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Abstract.

We have performed experiments in which the polarization of collisionally redis-
tributed near resonant light has been monitored. An excited state of an atom
irradiated with near resonant light may be populated if that atom is undergoing
collisions. The excited state relaxes yielding light at the resonant frequency and
this light is said to have been collisionally redistributed. (Burnett 1985)

If the incident light is polarized the fluorescent light may also be, with
the degree of polarization of the fluorescent light depending on the collision
dynamics. Our experimental results have been analysed using a molecular model
(Lewis et al. 1983) for the collision. In this model the atom-perturber complex
is excited into a molecular orbital which rotates through the collision. The
complex then decouples and the atom radiates at a later time. The rotation
experienced during the collision accounts for the depolarization of the light. A
knowledge of the interatomic potentials for the system under study is necessary
for a quantitative application of the theory. There exist other effects that cause
depolarization but are not related to the collision dynamics and care has been

taken to allow for these effects in a sensible way.

Previous experiments have been performed in Sr-RG and Ba-RG (Alford
et al. 1984) systems however the interatomic potentials were not well known
for those systems. The 2537A (3P;—!'S,) line in Hg perturbed by Kr was
chosen for the present work since the interatomic potentials for this system are
well documented (eg. Fuke et al. 1984, Grycuk & Czerwosz 1981) making a
quantitative test of the model possible.

To achieve tunable light near 2537A the output of a high power dye laser
system was frequency doubled in a LFM crystal. The use of short (5ns) pulses
and gateable photon counting electronics, with the attendant gain in signal to
noise ratio, has enabled us to perform a sensitive experiment in the ultra violet.
We have plotted a curve of polarization of the redistributed light against detun-
ing from resonance in the red wing. We have also measured the polarization of

the redistributed light at two specific detunings in the blue wing.



We show the primitive form of the molecular model to be inadequate to
account for our experimental results quantitatively. In order that the molec-
ular model be worthy of pursuit it should however, be widely applicable and
should survive, with little modification, reasonable changes in the system stud-
ied. Hg(3P;—!S¢)-Kr must be regarded as a system in which the applicability
of the molecular model is marginal since it depends on the excited state inter-
atomic potentials being well separated in the region of interest. Extensions and
modifications to the model that overcome some of these difficulties have been
put forward by Bieniek (1987).
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Chapter 1.

Introduction.

1.1 Historical Background.

Atomic spectroscopy has a long and distinguished history, having been cen-
tral to the development and refinement of quantum mechanics. The study of
atomic and molecular spectra has continued as a subject of great interest in its
own right. This results from the insights it affords into atomic and molecular
structure and dynamics. Much of the information available about molecular
interactions in particular, can be summarized in the form of an interaction po-
tential surface. The study of molecular spectra is one of the most powerful tools

in the elucidation of these potentials.

With the benefit of hindsight it may seem obvious that the positions and
intensities of spectral lines carry much important information. It is less obvious
that the widths and shapes of these lines are just as rich in information, yet the
field of spectral line shapes dates back to Michelson in the late 19th century.
As our experimental abilities have progressed, finer and finer details of the
interactions have become susceptible to investigation. The recent availability
of tunable dye lasers has revitalized the field and has made extremely delicate

experiments possible.

Using an instrument of arbitrarily large resolving power, spectral lines emit-
ted by an isolated, stationary atomic system appear to have a ‘natural’ width
associated, through the energy-time uncertainty relation, with the lifetime of
the excited state. When an atom is not isolated but is perturbed by interac-
tions with its environment the spectral lines are broadened and can even change
shape. For a metallic vapour, the environment consists of the other atoms in
the gas and since collisions with these other atoms become more frequent as
the pressure is increased this broadening mechanism is known as collision or
pressure broadening. Figure 1.1 illustrates the way in which collisions perturb
a radiating atom. The frequency of the emitted light is perturbed during the

collision resulting in a phase shift between the wave train being emitted before

12
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(a)

(®)

Te T,

Figure 1.1 Collision perturbing energy levels. (a) For attractive ground and
excited state potentials, energy levels are suppressed during a collision. (b) The phase of
the emitted wave train is different before and after the collision as a result of the change
in frequency during the collision. The period of oscillation is drawn unrealistically large.
Note the ?ime between collisions T, is greater than the c_ollisiona.l duration r,. When
excitation occurs during a collision by absorption of a photon fwg, the interaction
may proceed along either route 1 or 2. Interference between the two routes leads to
oscillations in the lineshape I(w) for a given trajectory. Such oscillations are often

averaged out when many trajectories are included.
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and after the encounter. Despite the seeming simplicity of these ideas a com-
prehensive theory for the lineshape, valid at all detunings from the resonant
frequency wyq is very difficult to provide.

It is usual to find the problem discussed in two distinct regimes: the impact
and quasistatic approximations. Essentially the impact approximation deals
with light that is radiated between collisions. A spread in frequency results when
the stochastically interrupted wave train is Fourier analysed. The quasistatic
approximation essentially deals with radiation emitted during the collision at
frequencies other than wg. While the impact lineshape therefore furnishes us
with information on the collision, through the total phase shift accrued, the
quasistatic lineshape depends in a more detailed way on the dynamics of the

collision.

The basic ideas of collisional redistribution are illustrated in figure 1.2. An
optically active atom in its ground state is situated in a bath of structureless
perturbers with which it undergoes collisions. A laser of frequency wr and
polarization €r, is shone onto the atom and the light scattered in a particular
direction is collected and analysed in terms of its frequency and polarization.
The scattered spectrum consists of an elastic Rayleigh peak centred at wy, and
an inelastic fluorescence peak centred at the resonant frequency wg. The energy
difference Aiwy — hwg is made up by a loss or gain of kinetic energy in the
collision and the photon is said to have been ‘.‘redistributed” in frequency. The
polarization of the Rayleigh peak is identical to the polarization of the input

radiation, though the polarization of the fluorescence may have been altered.

If we consider the collision to adiabatically deform the energy levels of the
active atom as the interaction progresses then absorption of the photon can
be taken to occur at a specific point in the collision. The active atom spends
roughly half the collision in the ground state and the other half in the excited
state. The field of collisional redistribution can therefore be regarded as an

example of so called half—collisions.

By varying the laser frequency wy, it is possible to cause excitation at dif-
ferent points in the collision. By studying the redistributed spectrum we can
obtain direct information on the interatomic potential. This is a remarkable

achievement since we are studying processes that occur on a timescale set by the
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Figure 1.2 Schematic redistribution experiment. (a) Light of frequency wg
and polarisation €y, is scattered off an atom undergoing collisions with perturbers in a
thermal cell. (b) Frequency response I{w) consisting of an elastic Rayleigh peak at wr,
and an inelastic redistributed fluorescence peak at wqo (c) Polarisation redistribution

spectrum of scattered light assuming a J =0 — J =1 transition.

15



collisional duration. These durations are typically very short indeed (~ 1ps),
yet the tunability of the laser radiation allows us to effectively plot the time
evolution of the collision complex whilst the laser fluence achievable makes the
signal level tolerable.

The theory needed to account for collisional redistribution has evolved to
meet the demands of ever more extreme experimental tests. Huber (1969) and
Mollow (1970) developed an early form of redistribution theory applicable to a
two level atom undergoing collisions within the impact approximation. Omont,
Smith and Cooper (1973) extended this work by including the possibility of m;
degeneracy. Ballagh and Cooper (1977) went further by working out several
specific cases relevant to given experimental geometries. Nienhuis and Schuller
(1977) and Voslamber and Yelnik (1978,1979) put forward theories valid in lim-
ited parts of the wing. Cooper (1979) proposed a theory applicable to the qua-
sistatic wing and Burnett et al. (1980a,1980b,1980c) synthesized the preceding
theories into a unified theory valid at all detunings. Nienhuis (1983) published
a theory which uses a different formalism to that of Burnett et al. but
which reaches the same conclusions. Due to the analytical complexity of the
above theories a semiclassical theory, based on a physically simple molecular
model for the collisions, has been described by Lewis et al. (1983). This model
can be applied whenever the interaction can be assumed to proceed adiabati-
cally along well characterized and well separated interatomic potentials. The
theory of Burnett and Cooper is far more general being restricted only by the

binary collision approximation (see §2.2.1).

This model assumes excitation to occur in the middle of a collision, to a
state of definite angular momentum with respect to a molecular axis pointing
along a line joining the two nuclei. The colliding atoms .are taken to follow
classical straight line trajectories and the effect of the collision is to geometrically
rotate the angular momentum states. At some time after the collision the atom
radiates from these reoriented states. The reorientation experienced during the

collision manifests itself as depolarization of the fluorescence.

The first collisional redistribution experiments were performed by Carlsten
et al. (1977) on Strontium perturbed by Argon. Corney and McGinley (1981)

have performed similar experiments on Calcium perturbed by Argon. These

16



experiments studied the redistribution line shape only. Studying Strontium per-
turbed by argon, Thomann et al. (1980) performed the first collisional redistri-
bution experiments in which the polarization of the fluorescence was monitored
and thus gained information not available through line shape analysis alone.
Kroop and Behmenburg (1980) performed similar experiments for the Sodium~
Argon system. It should be noted that experiments in the Na(?P3/o—281/2)-
Ar system suffer from complications that arise due to spin—orbit coupling. The
presence of fine structure makes the interpretation of the depolarization data

much more difficult.

Since the experiments of Thomann et al. covered a limited range of detun-
ings in the red wing Alford et al. (1983) performed systematic experiments in the
same system, for much larger detunings in both the red and blue wings. They
also performed experiments in Barium-Rare Gas systems (Alford et al. 1984) in
which the collisional redistribution lineshape and polarization were measured.
Behmenburg, Kroop and Rebentrost (1985) conducted experiments in which
the input light was circularly polarised and the fluorescence was analysed for
circular polarization.

~

Collisional redistribution is closely related to other areas of study, such as
photodissociation and half-reactions, that fall into the category of half-collisions.
In photodissociation a bound ground state molecule is excited into a dissocia-
tive upper state. The polarization of the fluorescence from the fragments thus
produced has been observed (de Vries 1982) and analysed in a fashion similar to
the analysis of collisional redistribution experiments ( Vigue et al. 1981, Greene
& Zare 1982). In a half reaction experiment absorption of a photon in the mid-
dle of a reaction produces product distributions different from those obtained

in the absence of the laser field.

These related subjects have been discussed by Foth et al. (1982) and by
Telle (1984). Workers in a particular area of half collision studies can greatly
benefit from the insights gained in the other areas. This has been recognized

by the community and a spirit of co-operation has emerged in recent years.
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1.2 Motivation For The Present Work. Hg(3P;—!S,)—Kr as a Proto-
type System.

When a new type of spectroscopy emerges the first case to which it is applied
is often the 1P, —! Sy, J = 0 — 1 resonance transition. For this case experi-
ments benefit from the la.rgé oscillator strength and the theoretical interpreta-
tion benefits from the relative simplicity of the analysis. As the theory becomes
established more complicated cases can be studied. It is therefore somewhat

surprising that the Hg 2537 A 3P; —1 S, transition has often been employed as
a prototype. '

Lord Rayleigh (1922) discovered the magnetic depolarization of resonance
fluorescence using this transition. Hanle (1924) performed further experiments
on this effect which now bears his name. The first magnetic double resonance
and optical pumping experiments were carried out on this transition by Brossel,
Bitter and Kastler (see eg. Brossel & Bitter (1952)). The reasons for its frequent
use are largely to do with its experimental convenience. The large degree of
Spin—-Orbit interaction ensures that the oscillator strength is within a factor
of fifty of the strongest true resonance lines whilst the fact that Hg is the only
metal which is a liquid at room téemperature makes it easy to study in the vapour
phase. The true resonance line at 18404 is experimentally inconvenient as it lies
in the vacuum ultra violet (see figure 1.3). Naturally occurring Hg is a mixture
of even and odd isotopes leading to a complicated hyperfine structure. This

added complication has often been avoided by the use of pure even isotopes.

1Pl 3]72
/

(62)6r) — o,

18504 T 3p,

25374

(65)? 8o

Figure 1.3 The Lowest Energy Levels of Hg.
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After a discussion of what has been achieved using collisional redistribution
up to and including the work of Alford et al. (1984), Burnett (1985) addresses
the subject of future work writing : “...The next step is obvious : we must
have a quantitative test of redistribution theories for cases where the quasi-line
shapes, both temperature and frequency dependence can be analysed fully. This
will afford a test bed for the extra quantitative information redistribution can
provide.” The ability to perform such a full analysis depends on our knowing

the interatomic potentials as input data for the theory under test.

The interatomic potentials for Hg(®P;—!Sy)-RG systems have been the
subject of many experimental investigations (see Chapter 3 for references). Such
studies were accelerated in the early 1980’s as a result of the proposal that these

systems were possible candidates for a high power excimer laser.

In deciding to study the Hg(®*P; —! S¢)-RG systems we have made the
same choice as others in that we sacrifice some of the simplicity associated with
a 1P, —! S, transition in favour of experimental expediency. To a large extent
the choice has been made for us by our dependence on other authors to furnish

the interatomic potentials.
1.3 Thesis Outline.

Chapter 2 is a discussion of the theory necessary for an understanding of the
results and analysis presented later in the thesis. The chapter is split up into
two distinct topics; spectral line broadening and collisional redistribution. In the
treatment of both of these subjects physical pictures are emphasized. The line
broadening discussion sets out the major approximations made and discusses
the regions of their validity. Since much of the analysis to follow proceeds
under the assumption of a molecular model for the collision complex the line
shape discussion concludes with a description of a molecular approach to the
problem. In the section on collisional redistribution the derivation of a general
expression for the polarization as a function of detuning is given. This derivation
is accomplished within the framework of a molecular model.

Throughout chapter 2 the subject of interatomic potentials recurs and since

this subject is at the heart of the motivation for the present work a discussion
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of this topic is presented in chapter 3. Chapter 3 is also split up into two major
sections. The first is a general discussion of methods for elucidating interatomic
potentials from various types of experimental data. At this point there is a
strong link to the discussion in chapter 2 of temperature dependent line shape
studies. The second section rests on the first and discusses experiments by
other authors specific to the Hg (3P, —! Sy)-Kr case. The chapter ends with
an assessment of the available interatomic potentials and an affirmation of the
potentials which are taken to be the best choice in the region of interest to the

present work.

Chapter 4 turns to the experimental apparatus and method and includes
a discussion of the experimental signal level. Under ideal conditions one would
perform these experiments in such a way that the measured polarization de-
pends only on the amount of reorientation experienced by the optically active
atom during the collision. The experimental signal was however found to be too
low under such conditions. Consequently the experiments have been performed
in a regime in which other depolarizing processes were in play. The polarizations
thus measured were lower than those predicted by the reorientation model, how-
ever since these other processes were either well understood or experimentally
determinable, they could be allowed for and the results corrected accordingly.
The theoretical background to these other effects and the means for correcting
the data are the subjects of chapter 5. We conclude chapter 5 by presenting our

corrected results.

In chapter 6 these results are analysed. Since our analysis follows closely
the analysis by Lewis et al. of similar experimental results to ours (but for the
case of Sr(!P; —! Sp)-Ar collisions), their work is outlined at the beginning of
the chapter. In this chapter we point out the differences that occur in the case
of a 3P, —1 S, transition.

Chapter 7 presents our conclusions and makes suggestions for means of ex-
‘tending and improving the present work. This chapter also includes a discussion
of further work in the field, indirectly related to ours.



Chapter 2

Theory.
2.1 Introduction.

This chapter addresses itself to those aspects of atomic theory that will prove
important in understanding the experiments performed and in the analysis of
the results obtained. It is split up into two major sections; the first (§2.2)
dealing with the theory of spectral line broadening via non resonant collisions

with neutrals and the second (§2.3) with the theory of collisional redistribution.

2.2 Theory of Line Broadening by Nonresonant Collisions with Neu-
trals.

Allard and Kielkopf (1982) have provided a comprehensive review of this field.
The reader is referred to this article for a more complete discussion and for an

extensive bibliography.
2.2.1 Fourier Transforms, Timescales and Interatomic Forces.

We consider a simplified atom with two energy levels E, and E, between which
a radiative transition takes place. To a first approximation we would expect

radiation at a single frequency wg where

wo = (E, — Eg)/h (2.1)
* Classically the electl.'ic field would be described by
E(t) = Eoexp{—iwot} (2.2)

The power spectrum I(w) is proportional to the square of the Fourier transform

of E(t). o)« [<_1_) 1/2 /°° E(t) iwtdtr | (2.3)
27 —o0 : |
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This function is sharply peaked at w = wq for an infinite wavetrain, correspond-
ing to monochromatic emission. Of course the idea of an infinite wavetrain is
unphysical since the atom will radiate away its energy, and will eventually be
found in its ground state. The finite lifetime of atomic states necessitates the

inclusion of a damping term (Corney 1977) in eq.2.2 giving
E(t) = Eoezp{—i(wo + ig-)t} (2.4)

which, when substituted into eq.2.3 gives

/2

I(w) = Io o= (E)O;z JZ 74 (2.5)
This is known as a Lorentzian lineshape. It has a full width at half maxi-
mum (FWHM) equal to 4. The above derivation is classical and the damping
constant has been introduced phenomenologically, however a quantum mechan-
ical calculation (Weisskopf & Wigner 1930) gives exactly the same result. The
broadening mechanism discussed here is called natural or radiative broadening.
Under most conditions and certainly under the conditions in the experiments
to be described in this thesis, natural broadening is negligible in comparison to

broadening as a result of collisions between the radiating atom and perturbers.

One way of approaching the problem of so-called pressure or collision broad-
ening, within a classical framework is to assume that the frequency of the oscil-
lating dipole in eq.2.4 is perturbed during a collision. Lenz (1924) and Weisskopf
(1932) suggested that the effect of the collision is to change the phase of the
dipole through

E(t) = Ege*wote=n(?) (2.6)

Where natural broadening has been neglected and 7(t) is the total phase change

at time t due to the collision or collisions and is given by

n(t) = /_ " Aw(t)dt (2.7)

Substituting eq.2.6 into eq.2.3 we have

E2[ (> . . 2
I(w)oc_fz[ / dte‘(A"’t"’(t))] (2.8)

27 |/ o
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Equation 2.8 can be regarded as the general equation for the lineshape in a
classical phase shift theory of line broadening. There exist quite diverse theories
of line broadening that share a common starting point in their use of this formula
but diverge by virtue of subsequent approximations made. For now we note
that the integral in eq.2.8 can only be appreciable when the integrand is non-
oscillatory. This oceurs when the exponent in equation 2.8 is constant 1e. when
(d/dt)(Awt — n(t)) =0, giving

w — wo = 1(¢) (2.9).

This is known as the stationary phase condition. It can be satisfied in two
ways. A trivial solution exists when Aw = 0 and 7 is constant in time. This
solution describes the atom radiating at the unperturbed frequency, predomi-
nately between collisions. As we will see the stationary phase condition can also
be fulfilled at large detunings, at specific points given by equation 2.17. Evalua-
tion of eq.2.8 taking only the contributions near these points of stationary phase
describes the atom radiating, predominately during a collision, at the perturbed
frequency. The difference between these two cases is of fundamental importance

and will be returned to in the following sections. At this stage we denote

1

te = ——
Y Aw

(2.10)
and call t; the time of interest for producing light at a detuning of Aw. The
significance of this timescale will become clear when the timescales describing
the collision have been examined. The two timescales of importance are 7,
and Ty, the average collisional duration and the mean time between collisions

respectively. The mean free time can be found using

L
Ye

=T,= (2.11)
(Corney 1977) where A is the mean free path, v the average relative velocity

between atom and perturber and og is the optical collision cross section (see
§ 2.2.2) and has the value of 227 x 10~ 6¢m? for Hg perturbed by Kr (Lewis

* Aw is strictly time dependent however it is slowly varying in comparison with n(t). Even
when Aw is constant n(t) increases linearly with time.(see eq.2.7)
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1980). For the experiments that we have performed T is found to be ~ 28ns.
The collisional duration can be calculated using

R
Te = X (2.12)
v
where Ry is estimated from
or ~ TRZ, _ (2.13)

The subscript W will become clear in § 2.2.2% In this way 7. is found to be
~ 2.6ps for Hg-Kr collisions. It is apparent that T, > 7. and therefore to
a good approximation only collisions between an atom and a single perturber
need be considered. This is called the binary collision approximation (BCA).
For the Hg-Kr system, the BCA will break down when T, ~ 7, which, using

eqs.2.11-2.13 is found to occur at a number density given by

(2.14)

which has the value of 5 x 102°¢cm ™3 corresponding to a pressure of ~ 61 atmo-

spheres.

The calculation of collisionally broadened lineshapes is a highly complex
subject with a rich literature. The complexities are greatly reduced by treating
the problem in one of two limiting regimes known as the impact limit and the
quasistatic limit. The impact limit is defined by

t; > 1, (2.15.0.)
while the quasistatic limit is defined as the opposite extreme
t; L T, (2.15.5)

There exist so-called “unified theories” (eg.Anderson & Talman 1956, Vidal et
al. 1969, Voslamber 1969, Szudy & Baylis 1975,1977) that describe the entire
line profile however these theories do not lend themselves to simple intuitive
interpretation. Such theories reduce to the results of the impact and quasistatic
approximate theories in the appropriate limits. In the impact limit the time of

interest for producing light at a detuning of Aw is long compared to the collision
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time. This means that only the integrated effect of a collision can be felt and
that most of the radiation actually occurs between strong collisions. In the
quasistatic limit the radiation is emitted on a timescale short compared to the
collisional duration, at a well defined interatomic separation and at a perturbed

frequency.

Study of the quasistatic lineshape therefore yields detailed information
about the perturbing potential. This force can be described by assigning an
interatomic potential surface upon which the atoms move during the collision.
Any function of r that approaches zero for large r can be approximated by an

expansion in powers of 1/r. A single term will often suffice giving
Cn :
AV, = pry with k =e,g (2.16)

where AV} is the change in energy of the k level of the transition. - The change

in frequency of the transition is given by

IRNACEINAD)

Aw %

(2.17)

_(Ci-¢)
== (2.17b)

In the case of Hg perturbed by Kr the interaction is largely of the dipole-induced
dipole or van der Waals type with n = 6. F¢.2.17 is only approximately correct
for the interaction between Hg and Kr. The actual form of the interaction will

be discussed in Chapter 3.

A third type of broadening mechanism exists called Doppler broadening.

It results from the apparent shift in the wavelength of the signal coming from

a source moving towards or away from the observer. The atomic motion is

random with a Maxwellian distribution of velocities. The resulting line shape
is Gaussian (Thorne 1977), with a width of évp given by

)

=7.16 x 1077 (%) (2.18)

Vo

where M is the mass number. For the Hg 2537 A line, and at room temperature

6Up ~ .03cm™!. As will be shown in the next section the impact region pressure
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broadened lineshape is Lorentzian with a halfwidth comparable to the Doppler
width. A correct description of the impact regime lineshape would therefore
involve a convolution of the Doppler and pressure broadened shapes known
as a Voigt profile. It will be noted however that although the halfwidths are
comparable for the two processes the Lorentzian shape is dominant in the wings.
Doppler broadening and pressure broadening are not strictly independent and
correlations between the two processes do exist. These correlations do not affect

the considerations given here.
2.2.2 Impact Limit

Lorentz was responsible for one of the earliest pressure broadening theories. He
assumed that an atom would radiate at its resonant frequency wq until quenched
by a hard collision. E(t) then consisted of periods of radiation at wg of differing
lengths T, coming from different atoms in an ensemble. T, was taken to follow
a Poisson distribution and the Fourier transform of E(t) yielded the Lorentzian
lineshape

I(w) =1, (1/T2) > (2.19)

(wo —w)? + (1/Te)

where T, is the mean time between collisions. The model gave good qualitative

agreement with experiment in that the shape was correct however it was unable
to predict the correct width if T, was calculated using eq.2.11 and using known
gas kinetic cross sections for or . The experimental widths suggested cross
sections between one and two orders of magnitude greater than the gas kinetic
cross sections. The theory was also unable to account for the shift in the position

of the centre of the line that often accompanies pressure broadening.

Weisskopf was able to solve the first anomaly by clarifying what was meant
by a collision. He realized that it was unnecessary for the collision to quench
the atom and that the stochastically varying E(t) of the Lorentz theory (see fig
2.1) could be created in a single atom by collisions that interrupt the phase of

the dipole. His starting point was eq.2.7 and took r of €q.2.17 to be

r = (p® +7%t2)3 (2.20)

26



Chapter 2

(5

Figure 2.1 Phase interruptions in the Impact Approximation. Collisions,
represented by the vertical bars, stochasitically interrupt the phase of the wave train.
The period of oscillation is greatly exaggerated for clarity. The average time between

collisions (T,) is shown.
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where p = impact parameter. With this value of r he obtained

3rCY
8vp°

n(p) = (2.21)
with C§ = C§ — C§ and n = 6 for a van der Waals interaction. Weisskopf
assumed arbitrarily that a phase shift of greater than unity caused the wave
train being emitted after the collision to be completely incoherent with the one

being emitted before the collision. With n(p) = 1 we have

3rct\ /8
pw = < 866) . (2.22)

where pw is the Weisskopf radius. The resulting lineshape is Lorentzian with a

halfwidth at half maximum given by

3rC§ 2/5
v 2.2
87 > v (2.23)

Ye=Nm (
The Weisskopf theory gives approximate quantitative agreement with experi-
mental results and is noteworthy for its establishment of the link between the
interatomic potential and the lineshape through eq.2.23. The choice of n(p) =1
as the criterion for the occurrence of a collision was however arbitrary. Further-

more the theory did not predict a shift.

Physically the shift is due to weak, distant collisions which are occurring
all the time. For an attractive potential the frequency is always lowered by such
collisions and the phase shift per collision is less than unity. The result is that
the emitted light is shifted to the red. A theory that included these small phase
shifts and correctly predicted a shifted line was first developed by Lindholm
(1945) and Foley (1946). Lindholm introduced a complex damping constant

which resulted in an “optical”collision cross section with a real part

oRp =27 ‘/:0{1 —cosn(p)}pdp (2.24)

and an imaginary part
oo
or = 27r/ psinn(p) dp (2.25)
0
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The result was a shifted Lorentzian given by

I(w) _ I_o Nogv
T (w — wo + Norv)? + (Nogv)?

(2.26)

The integrands of equations 2.24 and 2.25 depend on AV through the n(p) term.
Most of the contribution to o comes from the region p < pw whilst most of the
contribution to or comes from the region where p > py (s‘ee Corney 1977). This
agrees with the previous arguments in that the shift is caused predominately
by weak distant collisians whilst the width is due to hard, dephasing collisions.
The above theory is known as adiabatic impact theory. It gives good agreement
with experiment provided none of the inherent assumptions are violated and

subject to the condition that the interatomic potential is well known.

This classical discussion of line-broadening in the impact limit serves to
point out the essential features of this regime. The most important thing to
note is that it is the integrated effect of hard collisions that dominates the
lineshape. A limited amount of information about the interatomic potential
can be extracted from impact lineshape data if a simple analytical form can be

assigned to the potential a priors.

Thus far in the discussion we have made the classical path approximation
in which the perturbers .are taken to follow classical straight line trajectories.
The approximation is valid so long as the de Broglie wavelengths of the colliding -
particles are less than the average distance of closest approach during a collision.
This approximation is valid for the case of Hg perturbed by Kr (see § 6.5.2) but
may break down for collisions involving light particles such as the electron-ion
collisions found in a Hydrogen plasma. Fully quantum mechanical theories exist
(Cooper 1967) which do not make the classical path approximation and extend
the validity of the impact approximation to cover such systems. The quantum
mechanical theories reduce to their classical analogue for the systems studied
here.

2.2.3 Quasistatic Limit

The quasistatic limit is characterized by ¢; < 7, which means that details of

the collision are important in determining the lineshape. As we shall see, study
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of the quasistatic lineshape can yield much information about the interatomic
potentials involved. A derivation of the line profile in this regime can be ap-
proached in a number of ways. Holtsmark (1919) was the first proponent of
the theory. He assumed that the collisional duration was so long that the per-
turbers could be regarded as being stationary (hence the name quasistatic ).
The BCA is once again made and the interaction energy AE between a given
atom/perturber pair is regarded as causing a shift Aw = AE/h in the radi-
ated frequency. The second step is to perform a statistical average over all

atom/perturber pairs yielding the line profile for the assembly of atoms.

Kuhn (1934) performed the statistical average by taking a single perturber
for each emitting atom situated somewhere at random in a sphere of radius R,
corresponding to an arbitrary cut off for the interaction. The intensity of light
shifted by Aw(r) is given by the probability of finding a perturber at r within
a spherical shell of volume 4772 dr giving

I(w) dw o 4772 dr (2.27)

This is the basic Quasistatic result. Substituting for r from eq.2.17b and using

the expression for C§ given in the previous section we have

Cs
(Aw)%

I(w) « (2.28)
for the van der Waals interaction. The quasistatic result can alternatively be
derived using the general classical equation for the lineshape, eq.2.8 putting

ao(®) = 2YED) _f (me) - v,mON (229)

The exponential integrand in the equation is a rapidly oscillating function for
most regions of t. It is therefore appropriate to evaluate the integral using the
method of stationary phase which gives

w) X i_ %ex tAw .__i. i e i(mw/4)
) l;(IAV(R(t,-))I) ol [ avmeya] e

(2.30)
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with the stationary phase points specified by
Aw = AV (R(t;)) (2.31)

Here AV (R(t;)) is the time derivative of AV evaluated at the stationary phase
point R(t;). The sign of the final exponential in eq.2.30 is given by

+— AV(R(t;)) <0

— = AV (R(¢t;)) >0 | (2.32)

In a situation where there is more than one stationary phase point evaluation
of the square in eq.2.30 gives rise to interference terms. Such interference terms
can lead to undulations in the line profile known as supernumary oscillations
however when the stationary phase points are well separated the interference
terms average to zero on performing the average over collisions. If the stationary
phase points are not well separated the method of stationary phase is inappli-
cable and eq.2.30 is not valid. Evaluation of 2.30 with the cross terms neglected
can be shown to yield the quasistatic result (Alford 1984).

The physical basis of the quasistatic theory is the Franck-Condon principle'
(FCP). The FCP can be expressed both classically and quantum mechanically.
Classically it says that molecular electronic transitions occur at definite inter-
nuclear separations where the jump can be made without affecting the kinetic
energy of the nuclei. The probability of making a jump is calculated using the
method of stationary phase described above. Quantum mechanically the jump
occurs with a probability proportional to the overlap integral between the wave
functions in the ground and excited states. The point at which the jump takes
place is termed the Condon point. The quasistatic approach consists of consid-
ering the atom/perturber pair as a quasi-molecule and using the Franck-Condon

principle (FCP) to decide where a transition will take place.

We can now rewrite eq.2.17 as
hAw = AV (R,) = V(R,) — V,(R.) (2.33)
with the AV (co) = 0 convention adopted and where R, is the Condon point.
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2.2.4 A Molecular Approach to the Quasistatic Lineshape.

It is by now apparent that study of the quasistatic line profile can yield detailed
information about the interatomic potentials and will be of the greatest interest
here. Since the molecular approach gives such good intuitive pictures of the
phenomena and since it forms the basis of the molecular reorientation model
used to interpret the data it will be useful to look at this approach in greater
detail. Jablonski (1931) was the first to use quantum mechanics to work out
the spectrum of light emitted during the collisions, treating the atomic collision
complex as a quasi-molecule. The following discussion of his contribution follows
the review of Allard and Kielkopf.

The initial kinetic energy of the perturber is E;. It collides with an active
atom with energy wo in its excited state. As a result of the collision the perturber
either gives up to, or receives from the active atom, some of its kinetic energy.
The perturber leaves the collision with a kinetic energy E; and the active atom
emits a photon with energy fiw. By conservation of energy we find

Aw = &/h (2.34)

where £ = (E; — Ef). I(w) is then determined by the probability distribu-
tion, W (§), for the collision to impart/absorb the required energy to/from the
perturber. The distribution W(¢) is calculated within the framework of the
Born-Oppenheimer (BO) approximation (see Bransden & Joachain 1983). The
BO approximation assumes that the electrons, which move much faster than the
nuclei, have time to adjust their wavefunctions adiabatically to accommodate
the slight changes of the potential in which they find themselves. The potential
is a function of the internuclear separation and the electrons act, not as point
charges but as a charge cloud which deforms adiabatically. The ability of the
wavefunctions to deform means that transitions between states are not induced
by the collision. The approximation breaks down when possible BO states lie

close together in energy in which case the states become mixed.

The adiabatic phase shift theories of Lindholm and Foley tacitly assume

the Born Oppenheimer approximation to be valid in their neglect of quenching
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collisions. The BO approximation allows the total wave function of the quasi-

molecule to be written in product form

[¥) = |6)x) (2.35)

where |@) is the electronic wavefunction of the radiator and |x) describes the
motion of the perturber. The electric dipole transition probability of the system
is proportional to the square of the matrix element

D;y = (¢sld|vy) (2.36)

where d is the electric dipole moment operator and acts only on the electronic

wavefunctions. This gives

D,'f = d,'fA.;f (2.370,)
d; f = (¢;|d|¢;) = dipole transition moment (2.37a)
A; f = (x:|xs)? = Franck — Condon factor (2.37b)

If d;y remains fixed during the collision (Allard & Kielkopf 1982) then the
probability that the energy of the perturber will change by £ is just A?f. Thus
the Franck-Condon factor determines the spectrum.

The perturber states are denoted by quantum numbers v and ! where v is
the number of nodes in the radial eigenfunction and [ is the angular momentum
or rotational quantum number. The differential contribution to the lineshape

I(w) dw from collisions with incident energy E; is calculated as

I(w) dw = W () d¢ (2.38)
d
= A% d;;’ Qididé (2.386)

Here Q) dl is the probability that an incident perturber has an angular momen-
tum between ! and dl and dvy/dE; is the density of final state energy levels.
This expression must be integrated over velocity and impact parameter to yield
the final lineshape. The impact parameter integration effectively performs an
average over I. The Franck-Condon factors are evaluated using JWKB wave-

functions for |x) and employing the method of stationary phase. The resulting
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lineshape i1'1cluding the velocity and impact parameter averages can be written

in the form 20:(c0) |dR
)dv /2 bdb 1) 2.39
o) [ 1t w(R.) | d€ (2:39)
Here f(v) is the Maxwellian velocity distribution given by
—ay2, —Ei\ 3
f(v) dv = 2n(wkT) exp(ﬁ)E’i’ dE; (2.40)

b is the impact parameter, R, is the Condon point and v;(R) is the radial
velocity of the perturber for the initial state of the system and is given by

v:(R) = v;(c0) (E_TV(R) + ;’2—22> ’ (2.41)

Carrying out the velocity and impact parameter integrations yields (Hedges et
al. 1972)

I(w) = 2w (nkT)~3/2 x /00 e:z:p< kf‘ ) [E; — V(Rc)]2 x 47 R2 il

dE;

(2.42)
The lower limit € depends on whether the potential V;(R) is repulsive or attrac-

tive. For a positive, repulsive potential e = V(R,) since energies lower than this
will not allow R, to be reached. For an attractive potential the lower limit is
given by ¢ = 0. Making the substitution z = (£ — V') /kT the integral may be
evaluated to yield

Iw)=)_ [47rR2 el

: 3 —1] ep [M] Vi(Re) >0  (243a)

kT

dR,

2
4T R TE ¢

Iw)=)

_l]exp[—kg_r )] VT _, ezidz Vi(R.) <0

2 Jsm®

(2.43b)
Ignoring the exponential term in eq.2.43a gives the simple quasistatic result due
to Khun eq.2.27. The Khun formula results from assuming an equal probability
of finding a perturber at any R.. In reality this is not the case and the dis-

tribution of perturbers will depend on the ground state potential curve via a
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Boltzmann factor which describes the relative ability of the perturber to climb
up the potential barrier and get close to the atom.

In the Hg-Kr system the ground state potential is not completely repulsive
and therefore I(w) should properly be described by egq.2.43b which allows for
bound ground state molecules formed during three body interactions. This
point will be elaborated when the potential curves for Hg-Kr'are discussed in
Chapter 3.

Analysis of the quasistatic lineshape given by eq.2.27 allows the difference
potential AVto be mapped out without assuming any analytical form for the
potential. The inclusion of the Boltzmann factor means that, through a temper-
ature dependent experiment, the ground state potential V; can also be deduced.
The excited state potential can then be found by straight subtraction of V, from
AV . Such temperature dependent lineshape studies have been carried out for a
number of cases (eg. Hedges et al. 1972, Drummond & Gallagher 1974) but are
quite difficult to perform. In the case of alkali-rare gas systems it is difficult to
cover a large differential temperature range since the lower temperature limit is
set by the melting point of the alkali metal whilst the upper limit is set by the
extreme difficulties encountered in attempting to contain the highly corrosive
alkali vapours at high temperature. Experiments of this sort have been quite
successful in generating potential curves in Hg(3P;—!S,)-RG systems ( see
Chapter 3 for references) since Mercury, with a high vapour pressure at room

temperature, poses less of a problem.

2.2.5 Satellites.

A satellite is a bump in the lineshape often found in the quasistatic wings of
pressure broadened lines. The phenomenon is associated with an extremum in
the difference potential te. at a position where there are equal (non-zero) forces
on the active atom in the two states of interest. At an extremum dAV/dR =0
and the classical expression for I(w) experiences a singularity. Whilst this is
not actually observed an enhancement of the line profile does occur, leading
to a satellite (see figure 2.2). The failure of the classical theory to give an

exact profile for the satellite is the result of a breakdown in this region of the
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Figure 2.2 Satellite associated with a minimum in the difference potential.

At an extremum in the difference potential the colliding pair spend more time emit-

ting at frequencies near Awsg, resulting in an enhancement of emission at the satellite
frequency.
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approximations used to obtain the classical quasistatic result. In particular, in
the vicinity of a satellite the points of stationary phase used in both the classical
theory and the molecular theory lie close together leading to a breakdown of
the stationary phase method.

A correct description of the line profile in the region of a satellite is one
instance in which a quantum mechanical approach (or semi-classical approach
that takes greater care in its application of the method of stationary phase) is
essential. Sando and Wormhoudt (1973) developed a semi-classical theory for
the shape of satellites based on the Jablonski molecular approach. They point
out that the singularity in the classical lineshape, and the zero intensity outside
the satellite, are a direct result of the conservation of momentum in the classical
Franck-Condon principle. In a quantum mechanical treatment the intrinsic
uncertainty in the momentum of the perturber removes the singularity. They
compare their semi-classical results with the results of fully quantum mechanical

theory and find good agreement.
Sando and Wormhoudt find the depth Aw of the well in the difference

potential to correspond to a detuning at a point beyond the satellite where the
intensity is ~ 65% of the peak satellite intensity (see fig 2.2). In the region
beyond a satellite there is often no potential to which to excite. Such a region is
called antistatic. Sando and Wormhoudt showed the intensity in such a region

to decay exponentially with detuning.
2.3 Collisional Redistribution.
2.3.1 Introduction

In section 2.2 we saw how analysis of the lineshape I(w) could yield detailed
information about the interatomic potentials. The information recoverable in
this way was limited to describing the shape of the potential curves. Designation
of angular momentum labels for these curves could only be achieved by making

certain assumptions about the interactions.

In a typical collisional redistribution experiment an atom is excited during

a collision by light at the laser frequency wr and the fluorescence is detected

37



from the subsequently free atom at the resonant frequency wo. The polarization
of the exciting light can be controlled and the polarization of the fluorescence
monitored. This constitutes a new ingredient and holds the promise of allowing
angular momentum properties of the collision to be investigated. Any theory of
collisional redistribution is bound to be more complicated than its complemen-
tary lineshape theory by virtue of the necessity to deal with this new ingredient.
In particular the collision can cause reorientation of the excited dipole and hence
depolarize the subsequent radiation. The necessity to describe the polarization
spectrum of the fluorescence as well as its intensity spectrum acts as a further

constraint on the potentials extracted from the data inversion technique.

The field of Collisional redistribution has been reviewed by Burnett (1985).
The reader is referred to this review for a more detailed discussion of the physics
involved and for its bibliography. Historically the interest in collisional redistri-
bution has come from the astrophysical community. Stellar atmospheres have
high optical depths and in order for a photon to escape it must be redistributed
away from linecentre to an optically thin region of the spectrum. This redis-
tribution can occur as a result of collisions or alternatively as a result of the
Doppler effect. Redistribution by the Doppler effect is described by Mihalas
(1970) and will not be considered here.

Weak field collisional redistribution theory applicable to the impact region
has been developed by Omont et al. (1972,1973) and by Huber (1969). In a
manner analogous to the case of spectral lineshapes, redistribution experiments
conducted in the quasistatic wing should be capable of probing the interaction
potentials in a more systematic way than experiments carried out in the impact
region. Following the first quasistatic wing experiments of Carlsten et al. in
1977 the need was apparent for a genera.lizatioh of redistribution theory to cover
the entire line profile. Such generalizations have been put forward by Cooper

(1979) and by Burnett et al. (1980a,b,c) in a comprehensive series of papers.

The theory of Burnett and Cooper is quite formal and has a very wide
range of applicability. It depends on density matrix and projection operator
techniques. Although it gives analytical results for the general redistribution

problem, evaluation of the operators involved for particular cases is difficult.
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Furthermore the generality of the formalism, while essential in certain cases,

complicates matters when simpler limiting cases are treated.

For the systems of Sr and Ba perturbed by rare gasses, a simpler, less
rigorous theory has been put forward by Lewis et al. (1983) to describe the
depolarization of the collisionally redistributed radiation. In their model they
describe the collision complex as a transient quasi-molecule and use geometrical
arguments to calculate the resultant polarization. Attempts will be made to
apply this model to the Hg-Kr system. In the following sections the discussion
will however proceed in the context of a 1 P;—!Sy transition which is the rel-
evant case for the alkali-Rare-Gas experiments reported in the literature. The
complications that arise in the case of the Hg 2537 A(3P;—!S;) transition will
be discussed in Chapter 3. It should be noted that the molecular model itself
can be derived from rigorous quantum mechanical theory of collisions in the

presence of radiation (eg. Mies & Julienne 1986)
2.3.2 The Molecular Model: General.

Grosser (1981) discusses in detail the conflict between the atomic and molecular
pictures of 1 S,—!P; atom — atom collisions. The disagreement between the two
pictures becomes apparent when one considers the angular momentum of the
states involved. When the interaction between the collision partners is small the
motion should resemble that of free atoms and the angular momentum vectors
should remain fixed in space. However when the interaction between the pair is
strong a molecular picture is appropriate and it is the projection of the angular
momentum vectors onto the internuclear axis that should be conserved. This
axis rotates by 180° in a collision. The two pictures are therefore in severe

conflict.

Practical difficulties arise when we want to calculate observables that result
from interactions which occur across the boundary between a region of small
interatomic distances, in which the molecular picture holds and the angular
momentum vector rotates, and a region of larger interatomic separation in which

the angular momentum remains space fixed.
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Grosser points out that when one chooses to approach the problem using
molecular eigenfunctions (£ and II states for the ! P;—! S, transition he consid-
ers) a X-II coupling term becomes important at large r and A is not conserved
in this region. The coupling term can be regarded as being due to coriolis forces
exerted on the electrons in the frame of the rotating axis. These coriolis forces
will always be present, however at small r they will be negligible in comparisan

to the forces which couple the wavefunction to the molecular axis.

The strength of the coupling of the electronic angular momentum to the
molecular axis at a given r is represented by the X,II potential difference. The
molecular picture becomes inappropriate when this coupling is comparable to

the coriolis coupling between the ¥ and II states.

An utilitarian method of dealing with this problem in semiclassical calcula-
tions is to define a radius Ry, within which the molecular picture holds rigorously
and outside of which the atomic picture is used. In an experiment in which an
excited atom undergoes collisions Ry, is the “locking radius”ie. the interatomic
separation at which the atoms are considered to lock together to form a rigid
molecule which then rotates through the collision. In the experiments that we
have performed excitation occurs directly to the molecular state during the col-
lision and therefore Ry = R4, is a radius at which the partners decouple to their
asymptotic atomic states. The utility of this approach hi