of Mass to Laboratory Co-ordinates

In order to compare theoretical and experimental results it is
necessary to transform centre of mass angles x to the laboratory

angles ©. The relationship between the centre of mass and laboratory

scattering angles are well known,gg E/IOR 1962] . -

For elastic scattering between beams intersecting at some angle
¥, the transformations can be made by means of the Newton diagram.

The Newton diagram for the case of Hg-K is shown in Fig [5—2].

1

If the masses and velocities of the two beams are M;, V; and
M,, V, respectively then the initial resultant velocity V1 is
vl =[v12 + V2 - 2V xV, cos w]% 5-29

The velocity of the incident primary beam particle 1 relative to the

centre of mass is Vll; its magnitude is



Newton Diagram for Hg*/K
. .m.oe-.n 8-2
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1. = M2 1 : -
Vihi= e Y 5-30

The velocity of the cross beam particle 2 relative to the centre

of mass 1s
1 = _M1 o0 -
v2 M1+M2 v 5-31
Thg speed of the centre of mass is given by

N 1

[Mlzvlz + Mp2Vy2 - 2MpMVpVicos q] 2 5-32

c = M1+M2

For the case of elastic scattering the final relative veloc¢ities

Wyl and Wp! of particles 1 and 2 are respectively:

wll = Vil ena [Wpl| = [V2! 5-33

The final relative velocity W! being rotated throﬁgh an angle
x relative to the initial relative velocity V1. The problem is to
find the laboratory angle O at which particle 1 scattered through the

centre of mass angle x will appear. Now:

® = cos ! [ (V12 + W2 - b Wlnsinz(é)) /2V1"W1] ' 5-34
where
' 12 2 1 2 Y
W = Wi + ¢4 + 2CW; cos(a + x)]
— 2
a = cos? [(c2 + V17 - v22)/2cv21]
Wll M2 w! and W21 - My w!

= M; +M2 - M; +Mo

In the transformation of differential cross sections from the
centre of mass to the laboratory co-ordinates,

1(0,Vy,V,) = I{x,V!) %s% ' 5-35

where dw is the solid angle subtended in the centre of mass system,

and dQ is the solid angle in the leboratory system, it is necessary

dw
to knowvdn.
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Consider an area dA normel to W}

dw = dA . 5-36
-
Wyl

and in the laboratory system

dA cos . .
an = ——W;—z——e— . 5-37

2 12 _ a2 , '
Now cos B = WiZ + W) ¢ 5-38

- 2wywp !
. 2 12 _ w2 . :
So ag = B (0~ + Wy c) 539
2w, 3w, !
and therefore 3 ' .

dw 2W) 5-40

aR - W T2+ w12 = ¢2)
The situation is simplified by the fact that in this case the angle

between the beams in,900.

Interpretation of Results

Scattering experiments with molecular beams have in recent years
contributed significantly to the determination of intermolecular

potentials.
m

‘The potential well depth I and the equilibrium distance R have
been determined for a large number of systems [ﬁER 196{] although
only under the assumption of simple model potentials. The main
reason fof this is that the formal inversion of a differential cross
section to yield a potential is a'diffdeult problem. - For cases in
which a very few partial waves are involved,eg nuclear scattering,
rather sophisticated procedures have been evolved [WIJl962]. These
have not, however, been extended te thermal molecular scattering
where the effective range of the potentials is much greater and thousands

of partial waves are involved. Experimental observations in thermal
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elastic scattering are limited in angular and energy range, are less’
than perfect in resolution, include some noise and under these
conditions any formal inversion is unreliable. Alternative ways of

treating the data include

a) Applying all available information from other sources to estimate

- the potential and choosing an analytical form for it.

b) Identifying and using any key features in the scattering
observations,eg rainbows or glories to refine the original

estimates of the potential parameters.

¢) Cerrying out a fitting operation between a forward calculation
of the expected scattering pattern and the observed scattering

pattern if the data is of high enough resolution.

The method that has been almost universally used to date and
must still be used if the data is not sufficiently well resolved is
to represent the interaction potential: V(R) by some parametric forﬁ’
and to vary the parameters until certain distinctive fegtures of
the calculated scattefing pattern agree with the same features as
observed experimentally. A typical parametric form is the
‘Lennerd-Jones (n:6) potential

. 0 . | 4
" V(R) ﬁ[ (ﬁfm) -2 (gM) ] 5-L1

well depth, Ry = equilibrium distance. In situations

where I
where quantum interference structure has been resolved to wide angles
[BAR 1966] the usual forms of Lennard-Jones potential (n, I and Ry
being adjustable) have proved inadequate. Buck and Pauly [BUC 1‘968]

fitted a pafameter dependent potential which contained four
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adjustable parameters in addition to the well depth and equilibrium
separation. Duren et al [P UR 1968] fitted a modified form of the
Lennard-Jones potential which contained five adjustable parameters

in addition to the well depth and equilibrium separation. The
computational effort in the usual fitting proéedure is increased
greatly in these more flexible multi-parameter forms. The difficulties
involvéd in all such methods can be avoided if it is possible to
apply an inversion procedure,ie, the determination of the potential

directly from measured cross sections.

Recently the inversion of data based on classical mechanics
and due to-Fir50v-[FIR 1955] has been used. This method relates the
deflection function x(b) and the potential. ‘For scattering at an

energy E the potential is defined by the equations
1

r =D exp (x (b))  avl - 5-42
B L b bl - 'b2
where bl is a dummy impact parameter '

Wr ) = B (1 - 25) 53

m ~

The significance of the Firsov formula lies in the fact that it.
provides a direct means of calculating numerical potentials from
scattering data. It is then possible to progress from fitting
perameter dependent potentials to experimental data, to the deter-
'mination of more accurate numerical potentials. This methqd has beeﬁ
extended by Buck [BUC 1971(3.)] who allowed the deflection function
to have both positive and negative branches, as it should. The
deflection function is obtained by a fitting process'based on a
semi~classical approximation to x(b) in terms of b. The advantage

~of this process is that the potential is obtained pointwise rather
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than as & constrained function. Thé procedure uses as essential
starting information, in the nonmonotonic part.only, the ahgular
positions of the measured extrema of the rainbow oscillations.

Neither the absolute value of the differential cross section nor its
relative shape is required. This has the greaﬁ advantage that these
extrema positions are almost independent of various angular and energy
gveraging processes in the primary and secondary beams. Buck et al
[BUC 1971(b)] R [BUC 1972] have successfully ﬁsed this method for

their mercury / alkali thermal energy scattering experiments.

Certain features of the differential cross section are useful
in the determination of a potential or a deflection function. The
‘rainbow iocation is largely dependent on the reduced energy and Only;
weakly on the length parameter whereas the extrema in the scattering ;
pattern give information about the fange of the potential. For . |
smoothly‘varying potentials, eg Lennard-Jones potentiéls, the high
frequency structure;'in the scatteriﬁg pattern, arises from
interference between the two inner branches of x(b) [Fig S—l(b)].
The spacing of the interference pattern is given by Semi;classical

arguments.

A = . 2n . 5-L4
Lot 23 '

Lower period structure, arising out of interference of two

branches on the attractive side is given by

Ax - _ﬂ.— - . 5"45
L1-%2

Such information could be useful in the construction of a

deflection function.
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Therefore, the interpretation of the results obtained in this

work, CHAPTER 6, is as follows:
d) Construction of the deflection function using all available data.

e) Inversion of the deflection function by Firsov's procedure to
yield V(R) pointwise without making any assumptions about its

_mathematical form.

£) Use of the evaluatedlv(R) to obtain a scattering pattern by a

forward calculation;
g) Comparison of the experimental and calculated scattering patterns.

However, it should be noted that apart from the cﬁse where V(R)
is a monotonic function of R it is not possible to find a unique
potential to account for the observed scattering. This has been
 illustrated by Luoma [LUO 1970] and Boyle [BOY 1971] has shown that
even in cases of well resolved structufe the ambiguity is by no

means resolved. -



Chapter 6

. Experimental Procedure and Analysis of Results
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6 Experimental Procedure and Analysis of Results

The apfaratus used in the scattering experiments has been in
existence for some time. The vacuum system was designed for high
angular resolﬁtion differential cross section measurements at small
angles [cow 1968] [HOR 1969]. The apparatus was then modified for

- the present experiments involving metastable mercury [DAR 1972].

A complete description of the apparatus has already been presented
[COW 1_968] as well as a description of the modulation scheme [HOR 1969].
A brief resumé of the experimental procedure will be given in which

‘the main points of the experiment will be highlighted.

Thelexperimental set up is shown schematically [fig 6-#]. The
two beam sources rotate on a turntable in front of a fixed detector
vhich is located in a differentially pumped chamber. The metastable
mercury source and the detecﬁor have been described previbusly. After
leaving the exciter the metastable atom beam is collimated and then
crossed by a modulated target beam of alkali atoms.A The cross beam
oven is similar to that described by Cowley [FOW 1968]F%ut it has a
much largef capacity so that a large number of long duration sweeps

can be studied.

Exact alignment of the components involved in a molecular beam
experiment is of critical importance. In these experiments the
.alignment was check;d optically, care being taken to ensure that the
Hg* beam is aligned along the axis of the oven support rails. The
alignment of the oven was checked by use of a small electric bulb in
the oven and sighting pins on the oven support rails. When viewed

through a telescope the oven slit, the exciter slit, the collimating
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slit and the sighting pins should define a straight line. If this is
the case the mercury oven is in the correct position. The alignment
of the cross beam oven was then checked by rotating the turntable
through 90o and performing the same operation ensuring that there is
no discrepancy in the height of the two ovens. This alignment was

checked reasonably frequently.

The alignment of the detector was checked in a different manner .
The apparatus subframe, carrying the rotatable turntable, was placed
in its position, governed by two stops on rails inside the main
vacuum chamber, The rear flange of the detector chamber was removed
and the tungsten peg moved out of its position under the electrostatic
lenses so that a clear view of the scattering chamber was achieved.
A laser beam (Spectra Physics Model 155 He/Ne gas laser) was then used
to locatg the Hg oven slits. The beam.passed through the entrance,
chennel of the detector, the collimating slits and the exciter and it
produced a well defined image of the slits inside the mercury oven.
The detector peg was.then returned to its position under the electro-
static lens so that it interrupted the laser beam. Thg\position at
which this occured was noted. ‘The detector was'then aligned, this
alignment was checked only infrequently since the entire apparatus subframe

could be reproducibly replaced inside the chamber.

Before each experiment the exciter cathode was replaced, the ovens
were filled and all components in the vacuum were checked to ensure
working order [LAB 197%] The 1id was then bolted down and the pumps
switched on. When a pressure of 1 x 105 torr had been achleved the
liquid nitrogen cold trap vas filled and the pressure reduced to

"Q'lO"'6 + 10-7 torr. At this stage the mercury oven vas heated up to
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‘n 130°C and the oxide cathode was activated [;AB 197%1. If the
exciter was performing adequatel& (i.e. giving about 8 milliamps at
10V) the valve between the‘main chamber and the detector chamber was
opened and a search made for the beam centre by rotating the turn-

table.

When found the main beam signal was tuned up for maximum counts
by alﬁering the lens volt#ges while keeping the exciter voltage as
- low as possible, ~n 10V, because of the excessive number of photons
produced at higher voltages. When a reasonable beam intensity had
been achieved (60,000 counts per second) the cross beam oven was
heated. An attenuation of 10 n~ 15% should be achieved when the
Ccross beaﬁ is at the correct operating temperature; If this is not
" the case then either-the oven is below operating tgmperature or a
significant probortion of the main beam signal is attributable to
_'photons.which are hardly attenuated. Table[§-ilshows the % attenua-
tion for three exciter-voltages during the same experiment and indicates
that ingreasiné the excitation voltage reduces the percentage attenua-

™

tion as predicted.

TABLE 6-1

Voltage Attenuation

10V 12%
12v - 10%
15V 5%

The results are consistent with those mentioned previously
[bhapter é} which showed that although the number of metastébles
remained almost constant the number of photons increased'rapidly

with increasing voltage.
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’

When a steady main beam, cross beam and attenuation had been
achieved angular sweeps were started. The temperature of the ovens

in the experiments reported here are shown in table [6-%].'

TABLE 6-2

System | Main Oven | Cross .Oven

Hg*/Na | 135°%C Lou’c
Hg* /X 132°% |  332%
Hg*/Ro | 13u% | 265°%

SweepsAwere always started on the anti-clockwise side of the
main beam and swept through in a clockwise direction. Sweeps were
. carried on as far as the apparatus dimensions allowed (& 2Q°); At
the end of each sweep the position of the.main beam centre was checked
to ensure that the shaft rotation indicator, which monitdred the |
angular position, was performing properly and another sweep was started

on the anti-clockwise side of the main beam.

The modulation scheme in the present apparatus [Hah 1969] used

| a chopper disk, rotating at TO cycles per second, mounted in front of
the cross beam oven. At the instant that this chopper interrupted

ﬁhe cross beam it also intercepted a light beam between a buldb and a
photocell, the output of which was used to drive an "in phasé"
detector system. This "in phase" counting system consisted of two
delay width lines, the yellow and the blue line, and two counters

[Fig 6-&&. The counters were Hewlett Packard 52L45L and 373hA‘units.
These counters shall be referred to as ﬁhe blue coﬁnter énd the yellow

_counter respectively.
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A siénal from the photocell when.the cross beam was on triggered
the delay of the'"éigﬁal + noise" line which was set at 0.2 ms. The
output from the delay was fed to a T ms delay at the start of the
"roise" line and a 6.5 ms width unit in the "signal + noise" line.

For the dgration of that width "signal + noise" was being counted

in one of the dounfers. The delay at the start of the "noise" line
trigéered the "noise" width unit after the chopper had shut off and
therefore that counter received onl& noise pulses dufing that period.
To compensate for slight differences in the open time of the two
counters, the roles of the two width counter lines were reversed after
each batch of 100 modulation periods.. Thus if for the first batch one
scaler counted "éignal + noise" then for the second batch of 100 it
counted "noise". A clock counter registered these 100 pulses before
triggering this interchange and also triggering the punch unit which
punched out the accumulated counts from the two counters after which
the scalers were reset to zero.

Sentences of sixteen lines of information were produced onto

Y
paper tape and the information was distributed as follows

5 lines for the "yellow" counter output, or Angle or Manual Codes
6 lines for the "blue" counter output
2 lines for condition codes

3 lines for separator codes.

The separator codes always appear in the same unique order so
that any corruption in the date can be noticed. The relative position
of the turn t able was measured by an S.G Brown "Minitac" shaft rotation
indicator coupled by a rubber tyred friction wheel to a quadrant

attached to the turntable. (The motion of the "minitac" against the
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quadrant produces & set of Moiré finges which are counted enabling

the relative motion of the turntable to be determined). The output
from the encoder displayed the turntable position on an electronic
counter t6 an accuracy of 0.050. ‘The manual codes are set by’the
operator and can be used to signal different types of information being
collected but are more commonly used to signify the beginniqg and end .
of a sweep. The condition codes signify the type offinformation
collected, i.e. whether it is signal on data, signal off data, angle

etc.

At any position of the turntable the following collection sequence
was carried out automatically:\ first the angular position of the
turntable was punched'along with the relevant condition code. (The
.vnuﬁber,of times that the angle was recorded being fixed by the operator).

The next information to be supplied was the background noise. AAt |
this stage the main beam exciter voltage was switched off and the
detector output was accumulated in the two counters for the two cases
ﬁhere the cross beam was on and off. The outputs from both counters
should be the. same ih this case and therefore this supﬁlies a check that
there.ié no "in phase' spufious signal. Finally the main beam was
switched on and measurements madelfor the "signal + noise" when the

- ecross beam was on and "noise" when the cross beam was off. (Again tﬁe
number of measureﬁents was controlled by the operator). After the

final measurement was taken the turntable was automatically moved to

a new position and the procedure repeated. (The angle step size was

initially set by the operator).

In some of the experiments the punched output unit was not used
due to breakdown. In these circumstances the data was recorded, by

hand, in exactly the same manner 80 that a&ll the data could be pro=

cessed in the same vay.
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Data Analysis .

A full description of the data analysis procedure has been given
by Cowley et al [COW 19631 and although there have been & few changes
the basic format is still the seme and therefore only & brief

summary will be given here. The new version is well documented
[PAB 197€].

In the first'phase the binary tape is translated into decimal
and the complete sentence is checked for consistency; if any dis-
crepancy is discovered the entire sentence is deleted. Atreach angleA.
the mean and standard deviation are calculated for all observations.
The original data is compared with the mean * 2 standard deviations
and any readings outside these limits are discarded. After thése
rejections the mean and standard deviation are recalculated and passed

onto the second phase.

In the second phase smoothing and deconvolution. of the raw data
is performed. The main beam centre is found and all observatlons are
related to it. A check is made to ensure that there is no n01se.1n
phase with the signal (noise in this case means the difference befween
counts when the cross beam is on and off,.the exciter voltage being
zero in each case). At small angles the scattered siénal appears to
be negative since the detector observes the main beam attenuated
by the cross beém.' A correction is made for this atfenuation from
one of the scans and added to the signal at each angle. Using the
valués calculated from this scan a'best‘approximation to the signal
and standard deviation are achieved.. The signals from all the scans

are then merged ensuring that in each scan the beam centre which
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has been calculated is reproduced. A suitable filter function 1is
then calculated from the main beam profile which is used in the

smoothing.'

The convolution equation

n(x) =j*°"’ £(y) glx-y) ay = f*g 6-1

haes been used to describe experimental broadening due to the main
beam.width oniy. (The true aspparatus function is multidimensional).
Here h(x) is the measured spectrum; f(y) is the corresponding ideal
spectrum and g(z) is the apparatus resolution function. The observed
spectrum would be ideel if g(z) were a delta function i.e. if the
main beam shape had no broadening effect. In this experiment g(z)
may be taken to be the observed distribution in the primary beam and
h(x) the observed scéttered signal. The method of solution of
equation[ﬁ-i}has been described by Morrison [MOR 1963] and uses the
Van Cittart iterative procedure. Finally the smooth and deconvoluted
signal and standard deviations are calculated and line printer and

graphical output is produced. N

Results and their treatment

This ouﬁput‘is the laboratory distribution for Hg* scattered
from an alkali cross beam. The distribution for Hg¥* scattered
from sodium is shown in figure[ﬁ—ﬂ. Figure{6-ﬁ]showé the result
of deconvoluting the data using the observed main beam profile as a
filter function. The deconvoluted results are rather noisy but
structure paftially resolved before decon#olution'can now be clearly
seen. Figures[6-é]and[6—é]present the deconvoluted results for Hg¥*

scattered from K and Rb respectively. The corresponding scattering
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patterns for Hg*/Na, Hg*/K and Hg*/Rb in the centre of mass system
.are shown in figures [6—7], [6;8] and[6—9]. Because the 3P, Hg
atom decays appreciably during transit from scattering centre-to
detector, the Hg* velocity distribution. is considerably distorted
from ﬁhe initial v2  Maxwellian one out of the exciter. The appro—
priate velocity distribution at a distance L from the source is

1) = Hve¥) (502 e {[1 - @] - L 6-2

where v * is the most ﬁrobable velocity at source and t is the
lifetime. At a distance.L downstream the most probable velocity of
the Hg* is n 38% greater than that for.a stable species at the same
temperature. The relative velocity diétribution is not affected so
much, the full width at half height being reduced by <10%. The most
probéble velocity also changes slightly with the angle of scattering

N < 10% ). The relative masses and velocities are such that

at a given laboratory angle of observation there are two centre 6f
mass angles contributing, leading to fast and slow scattered components.
Howéver, partly because of the ratio of Jacobians but also because of

. the substantially greater decay, the slow component i@ <10% of the
fast component. Also it is fortunate that in the cases considered

the forward and backward contributions to the laboratory scattering
patterns arise from the same range of cenﬁre éf mass scattering angleé
(VFigs [6—10], [6—11] [6—12]). Therefore it has been possible to ’
achieve an estimate for the backward céntfibution and to subtract it
from the forward distribution. The centre of mass scattering patterns
presented here have been obtained by the following iterative procedure.
Each laboratory angle corresponds to two centre of mass angles CMA(1)

and CMB(1). CMA(1l) represents the angle which corresponds to
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forward scatteriﬁg whereas CMB(1) represents the backward

scattering angle. Now CMB(1l) is equal to another angle CMA(2)

which is an ang1¢ corresponding to forward scattering. The signal
at CMA(2) multiélied by the ratio of the Jacobians is taken to be
the backward scattered signal for CMB(1l) in the firstvapproximation
and is subtracted from the signal at CMA(l). Thus a new set of
values for the signal at all angles is prodpced and the précedure
repeated until the signal values converge. In all cases convergence

was reached after 3 iterations.

Preliminary Ansalysis

The most étriking qualitative feature of these resﬁlts is the
presence of strong undulations in the differential crosé section
which cover the whole angular fange of observation with undiminished
amplitude. This rather simple oscillatory structure is similar to
that expected froﬁ a single potential at collision energies leading
to orbiting or a rainbow well bejond the angular range since-if |
several different potentials, és would be expected from the different
‘my states, with similar weights were operating the net.iﬁterference
structure would be much weakened by the superposition of the separate

patterns.

With reference to Figure [6—7] analysis of the angular periods -
in the interference structure can be made using the semi-classical
relation

A = 2w
L1=%2

where £; and &, are the orbital angular momenta values for two

interfering branches on the attractive side of the deflection function
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(Fig [6-15]). By measuring the separation of the maxima and minima

a deflection function can be calculated from their positiohs (Table [6-3]).

TABLE 6-3
© LAB| x CM | Ay AL
<75 6.5 |
3.0 120 + 10
1.25 9.5
3.5 | 104 % 10
1.75 13.0
3.5 | 104 £ 10
2.35 16.5
4.0 80 + 10
3.10 20.5
4.0 80 + 10
3.75 2k.s :
: L.0 80 + 10
L.50 28.5
4.0 80 + 10
5.25 32.5
5.0 72 = 10
6.45 37.5
5.5 67 * 10
7.80 43.0 '
, 5.0 72 + 10
8.90 48.0
5.0 72 + 10
10.30 53.0
5.0 72 + 10
11.80 58.0 . .
' 5.0 72 = 10
13.00 63.0 , o
5.5 67 * 10
1.14.35 . | 68.5

High frequency structure which is evident has been used to locate
the range of the potential. The interference spacing of this high

frequency structure is given by

A _ 2w
XHF = 22+43

27 and 23 converge at x=0 and therefore for small angles

: T
Ay = —
20



Typical deflection function

Figure 6-13
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The value obtained in the cése of sodium was 2,=180 sinéé at
‘narrovw angles the spacing of the high frequency structufe was 1.0°;
This value of %, is useful in locating the range of the potential.
A deflection function calculated in this manner from the Hg*/Na data
is shown in figure [6—1&]. Unfortunately the rainbow angle waé not
 observed in this experiment and so the value of the rainbow angle
is uncertain. Three poésible deflection functions (Fig [6—1&] R
with a reésonable>guess made for thé rainbow.angle were then invgrted
using the Firsov procedure and three potentials were obtainea
(Fig [6-1%]). A forward calculation using the computer program,
Monoenergy forward, was then_ébtgined and it was found that tﬁe
.deeper of the three.potentials gave best agreement with the éxperi—

mental scattering pattern (Fig [6-15]).

The agreement between the two sets is not outstanding but is
reéspnable enough to suggest that the initial assumption that the
scattering pattern is due to interfering branches of the deflection

function is secure.

Detailed Inversion

Since the simple analysis described produces acceptable agreement
' with experimental results and suggests a single effective potential

it should be possible to.utilise the more sophisticated method of
Buck [BUC 1971(ai] in a treatmént of the results. This method .
involves a construction of the deflection function from the measured
differential cross section and uses as essential starting information
only the angular positions of the meﬁsured extrema i.e. neither

the absolute value of the differential cross section nor its relative



Set of three possible deflection functions for Hg*/Na. from prellm:ma.ry
a.na.lyms. The correspondlng potentla.ls are also shown.

Figure 6—11(
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‘shape is required. According to Buck, this has the great advantage
that these extrema positions are almost independent of various angular

and energy averaging processes in the beams.

The measured cross section M can be used to determine the
deflection function in the general case in the following way. The
cross section M is in every situation only a function of the impact
parameter b and the angle x. If an inverse function b=f"1(x) of the
function x=f(b) exists, tﬁen the experimental quantity M can be
written asiM=M[f—l(x), ] and this depends only upon ¥, although
implicitly. M in this form can then be compared directly with the.
experimental values and f !(x) can be‘determined from this comparison.
Therefore the deflection function is constructed from arbitrary
ﬁonotonic functions f with x = Ijf;; the cross section is calculated
using fi and f; is determined by minimising the expression

r (Mj, expt. — Mj)? 6-3
dJ
vhere J is the number of data points.

From the Berry approximation [BER 1966] the calclated differential-

cross section is given by

alx) = m(op2 + 0;2) |2|2 AL (=|z])

1 _ 3 s 6-l
+ 7 (0’1 = 02 ) IZI-E Alz (-IZI )
vhere di(x) = bi is the classical differential cross section,

sin x ||
Ai and Ai are the Airy function and its first derivative respectively,
and %Z&-'-'. |ay].
Ay = y2 = v1 = 2n(bz)= 2n(b;) + k6(by - by)

(Ay are the phase differences of the interfering partial waves).
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The positions of the extrema in the cross section are noted and
the maxima are counted as integers and the minima as half infegers,
starting with the classical rainbow.  The equation used to calculate
Z is .
(N - %) 2n=4§-zN%' 6-5
where N is the indeﬁiof the peak. The values of Z calculated from

this equation are given in‘table[6—€}

Table 6-k

Values of Zy calculated for various indices

N 7y N Zy N Zn

1.0 | 1.115| 5.5 7.941 | 10.0 | 12.38
1.5 2.320| 6.0 8.489 | 10.5 | 12.82
2.0 3.261| 6.5| 9.019| 11.0 | 13.26
2.5 L4L.081| 7.0 9.535 [ 11.5{ 13.69
3.0 L4.826 | 7.5 | 10.04 12.0 | 1k.11
3.5| 5.516 | 8.0 | 10.53 12.5 { 1h.52
L.0o| 6.166} 8.5 11.01 13.0 | 1k4.93
.51 6.783| 9.0 11..47 13.5] 15.34
5.0 7.373| 9.5| 11.93 | 14.0| 15.73

Zy is then considered as an experimental quantity and can be written

| 2
zy = (0.75 { 2n(b 2(x)) = 2n(by(x)) + kxyba(xg) - kxyby(xy) 3 )3

6-6
Simple mathematically. invertible functions are chosen for fi.
The region of the zero crossing is represented by a straight line,

the minimum by a parabola, the asymptotical behaviour by a c6/,8

representation and the region in between by an inverse power

E [rie 6-—16]. |
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D

The quantities Zy as a function of Xy can then be calculated.

1) In the region of the minimum

x(®) = = xr + q (b 1 - bg)?2 6-T

& o8 (xg = xx) 6-8

Zy
vhere xg is the rainbow angle, by is the impact parameter correspond-

ing to the rainbow and q is the curvature of the parabola.

2) In the region next to the minimum
x(b) = = a; (by = bg) a >0 : 6-9a
X(b)

- Clbl-cz A 2 6-9b
- - (1) |3
ZN = 0.75%[2% + kb Xy * 3 kayl x§ - kCcy (1-a)7} xlg “)] 6-10

where np is the maximum phase and a = cyt.

3) In the asymptotic region the formulae[6-9]andI6-lO] are valid but

the substitution

C = (%%0 T (%0 3 Gy= 6 is used where C is Van der Waals

constant.

A minimisation procedure is then used in determining the unknowns
while taking account of the continuity equations at the intersections
of the regions. Altogether the following coefficients must be

‘determined.

Region (1) Xg> s bR
(11) Nos bos 815 C1s C2

(111) ¢

Buck's deta was used in a preliminary test of the method and
the same potential was obtained. In this calculation the parameter
C was fixed and the value calculated by Darwall was-used [DAR 1972], ’

the other parameters were varisble. Initial guesses for these
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pafameters'were determined from the shape of the deflection functions

obtained from the relationships:

Ay = 27 A = on
X 21"2«2 ? XHF 22+2«3

Unfortunately in these experiments the rainbow angle was not observed
and therefore a numbér of different indexing schemes were tested in
order to achieve the best fit to the data. The errors between the
calculated and experimental values of Zy are shown for different
indexing schemes in table [6-5] and are displayed graphically in
figure [6—17].

Table 6-5
Calculated Errors for various indexing schemes

SYSTEM | 1lst PEAK | INDEX | ERROR

Hg*/Na | 69.5° 6 20777
Hg*/Na | 69.5° 8 | .17015
Hg*/Ne | 69.5° | 10 .1503k
Hg*/Na | 69.5° 12 | .16987
Hg*/Na | 69.5° s | .17932
Hg*/Ne | 69.5° 16 .19006

Hg* /K 70.L° 6 | .6765L .
Hg* /K 70.4° 8 . 54562
Hg* /K 70.4° 10 46925
Hg* /K 70.4° 12 41810
Hg*/K 70.4° 14 . LL60k
Hg* /K 70.4° 16 46513
Hg*/Rb | 40.6° 12 | .o7k23dh
Hg*/Rb | 40.6° 18 | .068607
 Hg*/Rb | 40.6° 20 .063348
 Hg*/Rb | 140.6° 22 | .061020
. Hg/*Rb | L0.6° 24 | .059438
Hg*/Rb | 140.6° | 26 | .060273

Hg*/Rb | 140.6° 28 | .0625L40
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The data is fitted for 21 extrema in the case of sodium, for
37 extrema in the case of potassium and for only 10 extrema in the
case of rubidium. The Rb data was not so well resolved and because
the centre of mass transformation is less favourable in this case

a smaller angular range was available than for the other systems.

- At a glance the agreement between éxperimental and calculated
extrema positions appeéfs to be best in the case of Hg*/Rb and worst
in the Hg*/K situation. However, it should be pointed out that the
error is the sum.of the squares of the differences betwéen experimental
and calculated values of Zy and is greatest for Hg*/K since a much
larger number of extrema points have fo be fitted using the same
limited number of variable parameters. This highlights the great
weakness of this method of analysis since it is obvious that a greater
‘number of variable parameters is required to produce an accurate
fit in cases Vhere a large number of extrema are resolved. On this
point.I should like to criticize the work of Buck et al since they
appear to use only five extrema to produce a best fit to their data
when they have five variable paraﬁéters despite the fgzt that as .
many as 27 extrema are resolved. This is a great waste of data.

A more accurate fit to the.data should be possible by increasing

the number of variable parameters to match the number of data points
but unfortunately this has not yet been achieved since it has

proved difficult to evaluate Zy when the deflection function is not
made up froﬁ simple mathematically invertible forms such as the
straiéht liné, éhe parabola and the exponential, already incorporated.

Work is in progress in the laboratory at Edinburgh in an attempt to

resolve this.
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Bearing in mind the inadequacies of the above technique, deflection
functions were obtained for the Hg*/alkali systems. The results for
the best fits for Zy and the angular position are shown in tables

[6-6], [6—7] and [6-6]. Using the Firsov formulae,

. © -p - 1
r, = b exp 1 ..)_C__S.E_)_ dpl .
kil
J pi2-pZ
b2 |
V(rm)= E (1 - 7.2 )

m
the deflection functions were then inverted and potentials were pro-
“duced for the interactions Hg¥*/Na, Hé*/K and Hg*/Rb and are listed
in tables [6-9], [6—10], and [6—11] (The Firsov inversion program
was ‘tested for a Lennard Jones (12:6) potential and was found to be

correct). The calculated potentials are displayed graphically in
figures [6—18] . [6-19 | and [6—20].
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Table 6-6

Best fit achieved for Hg¥*/Na.

N 7 EXPT { Z cale | x EXP | x calc
10.0 | 12.386 | 12.285 | 69.50 | 68.87
10.5 | 12.828 | 12.832 | 66.10 | 66.12
11.0 | 13.263 | 13.476 | 62.10 | 63.22
11.5 | 13.691 | 13.814 | 60.00 | 60.76
12.0 | 1k.112 | 14.087 | 58.30 | 58.1k
12.5 | 14.528 | 14.L457 | 56.00 | 55.86
13.0 | 14.937 | 1k.811 | 53.80 ') 53.02
13.5 | 15.341 | 15.262 | 51.00 | 50.52
1k.0 | 15.739 | 15.745 | 48.00 | 48.03
1k.5 | 16.133 | 16.131 | 45.60 | L45.59
15.0 | 16.521 | 16.485 | L3.LkO | L43.17
15.5 | 16.905 | 17.000 | 40.20 | L0.78
16.0 | 17.285 { 17.276 | 38.k0 | 38.37
16.5 | 17.661 | 17.730 | 35.00 | 35.5k
17.0 | 18.033 | 18.093 | 32.L40 | 32.86
17.5 { 18.401 | 18.381 | 30.40 | 30.31
18.0 | 18.765 | 18.739 | 28.00 | 27.86
18.5 | 19.126 | 19.016 | 26.40 | 25.72
19.0 | 19.484 | 19.4k41 | 23.50 | 23.30
19.5 | 19.838 | 19.850 | 21.00 | 21.11
20.0 | 20.189 | 20.291 | 18.40 | 18.70"
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Table 6-T

Best fit achieved for Hg*/K

N Z EXP 7 cale | x EXPT | x calc

12.00 | 1k.112 | 1Lk.293 | 70.40 | T71.10
12.50 | 1k.528 | 14.614 | 69.00 | 69.36
13.00 | 14.937 | 14.980 | 67.4O | 6T7.58
13.50 | 15.3L41 | 15.300 ! 66.00 | 65.82
14,00 | 15.739 | 15.650 | 64.60 | 64.08
14.50 | 16.133 | 16.089 | 62.70 | 62.36
15.00 | 16.521 | 16.513 | 60.70 | 60.66
15.50 | 16.905 | 16.857 | 59.20 | 58.98
16.00 | 17.285 | 17.223 | 57.60 | 5T7.32
16.50 | 17.661 | 17.635 | 55.80 | 55.68
17.00 | 18.033 | 18.0LT | 5L.00 | 5k.06
17.50 | 18.401 | 18.413 | 52.40 | 52.L45
18.00 | 18.765 | 18.779 | 50.80 | 50.86
18.50 | 19.126 | 19.100 | L4L9.k0 | 49.30
19.00 | 19.48L4 | 19.394 | 48.20 | L7.78
19.50 | 19.838 | 19.786 | 46.40 | L6.17
20.00 | 20.189 | 20.153 | 44.80 | LkL.6k
20.50 | 20.537 | 20.610 | L4L2.80 | 43.00
21.00 | 20.883 | 21.008 | L40.80 | L41.20
21.50 | 21.225 | 21.109 | 39.00 | 38.38
22.00 21.565 | 21.420 | 37.20 | 36.h2
22,50 | 21.901 | 21.808 | 35.00 | 3L.53
23.00 | 22.236 | 22.208 | 32.80 | 32.69
23.50 | 22.568 | 22.656 | 30.40 | 30.80
24.00 | 22.897 | 22.923 | 29.00 |-29.15
24,50 | 23.224 | 23.313 | 27.00 | 2T7.35
25.00 | 23.549 | 23.762 | 24.60 | 2L.87
25.50 | 23.872 | 2L.007 | 23.20 | 23.80
26.00 | 2k.192 | 24.286 | 22.00 | 22.59
26.50 | 24.511 | 24.606 | 20.L0 | 20.17
27.00 | 2L4.827 | 24.837 | 19.60 | 19.69
27.50.| 25.141 | 25.1k1 | 18.22 | 18.22
28.00 | 25.453 | 25.373 | 17.60 | 18.05
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Table 6-8

Best fit achieved for Hg*/Rb

N Z EXPT | Z calc | x EXPT [x calc
24,00 | 22.897 | 23.007 | LO.60 [Bk1.10
24.50 | 23.224 | 23.310 | 39.00 {39.40
25.00 | 23.549 | 23.512 | 38.00 |37.80
25.50 | 23.877 | 23.705 | 37.00 [36.20
26.00 | 24.192 | 24,214 | 35.40 |35.54
26.50 | 24,511 | 24,523 | 34.00 {34.09
27.00 | 2h4.827 | 24.837 | 32.60 |32.68
27.50 25.141 | 25.103 | 31.60 {31.31
28.00 25.453 | 25.435 | 30.00 |29.97
28.50 | 25.76L4 } 25.796 | 28.Lk0 . [28.60
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Table 6-9

The potential for Hg*/Na

The potential para.meters are calculated to be

rp = 4829 & I = 23:06 x 107!% ergs
V(x10-1§ r v
r(R) ergs) T T

L.24k95 | +1.406 .8800 .0610
4.2939 | +0.714  .8892 .0310
4.3330 | -0.8414 - .8973| -.0365
4.3930 | -2.536¢4 .9098 | =-.1100
L4410 | -4.5059 .9197 | -.1954
L.4930 | -6.9133 .9306 | -.2998
4h.5498 | -8.5529 .9k22 | =-.3T709
4,6097 [-10.065 .9546 | =.4365
4.6392 {~19.232 9607 | =.8340
4,7670 F20.795 .9873 | =-.9018
4.8291 (-23.060( 1.000 | =1.0000
5.0994 [-22.179 | 1.056 -.9618
5:5678 -18.939 | 1.153 -.8213
5.8237 [-16.879 | 1.206 -.7320
6.2294 |-1h.hL9 | '1.290 ~-.6266

- 6.6398 [-12.341| 1.375 | =-.5352
T.0841 | -9.743| 1.L67 -.b22s -
T7.6394 | =7.653| 1.582 -.3319
8.0934 | -5.562( 1.676 | =-.2u12
8.5618 | -4.391| 1.773 -.190h
9.1654 | -2.370| 1.898 -.1028
9.9670 | -0.828 | 2.06L4 -.0359
10 _2.16h -.0175

4h9 | -0.403
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Table 6-10

The potential for Hg*/K

The potential parameters are calculated to be

rp = 5.05 & £ =22.73 x 10”14 ergs
Vx10~14 r v
r(&) ergs Tm z

L 4430 41,751 .8798 ] +.0769
4.481| -0.36L .8873| =.0160
4.521| -1.058 .8952| =-.0465
L.,564 | =-2.509 .9037| =-.1103
L.609! =-3.985 | .9126] -.1753
L.656| -5.481 .9219| =-.2h11|
L.7oh| -6.995 .9314 | -.3079
4,753 =-8.532 | .94%11| -.3739
4.800| -10.11-| .9504| =-.4k0O
4,841 -18.46 .9586| =-.8121
4.893| =-22.57 .9689| -.9938

5.050| =-22.73 {.1.000 | =1.000
5.289( =-21.77 | 1.047 | -.9577
5.609| =19.91 | 1.110 | =.8759
6.011| -17.44 | 1.190 | -.7672
6.495] -14.63 | 1.286 | .-.6L36
7.060| ~11.73 | 1.398 | --.5160

7.705| -8.908 | 1.525 | =.3919
8.418| -6.326 | 1.666 | -.2783
9.182( ~-4.078 | 1.818 | -.179k
9.959] =-2.239 | 1.971 | ~.0985
10.680| -0.908 | 2.114 | -.0399
11.130] =-0.421 | 2.200 | -.0255
11.47 -0.251 | 2.271 | -.0110
11.79 -0.152 | 2.33L4 | -.0066
12.09 -0.094 | 2.394 | -.0039
12.38 -0.058 | 2.451 | -.0021
12.66 | -0.036 | 2.507 | - .0012
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Table 6-11

" The potential for Hg*/Rb

The potential parameters are calculated to be

rp = 5.20 8 £ = 22.03 x 10714 ergs
- v(xaoTlY r v
r(&) ergs) Tm 3

L.579 | +1.4319 .8807| +.0650
4.633 | +0.6829| .8910 +.0310
4.669 | -1.1940 0542
4.715 | -2.6568| .9068| -.1206
4,769 | -L.LO16 .9173| =-.1998
. 4.835 | -6.6112| .3001
4,890 | -8.3758 L9404 | -.3802
4,945 [|-10.L246 .9511| -.L4732
.5.038 [-18.8202 .96891 -.85L3
5.200 |[-22.030 1.000 | =1.0000
5;57h -20.9285| 1.072 -.9500

Q©

\O

=3

O
i

O
N
e}
@
I

5.902 |-18.4832| 1.135 -.8390
6.333 |-15.5003| 1.218 | =-.T036
6.853 |-12.7025| 1.318 | =-.5766
7.472 | =9.9333| 1.437 | -.L506
8.153 | -7.7523| 1.568 -.3519
8.866 | -4.1835| 1.705 -.1899
9.505 | -2.9167| -1.828 -.1324
9.906 | -2.1964| 1.905 | =-.0997
10.24L4 | -1.6037| 1.970 -.0728
10.535 | -0.6432] 2.026 | ~-.0293
2,076 | -.0213

10.795 | -0.L4692
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At this stage it 1is Vorthwhile to consider the.acéuracy and

" uniqueness of these potentials. An attempt has been made to
estimate the sensitivity of the potentials to changes in the.de—
flection function. Iﬁ figure [6-21(a)] a deflection function is
shown for Hg*/K together with the potential calculated from it.
V-This deflection functiop ”has been altered to make the bowl steeper
and deeper, the potential obtained by its inversion is shown beside
it. The major effect of this change is that the calculated
potential energy well has become deeper and the value of rﬁ’has

also been decreased slightly while the asymptotic behaviour for
large values of r remains unaltered. These are important pointé
since the rainbow is not oBserved in these experiments and therefore
the angular position of the rainbow and the well depth of thé

potential are uncertain.

As a consequence it isidifficult to rule out the possibility
that a deflection function such as,théf shown in figure[%-al(b)j o
might bé the one appropriate to the scﬁttering pattéfn produced.

A ~ .

In figuré[é-2%]the séme deflection function has been altered so that
it is more attractive for large values of the impact paraﬁeter, i.e.
the asymptotic approach to zero for large values of b is more gradual.
The only effect that this has on the potential function is to make
it more attractive at large separations [Fig 6-22(by].'vUnfortunately,
. the asymptotic.behaviour, which contributes largely to narrow angle
scatterihg, can not be detgrmined very accurately from the scattering.
pétterns obtained (these patterns supply their best information

from between 20° and 60° in the centre of mass). It is therefore

difficult to ascertain whether the potentials prod?ced here have
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the correct asymptotic form for large values of the intefnuclear

separation.

The potentials which have been obtained have an unusual
shape[Figures 6-18, 6-19, 6-20] but >I think this is largely due
to the parameterised form of the deflection function which requires
that the.form of this function at the crossing point on thé-inner
~ branch is given by a straight line of slope a}. Varying the slope
~of the deflection function, in the fitting procedure, while keeping
by, the impact parameter for the crossing, fixed results in a
‘change in the outer.branch of the fitted deflection function aﬁd'
.also in the potential. It is possible therefore that the shape of |
thé potential function is not correct although a reasonable fit

to the extrema has been achieved.

,Boyle [BOY 1971] has shown that one cannot rely very ’hea".vily
on potentialsbfitted solely to the angular positions of the main
rainbow oscillations taken at a single energy since he points out
that only the area bounded by the deflection function dietermines
the positions of the main oscillgtions in the cross section, i.e.
the position of rainbow oscillations will remain unaltered providéd
the area bounded by the deflection remains the same. Therefore
construction of the deflection function by the above method is by
no-means'unique.v The major uncertainty is that the derivatives
of the branches of the deflection function are not known. A guess
has been made for the slope éf tﬁe inner branch in the fits shown
so that a smooth transition is échieved between the parabolic

region and the straight line por tion of the defléction function:
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Unfortunately since neither the rainbow angle nor the exact trans-
ition between the two regions, straight line and paraﬁola, are known
this method is suspect but at this stage in development it i§ the
.only route available for analysis of the data. This problem is‘weil
illustrated in figure [6-23] vhere the two possible deflection
functions have widely different values of b, but the area enclosed
by both funétions is the same. Work is now in progreés.atr

Edinburgh to use the shape of the scattering envelope to determine .

b

EEET?Z7T_Y_ and this

%% from the classical relationship o(yx) =
. db .
work should provide constraints on the slope of the deflection

function.

At this stage of development it seemed reasonable to attempt
a characterisation of the deflection functiohs in terms of the aieas'
| enclosed by them. The best fits to the deflection functions for
Hg*/Na; Hg*/K and Hg*/Rb are" shown in figures[G—Zh,A 6-25 and 6-26]. |
The area between X = -50° ana X = FxR has been evaluated in the
three cases and is shown in table[é—lé]. This area acts as a check’
on the consistency of the method since the spacing bef;een'two
maxima is equivalent to a change of 2w in the area bounded by the

deflection function between the two angles considered. The

number of maxima is given by:

| b, o |
(v-1) x &L = xdb | =11
b

Therefore the calculated value of N should be equal to the
number of maxima between LO® and xr in the cross section. This is

.found to be the case for all three systems [ta.bie 6-12].



Two different deflectioh‘functions which when inverted predict

the same extrema positions

Figure 6-23
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Table 6-12°

The areas bounded by the deflection function

and a comparison of the index numbers.

SYSTEM XR . k Areas

(Degrees) - (3—1): arbitrary units NYINDEX N CALC
Hg*/Na 1hk 29.28- - 2.897 15 1.7
Hg* /K 132 | 36.31 3.57h 21 21.4
Hg* /Rb 118 50.1k 2.827 2k 23.6

Since the rainbow is not observed it would be unfair to use the areas

shown in table [6—12]to characterise the potential. It would be

equally unfair to use the area bounded by X = .~x arb, x = O and

the deflection function where x arb is an arbitrary angle, since

the asymptotic behaviour of the deflection function is by no means

secure, as mentionedvpreviously,.and therefore the areas of the

~ deflection function between x=24° and x = 40° have been chosen to

compare all three potentials and between x=2h° and y = 70o in the

N\
cases of Hg*/Na and Hg*/K. The results are displayed in table[§-l3].

Table 6-13

Areas calculated within certain angular ranges
SYSTEM | ANGULAR: K (argzzia |

RANGE (R-1) units)ry‘
Hg*/Na | 24° - 40° | 29.28 .7330
Hg*/k | 24° - 40° | 36.31 .9285
Hg*/Rb | 24° - 40° | 50.1k4 1.092
Hg*/Na | 24° - 70° | 29.28 1.955
He*/K | 24° - 70° | 36.31 2.443
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Since the area bounded by the deflection function is equivalent to
a phase shift it is possible to reduce the above areas by using
A

* = =
A ko

The results for the reduced areas are shown in table [6-114].

Table 6-1k

‘The reduced areas for the Hg*/alkali systems

ANGULAR

k o
SYSTEM | RANGE (B=1) | (a) A A%

Hg*/Na | 24° - 40° | 29.28 | 4.40o | .7330 | .00566
Hg*/k | 2L° - 40° | 36.31 | L.55 | .9285 | .00558
Hg*/Rb | 24° - 40°'| 50.14 | 4.65 [1.092 | .o0LTO
Hg*/Na | 2L° - 70° | 29.28 | 4.4o |1.955 | .01520
Hg*/k | 24° - 70° | 36.31 | L.55 |2.L43 | .o1ko2

It would appear from these results that the Hg*/Na and the
Hg*/K deflection functions are consistent with the theory of corres-
ponding states although the Hg*/Rb does not seem to fit into the
general scheme of things. I am confident that the results for
Hg*/Rb should fit into this general scheme and therefore I should
be wary of any potential_calculated using this deflection function
until further tests have been carried out on the fitting procedure

since as stated previously the rubidium is the least well resolved

of the data.

Although there is a wide variation in the possible fits which
can be made I am confident that the range of the potential is
- reasonably well defined although the shape may be incorrect. A

semi empirical rule can be used to determine the equilibirium
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separation [BER l96i];
‘rp =71 + 1 +3.8AU.

where rp is the equilibrium'separétion and r; and r, are the orbital
radii of the two atoms involved. This rule appears to give results
" within a deviation of *+ 1 A.U. (according to Boyle [fOY 197i]).
Using the orbital radius of the mercury atom calculated by Darwall
[DAR 197é] and the radii for Na, K and Rb calculated by Waber and

" Cramer [WAB 1965] this rule has been applled in all cases. The

results are displayed in table [6—15].

Table 6-15

Comparison of the observed and empirical values of rp

SYSTEM | r, (experiment) | rp (calc)
)it i

Heg* /Na 4.83 5.2

Hg* /K 5.05 5.59

Hg* /Rb 5.20 5.71

n
It would appear that the calculated values of r, are consistent

with the measurements. The potentials [Figs 6-18, 6-19, 6-20] have
been used in a monoenergy forward calculation and the scattering
patternslobtained. The experimental and calculated centre of mass
differential cross sections are displayed in figures[6-27, 6-28 and
6—25]. Considering the large number of extrema involved the systems
show good agreement between the experimental and calculated positions
of the maxima and minima.' Therefore, it would appear that the

assumption of a single effective potential is correct. -
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7 Discussion and Conclusions
Discussion

In the discussion of potentials calculated from scatfering.
patterns it is normal to plot the potentials in reduced units for
Eomparison. Thié has been done for the.experimentsAreborted |

- here, bearing in mind the inadequacies of the fitting proéedure
wvhich result in a potential which may not be unique. The potentials
. for all three alkali mercury systems in reduced units are plotted
[?ié 7-1] . Table[}—i]containS*the cérresponding size'paraﬁeters
 of the potential: the well depth I and the equilibrium distance

Rm.

Table T-1

Size parameters for the Hg¥*/alkali potentials

SYSTEM. Rm(8) Zv(lO_luergs)
‘Hg*/Na 4.83 23.06 ~
Hg*/K ~ 5.05 22.73
Hg* /Rb 5.20 22.03

The‘redﬁced potentials for Hg*/Na and Hg*/K are in very good

- agreement but there are slight discrepancies in the case of Hg¥*/Rb.

- (A similar situation was found in the case of the deflection functibn
and the explanation is fhe same: the potential appears to encompass.
a smaller area and thisiis consistent with the deflection function:
arguments). The equilibrium distance Rm increases with increasing

atom size as expected, whereas the potentiél well depths decrease
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slightly in contrast to the behaviour of the alkali rare gas systems
but in agreement with the results of Buck et al [BUC 19723 for the |
ground state mercury alkali Systems, I should not, however, labour
this pclnt as, has been mentioned previously, the experimental
results are not available in the rainbow region which defines the

depth of the potential well,

lt is also fashionable to compare calculated potentials with other
parameterised forms of the potential (e.g. Lennard Jones 12:6 whlch
was previously used g great deal in the characterlsatlon of potentials),
A reduced Lennard Jones potential, using the values of Z'and Rm from
the Hg*/Na experlment, is also plotted in flgure E?ii] The
potentlals reported here are 51gn1f1cantlv different from the Lennard
Jones potent1al,espec1ally in the attractive region,. although thie
may be a result of the parameterised form used, It does appear,
however, that the potentials are more attractive at 1ntermed1ate

ranges than would be expected from a pure C6r -6 behaviour,

2

Given the parameterised deflection function used, nothing has
yYet been stated about the accuracy of the potentlals calculated by
this method. Unfortunately, this is difficult to do since the
experiments have only been performed at one energy. However,-an'
' attempt has been made to determine the effect of an energy change

by varying the most probable velocity of the Potassium beam which

‘but the relative energy of the 1nteract10n is altered).. - The

reduced potential determined for an increase in relative energy of



- 122 -

30% (in the case of Hg*/K) is also plotted in.figure[7-1]and the

. potential obtained fits very well into the general scheme. The .
value of Rm was‘fbund to be 5.083 which cempares favourably with
the value 5.058 obtained using the correct most probable veiecity
for the potassium while the well depth increased as. expected fron

1h to 27.7 x lO_lhergs.  This suggests once again that

22,73 x 10
the range of the potential is accurate whereas the well depth is

less well determined because the rainbow was not observed.

The- above rather crude analysis brings to light an important
point which has hitherto been negiected end this is that the analyeis
has been cafried,out for the case in which both beams are
monoenergetic whilst tne_experiments were performed ueingAnon
velocity selected beams with their inherent #elocity distributione;
It might be expected that the Maxwellian distribution especiellyv
- in the cross beam would result in a smearing affect eo that
interference structure would n9t be resolved. . Forward calculations
have been performed for a range of cross. beam velocitie? (304 change
on either side) and it was found that although the positions of the
rainbow and the first two supefnumeraries were shifted, the second
supernumerary by < lo, the other supernumerary bows remained ‘
unaltered in the centre of mass cross sections. This confirms the
statement of Buck,[BUC l971.(a)] that these extrema positions‘are
almost independent of various angular and energy averaging processes
in the primary and &ﬁondary'beams. Having checked the centre of
mass cross sections for this smearing effect it is also useful to

ensure that "smearing" in the laboratory cross section does not

occur as a result of these averaging processes. This has been
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verified by finding the scattering'angle © corresponding to a
centre of mass angle X for a range of cross beam velocities., The_
resulfs for Hg*/Na are'shown in table[?—é]and the situations_for
Hg*/K and Hg*/Rb are displayed pictorially in figures[y- ]and{}é3]

respectively.
Table T-2

The change in laboratory scattering angle ©, for a given X,

with changing velocity

SYSTEM | - Main Beam Velocity ‘Cross Beam Velocity X ¢]

Hg*/Na| 2.475x10% em s , 8.677x10" cm s~ 35° | 6.00°
Hg*/Na| 2.475x10" cm s™0 |  1.147x10° cm s~ 35° |'6.53°
Hg¥/Na »2.h75x10h cm sf,—‘1 7.573xlOh cm s_l 35° | 5.54°

The results suggest that, for the angular range studied, the
smearing effect is such that structure with a period > 1° in the

laboratory will be resolved. a

So far the results have been analysed in terms of a single
potential despite the fact that five "molecular states" (Chapter 4)
evolve from the atomic.pair Hg‘(3P2) + M (ZS%).‘ It, theréfbre,
appears that these 5mj states are similar for the enérgy which has‘
been probed. This scheme of a single effective potential has not
so far, accounted for one feature of the scattering pattern and
 tha£ i;‘the size of the Eross section at small angles. This "hump"
-is most pronounced in the case of Hg¥*/Na [Fig 7-&] although it isl

also an observable feature in the other systems. The scattering



Newton diagrém for Hg*/K showing the effect of ﬁhe_Velocity
spread in the cross beam on the laboratory scattering angle.

Figure T-2
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Newton diagram for Hg*/Rb showing the effect of velocity spread
in the cross beam on the laboratory . scattering angle.

. figure17-3
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pattern obtained by a moroenergy forward calculation is also shown

_ in figure E?—E] and the discrepancy at narrow angles.is quite
bpronounced. Neglecting for the moment the interference strﬁcture,
the envelope of the scattering pattern can be given by the classical

expression:
o (x) = o1 | 7-1

s.in)(_d‘X
. dbi

The experimentally observed increase of intensity at narrow

. eee™M

angles might be obtained if the derivative dx was smaller at these
db ‘
. angles and larger for wide angles.  An exaggerated sketch of the

requirements is shown in figure [7—5] .

Considering thé caée of sddium,'one possiblevreaspn for this
increase in intensity at narrow angles is a much larger value of C6
_fhan the value calculated by Darwall of 590x10-60ergs cm6.

Another alternative is that the asymptétic approach to zero. has

a power dependence of C.2 < 6 for the situation V;—Clr:?2 but this
is physically unrealistic. A third possibiiity is that the value
.of C6’is approximately correct but the deviation from_V=-C6r-6‘is
-consideréble as the internuclear separation decreases (The form of
the potential i; also found to deviate from V=—C6r—6 - Car-8 and
the best fits were obtained with a value of C, n 9.5). A féourth

. alternative in the single potential argument is that the derivative
of the,inngr branch of the deflection function is small but this
agaln would be. a phyéically_unrealistic situation. The %inal

possibility in terms of a single potential and deflection function

is that the increased intensity at narrow angles is due to scattering
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Deflection function which would produce greater intensity at
narrow angles. . .

Figure T-5



at angles >2w with,é rainbow at 2m+x where x < 20°, However, this
~would greatly complicate the scattering~patterh since it wouid
increase the number of possible interferences. It is also unlikely
that the amplitude of such a contribution would be large since the
‘region of stationary phase woﬁld be small. Therefore the
possibility which seems most reasonable is fhat the increased
intensity at narrow angles is due to the shape of the outer branch
of the deflection function. By calculating the mean relative cross
seétion at all anglés it should be possible to fit the cross section
envelope using equation[Y;i}in an extenéion of the mﬁltiparameter
fit and therefore to determine the exact reason for-fhis phenomenon.
Also it should be possible to fit the amplitude variations in a
fin&l'sophisticated version of the fitting'routine} Unfortunately,
I did not have a chance to do this but work is continuing in the
laboratory in the hope of finding a mofe tightly constrained fit to
" the potential by using extrema positions, mean cross seétions and

amplitudes.

—_

AR

At the-éutset_of this work it was thought that the Hg*/alkali-
interactions would be useful systems in which to investigate elastic
_scﬁttering with concurrenﬁ inelastic processes by differential cross
section measurements. Earlier in this thesis a brief review of
inelastic processes was given and yet no inelastic scattering has
yet been mentioned in these experiments. .It may be that the
inelaétic scatteripg cross sections are so small as to be unobservable
in éompafison witﬁ the large elastic cross section but it is useful
to consider whether the "hump" at narrow angles,or in this

interpretation the decrease in intensity at wide angles,is due to
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. some form of quenching process. A crude calculation for the
. magnitude of the inelastic process was made using the procedure

outlined by Greene et al [ROS 1966] .

The probability that an inelastic collision occurs at ‘the

-angle X 1is given by

P(b) = 'geale (x(b)) - oobs (x(b))
: ocalc (x(b))

whefe ocalc is the calculated intensity at X

oobs is the experimentally observed intensity at X .
scalc and ocobs are normalised wt?(f=20°. In terms of-théviﬁelastic'
probability function, P(b); the total inelastic cross section is

given by:
0 = nfth(b)bdb

P(b) can be obtained from the shaded ares in figure [?—é] and bt is

" the thfeshold (i.e. the largest value of b at which the inelastic -

process occurél 24° isg téken as the éngle correspoﬁding to onset

of the effect of inelastic processes and this cofrespg;ds to an

impact parameter of b = lQ.ZR (from the experimentally obtained.potenfials),

. a rough calculation of P(b) gives an answer P(b) n 2 and therefore

the inelastic process has a magnitude of n 6032.

It is worthwhile considering the likely inelastic processes which
might be occurring and their possible magnitudes. The various

processes which can occur are:

a). intermultiplet transitions AJ which will be fbl;bwed by

quenching if the 3P, state is formed.
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b) Amj transitions within a given J state.

¢) ionisation
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d) transfer of electronic ecitation to the alkali metal.

The relevant data for a consideration of such processes is given

in table[T‘%l.

Table T-3

"AE(eV) for processes involving Hg* and alkali metals

Process Na K ‘Rb
Tonisation of M by 3P2 -0.31 -1.11 -1.27
- Excitation transfer to 1lst .
excited state of M by 3P2 -3.33 -3.82 -3.87
Ionisation of M by 3P°‘ +0.48 -0.32" -0.48
‘Excitation transfer to lst ,
excited state of M by 3P2 -2.54 -3.03 -3.08
Transition
Process.
_ 3 3 |3 _3
5~ Py | Py - 7P| Py - P
Intermultiplet transitions -0.57 -0.79 -0.22
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For the 6 3P2 state all channels (a -+ d) are opén for the
- series Na - Rb though with fairly considerable exoergicities eicept .
for process b. For the 6 3Po state and Na the ionisation channel

is not open.

From the available experimental evidence for energy'tfansfer
processes (Chapter 2) it does appear that the processes with ﬁhe
- largest cross section are those for which the internal energy change
riS,smallest. | It is poésible that the Na atom may bring about a |

spin orbit relaxation of the Hg atom.

Hg (3P2) + Na'(lso) - Hg (3Pj) + Na (1so) j=0,1
but the changes in internal energy involved are AE21 = O.STeV,
AE2° f 0.79eV'and therefore the cross sections are likely to be
. small. .(Cross sections for AE ‘changes of this magnitude are typicaily'
<.232' [CZA.197§] ). For Hg (3Po) caliding with Na (lso) upward
“intermultiplet tranéitions aré,uﬁlikely at normal temperatuies éince
" the energy involved is 0.22¢V. The quenching of the 3Po:state will
result in the excitation of the 7S state of sodium [BEL\J 19293 |
. although once again'the cross section is unlikely to bé as large as
6022 since the energy discrepancy is +:055eV and is therefore likely
to be v 5 &° loza 1973] . 1t would be aifficult to attempt, I
think, to use any of the methods mentioned in chapter 2 for the
treatment of energy transfer, since the amounts of energy to be
transferred are large and a successful theory seems to have been

developed only for small energy changes [NIK 1965] .

Apart from the case 3PO'+ Na all other processés which quench

the metastable to the ground state could result in Penning ionisation

1
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of the alkalié.TYpical Penning ionisation cross sections are .

n 2082 3OR2 (e.g. [?CH l97§] ) and the Penning ionisation of

Na by He(235) has been found to be & 1582 [HOT 1970] . Tt is
unlikely that the cross section for Hg*/Na will be much larger than
this. However, Martin EMAR 1972] has reported relative cross |
sections for associétive and Penning ionisation so they are dbservabie
: processes; - It may be possible to do a calculation similar to

that of Miller (Chaptér 2) using the existing mércurvaave functiéns
and the calculated potentials to find an estimate for the crass'
secfion. If this cross section is found to be large.itbmayibé :
possible tb look for the Na* ions although intensities:will bé véry
low since the Nat ions will be scattered over a very much largér
solid angle than the‘Hg atoms. However, the possibility of
détecting either the Na*t iéns or electrons by surrounding'the
scattering centre with sqme'fqrm of Faradaycége does exist so that

a total cross section for the process may be easy to determine.

None of the above mentioned inelastic process seem to be able

\

to account for the large inelastic cross section of 6OR even - 1f
selective quenching of various mj states were an important process.
Another possibility is the chance of selective quenching bétweeg the
3P2 and 3Po states in the beam. The most likely inelastic process
to differentiate significantly between the two states would be
Penning ionisation which is an allowed process for Hg(3P2) + Na but
is unlikely for Hg (3Po) + Na at thermal energies. However, this
increased intensity at narrow angles is present inlthe scattering

- patterns involving the other alkalis which seems to rule out this

possibility.



- 130 -

Tt would, therefore, appear that the "hump" at harrow'angles
is a fﬁnction'of the "effective" potential and not a result of‘inelastic
processes. A question then has to be asked about why one "effective"
potential is seen when there are two.different metastable states in
the beam with, pérhaps, similar lifeﬁimes. Sincé'the 3Po state
population is only 1/6 of the total metastable beam, the states
mey be produced in their statistical ratio (Chapter 3), then the.
contribution to the total cross section from this state will be -
émall. Also the 3Po state correlates with a deep "ﬁolecular" stafe
correspénding to & °¢. state (Chapter 4); such a potential would
probably correspond to orbiting for the energies used in thése |

experiments and therefore the contribution to the cross section is

e

likely to be small since |=2| will be large for such a steep

potential.

The pictﬁre of an "effective" potential originéting from the
five different mj states which have similar potehtials has been
produced and an explanation of this phenomenan requires an investigation
of the dynemics of the collision. '

The forces operating during a collision depend on whether‘mj
in a space fixed system or in a rotating system is é good quantum
number. vThus for collisions of large impact parameter the coupling
of electronic motion to the interatomic motion is weak and the phase
shifts depend only slightly on mj. That is, the adiabatic phase
shifts (those calculated assuming.mj,a good quantum number) are
»'sciambled. As the impact parameter decreases strong coupling ensues

‘at first near the turning point, Finally, for collisions of small’
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impact parameter,mj in a rotating frame is a good quantum number

and the phase shifts are well éeparated.

The impact parameter at which.coupling becomes imp§rtant is
determined by the splitting of the adisbatic potentials.‘ The
dependenge of the polarisability EDAR 1976] of the 3P2 state on mj
is less than 10% of the mean value and this presumably means a
similarly small range of C6 values. Taking the range of C6 values
to be given éffectively by

ACe = baeo® - R

where Ae is the range of well depths one applies

1
b, =1 (2% y'/s 7-3
v

[ FLU l973(b)] to determine the criticel impact parameter for
coupling be. In the first order computations (Chapter 4) relatively -
shallow'wells ranging from 8x10—lh ergs to 13x10-lh ergs were fouhd
for £he five;mj states. (These well depths are all much less than
the,spin orbit splitting in mercury). Using the reslts of these

potentials b, is found to be ~ 68,

The following tentative picture is proposed. At small angles
of scattering, the lack of coupliné between the Hg¥* mj state and the
passing atom results in a sgrambling of the manifold of,interafomic
potentials to give one effective curve. As b decreases,'coupling
ensues but the potentials remain inherently similar and the
interference structure from them coincides. The deflection functidns
associated with the various adiabatic potentials can not.diverge

appreciably until near the minimum where the resulting interference
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structure from each state would be lost,

An effective potential has been caiculated by taking an
average ofvthe five potentials evaluated in chapter L4 and the
~scattering pattern has been produced by a ﬁonoenergy forward
calculation [Fig 7—7] . The similarities between this scattering
pattern and the experimentally observed pattern [Fig 74é] fer
Hg*/Kxare ﬁot striking although undulationstcover the entire range.
However, i£ should be remembered that these calculations were
rather basic and had obvious limitations. L-S coupling was not
included in the first order Hamiltonian and configuration
‘interaction was ignored. Had these two considerations been
included slightly deeper wells would heve been produced, this in
turn would have restltedAin deeper deflection functions and fhe_b
extrema in the calculated cross section would have been close;,
spaced. In short, the calcuiated cross section would ha#e

looked more like the experimentally observed cross section.

As mentioned in the introduetion (Chapter 1) thefcollisione
between ground state Hg atoms (1So) end alkali metal atoms (28%)
have been studied in detail {BUC 1971(v), 19723 whereas only limited
data on the corresponding interaction between alkali atoms and
excited states of mercury is availsble [DAR 197%] . It is perhaps
worthwhile effecting a comparison between the results of the work
mentioned in the references above and the work performed here

bearing in mind the limitations of each.

‘A comparison with the work of Buck has been a ﬁajor feature

of .this discussion and the comments in the preceding chapter.

/ A
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Therefore, only the main points concerning the evaluated potentials
will be re-echoed. It is useful to consider the potential
pérameters which are displayed in table [7-{H remembering that only
one possible potential can operate in the ground.state interaction
whereas an effective potential is operating in the excited state

counterpart.

Table 7-4

Comparison of Potential Parameters of the ground state and

excited state mercury/alkali systems.

SYSTEM Rm(R) | € (lo—lhergs) Reference
Hg' /Na 4,72 8.79 BUC 1971(b)
Hg* /Na 4.83 23.06 This work*
Hg /K 4,01 8.40 ' BUC 1972
Hg* /K 5.05 22.73 This work*

(¥*It should be noted that this may ﬁot be the final wersion of the
potential parameters pending the results of the calculations in
progress at Edinburgh on a more tightly constrained fit. However,
it is not expected that the final version of the parameters will
vary significantly from those calculated here although the potential
shape may be found to be different). It can be noted from table
[?—é]that the values of Rm are slightly greater for the excited
systems. This ianonsistent with the fact that the metastable
mercury atom will have a slightly larger orbital radius due to the
promotion of a 65 electron to a 6p orbital. The much greater

velues of e, the well depth, are more difficult to explain although



- 134 -

it may be, as mentioned in chapter 4, the result of some binding'

'phenomenon due to the unpaired electrons.

The only previous excited mercury alkali work performed was
carried out in this laboratory by Darwall [DAR 197%] using the same
apperatus although modifications have been carried out to the
turntable and the exciter since that time. Carwall investigated the
Hg* /K interaction but unfortunately he only ‘studied the angular
range O > 7o in the laboratory and no centre of mass analysis of
the results was performed. He did, however, observe periodic structuie
in this range and also the large intensity at narrow angies. His
results were interpreted in terms of two effective potentials, one
which produced & rainbow (the "hump") at 1.9° in the laboratory
: referenée freme. This "rainbow" corresponded to L4 of the Smj states
while the other mj stéte was responsible for a "supernumerary" at
3.4° and a "rainbow" at 5.80. Darwall also required that some
inelastic process was occurring with a non ﬁegligib%e crosé section
to account for the fall off in intensity at angleslbeyond'3o. Had
Darwall continued his investigations to wider angles ﬁ; wouid
undoubtedly have found that the oscillatory structuré continued to
these wider angles and that his results could then only have been
attributable to a single effective potential. One interesfing
'feature did arise from Darwall's investigations. = He was puzzled
that he saw this "structure'" since he did not feel that thé system
was sufficiently good to resolve it. However, in his considerations
of apparatus resolution he'had assumed that the lifetime of the
metastable was long compared to the flight time between the scattering

centre and the detector and he came to the conclusion that his
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assumption about the lifetime was wrong and decided that "a

state of the order of 10-3S correlates better
1

lifetime for the 3P2

with the data than a lifetime of 10 ~8". This anomaly has now

been resolved and the lifetimes of the metastables have been found

to be 1.3x10 8. (Chapter 3).

Conclusions

It haS'Been found that the scattering patterns obtainéd for the
Hg*/Na, Hg*/K and Hg*/Rb in which interference structure is resolved
in all cases, suggest that thé atoms interact by a single potential
in the attractive region probed at these energies. This single
'_"effective" potential arises because the potential energy curves
for the 5 possible mj statesare not significantly-differeﬁt and
because the Hg*/alkali system corresponds to a weak couplins case

especially for the lighter a.lka.lis[FLU 1973(b)] .

Using the positions of the extrema in the cross section,
parameterised deflection functions have been produéedm?sing the
method of Buck [éUC l97l(ai] and these deflection fuh;tions hﬁve been
inverted to.potentials by the Firsov technique. However, it has
been found that potentials cannot be reliably determined using only
the positions of the extrema. It appears that the positions of
these oscillations define the magnitude of certain areas contained in
the well of the x(b) curve and that by altering the x(b) curve, in a
way that does not alter these areas, the main rainbow oscillations can
be left uhaltered. The reduced areas bounded by the deflection

function curves show that the Hg*/Na and Hg*/K interactions agree with

the theory of'corresponding'states but that the Hg*/Rb system does
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not fit into this scheme of things. (Further investigations should
be performed on Hg¥*/Rb and perhaps Hg¥/Cs since I feel that they too

~

should fit into this theory.)

Despite the fact that the positions of the oscillations do not
themselves determine the potential absolutely it should be possible
to produce a more realistic potential by utilising other informafion
such as the mean relative value of the .cross section and the relaﬁive
emplitudes of the extrema together with their positions. Therefore,
the potential paramefers obtained in this work await final
confirmation from a more sophisticated inversion procedure being
developed in Edinburgh, although it should be stated that fhe
potentials obtained here are more realistic than those which might

be obtained from Lennarde-Jones type potentials.

No attenuation of the interference structure is found and tﬁe.
observation of quantum structure sets an upper limit on the size
of the quenching cross section since both branches of the deflection
function must be present for this structure to belseeﬂ\ Quenching
is clearly not an important process for collisions with impact
'pérameters greater than o = hﬂ ;nd thé'total quenching cross section
can hardly exceed gas kinetic values. Selective quenching might
be an important factor although it is difficult to see what the

- exact nature of such a process might be.

Considering the range and well depth, the single "effective"
potentials found for the three systems are consistent with the ground
state interactions. The scattering patterns are also in agreement

with the limited data available from previous experiments on the same

I3 D
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system and there seems little doubt that this séattering pattern

is produced by one "effective" potential.

Concluding Remarks

More data is needed on the Hg*/alkali systems for a complete
unravelling of the physics and chemistry involved. It is'extremely'
difficult to determine decisively the potential if differential |
cross sections are available at only 6ne energy. A wide energy
range could be made available by using & "seeded" beam or by
producing "fast" mercury from an ion source and using charge exchange
" techniques before excitation. Unfortunately both of these methods

would require considerable alterations to the present experimental

set up.

"~ Another uﬁefui alteration would bg velocity selection of the

.alkali beam, however, this would considerably reduce‘the number

of interactions at the scattering centre and the expérimentxwould

be difficult to perform especially at wide angles wherc:the number

of scattered particles would be small. It might be possible to increase
the number of iptéractions by using, instead of the present main beam
oven, a nozzle source which would also have the advantage that the
collision energy would be increased and the rainbow for these interactions
would move into the angular range of the experiments. However, such -
& nozzle source would probably require differential pumping and

theréfore considerable alterations.

Such a source is worth considering for future work, however,

since a number of other experimehts would then become available. With

|
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increased intensity it should be possible to look at the scattering
of specific mj states of the.excited atom either by magnetic selecfion
or by a coincidence counting technique in which excess excitation
energy is used and the metastables produced by cascade from perhaps
‘the 73S>level in mercury. The light emitted at the exciter by
cascade to a specific mj state would then be used to "gate" the
detector in coincidénce so that the scattering of specificAstates,'
could be studied (Such a method would require very good counting

statistics).

It does not seem worthwhile investigating the llght emitted
from the interaction region for Hg*/alkali systems since the cross
sections would appear to be very small although an analysis of
ions or electrons from the interaction region WOuld be useful in
détermining the maénitudes of ionisation cross sections. These
ions.should be easily observable and such an investigation might
only requlre some sort of Faraday cage round the interaction region.
Informatlon about the well depth of the potentlal can also be

obtalned dlrectly from electron energy distributions.

All the above mentioned experiments would require significant
alterations to the.apparatus'and at thié time it might be better
to concentfate on other target beams, e.g. CO,NO and Né where
inelastic cross sections might be larger, which can be used in the

VéfeSéntwapparatus. ‘Also it might be worthwhile repeating
the Hg¥*/Rb system and perhaps doing the Hg¥*/Cs system to complete

the picture for Hg*/alkall interactions.

Work must continue on the fitting procedure because it seems

)
A
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such a waste that so much time is'spent,,in a molecular beam
experiment,'obtaining'a potential only to find.that the

potential is not unique.
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APPENDIX I

Calculation of the deflected beam profile

In general, the meaéured intensity depends on the widths of the
source, collimator and detector slits and én their relative position
and is normally trapezoidal in shape ERAM4195§]. The procedures for
calculating the deflected beam shape have been developed by Stern
ESTE 192%]. The calculation would be trivial if all the molecules
were in the same molecular state and at the same velocity sincg to
a first aéproximation the undeflected beam shape wou;d merely be
shifted by an amount equal to the magnetic deflection (equatioﬁ 3-10 ).
Complications arise, however, due to the smearing effects of the

velocity distribution.

Let b be the position in the detection plane fo which an atom
goes in the absence of a field. Let x be the position to which an
atom with the same displacement goes in the presencé of a field.
Then x-b is the magnetic deflection at the detector position. This

situation can be represented schematically.
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Since the deflection x is given by

x =& [Equation 3-10]

In the case of a Maxwell Boltzmann v2? distribution

: 2
Bv? exp (- Ez) av

I(v)av

3
2

e (C) ax (1)

I(x)dx A
T e

Equation 1 gives the deflected beam shape for molecules whose

undeflected position in the detector plane is b = 0. For molecules

‘with an arbitrary undeflected position b in the detector plane the

expression becomes

3
I(x)dx = e B exp (:%(————) dx
* 2(x-b )g o (x-b)

To find the deflected beam intensity at a position x the con-

tributions to the intensity from all elements of the undeflected

beam shape must be added.

+d :
_ 1 -A
I(X) = Nj x5/ °*P (m) Io(b)db (2)
-d

vwhere N = normelisation constant and I,(b) accounts for the undeflected

beam shape.

When allowance is made for the lifetime t in equation 2 the

expfession for I(x) becomes

I(x) = Nf _9_(l>_L exp (_,ZT;__B__) exp (d—(qu)db
x-b
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A flowchart for the program to calculate the deflection pattern
produced by passing a beam of atoms with a Maxwell Boltzmann v2

~ distribution through & non homogeneous magnetic field is pfesented
[Fig. A]. A

In the present éxperiment the main use of this progfam was fo
decide the slit dimensions necessary if only those atoms with zero
effective(moment are to be transmitted. The program was run for
a yariety of dimensions. The positions of the source, collimator,
magnet and detector were fixed but the width of the source slit, the
’ Qollimator slit and the lifetime wére variable. The deflection
patterns mapped onto a detector at the position of the magnet exit _
were then calculated. From these patterns the deflection x coﬁld be
calculated for which the contribution tc the total intensity from
my = * 2,%1 was zero. This value determined the size of the magnet

exit aperture so that atoms with my = £2,%1 were discarded. Typical

results are shown in Figures B and C.

The author would like to thank J.A. Robertson who vaé‘largely

responsible for this program.
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FIGURE A

Flowchart for the program to calculate the deflection
pattern produced by passing a beam of atoms with a
Maxwell Boltzmann v2 distribution through a non-homo-

. geneous magnetic field.

Input: Physical constants

|Apparatus dimensions except s1lit widths)

(Output: Apparatus dimensions]

Input data required: Lifetime of Metastable
Source and Collimator Slit widths

Tnput: Magnet dimensions and field strength
Output: Maghetic field gradient

Set

Calculetion of force on the atom, the most
probable velocity and the deflection of
the atom will be the most probable velocity

' emeed Increment x|
\ ¥
: [Calculationff(b.x)db for a given

=0

[Output_x_and corresponding intensity] ' -

~ P

N Telculation of increment to be added in thel
summation to find the total intensity. )

£=I,(b) x g(b,x)

[fncrease increment to x|

l —{Increment x|

Calculate intensity (as above ) |
Add increment to the summation

S :
Calculate and Print Total Intensity
Calculate and Print Intensity

are & of the undeflected beam shape 1
there any : ' '

more my

states. NO

Y

STOP
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APPENDIX II

Flow diagram for the evaluation of ;lg-type integrals
1

START

Set up positions of nuclei A and B

Set NORM 1, COUL1l, EXCH1 = O

These are the normalisation, coulomb and exchange terms
]

| Set XMAX, YMAX, ZMAX. These determine the field |

1
Initialise X1
I

Start cycle of X1 (Generation of X co-ordinates of electron 1

= I
Increment X1
|
Initialise Y1
1

Start oycle of Yl (Gene:ation of Y co-ordinates of electron 1

1
ffhcrement Y1
1
Initialise Z1
|

Start cycleof Z1 (Generation of Z co-ordinates of electron 1

)}
lIncrement ZlAAJ _
. ]
‘Evaluate the distances (R1A and R1B)|~
of electron 1 from nuclei A and B o
§ |
Generate a(1l) and b(1l); the values
of the wavefunctions at each position
1
Evaluate the coulomb term aZ(1)
and the exchange term a(l) b(1l)
|
Set COUL2, EXCH2, NORMZ = O
|
Initialise X2
I

Start cycle of X2: Generation of X co-ords of electron 2

1
ﬂIncrement X24]
I
ﬂfhitialise Y2H
|

—

Start cycle of Y2: Generation of Y co-ords of electron 2.

—
Increment Y2 i

]
CONTINUE
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1
|Initialise 22
i
Start cycle of Z2:(Generation of Z co—ords of electron 2 I
“ .
Increment Z2 ]
il
Evaluate the distances (R2A and R2B)
of electron 2 from nuclei A and B
|
Generate a(2) and b(2): the values
of the wavefunctions at each position
4 [
'Evaluate the Coulomb term b2(2)
-and the exchange term a(2) b(2)
. .

Evaluate the distances between

electrons 1 and 2; RR1,RR2,RR3,RR4"

RR1 electrons 1 and 2 in 1st quadrant
RR2 electron 1 in 1lst, electron 2 in 2nd
RR3 electron 1 in 1lst, electron 2 in 3rd
RRL electron 1 in 1st, electron 2 in LUth

YES .
Evaluate A=contribution
for two overlapping
Evaluate b(2)a(2) x b(1l)a(l) x RR cubes of charge
RR = (b4 oLl 4l 1, L
RR1  RR2 ~ RR3 RRk Evaluate b(2)a(2)xb(1l)a(1l)XRE

This is the exchange potential EXCHIRR = A + 1 + 1 + 1
] RR2 RR3 .~ RRh4
Evaluate b2(2) x a2(1) x RR 1
_ 1 1 1 1 Evaluate b2(2)xa2(1)XRR
RR = (§m* %Rz * 783 ' RRb ) 1 1

1
: RR=A+ =+ =+
This is the coulomb potential CO ~ ~ RR2  RR3 RRL
r

4 o
_Evaluate b (2) x a“(1)
This is the normalisation NORM

; — —<—
EXCH2 = EXCH2 + EXCH
COUL2 = COUL2 + COUL
NORM2 = NORM2. + '

NOo

NO

‘NG

|

CONTINUE
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EXCHL + EXCH2
COULL + COUL2
NORML + NORM2

EXCH1
COUL1
NORML

Does Z1=ZMAX

YES

NO

Does Y1=YMAX

NO

EXCHL = EXCHL x k4
COUL1l = COUL1l x L
| NORM1L = NORML x 16
T
Print out

STOP
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APPENDIX III

One of the molecular states arising from the collision 3P, + ZS%

can be represented in the three electron approximation, by the Slater

determinant.
‘ 6Sa(1) 6p;a(l1) Ko (1)

1
Y = = 6Sa(2) 6p1q(2) Ka(2)
/e 65a(3)  6pra(3)  Ku(3)

This represents 3P2,2 + 285’3 and the final state which results

2

has a value my = >

For simplicity, the wavefunction may be represented as

Hg(1,2)K(3) - Hg(1,3)k(2) + Hg(2,3)K(1)

Let A = Hg(1,2)K(3)
B = Hg(1,3)K(2)
c = Hg(2,3)K(1).

As. mentioned previously, an approximation to the Hemiltonian may be
, A

given by

= =3v;2 - 1v,2 - Va2 - VHg(1) - VHg(2) - VHg(3)

1 1 1 ZAZR
- VK(1) - VK(2) = VK(3) + ===+ —— + —=— 4+ =A°R
© Typ  Tpz  T13 R

On sﬁbstitution of the wévefunction 1] and the Hamiltonian p into the
equation E =quw

then E = ApA + BuB + CuC - 2AuB - 2BuC + 2AuC.

Iﬁ evaluafing E, it is useful to remember that

. |
Hg(1,2) [-371% - 39,2 - VHg(1) - VHg(2) + iz ] HE(2:2) = By
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and that K(3) [-%v32 - \)K(3)]= Ex

Neglecting the fact that the overlap integral §6pla(l)Ka(l) =0

but remembering that S6pla(l) 6p1a(l) =1
SGSa(l) 6Sa(1) 1
j‘Ka(l) Ka(1) 1

the terms required in the evaluation of E are presented.

The symmetric terms which arise are as follows

§ xa2) [ -vie(2)) xal2)
§ 6sa(1) [-vk(1)] ésal1)
{6pa(3) [-vk(3) ] 6pa(3)

f6sa(2) xa(2) 22 65a(1) Ka(2)
12 '

Jora(1) ka(2) 2= 6pa(1) Ka(2)
12

+ZAR_ZB_

The following non symmetric expressions are also required.

- JGSa(l) [—%VIZ) 6Sa(l) x ija(2) Ka(2) x 56pa(3) Ka(3) -
- J6Sa-(l) [—vng(l)]sscx(l) x j6pa(2) Ka(2) x j63a(3) Ka(3)
- 56501(1)' [-VK(l)} 6Sa(l) x j6pa(2) Ka(2) x-f6pd(3) Ka(3)
—2‘9‘6pa(2) [‘%VZZE Ka(2) x j’GPd(3) Ka(3)
-2j6pa(2) [—VHg(z)]Ka(z) foa(3) 6pa(3)
-2§6pa(2) [—vx(z)] Ka(2) x fKa(3) 6pa(3)
-2\[6&(1) Ka(3) ?iE 65a(1) 6pa(3) x fepa(z) Ka(2)
- f6pa(2) Ka(3) ;.'l"' 6pa(3) Ka(2)
23 .
-%ija@) Ka(2) x j’6pa(3) Ka(3)
‘2~ﬁ‘65a('1)_ [-%VIZ] 6pa(1) x jGSa(3) Ka(3) x§6pa(2) Ka(2)
2'ﬁ'68a(l) {—VHg(l)]6pa(l) x jGSa(3) Ka(3) xj6pa(2) Ka(2)
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2J6s,°‘(l) E—VK(l)] 6pa(l) xj6Sa(3) Ka(3) _xf6pa(2) Ka(2)

afssm) 6pa(2) == 6pa(l) Ka(2) x |6Sa(3) Ka(3)
r12

2j63a<1) Ka(3) === 65a(3) 6pa(1) xfepa(z) Ko(2)
- [epata) {-;vﬁi‘f 6pa(1) x [63a(2) Ka(2) x [ 68a(3) Ka(3)
- Jopaw) [ -maa]epats) x [6s0(e) xate) x fsa(3) xa(s)
- §6pa(l) [—VK(l)j6pd(l) x Jfﬁs(x(z) Ka(2) xf6Sa(3) Ka(3)
-2 j63a(2) [—%VZZ] Ka(a) X j68a(3)' Ka(3) |

-2 f6Sa(2) [-vng(z)]xa(z) x J‘6Sa(3) Ka(3)

-2 fésa(2) [Fx@] ka2 x fra(3) 65a(3)

- J6sat2) xa(3) 2= 65a(3) Ka(2)

r23

-2j6pa(l) Ka(3) 1 6pd(1) 6Sa(3) x I6Sa(2) Ka(2)
713 : ‘
- Z%ZB x EGSa(l) Ka(l) x §6Sa(3) Ka(3)

The majority of the non symmetric terms listed above are small

since they involve, in some cases, multiplication by two overlap integrals

which, in the majority of cases at the internuclear separations
considered in this calculation, are small. The terms involving the

kinetic energy operator are evaluated by remembering that

Li-vly
[Ei ‘V}“’i

For the wavefunction considered the resulting state has a value

]..]= “%Vlz + V

]

my = g— . However, if the potassium atom has B spin then the same terms
can be used to compute a state with my= %, remembering the orthogonality

relations.



"304—

A similar analysis is required for the other states involved in
the interaction of metastable mercury and ground state potassium. The .
' possible atomic states of mercury are given in expression [l&-l]. '
>Wheh these expressions are combined with the potassium atom in the
appropriate spiﬁ state they form the necessafy wavefuncfions_for cal=

culation of the "molecular" matrix elements.

e.g. The 3P,, state of mercury can be written in the following form
3Py = [Sa(1l) py B(L) |+ ¢y ISB(l)'pla(l)|+ Co |8a(1) poa(l)l

so that the resulting "molecular" wavefunction, in the case of 3P, ,
) s

+ ZS%’%, becomes |
C¥ =Cp [8sa(1l) py 8(L)Ka(1)| + €1 [88(1)p1af1) Ka(1)]| + Ca2Sa(1) poa(1) Ke(1)]
The atomic wave function for 3p,pcan be represented as

3Pg = C3 [sB(1) p1B(1)] + Cy |Sa(1l) pop@)]|

+ Cs |8a(1) pg8(1)] + Cs |88(1) pall)]|

and so on. C;y Cy, C3, Cy and Cs are the Clebsch-Gordan coeffiéients;'

: i
The terms involved in computing these other states are similar

to those presented above. Before any computing was performed the
required integrals for each state were listed. The.number of terms -
required varied due to spin orthogonality and the value of the overlap
integral.g6p(l) K(1). (For the cases in which the wave functions are
6p1'and 6p—l the ovérlap is zero). The algebra, which was tedious, has

been rigorously checked.

.

It should be noted that, in the above description, spin orbit
interaction has been omitted from the Hamiltonian. In general, the

Hamiltonian can be considered as ﬁo + ul where u° is:the Hamiltonian
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 without spin orbit interaction. The result for the spin orbit inter-
action energy of an electron in a central field with potential U(r)
is ‘
| o 1 1 au(r)

weader & e ) S

where L is the orbital and S the spin angular momentum.

In this case it is possible to write

mu@)@1+w]mu3)=E&

Hg12
however, exchange terms will arise in the "molecular" case and an
estimate of the effect requires consideration. A full analysis of thé
central figld problem is presented by Condon and Shortley [pON 195é]
(pf lQl)and.it can be shoﬁn that the effect of éxchange integra;s of '
the form jGSa(l) fr.s] xa(1) ena §6pu(l) [LS] Ka(1)

will be small.

The molecular situation is not a central force situation but it
is reasonable to assume that this effect will only be large for the
electron near the nucleus and can therefore be 1ookeé upon as a
central field préblem. It seemed reasonable, thereforé: t0 neglect.

this effect at the internuclear seperations involved.

Spin orbit interaction is a large energy term in mercury and the
absence of this term in exchange with potassium is perhaps one reason

for its lack of binding in the "molecular" situation.
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