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A bstract.

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 (3Pi—L5o) 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.

2



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 i—15o)-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 H istorical 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
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(«)

(*)

Te T•* C

Figure 1.1 C ollision perturb ing 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 time between collisions Tc is greater than the collisional duration rc. When 
excitation occurs during a collision by absorption of a photon Hujl, the interaction 
may proceed along either route 1 or 2. Interference between the two routes leads to 
oscillations in the lineshape /(u>) 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 a>0 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 uq. 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 ujl and 
polarization ex, 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 cjx, and 
an inelastic fluorescence peak centred at the resonant frequency cjo* The energy 
difference Hljl — 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 ul 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 Schem atic redistribution  experim ent, (a) Light of frequency ujl 
and polarisation e£, is scattered off an atom undergoing collisions with perturbers in a 
thermal cell, (b) Frequency response / ( cj) consisting of an elastic Rayleigh peak at ujl 
and an inelastic redistributed fluorescence peak at u/o (c) Polarisation redistribution 
spectrum of scattered light assuming a J  =  0 —* J =  l  transition.
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collisional duration. These durations are typically very short indeed (~ lps), 
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 j 
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
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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(2P3/2—2S i/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.

17



1.2  M otivation For The Present Work. H g(3Pi— 15o)—K r as a P ro to ­
type System.

When a new type of spectroscopy emerges the first case to which it is applied 
is often the 1P1 —1 5o, J  = 0 —*> 1 resonance transition. For this case experi­
ments benefit from the large 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 3Pi —1 So 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 temperature makes it easy to study in the vapour 
phase. The true resonance line at 1840A 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.

F igure 1.3 T he L ow est Energy Levels o f H g.
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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(3Pi—1 iS'o)-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(3Pi —1 50)-RG systems we have made the 
same choice as others in that we sacrifice some of the simplicity associated with 
a 1Pi —1 So 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 (3Pi —1 iSo)-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(1Pi —1 S'oj-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 3Pi —1 So 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.

20



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 N onresonant Collisions w ith  N eu­
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, Tim escales and Interatom ic Forces.

We consider a simplified atom with two energy levels Eg and Ee between which 
a radiative transition takes place. To a first approximation we would expect 
radiation at a single frequency cjq where

Ĉ o — (-^e ~  E g ) / h  (2 *1 )

Classically the electric field would be described by

E(t) = Eoexp{—iuot} (2.2)

The power spectrum I(lj) is proportional to the square of the Fourier transform 
of E(t).

I(u>) <x (2.3)
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This function is sharply peaked at lj = uo 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) = E0exp{-i(u)0 +  i^)<} (2.4)

which, when substituted into eq.2.3 gives

i n = io
(7 / 2tt)

(w -  w0)2 +  72/4
(2.5)

This is known as a Lorentzian lineshape. It has a full width at half maxi­
mum (FWHM) equal to 7 . 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 eg.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) = Eoe~<u'ote~inW (2.6)

Where natural broadening has been neglected and rj(t) is the total phase change 
at time t due to the collision or collisions and is given by

Aco{t)dt (2.7)

Substituting eq.2.6 into eq.2.3 we have

i n OC E l
2n

-i 2
(2.8)
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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 com m on 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 occurs when the exponent in equation 2.8 is constant ie. when 
(d/dt)(Aut — rj(t)) =  0, giving

u — ljq = rj (£) (2.9)

This is known as the stationary phase condition. It can be satisfied in two 
ways. A trivial solution exists when Au = 0 and rj 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

_  J _
* Au (2 .10)

and call t{ the time of interest for producing light at a detuning of Au. The 
significance of this timescale will become clear when the timescales describing 
the collision have been examined. The two timescales of importance are rc 
and Tc, the average collisional duration and the mean time between collisions 
respectively. The mean free time can be found using

1
vnpcrR (2.11)

(Comey 1977) where A is the mean free path, v the average relative velocity 
between atom and perturber and or is the optical collision cross section (see 
§ 2.2.2) and has the value of 227 x 10” 16cm2 for Hg perturbed by Kr (Lewis

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

Rw 
tc = v (2.12)

where Rw is estimated from
O’r ~  7TRw (2.13)

&
The subscript W will become clear in § 2.2.2. In this way rc is found to be 
«  2.6ps for Hg-Kr collisions. It is apparent that Tc »  rc 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 Tc «  rc which, using 
egs.2.11-2.13 is found to occur at a number density given by

np = (2.14)

which has the value of 5 x 1020cm 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 axe 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

U >  rc

while the quasistatic limit is defined as the opposite extreme

(2.15.a)

U <  tc (2.15.6)

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 Aco 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

Q
AVk = 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

{AVg(r) -  A7g(r)>
h

(2.17 b)

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. Eq.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 8i/p given by

8isd = 7.16 x 10-7 (2.18)

where M is the mass number. For the Hg 2537 A line, and at room temperature 
8 1 &  .03cm-1 . 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 Im pact Limit

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

/ M  =  Jo (i/r.)
(wq — w)2 +  (1/TC)2

(2.19)

where Tc 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 Tc was calculated using eg.2.11 and using known 
gas kinetic cross sections for <7r . 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 eg.2.17 to be

r =  (p2 +  v2t2)* (2.20)
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v -i

(To)

Figure 2.1 P h ase  interruptions in the Im pact A pproxim ation . 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 (Tc) is shown.
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where p =  impact parameter. With this value of r  he obtained

v{p) =
3irC'e
Svp5

(2 .21)

with Cq — Cq — Cq 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 rj(p) =  1 we have

Pw 3 * c n 1/s 
Sv I (2 .22)

where pw is the Weisskopf radius. The resulting lineshape is Lorentzian with a 
halfwidth at half maximum given by

7 c  =  N  7T
37T C j \ a/g-

8v ) V (2.23)

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 tj (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

and an imaginary part

r oo
gr  =  2ir / { 1  —cos77(p ) }p d pJo

r 00

a l  =  2tt / p sinq(p) dpJo

(2.24)

(2.25)
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The result was a shifted Lorentzian given by

I ( u )
Io__________________N gr v_________________

7r (u; — cjq  +  N c fy ) 2  +  (N arv ) 2
(2.26)

The integrands of equations 2.24 and 2.25 depend on AV  through the 77(p) term. 
Most of the contribution to g r  comes from the region p < pw whilst most of the 
contribution to gj comes from the region where p > pw (see Corney 1977). This 
agrees with the previous arguments in that the shift is caused predominately 
by weak distant collisions 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 priori.

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 axe 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 Q uasistatic Limit

The quasistatic limit is characterized by t{ <C rc 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 Ao; = A E /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 Ra 
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 47rr2 dr giving

I{uj) du ex 47Tr2 dr (2.27)

This is the basic Quasistatic result. Substituting for r from eq.2.17b and using 
the expression for Cq given in the previous section we have

(AwJ j

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

M O  = -  (f (i)) =[Ve(*(*)) -  V o i m V h  (2.29)

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

(2.28)

J (cj) (X E 27r exp iA ut3- -  i  J * ’ AV(R(t)) dt ,±i{ir/4)

(2.30)
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with the stationary phase points specified by

A u =  AV'(i2(iy)) (2.31)

Here AVr(iE(fy)) is the time derivative ofAV evaluated at the stationary phase 
point R{tj). The sign of the final exponential in eq.2.30 is given by

+ -> A7(.R(*y)) < 0

---- ► A7(i2(*y)) > 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

hAu = AV (Rc) = Ve (Rc) -  Vg (.Rc) (2.33)

with the AV  (oo) = 0 convention adopted and where Rc is the Condon point.
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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 f and the active atom 
emits a photon with energy fUd. By conservation of energy we find

Ao; = £/h (2.34)

where f = (E{ — Ef).  I  (id) is then determined by the probability distribu­
tion, VF(£), for the collision to impart/absorb the required energy to/from the 
perturber. The distribution W(f) is calculated within the framework of the 
Bom-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 intemuclear 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

2.2.4 A  M olecular Approach to  the Q uasistatic Lineshape.
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collisions. The BO approximation allows the total wave function of the quasi­
molecule to be written in product form

W  = l<£>lx> (2-35)

where \(f>) 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

Dif = {rpi\d\ipf ) (2.36)

where d is the electric dipole moment operator and acts only on the electronic 
wavefunctions. This gives

Dif = difAif (2.37 a]

dif = {(j>i\d\(j>f) = dipole transition moment (2.37a)

Aif =  (x»|x/)2 = Franck — Condon factor (2.376)

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

The perturber states are denoted by quantum numbers v and l where v is 
the number of nodes in the radial eigenfunction and l is the angular momentum 
or rotational quantum number. The differential contribution to the lineshape 
J(u>) du from collisions with incident energy Ei is calculated a5

I(u)du =W{Z)d£ (2.38 a)

= A?f j ^ - Q,d ld i  (2.386)

Here Qi dl is the probability that an incident perturber has an angular momen­
tum between l and dl and dvf/dEf 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 /. 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 including the velocity and impact parameter averages can be written 
in the form

2ui(oo) dRex j  f(v)dv J 27rbdb^^:
u y dt

(2.39)

Here f(v) is the Maxwellian velocity distribution given by

f(v) dv = 2n(nkT)~zI2exp(-^-)E ?  dEikT (2.40)

b is the impact parameter, Rc 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

, . ( E i - V A R )  b2 \  2 
V i ( R )  =  «*(«>) ( -------^ w  J (2.41)

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

I H  = 27t{irkT)~3̂  x J™ exp [Et -  V)(flc )]i x 4*R, dR, dEi 
(2.42)

The lower limit e depends on whether the potential Vi(i2) is repulsive or attrac­
tive. For a positive, repulsive potential e = V (Rc) since energies lower than this 
will not allow Rc to be reached. For an attractive potential the lower limit is 
given by e = 0. Making the substitution x = (E — V )/kT  the integral may be 
evaluated to yield

c L
'M  =  £

and

= £

4tt R\ dR,
dt

- l
exp -VijRc)

kT V{(RC) > 0 (2.43a)

c L
47tR2 dRc - i ‘

exp [A (iJc )]
[ kT  J •A  r

2 £Tr-
e Xx* dx V{(Rc) < 0

(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 Rc. In reality this is not the case and the dis­
tribution of perturbers will depend on the ground state potential curve via a

34



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 eg.2.436 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 Vg can also be deduced. 
The excited state potential can then be found by straight subtraction of Vg 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 i—15 o ) - R G  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 it. 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 /(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 Sate llite  associated  w ith  a m inim um  in the difference potential. 
At an extremum in the difference potential the colliding pair spend more time emit­

ting at frequencies near AW5 , 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 Au; of the well in the difference 
potential to correspond to a detiming 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 R edistribution .

2.3.1 Introduction

In section 2.2 we saw how analysis of the lineshape I(u>) 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 ojl and the fluorescence is detected
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from the subsequently free atom at the resonant frequency uo. 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 generalization 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 1Pi—15o 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 i—15o) 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 M olecular M odel: General.

Grosser (1981) discusses in detail the conflict between the atomic and molecular 
pictures of 1S0- 1Pi 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 (E and II states for the 1P i—1S'o transition he consid­
ers) a E-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 comparison 
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 E,II potential difference. The 
molecular picture becomes inappropriate when this coupling is comparable to 
the coriolis coupling between the E and II states.

An utilitarian method of dealing with this problem in semiclassical calcula­
tions is to define a radius Rl 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 Rl, 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 Rl =  Rdc is a radius at which the partners decouple to their 
asymptotic atomic states. The utility of this approach hinges on how abruptly 
in r the changeover occurs. This in turn depends on the evolution in r of the 
E-II potential difference.

2.3.3. Choice o f Rdc

The degree of depolarization experienced in a collisional redistribution experi­
ment depends on the amount of reorientation of the angular momentum vectors 
that occurs during the collision. This in turn will obviously depend on the value 
of Rdc• For any model based on the idea of a decoupling radius to be useful, a 
sensible way of choosing Rdc must be found.

Grosser investigated the problem by writing down coupled equations for the 
probability amplitudes of assumed molecular eigenfunctions. He started with 
an eigenfunction of pure E character at large r and integrated his equations to
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Chapter 2

Figure 2.3 Transition betw een |E) and |II} character during a collision. 
lan^(r)l f°r the r _ 3  potential in the small impact parameter approximation. The 
development of a wavefunction corresponding to a pure |E) state at infinity is shown. 
As long as the function is close to b/r  (broken curve), the wavefunction is space fixed. 
Where the function is constant (broken line) A conservation holds. (From Grosser 
(1981)).
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be achieved with a single Rdc which is independent of impact parameter and 
velocity.

2.3.4. Form ulation o f the M olecular R eorientation M odel

The fundamental ideas to understand in attacking the problem are illustrated 
in fig 2.4. We take it that the complex is excited by the incident radiation of 
frequency u at a point in the collision where {V (i2) —V(oo)}/h »  l / t c where tc 
is the collisional duration at impact parameter b. In other words we assume we 
are in the region of validity of quasistatic theory and the ensuing results hold 
true only in the line wings.

The calculation follows the usual quasistatic proc-edure ie. to consider the 
effect of a particular collision and then to average over all collisions. As will 
be seen the average over collisions is complicated by the fact that the polariza­
tion and direction of the incident light define a laboratory axis. This average 
must therefore explicitly involve an average over all possible orientations of the 
complex with respect to the laser field.

Fig 2.5 shows the essential features of the model. The optically active atom, 
travelling in the — x direction sweeps past a perturber situated at the origin. 
Excitation occurs at the Condon point. The atom has two chances to be excited 
ie at + or — B . The atoms then couple together and move through the collision 
along a straight line trajectory until the point Rdc• The now free atom continues 
along its path until it fluoresces at a later time according to the natural lifetime 
of the state. We consider the case where fluorescence occurs before another 
collision has time to take place. This puts a fundamental limit on the perturber 
pressure at which experiments can be conducted. The effect of second collisions 
that occur within the natural lifetime of the state will be discussed in Chapter 
5.

To understand the coupling and decoupling processes and their effects on 
the polarization of the fluorescence we turn to a picture of the collision in which 
the states are represented by px,py and pz orbitals and look at the different 
ways in which these orbitals couple depending on their orientation with respect 
to the internuclear axis. Fig 2.6 shows the three cases of interest. In a) we see
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Figure 2.4 Schem atic potentia ls for a 1P 1—x5o transition .
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Figure 2.5 G eom etry in th e  collision  plane. Excitation occurs at R r; or 
the Condon point. Note that there are two chances for excitation; entering and exiting 
the collision. Since the Condon point is defined as a radial position these two chances 
occur at the same Condon point. The molecular description holds for R < R,ic.
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(m )

(«) n -

Figure 2.6 O rbital reorientation  during a collision. The time evolution of the 
molecular orbitals is illustrated from (i) the point of absorption at R c  to (ii) the point 
of decoupling at Rdc, for the three cases of excitation to the (a) E state, (b) II+ state, 
and (c) II” state. Radiative decay occurs at point (iii). The reorientation angle o r is 
equal to (f> -f 9a.
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E excitation. Here the orbital is excited at the Condon point and the orbital 
points along the intemuclear axis. As the atom moves along its path the coupling 
ensures that the orbital remains pointing along the intemuclear axis during the 
collision.

The rotation of the orbital described here manifests itself as depolarization 
of the incoming light when the averages over angles, impact parameter and 
energy have been performed. In b) we see the same sort of process for a n + 
orbital where we note that Rc is now different from that in a). The + refers to 
reflection symmetry in the collision plane. In c) we see what happens in the case 
of n -  excitation. This case is distinguished from the first two in that the orbital 
retains the same orientation throughout the collision. We should therefore not 
expect excitation to a n~  orbital to contribute to depolarization.

Bearing this in mind and referring to fig 2.4 an essential feature of the model 
can now be noted. As the frequency of the incoming radiation is reduced the well 
in the E potential is approached. With a further decrease in the frequency of 
the incoming light the well is passed and a region is reached in which classically, 
excitation can only occur to the n  potential. The polarization and intensity of 
the radiation in the far red wing will therefore be determined by the n  potential 
alone. This will prove a very important tool in labelling the states.

2.3.5 C alculation o f the Polarization of the Collisionally R edistributed  
Fluorescence.

The experimental geometry is defined in fig 2.7. The exciting light at frequency 
u is incident along the — x direction and is scattered by the atoms in the region 
of the origin. The collisionally redistributed light at linecentre is observed in 
the direction (0, 4>). The geometry of any particular collision is defined by the 
impact parameter b and the velocity v as shown in fig 2.5. In a thermal cell the 
collision frame can have any orientation with respect to the laboratory frame. 
The collision axes (xc, yc,2c) are related to the laboratory axes (xi,yi,zi) by the 
Euler angles (a/3~f) (Brink & Satchler, 1962).
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Figure 2.7 E xperim ental geom etry. Exciting light impinges along — Redis­
tributed fluorescence is detected in the direction ( 0 ,$ ) .  The collision frame is related 
to the laboratory frame via the Euler angles ( a , 0 , 7 ). (From Alford et al. (1983)).
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We express the electric field in the laboratory frame in terms of the spherical 
tensors T.

El = (2-45)
<7

This is a convenient representation since spherical tensors are more closely re­
lated to the properties of angular momentum states in quantum mechanics than 
are vectors ie. states of definite angular momentum can be constructed as 
|m = ±1) = =f(1 /y/2)(px ±  ipy) and \m =  0) = p3 . Use of these tensors there­
fore simplifies the algebra and facilitates better understanding of the equations. 
Exactly the same results have been found by Andersen (1985) using a vector 
representation. Transforming to the collision frame we have

s 0 =  ^ 6 , d J ;m 7)t J (2.46)
qp

Transforming again to the molecular frame {xm^y^Zm) defined by zm being 
along the intemuclear axis, we have

Em = J 2  ^ ; M 7)< (± 0 )T )  (2.47)
qpr

Where the reduced rotation matrix dpr can be used since the rotation is about 
one axis only. The colliding atoms are then coupled into a £ or II state. Dipoles 
of magnitude pz  and pn are induced independently for the E and II states giving

/*«(n) = rn  £?:Dw (“/J7)dpr(± tf)T i (2.48a)
PI

r = ± l

Mm (£) = /iE ^e,D 2*(a/?7)d£o(±0)T£ (2.484)
PQ

The molecular states axe assumed to develop independently through the colli­
sion according to their particular molecular potential until Rdc is reached. This 
assumed independence of the molecular potentials should be treated with cau­
tion. The consequences of making this approximation for the Hg (3P i—15o)-Kr 
system will be discussed in Chapter 6. Transforming back to the collision frame
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the dipole moment will depend on whether the excitation was via the E or II 
states and will be given by

Mc (E ,n) =  M2.II £  £ ,D ^ (^ 7 )d J r(±fl)drl, ( - ^ ) T i  (2.49)
pqrs

where r = 0 for E and r = ±1 for 7r states. Finally transforming back to the 
laboratory frame yields

MJi(2,n) =  ME,n E  « ^ i;(^ T r)D .lt( ^ 7 ) d ir(± «)d » ,(-^ )T t1 (2.50)pqrst
Now each collision process is independent so the intensities from each excited 
atom must be calculated and integrated over Euler angles. The treatment so 
far has been classical in terms of components of tensors. The tensors are con­
venient in that they facilitate a more quantum mechanical interpretation of the 
equations. In eg/we can take T* to represent the |J,my) state |l,t)  and the 
coefficient of T£ to represent the quantum mechanical amplitude C jm for being 
in that state. The population of the state is then given by Since we
expect all excited atoms to relax radiatively to their ground state this popula­
tion will be fully depleted and represents a measure of the intensity of the light 
being radiated from this state. The parameter measured in an experiment is 
the polarization, defined by

p  I z - I x  3q(2) (Aw)
I2 + Ix 2 + a^)(Au)

where a(2)(Aw) is called the longditudinal polarization and is given by

“l2)(Aw) = t r k  ^

We want to calculate P for the case of excitation via linearly polarized light. To 
do this we must calculate Iz and Ix . Such calculations involve orthogonality 
and contraction properties of the rotation matrices (Blum 1981). The result for 

(Aw) is quoted below

a^(Aw) =
[ |  +  l^ (2 (cos(^ ~  fa ) )  +  (cos2 (c j> -  fln )))] +  g (A o ;)(^  +  ^(cos2(<ft -  flE)»

(f +
(2.53)
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Inspection of fig 2.5 gives the relations

cos <j> = b/Rfic

cos 0a = b/Ra (2.57)

Using these relations it is possible to write the terms denoted (...) in eq.2.53 
in a form dependent on only Ra/Rdc and cos0a . Once the average over 9a 
has been accomplished these terms can be expressed as a function of Ra/Rdc 
alone. If we use equation 2.51 it is possible to write the polarization in terms of 
X a =  Ra/Rdc

15 +  15Xn +  X g  +  g{Au)9X%
55 +  5X n +  3X § +  0(Aw) (25 +  3X g)

(2.58)

The polarization Pn, measured when excitation is via the II curve only , is 
obtained.by letting <7(Acj) —> 0. Conversely PE is obtained by letting <7(Aa>) —► 
oo. The functions Pn and -Pe are shown in figure 2.8 ( see Andersen 1985).

It should be noted that there is hardly any overlap between the ranges

0% <PE < 32% 

27% <Pn < 62%

If the excitation takes place to only one potential curve the polarization of the 
fluorescence will label it uniquely as a E or II curve. When excitation can 
occur to both curves the dependence of the polarization of the fluorescence on 
the shape of the potentials enters the problem in two ways: Directly, through 
Ra(Auj) and indirectly through the expression g(Acj) which weights the PE and 
Pn contributions.

Lewis et al. have calculated P(A cj) curves for particular potential forms 
for the Sr—Ar case. Since Chapter 3 will deal with the subject of interatomic 
potentials we defer until Chapter 6 a discussion of such calculations.
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Figure 2.8 V ariation of polarisation  w ith  X a. Plot of polarisation versus X* =  
Ra/Rdc  f°r the two cases of pure E and pure II excitation. Note the lack of overlap 
between the curves. The polarisation of the collisionally redistributed light allows us 
to label the interatomic potentials unambiguously.(From Andersen (1985)).
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Chapter 3.

Interatom ic P otentials

3.1. Introduction.

Previous experiments in Ba and Sr could not provide a quantitative test of the 
molecular model described in chapter 2 due to the lack of information on the rel­
evant interatomic potentials. Hg(3P i—15 o ) - R G  systems have received a great 
deal of attention recently as possible candidates for an excimer laser scheme, 
furthermore, experiments in mercury vapour are relatively easy to perform since 
mercury is a liquid at room temperature. Mercury was therefore chosen for the 
present study since the potentials for Hg(3P i—15o) perturbed by the rare gasses 
have been accurately determined experimentally by other authors.

Later in this chapter we will examine the interatomic potentials presently 
available for the Hg(3P i—15 o ) - K r  interaction. In order to do this it is first 
necessary to review some of the experimental and theoretical techniques used to 
elucidate interatomic potentials. This is the subject of § 3.2. Section 3.3. reviews 
the results of recent work specific to the Hg-Kr system and § 3.4. attempts to 
construct the best possible potentials from the information presented in § 3.3.

Some of the nomenclature used in this chapter is presented in figure 3.1 
which shows a typical interatomic potential with a long range attractive com­
ponent and a short range repulsive term, resulting in a potential minimum at 
intermediate separations.

It should be noted that throughout this chapter the validity of the Born- 
Oppenheimer (BO) separation, discussed in chapter 2, is assumed. The po­
tentials discussed are therefore considered to be adiabatic. The results of a 
breakdown in the BO separation will become apparent later, during the data 
analysis.
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Figure 3.1 T ypical in teratom ic potential: param eters used in C hapter 3.
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two Hydrogen atoms in their ground states (see Bransden Sz Joachain 1983). 
The first atom is composed of a proton situated at A and an electron 1 and the 
second of a proton situated at B and an electron 2. (See figure 3.2).

The Hamiltonian for the system in the adiabatic approximation, in which 
the internuclear distance R  is fixed is

H = Ha + H b + V{ 1,2) (3.3)

where eg. Ha is the Hamiltonian of the atom [A + e1) and V(l,2) is the. 
interaction energy between the two atoms. In atomic units we have

Ha = 

Hb = 

V(l,2) =

1 o 1-V 2 -
2 ri* riA
I v 2 - 1
2 r3B 7*2 B
1 1 
R + r12

1
riB

1
r2A

(3.4)

The calculation is greatly simplified by making two observations. Firstly, since 
we are interested in large intemuclear separations V(l,2) is small and can be 
treated as a perturbation. Secondly, since exchange effects due the identity of 
the electrons occur at short range, we can ignore them.

If the Cartesian coordinates of electron 1 with respect to A as origin are 
x iAiUiA and Zia and those of electron 2 with respect to B as origin are x2#, V2B 
and Z2b then we can write expressions for r 12, r 1B and r2A in terms of single 
atom coordinates and R. eg.

**2 a = \X\ B + vIb + (Z2B + R )2] 1/2 (3.5)

Each of the terms in V(l,2) can be expanded as a Taylor series in 1 /R  and 
upon substitution into equation 3.4 we get

y(l»2) = (x1Ax2B +V1AV2B —2ZiAz2b ) (3.6)

This long range interaction has the form of the interaction energy of two dipoles 
D i = — riA (in atomic units) and D2 = — r2̂ . The energy of interaction is

V 1 /  S p ^ R H D aJl)
&  VD lJ3a — & — (3.7)
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Figure 3.2 G eom etry for calcu lating the van der W aals in teraction  betw een  
two H atom s in their  ground sta tes. From Bransden and Joachain (1983). The 
atoms are taken to be far enough apart that exchange effects due to overlap of the 
electronic charge clouds can be ignored.
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which reduces to equation 3.6 for the geometry of figure 3.2.

The energy of the unperturbed system with both atoms in the ground state 
is 2EU and the unperturbed wavefunction is which satisfies
the equation

(HA + Hb — ‘ZEu)'tl>u(riA)$u(r2B) = 0 (3.8)

Allowing for the perturbation 1^(1,2), the total energy can be written as

E = 2EU + £ (l) +  £ (2).. . (3.9)

where is calculated from nth order perturbation theory.

The first order correction ,

# (1) =  J  d r 1 A  j  d T 2 B ^ u ( r i A ) ^ t s ( r 2 B ) V ( l , 2 ) i ) u ( r 1 A ) ' t l } u ( r 2 B )  (3.10)

vanishes because the matrix elements of the terms such as XiA etc. are zero 
when taken between spherically symmetric wavefunctions such as ^ia(r ivt)• The 
second order perturbation correction E^2\  given by

£(2) _  ^
j^o Eq — Ej (3.11)

where ^o = (riA)'tlJu  (r2B)> need not vanish since the wave functions of the
intermediate states rfrj may be non spherically symmetric. For Hydrogen the 
tjjj are of the form ’4>nim(i‘iA)'4>n'i,m,(r2B) with n and n' ^  1. The energy 
denominator is given in atomic units by (—1 + l/2 n 2 + l/2n '2), with both n 
and nl greater than 1, so that (Eq — Ej) is always negative. The numerator is 
positive and behaves like 1/R6, so that the long range interaction between two 
hydrogen atoms is

£<2>(iJ) = - | f  (3.12)

where Cq is a positive constant known as the van der Waals constant. This 
is identical to equation 3.1. The same proc-edure can be followed for more 
complicated systems and the applicability of equation 3.12 can be shown to 
extend to all neutral, non-resonant, atom-atom collisions.
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Using London’s equations and making certain approximations Ben Lakhdar 
et.al. (1978) have calculated Cq coefficients for the 3 Pi excited state and 15o 
ground state of Hg interacting with Krypton in its ground state. Grycuk & 
Czerwosz (1981) used these coefficients as input data in attempting to elucidate 
the ground state potential (see § 3.3.3).

3.2.2. Short Range Repulsion; M ethods for C alculation of the P oten­
tia l.

The short range repulsion mentioned in the introduction sets in when the charge 
clouds of the atom and perturb'er begin to overlap. In this region the multipole 
expansion of eq.2.2. loses its physical justification and is no longer a good repre­
sentation of the interaction. The physics in the region of the potential minimum 
is complicated with terms in the interaction energy arising from effects such as 
coulomb repulsion and Pauli pressure.

The most direct method of calculating interatomic potentials in this region 
is to perform a configuration interaction calculation. The most complex system 
for which such calculations have been performed with ~  1 cm-1 accuracy is Na- 
Ar. (Saxon et.al. 1977). The Hg-Kr system, with its 116 electrons, is at present 
inaccessible to such ab initio calculations. There exist semi-empirical methods 
for calculating the interatomic potential at short range known as pseudopoten­
tial and model potential methods. In both approaches the potentials are built 
up by comparing predicted values of a limited set of observables (eg. spectra, 
polarizabilities) for the individual free atoms with experimental data. Param­
eters in the wavefunctions or potentials are adjusted to give good agreement 
with the data.

Neither of these semi-empirical methods have been applied to Hg- Rare gas 
systems due to their complexity. Potentials have therefore been deduced from 
experimental data by more direct inversion methods.
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3.2 .3 . U seful A nalytic Forms.

The short range repulsive part of the potential has often been approximated by 
the addition of a positive term in 1 /r12 to the van der Waals term yielding the 
well known Lennard-Jones potential

^(R) = 4e (3.13)

The choice of 12 as the exponent in the repulsive term is empirical unlike the 
attractive term for which the physical justification is given above. The L-J 
potential has only two adjustable parameters, the well depth e and the collision 
diameter a. Furthermore these parameters are only scaling factors and do not 
affect the shape of the potential. It is therefore rather inflexible and cannot be 
expected to give a good account of the actual potential for real systems.

A more flexible analytical form is the Maitland-Smith potential given by

V(r) =  e ��
n — 6 (3.14)

where n = a + {3(r/rm — 1) and a is usually taken to be 13. This function has 
proved capable of giving quite accurate descriptions of interatomic potentials de­
spite having only three adjustable parameters. It should be noted however that 
n is a function of r and hence Cq calculated from such a potential is a function 
of r. There exists a wealth of other potential forms ( see Maitland,Rigby,Smith 
and Wakeham. 1981 [Henceforth referred to as MRSW]) most of which include 
more than three adjustable parameters.

One functional form that stands out from the rest is the Morse potential;

V(r) =  e[(l -  e-/3(r - r ">))2 _  i] (3.15)

Its advantage lies not so much in its ability to mimic actual potentials but 
in that the Schroedinger equation is analytically soluble for this potential (see 
MRSW), with vibrational energy levels given by

G(u) = ue(v + 1/2) -  uexe(v + 1/2)2 (3.16)
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in which ue =  (/t/?/ 7r) (e/2/x) -1-/2 is the fundamental frequency and xe =  we/4e 
is the anharmonicity constant. Details of the way in which information on 
the vibrational levels can be related to the interatomic potential are given in 
§ 3.2.5. and § 3.2.6. The following section discusses the relevant experimental 
techniques.

3.2.4. Interatom ic Potentials from the Spectroscopy o f van der Waals 
M olecules

Study of the spectra of van der Waals molecules has acted as a useful tool in 
the elucidation of interatomic potentials for a number of years. In the past 
however, experiments recording such spectra were difficult to perform due to 
the extremely low proportion of such dimers to be found in a gas at easily 
accessible temperatures. The recent advent of supersonic nozzle sources has 
revolutionized the procedure. In such a source a gas is allowed to expand freely 
through a pinhole from a region of high pressure (~ 3 atm.) into a vacuum 
(~ 10“ 7 atm). The use of skimmers some distance from the pinhole allows the 
choice of a highly directional beam of atoms with very low transverse velocity 
components. Separating out the centre of mass velocity from such a beam yields 
effective temperatures of ~  IK. At such temperatures dimers formed during 
three body interactions near the nozzle are very slow to dissociate through 
thermal collisions.

Nozzle sources therefore allow the efficient production of van der Waals 
dimers with lifetimes long enough to perform sensitive experiments. The cou­
pling of this technology to the use of tunable dye lasers in crossed beam exper­
iments has greatly advanced our understanding of molecular interactions.

3.2.5 E stim ation o f the Well D epth  Under the A ssum ption o f a M orse 
P otential.

The spacing between successive levels v and v + 1 is given by

AGv+i /2 = u/c -  2utexe(v + 1) (3.17)
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A plot of ACtw+1/2 against v therefore gives a straight line allowing values of 
coe and xe to be found. Such a graph is known as a Birge-Sponer plot.

The well depth e can be extracted from the data by extrapolating the 
graph to the v axis. The v intercept, vmax is in general non integer but can 
be substituted into equation 3.16 to calculate G(v)max =  Do =  the dissociation 
energy, whence Do+we/2 = e gives the well depth. This extrapolation procedure 
has been used extensively however it should be borne in mind that the Morse 
function is not in general a good representation for regions of the potential far 
from the minimum. In particular, at long range the Morse potential approaches 
zero faster than the theoretical 1/r6 dependence for a van der Waals interaction.

LeRoy and Bernstein (1970) proposed an improved method for determin­
ing the dissociation energy which takes into account the asymptotic van der 
Waals dependence. Their approach started from the first order WKB quan­
tum condition for the eigenvalues of a potential. For the potential they took 
V{r) = Ce/r6. Furthermore they noted that the largest contribution to the in­
tegral in the WKB quantization condition comes from the region near r^. This 
enabled them to let = 0 and allowed an analytical solution to be found. The 
resulting expressions are;

G(v) = D 0 -  [(up -  v)Hn]2nHn-V  (3.18)

where Do is the dissociation limit and v& is the vibrational index at Do, and

(AGv+l/2y / 2 = [3(iT6)3ll/2(vD -  v -  1/2) (3.19)

where Hn =  and H q = 19.94336 in cm 1,A,a.m.u. units. Ac­
cording to these equations a plot of (A^ + 1/2) lŷ2 vs. v produces a straight line 
for the highest levels in the well in contrast to the situation for the lower levels 
where AGw+1/2 should be linear in v.

LeRoy (1972) applied the method to the vibrational states of Ar2 given by 
the experimental data of Tanaka and Yoshino (1970) and obtained a consider­
ably improved estimate of the well depth. It should be noted that the above 
formulae are only valid in the asymptotic region of the potential and can only be 
applied to the uppermost levels which lie within ~  10% of the dissociation limit.
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Tanaka and Yoshino only resolved the lowest four bound vibrational states and 
of these only the uppermost one lies in the asymptotic region. It was therefore 
not possible to fit the four data points to eq.3.9. Instead they took the known 
value of Cq and calculated Hq. The theoretical slope [3(ff6)3]1̂ 2 was then used 
and the line constrained to pass through the uppermost experimentally resolved 
data point.

LeRoy showed that the traditional Birge-Sponer extrapolation procedure 
predicted 50 % fewer bound states for Ar2 than the improved method.

3.2.6. The R ydberg-K lein-R ees (RKR) Inversion M ethod.

Classically one would expect to be able to relate the vibrational energy of a van 
der Waals dimer to the amplitude of the motion (given by the distance between 
the turning points) and hence to the well width, whilst one would expect the 
rotational spectrum to depend on the moment of inertia of the diatomic system 
and hence on the absolute mean separation of the atoms.

Frequently the rotational structure cannot be experimentally resolved and 
information on the potential is restricted to a characterization of the well width 
as a function of depth. In this case analysis of the spectrum acts as a useful 
constraint on the potential but does not determine its shape uniquely.

The method used to invert vibrational spectra is a restricted form of RKR 
analysis. Full RKR analysis includes the rotational spectrum and yields the 
potential uniquely. The starting point of the RKR method is to write the 
shaded area in figure 3.1 as;

S = ( V  -  V) dr (3.20)

where the zero of energy is taken as the well depth in this section. Differentiating 
eq.3.10 with respect to V ‘ gives;

(3.21)
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can be used, where the suffix 12 refers to the unlike interaction. For He-Heavy 
rare gas interactions this simple formula has been shown to give results that 
are accurate to within 10%. Other, more complicated rules for both rm and e 
have been suggested, which give more accurate predictions. Smith et.al. (1977) 
discuss the merits of various combination rules and conclude that the rule of 
Kong & Chakrabarty (1973) gives the most accurate results for Rare-Gas-Other 
Rare-Gas interactions.

3.2.8. D eterm ination o f the P otentia l From Other Sources o f D ata

We have already seen how the spectra of van der Waals molecules can be in­
verted to give information on the interatomic potentials. In the previous chapter 
an inversion method based on the quasistatic theory of line broadening was dis­
cussed. As will become apparent later in this chapter, these are the two'main 
methods that have been used to deduce the potentials for Hg-Kr. There exist 
other methods which have been used extensively elsewhere.

One such method is the scattering of atomic beams. In an atomic beam 
the kinetic energy of the colliding atoms is restricted to a well defined value. 
Details of the scattering event and variation of the total cross section with 
energy depend critically on the pair potential. Scattering data can either be 
directly inverted to give the potential or, as is more often the case, can be used 
to determine the parameters of one of the analytical forms mentioned in the 
previous sections. The relatively large translational energy of the atoms in such 
a beam means that it is the repulsive wall of the potential that is primarily 
probed. Since the effect that we wish to investigate depend more on the long 
range attractive part of the potential, a beam experiment for Hg-Kr would be 
of limited benefit.

Less direct sources of information on the potential are deviations of the 
behaviour of real gasses from the perfect gas law and transport properties of 
gasses. In these cases the information is less direct since an effective average 
over thermal energies is inherent.
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giving an expansion in Ml =  1 and Ml =  0 states. The atomic states with 
M l = 1 ,-1  transform to the molecular basis as II orbitals whilst the state 
with Ml =  0 transforms to a E orbital. It can therefore be seen that the state 
| J  =  1,M  = 0) is expressed as a sum over II states alone whilst the state 
\J =  1, M  = 1) contains a mixture of E and II states.

The labels of the molecular states for Hg-Kr can be assigned as X 10+ (H = 
0) for the ground state and A30+ and -B31(0 = ±1) for the excited states. The 
situation described here for Hg 2537 A is known as Hund’s coupling case C.

We are now in a position to make some qualitative remarks about the 
interatomic potentials for Hg-RG systems when the rare gas atom is in its 15o 
ground state. Firstly, both the ground and excited states are dominated at long 
range by an attractive van der Waals term and at short range by a valence 
repulsion term. In all cases we should therefore expect to see potential wells. 
We can also make some remarks about the relative depths and positions of the 
wells for the X,A and B states. The B state has two degenerate components 
with ft =  ±1. These states contain an admixture of E component and since it is 
L that governs the electrostatic interactions these states will become repulsive 
at latger r than the A state. Furthermore, in the region where the r ”6 term 
dominates the B state is more attractive than the A state. The result is that 
there is a shallower potential well for the B state than for the A state and a 
resulting curve crossing as shown in figures 3.5 and 3.8.

The ground state is made up entirely of E component and would be ex­
pected to have a fairly shallow well, however, in the ground state the electrons 
are closely bound and valence repulsion sets in at smaller r than for the excited 
states. The ground state well is therefore deeper than the well in the B state
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and occurs at smaller R. From these general remarks we should expect the red 
wing of the absorption line to be dominated by a single satellite associated with 
the minimum in the B state difference potential.

3.3.2 Potentials Proposed by Fuke et.al. (1984)

In this section we discuss a set of interatomic potentials for Hg-Kr deduced by 
Fuke et.al. (1984). They arrive at the potential curves through an analysis of 
their experimentally obtained vibrational spectrum of Hg- Kr van der Waals 
molecules. The complexes were produced using a supersonic nozzle source. The 
fluorescence excitation spectrum was measured by exciting molecules from the 
lowest vibrational level in the ground state using a frequency doubled tunable 
dye laser, up to the manifold of vibrational levels in the excited state.

The total fluorescence was monitored and the resolution of the experiment 
was set by the ± lcm -1 bandwidth of the laser. They also carried out experi­
ments on Hg-Ar and Hg-Ne whilst a later paper ( Fuke et.al. (1986) ) describes 
experiments in Hg-Xe. In the case of Hg-Ar and Hg-Xe, dispersed fluorescence 
experiments were carried out, in which the laser was tuned to a particular vibra­
tional transition and the relaxation down to the entire ground state manifold 
measured by scanning a monochromator across the manifold. Unfortunately 
they do not report dispersed fluorescence spectra for Hg-Kr and their deter­
mination of the ground state depends on the analysis of so called “hot bands 
” ie.fluorescence excitation in the small number of molecules present in the beam, 
occupying the v = 1 vibrational level of the ground state potential.

Their fluorescence excitation results show two manifolds of vibrational 
bands (see figure 3.3); one to the red and one to the blue of the Hg 2537 A 
atomic transition. They were unable to resolve the rotational structure. In 
analysing their data they adopted the following procedure. First they were able 
to assign vibrational quantum numbers to the observed bands with the help of 
limited information from the literature. Next they constructed the Birge-Sponer 
plot for their data. From the plot they extracted the ue and xe parameters of 
the Morse potential. The remainder of their analysis consists of various checks
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Hg (3Pt—‘So)

Figure 3.3 F luorescence excitation  spectrum  o f H g—K r in a supersonic free 
je t  in the v icin ity  o f th e  H g 3 P i— 1So line. The groups of bands to the longer 
and shorter wavelength sides of the Hg line correspond to A-X and B-X transitions 
respectively. (From Fuke et al. (1984))
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as to the validity of their proposed Morse functions and a determination of the 
positions of the well minima.

Since the Birge-Sponer plot for a Morse potential gives a straight line the 
simplest validity test is to see if there is substantial deviation in the plots from 
straight line behaviour. They find that the B 31 state data points fall on a 
straight line within their experimental errors, right up to the highest observed 
vibrational level. For the A30+ state they noted considerable deviation, in the 
form of positive curvature, from a straight line fitted to the lowest six levels (see 
figure 3.4). This gave a first indication that the Morse function works well for 
the B 31 state but fails to give a good account of the A30+ state.

In a further check they performed a restricted RKR analysis and compared 
the well widths as a function of energy thus calculated with those predicted by 
their Morse potentials. Again they found good agreement for the B 31 state and 
for the lower levels of the A30+ state but noticeable disagreement for the highest 
four levels of the latter. The ground state potential was not very accurately 
determined but was found to agree, within the estimated experimental error, 
with the ground state proposed by Grycuk and Czerwosz (1981).

They determined the positions of the well minima in the following way. 
Kong’s rule was applied to data from the literature on Hg-Hg and Kr-Kr colli­
sions to find the position of rm for the ground state. They then ran a simulated 
Franck- Condon factor program to calculate the relative intensities of their vi­
brational bands. They allowed rm for the excited states to vary as a parameter 
and chose the rm value that gave the best fit to the observed intensities. The pa­
rameters for their potentials are summarized in table 3.1 while their potentials 
are shown in figure 3.5.

Finally it is worth noting that Yamanouchi et al. (1988), working at the 
same laboratory as Fuke et al. , have extended the work described here by per­
forming similar experiments in which the rotational structure has been resolved. 
Unfortunately they only report results for Hg-He, Ne and Ar
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Figure 3.4 P lo ts  o f AGw/+ i/2 v s. v ' for (a) A  and (b) B sta tes of H g (3 P i—  
1 5o)— K r. (From Fuke et al. (1984)).
(a) Plot for A state vibrational levels. Note the deviation from straight line behaviour 
at higher v' indicating the inadequacy of the Morse potential for this state, (b) B 
state vibrational levels. Good fit to straight line at all v' indicating a successful Morse 
potential.
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Figure 3.5 X ,A  and B sta te  p oten tia ls after Fuke et al. (1984). Morse po 
tentials calculated using the vibrational constants obtained by Fuke et al.
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Table 3.1.

State. e(cm x) v e(cm 1) uexe(cm L) rm(A)
x lo+ 178 20 .54 4.07
A30+ 517 43.3 1.5 3.52
B31 96 11.3 0.32 4.57

Sum m ary of potentials proposed by Fuke et al. 1984.

3.3.3 Potentials Proposed by Grycuk and Czerwosz (1981)

3.3.3a. Experim ental and Theoretical Approach

The above authors approached the problem in quite a different way by perform­
ing absorption experiments in high temperature mixtures of Hg-Kr. They then 
applied the data inversion technique outlined at the end of § 2.2.4. They also 
collated information available in the literature and by combining this with their 
own data they were able to elucidate the forms of the potentials.

Use of this data inversion method requires that, for a given detuning, ex­
citation can only occur to a single excited state potential at a single Condon 
point, ie. that r(Ai/) be a single valued function. As will be seen this condition 
limits the region over which the method can be applied. For the case of a single 
Condon point and with the substitution of eq.2.33 into eq.2A3a we can write 
the temperature and detuning dependent absorption coefficient as

kn(Ais,T) = CATir2- ^ - ^ e x p { -V g{r{Au))/kT) (3.31)

where C is a constant and the Au dependence of r is stressed. Separating out 
the temperature dependent factor gives

kn(Ai/,T) = kn(Ai/)exp(—Vg(r(Ai/))/kT) (3.32)
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The procedure is then to plot ln(kn(Ai/,T)) against 1/kT  for a fixed Au. The 
slope of the resulting straight line gives Vg{Au) and the extrapolation to infinite 
temperature gives kn{Au).

Note from eqr.3.17 that the point at which Vg = Q gives a horizontal line on 
such a plot whilst at a detuning where Vg is positive the slope is negative and 
where Vg is negative the slope is positive. Integrating kn(Av) gives

r  A u

I kn(Ai/,T  —► oo) d(Av)
J  A u o

= ±*C(r3(Av) -  r U ^ ) )  (3.33)

which gives r( Ai/). This can then be inverted to yield Ai/(r) and hence, through 
eq.2.33 , A 7(r).

Grycuk &: Czerwosz measured the absorption spectrum of Hg perturbed by
Kr over the range +250 ----- 1000cm” 1. An attempt was made to perform the
experiment in such a way that the effects of Hg-Hg collisions were automatically 
removed however their experimental set up only allowed this to be achieved at 
moderate temperatures (up to~ 500iir). For higher temperatures (up to 1300 K) 
the effects of Hg-Hg interactions were determined by independent measurements 
and subtracted during the data analysis. Their resulting profiles are shown in 
figure 3.6. Fig 3.7 shows profiles for the same system reported by Ben Lakhdar 
et.al. (1976). The essential features of the profiles are the same, however those of 
Grycuk & Czerwosz are of higher resolution and extend out to greater detimings 
in the red wing.

The red wing consists of two linear portions with slope 3/2, separated by 
a single satellite. The satellite results from an extremum in the AVi poten­
tial. The blue wing comprises three satellites the origins of which are uncertain 
however Grycuk & Czerwosz propose tentative explanations for these features.

3.3.3b Ground State P otential

There are two regions of the spectrum for which r( Au) is single valued, ie. The 
far red wing, where excitation is via the monotonically decreasing AV  for the 
X 10H—  A30+ transition and in the far blue wing, beyond satellite A. Grycuk
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Figure 3.6 R educed absorption  coefficient for the red w ing of the H g 2537 
A line in the presence o f 1.9 xlO19at/cm3 of K r. (From Grycuk &; Czerwosz 
(1981))
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Figure 3.7 Transm ission of a cell contain ing  a m ixture o f H g and Kr. 
(a) N Kr =  1.31 x IQ19a t /cm 3 , N Hg =  1.62 x 1 0 15at/cm3 (b) N Kr =  6.58 x 
10l8a t /cm 3 =  3.49 x 1016at/cm 3. (From Ben Lakhdar et al. (1976))
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F igure 3.8 H g (3P i— 15o)—K r ground and excited  sta te  potentia ls after 
G rycuk & Czerw osz (1981).
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3.4.3. E xcited  S tate B 3!.

Grycuk & Czerwosz were unable to map this state directly except for a small 
portion in a region of only secondary importance to the present studies. In the 
region of the minimum in the difference potential for this state they fitted the 
unrealistic Lennard-Jones potential to the shape of the satellite predicted by 
the unified Franck-Condon lineshape formula.

On the other hand Fuke et.al. were able to make an excellent characteri­
zation of this potential. The Franck-Condon factors were such that vibrational 
levels very near to the dissociation limit were discernible. Furthermore the 
agreement between their proposed Morse potential and their RKR analysis sug­
gests that the Morse function gives a good account of the interaction. With 
levels near to the dissociation limit resolved the Birge-Sponer plot can be ex­
pected to give a reasonable estimate of the well depth.

m
It is proposed therefore to accept the Morse potential suggested by Fuke 

et.al. for the B state. It may be noted here however that they did not perform 
the improved extrapolation procedure put forward by LeRoy. Their estimate of 
the well depth may therefore be slightly shallower than the true value.

3.4.4. R esu lting P otentials.

We have proposed to use potentials from two different sources. We are however 
primarily interested (from the point of view of the calculations based on the 
molecular model) in the difference potentials . Care must be taken therefore to 
check that the difference between the Grycuk & Czerwosz ground state potential 
and the Fuke et al. excited B state potential is sensible. Taking the potentials 
as they stand gives a B state difference potential with a well depth of only 
~  2cm-1 . This is obviously not commensurate with the appearance of the red 
wing satellite at ~  12cm-1 .

The answer lies in the way in which Fuke et al. calculated rm for their 
B state. They did this by using a simulated FCF programme to calculate the 
difference between rm for the ground and excited states. However, since their 
application of Kong’s rule was based on their own ground state well depth and
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not that of Grycuk & Czerwosz, they also find rm for the ground state to differ 
from the value given by Grycuk & Czerwosz. Since it was rmB — rmx = 0.5A 
that Fuke et al. calculated and since we propose to use the Grycuk & Czerwosz 
ground state we must take rmB =  3.95 + 0.5 = 4.45A. With this change made, 
the B state difference potential displays a well with a depth of 11.5cm-1 in good 
agreement with the position of the satellite. An even better solution would be 
to re-run the Fuke et al. FCF code using the Grycuk & Czerwosz ground state 
potential.

The potentials to be used are summarized in table 3.2 and are shown in 
figures 3.9 and 3.10. It should be borne in mind that the entire ground state 
and the portion of the A state extending from 4.2 A to higher r are the areas 
where the potentials are least well characterized.

Table 3.2.

State. e(cm x) uje{cm L) uexe(cm x) rm(A) a 0 Form.

X^-*- 200 3.95 11 18 M.S.
A30+ 438.1 3.35 7.84 4.11 M.S.
B3! 96 11.3 0.32 4.45 Morse.

Sum m ary of potentials to be used in chapter 6. Note : The data 
of Grycuk & Czerwosz were taken for the A30+ state. For convenience of 
manipulation during the calculations performed in chapter 6 a Maitland- 
Smith function was fitted to this data (see §6.3.3).
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Figure 3.10 D ifference poten tia ls based on the p oten tia ls o f figure 3.9.

85



Chapter 4.

Experim ental A pparatus and M ethod.

4.1 Introduction

The chapter starts with an outline of the experimental setup (§4.2). The de­
tailed discussion of the apparatus is then split up into three sections covering the 
lasers and optics (§4.3), experimental cells (§4.4) and data acquisition and con­
trol (§4.5) respectively. Tlie chapter concludes with a comparison between the 
expected experimental signal level and that actually observed (§4.6). In read­
ing this chapter the experiment which we were intent on performing should be 
borne in mind it. to measure the polarization of the collisionally redistributed 
light as a function of detuning from line-centre.

4.2 O verview o f the A pparatus

The experimental apparatus is shown in figure 4.1. Tunable ultra-violet light at 
wavelengths close to the Hg 2537A line was generated by frequency doubling in a 
lithium formate monohydride (LFM) crystal the output of a home made pulsed 
dye laser system operating with coumarin 500. The dye laser was pumped with 
the third harmonic of a commercial pulsed YAG laser with a repetition rate of 
10 Hz. The ultra-violet light was focused to a tight spot in the experimental 
cell using lenses Ll (f=68.5cm) and L2 (f=18cm). Before entering the cell the 
polarized light was passed through a A/2 plate used as a polarization rotator, 
and then through a heated cell containing Hg vapour. This cell acted as a 
filter against extraneous line centre light present in the laser wing and will be 
discussed in more detail later. The main cell was operated at room temperature 
and could be pumped down to 4 x 10“4mHar. The cell was connected to a gas 
handling system for the admission of Hg vapour and rare gas.

The polarization of the input light was alternated between horizontal and 
vertical every fifty laser shots by rotation of the A/2 plate. The collisionally 
redistributed fluorescence was detected at 90° to the input beam and was anal­
ysed by a vertical, fixed, Glan-air polarizer. The light then passed through
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a periscope equipped with a lens (f=13.5cm) to reach the entrance slit of the 
monochromator. The monochromator was tuned to 2537A and acted as a filter 
against the main source of background ie. scattered, non-resonant laser light.

A photomultiplier (PM) was positioned at the exit slit of the monochroma­
tor. When the signal was lower than one photon per laser shot the output of the 
PM was fed to a photomultiplier amplifier linked to a discriminating amplifier 
and a scaler. When signals were higher than this the output of the PM was fed 
directly to an analogue to digital converter (ADC) acting as a charge integrator. 
The scaler and ADC were gated using a pulse delay generator (PDG) which was 
also used to fire the laser.

The PM high voltage power supply, ADC, PDG and scaler were housed in 
a CAMAC crate while the PM amplifier and the discriminator were housed in 
a NIM rack. The experiment was controlled and the data collected by an IBM 
PC XT via a Transiac CAMAC crate controller.

4.3 Lasers and Optics

4 .3 .1  P um p Laser.

The pump laser was a JK Hyperyag 750, oscillator-amplifier setup producing 
800mJ per pulse at 1064nm. The oscillator is Q-Switched to produce high 
intensity 8ns (FWHM) pulses. This output is frequency doubled to 532nm in 
a CD* A Type I crystal with an efficiency of 44% . The 532nm light is sum- 
frequency mixed with the remaining fundamental beam in a KD*P  type II 
crystal to produce 180mJ of 355nm light. Ancillary to the laser are its power 
supply and control unit.

Q-Switching is via a Pockels cell crossed with a pile of plates polarizer. The 
Pockels cell can be triggered either internally or externally. For synchronization 
purposes the control unit gives out a 150^s rectangular pulse (sync.) at the 
time that the flashlamps fire.

A delay between the firing of the flashlamps and the triggering of the 
Pockels cell allows the population inversion to build up to a large value before 
the initiation of laser action. This delay has an optimum value at which the
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expanding telescope to ensure that as many lines of the Littrow mounted grating 
are used as possible. In the Littman design the grating is used at grazing 
incidence allowing the full width to be illuminated. The low efficiency of the 
grating (~ 5%) makes this design dependent on a high gain laser medium. 95% 
of the light is specularly reflected at the grating and is taken as the output.

The oscillator had previously been used at a low repetition rate (2 pulses 
per minute) and it had not been necessary to flow the dye. The dye cell was 
therefore replaced with a flow-through type (see § 4.3.4) for our experiment.

The oscillator operates in 10-15 longditudinal modes which, with a mode 
separation of 1.25GHz gives a bandwidth of approximately lOGhz FWHM. The 
Littman design can be made to operate in as few as 2-3 modes however mode 
competition can lead to amplitude instability in this configuration. Since narrow 
bandwidth was not an overriding concern in our experiments the larger number 
of modes was preferable. The shot to shot fluctuations in energy were measured 
to be less than 15% .

The oscillator is tuned by rotation of the mirror M2. The variation of A 
with tuning angle (f> is given by

^Laaer = (x/m)(sin0o + sin <f>) (4.1)

Where
x = Groove spacing = 8.33 x 10”4mm 

0o = (Angle between grating and laser axis)

= 89°

m = diffraction order 

(j> = angle between grating and mirror.

The mirror M2 is pivoted at one end and is rotated by adjustment of a mi­
crometer which bears on the other end of its mount. This arrangement gives 
siiuj> =  y/b where y is the distance moved by the micrometer and b is the 
distance between the pivot and the micrometer. Wavelength is therefore lin­
ear with micrometer setting. The dye laser was calibrated using an Edinburgh 
Instruments pulsed wave meter (see figure 4.3).
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Figure 4 . 3  D ye laser calibration curve. The linearity of the dye laser tuning 
was checked using an Edinburgh Instruments pulsed wave meter. The accuracy of the 
wave meter is ± 0.1 A . The radius of the circles reflects this accuracy. The dye laser 
was tuned by actuating a Micrometer to pivot mirror M2 of figure 4.2.
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a 0.5g/l solution. The final amplifier has a solution of 0.25g/l. The dye con­
centration decreases along the amplifier chain to allow deeper penetration of 
the pump light into the dye. The larger pumped volume coincides with the 
expanding beam size along the chain.

4.3 .5 . D ye Laser Perform ance.

The dye laser output power was measured to be 9.7mJ using a Scientech Joule 
meter. The total pump power available was 180 mJ, however losses in the beam 
height adjuster (BHA) and in the beam steering prisms were such that only 
130mJ remained at the oscillator beam splitter. The prisms, cylindrical lenses 
and dye cell windows were not antireflection coated leading to considerable losses 
of pump power. Wallenstein and Zacharias (1980) claim an output of 16mJ for 
a pump energy of 120mJ using coumarin 485 at A=500nm. In the light of this 
and considering the losses inherent in the present system 9.7mJ is a reasonable 
output.

The final output beam is elliptical in shape measuring approximately 
0.7mm x 0.4mm. Diffraction causes weak subsidiary maxima to be present 
to one side of the main beam. The beam profile is very smooth with little shot 
to shot variation allowing efficient, stable second harmonic generation (SHG).

4.3 .6  Frequency Doubler.

The output of the dye laser system was frequency doubled in a Lithium Formate 
Monohydride (LFM) type I crystal supplied by Quantum Technology through 
JK Lasers. The 10mm x 8mm x 8mm crystal is mounted in a metal cell filled 
with index matching fluid. The end windows of the cell are antireflection coated 
at the wavelengths of interest. Type 1 refers to the phase matching scheme 
employed in which two beams of the same polarization interact to produce an 
orthogonally polarized frequency doubled beam.

The efficiency of the crystal was measured to be 0.75—1.25 % . The input 
energy was measured using a Scientech Joule meter and that of the doubled 
output with a pyroelectric detector. This efficiency is less than the 2% reported
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L2 focused the beam to a spot in the experimental cell. The spot size was mea­
sured to be 70fj.m in diameter (FWHM) using a 10/zm pinhole on a translation 
stage and an ultra violet photodiode.

The system was aligned by passing a Helium-Neon (He-Ne) laser beam 
through the exit window of the cell, in the opposite direction to the ultra violet 
propagation direction. The He-Ne beam was horizontal and grazed the inset, 
output window.

A one metre, Czemey-Tumer, f/10 monochromator (Monospec) was used 
as a filter against directly scattered light. It was equipped with an 1800 1/mm 
grating blazed for 5000A . It was used in second order and was tuned to the Hg 
3 P i—15̂o 2537A transition. The slits were set at 80/zm during the experiment.

The periscope acted as a height adjuster and optimally imaged the hori­
zontal laser focal region in the cell onto the vertical monochromator entrance 
slit. The lens was positioned half way between the slit and the object plane, a 
distance of 2 / from both. The focal length of the lens at 2537A was measured 
using a thermaline Hg lamp and a 2537A line filter and was found to be 13.5cm, 
a 10% correction on its quoted focal length of 15cm. A diaphragm was placed 
at the lens to limit the signal collection to f/10 to match the monochroma­
tor. A larger solid angle of detection would also have lead to inaccuracy in the 
measured polarization.

The signal collection optical path was also aligned using a He-Ne laser. 
The monochromator was tuned to 632.8nm and the He-Ne beam sent into the 
monochromator through the exit slit ensuring that the beam was centrally po­
sitioned on the slit. The laser mount was adjusted so that the beam hit the 
output mirror of the monochromator centrally. Adjustment of the grating only, 
then ensured that the beam passed correctly through the monochromator and 
exited the entrance slit centrally.

The periscope lens was removed and the periscope mirrors adjusted so that 
the He-Ne beam hit the centre of the output window of the experimental cell. 
At the same time it was ensured that the portion of the beam between the lower 
periscope mirror and the cell window was horizontal and orthogonal to the ultra 
violet laser beam axis. The periscope lens was then replaced and its position
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Figure 4.4 shows the spectrum of the ultra violet output. This was taken 
by scattering the ultra violet beam off a card placed in front of the experimental 
cell window. The monochromator slits were closed down to achieve maximum 
resolution. The monochromator was then scanned across the laser line. The 
light level was insufficient to saturate the PM, even when tuned to the centre 
of the laser line. Since it was necessary to vary the voltage applied to the PM 
during the course of the test the relative gain of the PM was checked at the 
voltage levels used. The data were adjusted accordingly.

The result shows a laser peak with the expected FWHM superimposed 
on a plateau of ASE extending out beyond 100cm” 1. Broadband amplified 
spontaneous emission is a much more severe problem in pulsed dye laser systems 
than in continuous wave systems. Rather than attempting to disperse the ASE, 
a different solution was sought. The ultra violet light was passed through a 
cell containing Hg only, before reaching the experimental cell. Any resonant 
component in the laser emission has a strong probability of exciting a Hg atom 
in this cell. The Hg atom thus excited radiates isotropically, effectively removing 
the unwanted photon from the beam.

The cell is a fused silica tube with Brewster angled windows at either end 
and a small dip in the centre holding a drop of Hg. It is wrapped with nichrome 
heater wire attached to a variable voltage power supply and then with fibreglass 
heat resistant sheathing acting as insulation. A thermocouple is attached to the 
cell to monitor its temperature.

The minimum detuning from line centre used in the experiment was 5cm” 1. 
The cell was operated at 95°C. Operation at higher temperatures increases the 
opacity to a level that causes attenuation of the laser beam at the minimum 
detuning.

4.4.2 E xperim ental Cell,

The experimental cell is a fused silica cross with an inset, output window. The 
windows were optically contacted to the ends of the 1.3cm internal diameter 
tubes. The cross is connected to a pyrex section via a graded seal. The pyrex
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section leads to the vacuum pumps and houses the mercury reservoir, the vac­
uum gauges and the Rare Gas admission valve. The mercury reservoir and 
the section containing the vacuum gauges can be separately valved off. The 
gauges are a Pirani (Edwards PR-K), a Penning (Edwards CP-25K) and a 
miniature McLeod gauge (Edwards vacustat 1 ) which together cover the range 
from lOmBar to 10~6mBar.

The cell was connected to a mercury diffusion pump and an Edwards two 
stage rotary pump. With the vacustat removed and the mercury reservoir valved 
off the cell was evacuable down to 4 x 10”5mBar. Closed off from the vacuum 
pumps the cell leaks up to ~  lmBar in 12 hours. Unsuccessful attempts were 
made to find the source of the leak using a helium leak detector. It is thought 
that the fault lies in the presence of the large number of 0  ring sealed valves and 
junctions. A new cell is presently under construction which should overcome 
this problem and incorporate other desirable features not available with the 
present cell.

Data collection rims were limited to ~  1 hour to ensure that any background 
signal due to collisions with impurity gasses was kept down to a level at which 
there was a negligible effect on the data.

4.5 D ata  A cquisition and Control.

4 .5 .1  Photom ultip lier

The photomultiplier used was an RCA C31034 with a gallium arsenide pho­
tocathode. It is specifically designed for use at low temperatures in photon 
counting applications. A Pacific Instruments model 3457 thermoelectric PM 
housing and a model 33 Power Supply/Temperature Controller unit were used. 
Dark count is a logarithmic function of temperature, and for this photomulti­
plier, can be as low as 50cps at — 30°C. We operated the photomultiplier at 0°C 
giving a nominal dark count of 1.5 x 103cps. The experimental gating time was 
250ns giving a nominal count rate due to dark current of 3.75xl0” 4 counts per 
laser shot. The maximum anode-cathode voltage permissible is 2200V. 2000V
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Figure 4.5 B lock  diagram  of data acquisition and experim ental control 
system . Units marked ] are CAMAC modules. The PDG is at the centre of the figure 
to emphasize its importance in controlling the other modules.

PDG Pulse Delay Generator
PR Polarisation Rotator
PRC PR Controller
PRCI PRC Interface
ADC Analogue to Digital Converter
PM Photomultiplier
PMA PM amplifier
Sea. Scaler
Disc. Discriminating amplifier
A Amplifier
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Figure 4.6 P u lse  tim ing, (a) Sync pulse provided by Yag laser controller fed to 
PDG, (b) Laser Q-Switch trigger pulse sent from PDG, (c) Gating pulse sent from the 
PDG to either to the ADC, in the case of analogue signal collection or to the Scaler, 
when operating in photon counting mode.
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of the data collection gate includes the time taken for the trigger pulse to travel 
down ~  7m of cable and register at the laser control unit, as well as the optical 
delay between the Yag laser pulse and the monochromator exit slit and the 
photomultiplier transit time.

4.5 .4  A nalogue to  D igita l Converter (A D C ).

A LeCroy 2249 12 channel ADC was used. Its input sensitivity is 0.25pC/count 
with a full scale range of 256pC. The ADC registers ~  2 counts per detected 
photon with the PM at 2000V. The ADC registers a value in the absence of 
input which is dependent on the gate length. This false count is referred to as 
the pedestal and must be subtracted from the registered value to retrieve the 
actual signal dependent count.

The pedestal value was found to be 30 with a gate length of 250ns. Unfor- 
tunafely the pedestal value was not always steady but would, at times, alternate 
between 30 and 29. When taking data the pedestal was tested for 200 shots 
before and after an experimental run of 2000 shots. The average pedestal value 
was computed and subtracted from each of the 2000 registered experimental 
values. The random error generated by this occasional drift was minimal when 
signal levels were greater than ~ 1  photon/shot. At signal levels much lower 
than this considerable error could be incurred. Photon counting using a scaler 
was therefore adopted at lower signal levels.

4.5.5 P h oton  Counting: P M  Am plifier, D iscrim inator and Scaler.

The scaler used was a Le Croy 12 channel 100MHz CAMAC model 2551 with 
an input threshold of —600mV and a minimum acceptable pulse width of 5ns at 
> —700mV. The single photon pulses from the photomultiplier (0.5pC in 5ns, 
ie 5mV through 50 H) were unsuitable for direct input into the scaler. They 
were therefore fed into a photomultiplier amplifier linked to a discriminating 
amplifier the output of which was sent to the scaler. The scaler was gated using 
the PDG by inhibiting it except during the time window of interest. A second 
output from the scaler was fed to an oscilliscope (Schlumberger OCT588A) to 
allow visual checks on the signal level.
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The photomultiplier amplifier was a NIM model 612AM with a maximum 
gain of 40 and a < 3ns rise time. The discriminator used was a LeCroy quad 
100MHz NIM model 821 with an input threshold variable between —30mV and 
—lOOOmV. Output pulses were —800mV and 5ns long. The discriminator double 
pulse resolution was < 9ns.

The Yag laser Pockels cell was a strong source of radio frequency noise and 
care had to be taken to shield the photomultiplier amplifier input cable. This 
was done by sheathing the cable in aluminium foil. The ADC data collection 
method was not susceptible to this source of noise.

4.6  Signal Level.

4 .6 .1  Line—centre Signal.

The signal obtained with the experimental cell at room temperature and with 
the laser tuned to resonance was found to be ~  4 x 103 photons per shot. Voltage 
versus time plots of the line centre signal, taken using a Tektronix 7912AD 1 GHz 
transient digitizer, are shown in figure 4.7. The fluctuations seen in (b) and (c), 
taken at lower laser power, are due to photon statistics. The effect of putting a 
small bar magnet ~ 10cm away from the interaction region of the cell is shown 
in (d). This behaviour is an example of the Hanle effect discussed in the next 
chapter.

Comparison between this observed signal and a calculated line- centre sig­
nal can act as a check on the experimental setup. The expected line-centre 
signal can be estimated by calculating the number of Hg atoms present in the 
laser interaction volume and estimating how many of the subsequent decays are 
detected at the PM after passage of the photons through the apparatus. First 
it is necessary to show that the laser pulse saturates the transition leaving one 
half of the Hg atoms in the excited state.

When the source of exciting radiation is broad band with respect to the 
doppler and natural widths the problem can be treated in terms of rate pro­
cesses. The bandwidth of our laser has been quoted as 10GHz which is com­
fortably larger than the Doppler width of ~  1 GHz. Since Doppler broadening
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Figure 4.7 Transient d igitiser p lots o f line centre signal. Photomultiplier 
output terminated into 50f2. (a) Typical line centre trace, (b) &; (c) Traces taken at 
lower input light level illustrating photon statistics, (d) The effect of placing a small 
bar magnet near the cell; oscillations due to the time dependent Hanle effect.
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dominates natural broadening for a strong spectral line being emitted by an 
ensemble of atoms in a cell at room temperature, the rate process approach 
should suffice. Consideration of the usual Einstein A and B coefficients (see 
for example Loudon 1983) for spontaneous emission, stimulated emission and 
absorption leads to the rate equation

I F  = = N *A  + ~  N J B W M
(4.2)

where (A/B) = (hu3) / ( tt2c3) for a 2 level atom, iVi and N2 are the populations 
of the lower and upper states respectively and W(u) is the energy density of 
radiation at frequency u/. If a beam of constant W (a;) is switched on at time 
t = 0 when all the atoms are in their ground state the solution of equation 4.2 
is

N2 NBW (uj) r _  — (A+2BW 
A + 2BW(u) L (4.3)

with N  = N i + N2. For times that are long, when (A +  2BW (u))t »  1, 
the number of excited atoms approaches the steady state value of N2 = 
NBW{(jj)/{A + 2BW(ut)) which has a limiting value of N/2 when BW(uj) »  A.

A spot of diameter 70/zm, a pulse length of 5ns and a pulse energy of 100/zJ 
gives I  = 5 x 1012Wm-2 as the fluence of the beam. Using

I  = I(u) du cW (w) duj 
1

(4.4)

where rj is the refractive index and will be taken as unity and taking du — 
2jt x 1 x 1010 as the laser bandwidth gives W(w) = 1.7 x 10~6Jm ~3H z~ 1. 
Substitution of these values gives (A + 2BW(u))t =  9 x 105 which easily satisfies 
the saturation condition giving N2 = N/2.

Experiments were carried out at a perturber pressure of 2mBar. As will be 
shown in the following chapter, at such a high perturber pressure the fluores­
cence is largely isotropic. Signal detection at f/10 means that ~  6 x 104 of the 
emitted photons pass through the collecting lens. The quantum efficiency of the 
PM is quoted as 15% in the spectral region of interest. The transmission of the 
analyser was found to be ~  50% . This low value can be attributed to reflection 
losses at the four surfaces, two of which are angled. Reflection losses are also
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suffered at the output window of the experimental cell and at the monochro­
mator mirrors and PM windows yielding a throughput of ~70% . Allowing a 
nominal grating efficiency of 30% gives an overall collection efficiency of ~  10"5.

The density of Hg atoms at room temperature was 3 x 1013cm"3. The 
volume of the interaction region V is given by V =  ttR21 =  4 x 10" 5cm3. This 
gives the number present in the interaction region as ~ 109. Of these one half 
are excited giving Ne = 5 x 108. Multiplication by the collection efficiency 
gives 5000 photons detected per shot. This compares very favourably with the 
observed behaviour.

4.6.2 D etuned Signal.

The signal at a detuning of 5cm" 1 and a Kr pressure of 2mBar was found to be 
~  5 photons per shot. In order to make an estimate of the expected signal under 
these conditions it is first necessary to estimate the population created in the 
excited state by the detuned laser pulse. A detuning of 5cm" 1 in the Hg(3Pi— 
1 iS'o)~Kr system corresponds to the region where the impact and quasistatic 
approximations meet. By treating the problem in the impact limit we can make 
an order of magnitude estimate of the expected signal. Loudon (1983) solves the 
optical Bloch equations for an ensemble of atoms undergoing collisions within 
the impact approximation. The steady state solution for p22> the population of 
the excited state, is

i  f  b ' l n l2
I n ��’ l  A2 �� ��V* �� ��\  { i ' / i n )�� �� �� ��|2

(4.5)

where

A =(u/0 -  w) =Detuning
i ={lc  + I n )

M =e2\r\2E 2/h 2 = Rabi Frequency

To estimate the excited state population created through excitation during a 
short pulse we can write Excited State Population «  Rate of Excitation/Rate 
of Decay. Taking 7jv to be the rate of decay, the rate of excitation is given by

108



{...} in equation 4.5. We can then write the excited state population created 
in a pulse as

_ / ________ j v  M 2_______1 T U f
F {  a2 + y ’ + i  ( i ' h N) |np )  p ( }

where Tp is the pulse duration.

In order to calculate p22P we must first estimate |f2|, A and *fc • A = 
(wo — cj) is «  1 x id* rads"1 for a detuning of 5cm-1 . We can find 7C using 
equation 2.11 with v =  322ms-1 , at a pressure of 2mBar and with <jp = 
227±10x 10“ 16cm2 (see table 6.1). Using these values we find 7C = 3.7x 107s -1 .

|H| can be estimated from |H|2 =  e2|r |2IS2/7i2. Now e2]r|2 is just the 
electric dipole strength S (see Thorne 1977) which can be found using S «
3.5 x 10- 77A3A.2i where A is in A and A 2 1 is the Einstein A value of the ex­
cited state. For the system under study we find S  = 5.7 x 10- 6°C2m2. The 
electric field strength E  can be calculated using P  =  (1/2) eocE2 where P is the 
power. For a pulse of energy 100 x 10-6 J  lasting 5 x 10-9s acting on an area 
of 7r(50 x 10- 6)2m2 we find E 2 = 1.9 x 1015V2m -2 and substituting this into 
the expression for |H|2 gives |H|2 = 1 x 1024(rads-1)2.

Substituting these values of |H|2, A and 7c  into equation 4.6 gives p22P «  
1 % . Multiplying this value by the number of atoms present in the interaction 
region and by the overall collection efficiency given in the previous section gives 
an expected count rate of 100 photons/shot. This is a factor of 20 greater than 
the observed signal.

It should however be noted that at linecentre the imaging of the laser focal 
region onto the slits is quite uncritical since even the spatial wings of the laser 
pulse were at high enough power densities to saturate the ensemble of atoms. 
When detuned to the wing the imaging is much more critical since the amount 
of excitation is proportional to the local laser power. With a 70/zm laser focal 
diameter and 80^m slits it is easy to envisage at least a loss of signal of a 
factor of 2 as a result of poor imaging. Furthermore the PM is unlikely to have 
performed at its quoted quantum efficiency of 15% as a result of general shelf 
deterioration (it had been in stock for ~ 18 months prior to the experiment). 
Allowing for these mitigating factors brings the calculated expected signal to
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within a factor of 2 or 3 of the observed signal. Given the approximate nature 
of the calculation this seems a reasonable agreement.
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Chapter 5

D ata  Correction and R esults.

5.1. Introduction.

Towards the end of this chapter we will present our results. Before this can 
be done it is necessary to examine carefully any unwanted processes that can 
lead to depolarization of the collisionally redistributed fluorescence. We will be 
discussing processes affecting the asymptotically free atom that emerges from 
the collision. We can therefore draw on the literature of resonance fluorescence 
in much of the following analysis. There will be little discussion of the physics 
of collisional redistribution in this chapter.

The processes to be considered are ; 1 ) The effect of hyperfine structure. 
2) The Hanle effect. 3) Radiation trapping and 4) Collisional depolarization. 
We will also consider the way in which these processes interact. A distinction 
should be drawn between the type of collisional depolarization that occurs as a 
result of excitation during a collision, which is the main subject of this thesis, 
and the less interesting case of collisions which disturb the polarization of an 
atom already in its excited state. It is the latter case which will be dealt with 
in this chapter.

5.2 T im e-D ependent, F inite-Pressure Correction.

5.2.1 Theoretical Background.

The mercury atom leaves the collision with an alignment a^{Au) given by 
eq.2.53. The atom then decays to its ground state according to its natural 
lifetime. During the time spent in the excited state, between the collision and 
subsequent decay the atom has a finite probability of experiencing a second 
collision with a perturber atom, reducing the alignment. Ideally one would 
perform experiments in a pressure regime in which this effect was negligible 
however limitations on signal often require the experiment to be performed at
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as in our case , the gate length is finite, the very depolarized tail end of the 
fluorescence is not collected. The alignment measured is therefore higher than 
the steady state value. The steady state result is obtained by substituting 
T  =  oo into eq.5.6. yielding

a°° = CtS * (Au/J'Yn, 
(2) ,7c + 7 n

(5.7)

And substitution of this into eq.2.51 yields

3a(2)(Au;)P  =
2 +  a(2)(Aw) +  ^  ( “ J—) n;

(5.8)

which is identical to the result of Burnett and Cooper (1980b). Returning to 
the case of finite gate length and defining a parameter /? through

3/?P =
2 + 0

we have
3 — P 

2P
_1
P a ( 2  ) (A w ) i ) f

with K  given by

K  =
l  _  c-(7»+^a))r

(5.9)

(5.10)

(5.11)1 — e~'1n'r
Equation 5.10 predicts a straight line for a plot of 1 //? versus perturber pressure 
(such a plot for the case of Sr-Ne is shown in fig 5.1). The slope and 1//? 
intercept are dependent on detuning but the pressure intercept is independent 
of detuning. In the systems studied previously ( Alford et al. 1984) values 
of 7c2Vyip were n°t known from independent sources and the above analysis 
provided a means of determining these constants. In the case of Hg-Kr values 
of 7^ / n p , arrived at through Hanle effect experiments, are tabulated in the 
literature (see Lewis 1980 for a review and some useful tables).

5 .2 .2  A p p lic a t io n  to  th e  C ase o f  H g -K r.

We have carried out an experiment in which the polarization was measured as 
a function of perturber pressure at a fixed detuning. The results are shown in
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Ne Pressure (Torr)

Figure 5.1 P lo t o f 1/(3 vs. pressure for S r ( 1 Pi—15 o )-N e. The parameter 1/(3 
plotted against perturber pressure yields a straight line. The slope varies with detuning 
but the pressure intercept is constant. The quantity 7 c2V np determined from the
pressure intercept. (From Alford (1984))
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figure 5.2. The error bars reflect the statistical error associated with shot noise. 
The experimental points show a reasonable scatter about the fitted line. There 
is good agreement between the extrapolated value of the 1/(3 intercept and the 
theoretical value given by Lewis (1980).

This plot can be compared with similar ones for Sr-Ne published by Al­
ford et al. (1984) (see fig 5.1). They were able to perform their detuning 
experiments at a perturber pressure at which the effect of secondary collisions 
on the polarization was minimal (~ a few per cent). They used equation 5.8 
and their experimental value of 7c2VnP correct their data, giving the “zero 
pressure” polarization.

Lack of sufficient experimental signal forced us to perform our detuning 
experiments at a perturber pressure at which the effect of secondary collisions 
was considerable. It was therefore fortuitous that the value of 7^ / n p was 
well known for Hg perturbed by Kr. This allowed Us to increase our signal by 
increasing the perturber pressure. The “zero pressure” result was then retrieved 
by the application of equation 5.10.

5 .3  D e p o la r iz a t io n  as a  R e su lt  o f  H y p er fin e  S tru c tu r e .

Naturally occurring mercury consists of a mixture of isotopes with abundances 
of 70% for 7 = 0 ,  17% for I  = 1/2 and 13% for I  =  3/2, where I rep­
resents the nuclear spin (Percival & Seaton 1958). When /  ^  0 a hyper- 
fine interaction can occur in which J and I couple to form a resultant F. 
If the J-I interaction is sufficiently weak to be regarded as a perturbation 
a coupling scheme analogous to L-S coupling can be employed. The result 
is that when I  = 1/2 or 3/2 the fluorescence is depolarized somewhat by 
the precession of J about F. In mercury the size of the hyperfine interac­
tion is such that the hyperfine structure has time to develop almost fully be­
fore decay (AtJhfsTVi >>  1 ) whilst it does not play a role during the collision 
( AcJhfgTc << 1 ). The Hyperfine splittings for Hg are given in table 5.1.
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Kr Pressure (mBar)

Figure 5.2 P lo t of 1 /(3  vs. pressure for H g(3P i— 1So)-K r.
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Cx = 3 ,/io  = 7 , / i i  = l l .  Making the transformation of eq.5.12 these constants 
apply to hyperfine structure of the 2537A line in Hg isotopes with I  =  1/2.

Alford et al. calculated G , ho and hi for the case of I  =  3/2 in order 
to analyse their results for naturally occurring Barium, which contains 18% 
isotopes with I  =  3/2. They found for I  = 3/2 , G =  111 , ho =  337 and 
hi =  563. If we take n as the fraction of I  = 1/2 isotopes and m  as the fraction 
of I  =  3/2 isotopes in the mixture we can normalize the total fluorescence 
through

1 — {n + m) — 7|® + 2/5.

n = /,;/2 + 2 I 1/ 2

m = I?/2 + 213/ 2 (5.14)

where again the superscript refers to nuclear spin. If we write

<Jo — <JiP =
(Jo + <Ji

(5.15)

then P is the polarization that would be measured in the absence of any hyper- 
fine structure. We can then calculate

Pn =
i S - i l  +  i} J2 - i \ 12 +  iV 2 -  i V 2±/,? +1°, + ilJ 2 +11/ 2 + i 2/2 +  i l /2

(5.15)

where Po is the actual polarization measured. Solution of equations 5.13 , 5.14 
and 5.15, with the appropriate values for G , ho and hi yields P in terms of Pq:

P = Po
f  2 n 113m
\ T  +  450 (3 -  Po) (5.16)

Although samples of enriched even isotopes of Hg are available they are 
very expensive and their use can only be justified in experiments where the 
effects if hyperfine structure obscure the processes under direct investigation. 
Since the effects of hyperfine structure on out experiment are well understood 
the complications that arise when naturally occurring mercury is used, do not 
greatly obscure the physics of interest.
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5 .4  D e p o la r iz a t io n  as a  R e su lt  o f  R a d ia t io n  T rap p in g .

When there is a large concentration of ground state atoms in the experimental 
cell a photon radiated from an atom has a certain probability of being reabsorbed 
by one of these ground state atoms before leaving the cell and travelling to the 
detector. Information about the polarization of the original atom in its excited 
state may be partially transmitted to the next atom. A classical picture of the 
process is shown schematically in figure 5.3.

The original atom A radiates preferentially in the xz plane with the usual 
dipole pattern. If an atom near the z axis (B) traps the radiated photon the 
re-emitted photon will be polarized identically to the original photon. Atom 
B will radiate with the dipole pattern. The re-emitted photon will have a far 
smaller chance of reaching the detector. If the re-emitted photon does reach 
the detector the process will have effectively doubled the lifetime of the excited 
state for this route.

There is a smaller probability of the original photon being emitted off axis 
towards atom C. This atom will be linearly polarized perpendicular to the pho­
ton’s propagation direction. The dipole radiation pattern from atom C now 
has a y component. Light re-emitted from C in the direction of the detector is 
therefore depolarized with respect to the light emanating from A.

Radiation trapping was first noticed in experiments designed to measure 
excited state lifetimes. The two methods in use were optical double resonance 
techniques and the Hanle effect. It was noted that the experimental widths 
became smaller as the pressure of the emitting gas was increased and the effect 
was dubbed coherence narrowing.

Barrat (1959a,b,c) developed a density matrix theory describing radiation 
trapping ( or multiple diffusion ). He showed that for even isotopes, the de­
cay rates for population, orientation, and alignment are decreased by trapping 
according to

=  r < * ) ( l -a < fc)x) (5.17)
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Figure 5.3 The origin o f depolarisation via  radiative trapping. A classical 
picture of the process is given. If atom A radiates in the + z  direction, atom B may 
absorb the photon and re-emit it towards the detector. This route leads to a delay 
but no depolarisation. If atom A radiates towards atom C where the photon may be 
absorbed then light re-emitted from C to the detector is both delayed and partially 
depolarised, since the oscillation of the dipole on C has a z component.
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where

Population k = 0 a(°) =  1
Orientation k = 1 II to

Alignment k = 2 orHl>IIcT"s

and x is the fraction of emitted photons that are trapped. He also calculated 
«(*) values for odd isotopes. Barrat proposed a form for x however D’Yakonov 
& Perel (1965) improved upon this and calculated x to be given by

/

+oo
exp{—koLe y }e y dy (5.18)

where the length parameter L is of the. order of the dimensions of the resonance 
cell and ko is the absorption coefficient at line centre given by

kn = 9k
87T 9o

Ako
’ M  
27vkT

-,1/2
(5.19)

where np is the number density of atoms, Ako is the Einstein A value for the 
transition and Ao is the wavelength of the absorption line.

Barrat also showed that the polarization of the fluorescence from atoms 
excited with 7r polarized light and subject to radiation trapping is given by

1 — x 
1 -  4x/5 (5.20)

for even isotopes. He calculated similar formulae for the odd isotopes. It should 
be noted that in the limit of complete trapping , when x=l , (l — a ^ x )  takes on 
a finite value for k = 1 and k = 2. a represents the average coherence trans­
ferred from one atom to another through the'exchange of a photon. It should be 
noted however that the actual polarization measured , given by equation 5.20 , 
approaches zero in the limit of large trapping.

5 .5  D e p o la r iz a t io n  o f  R eso n a n ce  F lu o r esce n c e  by E x te r n a l M a g n e tic  
F ie ld s  (T h e  H a n le  E ffec t)

In experiments on the Hg 2537A line Wood & Ellet (1924) showed that it is 
possible to destroy the polarization of resonance fluorescence by the application
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of a small external magnetic field. Hanle (1924) carried out further experimen­
tal investigations into this effect for the same system and was able to work 
out a classical theory which accounted for his results. He found that fields of 
the order of 5 Gauss were sufficient to almost completely depolarize the 2537A 
radiation. The effect of the Earth’s magnetic field (~ 0.5 Gauss) cannot there­
fore be assumed to be negligible. A comprehensive treatment of the classical 
and quantum mechanical theories of the Hanle Effect appears in Corney (1977). 
In the quantum mechanical formulation Corney shows that, for pulsed excita­
tion and with the experimental geometry of figure 5.4, cLI/dQ , the intensity of 
fluorescence radiated into a solid angle dCl is given by

^  =  [ ^ ]  ^  ■F’n»m'Gm<mpwle ip [-{ r +  tuL(m -  m')}(i -  to)]
0 mm'

MMf
(5.21)

Here Fmmr =  { m \e .D \f i ) .D \m ')  is the excitation matrix and Gmim = 
-D\rn) is the de-excitation matrix with e.D_ given by

e.D_ = — (e+i-D-i -f- e_iZ)+i) 4- €qDq (5.22)

where e±i , eo are spherical unit vectors defined through

e± = =Fv f
eo = ez = — sin 9 cos a

(ex + iey) — =f —j=(cos 9 cos a ±  i sin a)z±x,p

(5.23)

and D is defined similarly in terms of D±i and Dq. Here U{u) is the Planck 
spectral density, ul = gjeB/2M  is the Larmor frequency and to is the time at 
which the excitation pulse arrives at the cell. Equation 5.17 is found assuming 
a rectangular excitation pulse which is much shorter than the natural lifetime 
and the Larmor period. (See Corney 1977 for a full discussion of the derivation 
up to this point.) For the case of a Jg = 0 , Je = 1 transition and after some 
algebraic manipulation it can be shown that

dl_
dVL

d l t A . d l . K . d l , A . —  (Am = 0) + — (Am = 1) + ^ ( A m  = 2)
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Figure 5.4 G eom etry for the theoretica l description o f the H anle effect. 
With B along z  we are free to define <j> =  0. The directions are then defined once 9, 
9' and 0' have been found. For our experiment a =  0 or 7r /2 , a' ^  0. (From Corney 
(1977)).
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Figure 5.5 D ecay o f alignm ent v ia  secondary collisions and the H anle ef- 
feet. The decay of alignment due to secondary collisions is calculated at 7 a =  2^n. 
The decay of alignment associtated with the Hanle effect alone, when convolved with 
the decay of population, can have an appreciable effect. However, the decay of align­
ment due to secondary collisions is much more rapid. When the two effects act to­
gether depolarisation via secondary collisions dominates. The dipole has insufficient 
time to precess appreciably in the external magnetic field before secondary collisions 
have caused a large degree of depolarisation.
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to a time T the expressions 5.24 were integrated from t = 0 to T  and the values 
of dlT/dQ substituted into eq.2.51.

In the absence of any other depolarizing effects these calculations give a 
polarization of 93% for the time dependent case with a 250ns gate. (The steady 
state result is 87% ). The small degree of depolarization is the result of a modest 
B field, which sets the frequency of modulation of a(t), and a very steep dip 
angle which affects the depth of modulation. As is borne out by the preceding 
sections, the Hanle effect does not act independently of other depolarizing effects 
in our experiment. The interplay between the various processes is the subject 
of the next section.

5.6 Corrected D ata .

5.6.1 C om petition B etw een D epolarizing Processes: Tim escales.

The timescale over which a given depolarizing process becomes effective has been 
discussed in each of the preceding sections. When the timescales for the different 
processes are of the same order the effects occur together. If an expression for 
the alignment as a function of time, a^(A o;,t) can be found for each process 
then a resultant a ^ (A u ;,£) can be written as

4 2,(Aw,f) = J J a ! 2)(Ao;,t) (5.26)
»

A simplification can arise if the time scales for the competing processes differ 
greatly. In that case the effects can be treated independently and the correc­
tions for the effects can be applied consecutively. Two other-timescales, rc, the 
collisional duration and rn, the natural lifetime also play a role. This was seen 
in § 5.3. in the context of the hyperfine effect.

We can now examine the modification to the pressure correction that occurs 
in the presence of hyperfine structure. Equations 5.16 and 2.51 can be solved 
to give

<*$(Aw) = ( l  -  ( y  + (5-27)
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where aS2) ( A w )  is the value in the absence of any hyperfine interaction. The time 
scale for the development of the hyperfine structure is much shorter than the 
alignment decay lifetime 1 / 7^  resulting from secondary collisions (set by the 
perturber pressure used). The hyperfine correction discussed in § 5.3 therefore 
only affects the pressure correction of § 5.2 through a modification of a(2)(Aw) 
in equation 5.10. That is one can consider the atom to exit the collision with an 
alignment ( A w )  which is reduced to the value a ^ ( A u  through the hyper­
fine interaction before the destruction of alignment through secondary collisions 
takes effect.

We can also examine the interplay between depolarization due to secondary 
collisions and the Hanle effect. Fig 5.5 shows four curves: a) The decay of 
alignment via the Hanle effect for our system , b) The decay of alignment via 
secondary collisions with 7^  = 27n , c) The decay of alignment as a result 
of the Hanle effect and secondary collisions (found by multiplying axb as in 
equation 5.26) and d) The decay of population.

Fig 5.5 shows clearly that while the Hanle effect causes significant depo­
larization on its own, its effect on the decay of alignment is negligible when 
interacting with depolarization via secondary collisions at the perturber pres­
sure used . Again this arises because the timescale for the Hanle effect, set by 
the Larmor period, is greater than the time set by 1 / 7^ .

5.6.2. A pplication o f the Theory o f R adiation Trapping to  our Ex­
perim ental Geom etry.

Sections 5.2, 5.3 and 5.5 each expose the theory of a depolarizing process and 
apply that theory to the experiment that we have performed. It has been possi­
ble in these cases to correct for the process and retrieve the “true” polarization. 
In the case of radiation trapping treated in § 5.4 the theory is by no means 
as straightforward or rigorous. The theory in its present form suffers from two 
major drawbacks. Firstly it is a steady state theory and would require modifi­
cation to describe the situation in our pulsed experiment. Secondly and more 
seriously , is the problem of choosing a value for the length parameter L.

127



In the experiments of Barrat (1959c) and Omont (1965b), which tested 
Barrat’s theory, cubic cells of side 2.5 cm were used. The length parameter was 
taken to be 0.8 cm or 1.0 cm by Barrat and 1.1 cm by Omont. These values 
were found to give the best fit to the experimental results however no strict 
criteria were established for the choice of L. In our experiment the choice of a 
length parameter is not particularly obvious. The quartz tubes that comprise 
our cell have diameters between 1.5cm and 2.5cm however this is probably of 
little significance since the transverse dimension of the region of the cell with 
which the laser beam interacts is much smaller. The spot size in the cell was 
measured to be 70/nm. It seems reasonable therefore to suggest L =  lOOfim as 
a trial length parameter.

We have calculated x to be 0.15 for this value of L (ie. 15% of the radiated 
photons are trapped). Substitution into equation 5.20 gives a polarization of 
96.6% (for a polarization of 100% in the case of no trapping).

As will become apparent in the following section the degree of depolariza­
tion attributable to trapping was found experimentally to be far greater then 
this (depolarization to ~  81%). Choosing a length parameter L as 500/zm gives 
x =  0.53 and P = 81.6% . It is certainly true that the laser beam width at the 
edges of the output window is greater than the size of the beam waist (at the 
centre of the output window) and that this larger width determines the mean 
distance between the beam and the output window however it seems unlikely 
that this could account for such a large discrepancy.

It seems more likely that the unusual geometry of our experiment is not 
adequately described by the theory in its present form. A test would be to 
perform experiments similar to those of Barrat, that measure r£ff directly, using 
our experimental set up. If a fit could be achieved to the data of that experiment 
through the choice of a single value of L then the theory would be deemed 
appropriate. It could then be used to perform the necessary correction to our 
detiming data (subject to extending the theory to cover pulsed excitation and 
detection).
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5.6.3 Experim ent to  D eterm ine the Correction for R adiation  Trapping

As a result of this unsatisfactory situation as regards the theory a more empirical 
approach to the trapping correction was adopted. The degree of depolarization 
due to trapping was measured directly , under the ssune experimental condi­
tions as existed during the detuning experiment. (With the exception that the 
pressure of mercury was varied and that the perturber gas used was argon. In 
fact experiments similar to those reported in this thesis for Hg-Kr were also 
performed in Hg-Ar. The Argon experiments will be reported elsewhere.)

An amount of mercury was released from the reservoir into the cell. The 
reservoir was then shut off from the experimental cell and 2mBar of Argon was 
allowed into the cell. The mixture was then sealed off and an experimental point 
taken. This process was repeated for mixtures of 2mBar of argon and different 
amounts of mercury. The polarization was measured and plotted against the 
total fluorescent intensity (which acted as a monitor of the Hg pressure in the 
cell). Due to the difficulties encountered in attempting to heat the cell uniformly 
we were limited to reducing the Hg pressure to values lower than that used in 
our detuning experiment. Extending the results to very low Hg pressures was 
limited by the degradation of the signal to background ratio.

The “no trapping” polarization was retrieved by assuming a straight line 
fit to the data and taking the polarization value of the ordinate intercept (see 
figure 5.6). There is an obvious source of error inherent in this process in that 
no justification is given for the assumption of straight line behaviour. Despite 
the limitations of this method it is expected that the “no trapping” polarization 
can be estimated to within ±1.5 — 2.0% on the 25% extrapolated polarization.

5.6.4 Corrected R ed W ing D etuning D ata

We have performed an experiment in which the polarization of the collisionally 
redistributed light was plotted as a function of detuning from linecentre. The 
results of this experiment for the red wing of the Hg 253TA line perturbed 
by Kr are given in figure 5.7. The corrections were applied in the following 
order. Since the justification for the trapping correction was empirical it was
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Figure 5.6 E xperim ent to  determ ine degree o f radiative trapping. The 
experiment was conducted at a detuning of 5cm" 1 in the red wing. The pressure of 
Hg in the cell was varied and the polariastion of the redistributed light was measured 
at a perturber pressure of 2mBar. A best straight line was drawn and extrapolated 
back to the Polarisation axis to find the “no trapping” result.
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applied first. Secondly a^(A u) was tabulated from the values of P. c*(2)(Au/) 
was then corrected for hyperfine structure and the resultant alignment inserted 
into equation 5.10 to perform the pressure correction. The final value of P was 
then tabulated. As explained § 5.6.2 it was unnecessary to make any correction 
for the Hanle effect.

The hyperfine structure and finite pressure corrections are expected to be 
reliable whilst the trapping correction brings with it an associated error. The 
error bars in figure 5.7. reflect this error convolved with the statistical error. 
At low detunings the trapping correction error is dominant whilst at higher 
detimings the statistical error dominates. The large error bars at high detunings 
reflect the low experimental signal in this region (as low as 1 photon in ten laser 
shots)

5.6.5 B lue W ing D etun ing D ata.

Inspection of figure 3.5 reveals the asymmetry of the lineshape for Hg(3Pi— 
15o)”Kr. Absorption in the near red wing is held up by the presence of the 
satellite at 10-12cm_1. By contrast the blue wing lineshape falls off very steeply 
indeed. Our experimental signal was accordingly found to drop off extremely 
quickly in the blue wing. As a result it was not possible to plot a full polarization 
curve in the blue wing. In order to get some information about this spectral 
region we measured the polarization with the laser detuned to the positions of 
the two strongest blue wing satellites at 20cm- 1  and at 123cm"1. The corrected 
results are given in table 5.2.

Table 5.2

Ai/(cm x) Pol(%)

20
123

65 ±14 
76 ± 1 1

B lue w ing polarization data.
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Figure 5.7 Red w ing polarisation data. The error bars include shot noise and 
an estimated error due to the trapping correction. Shot noise dominates in the far 
wing.



Chapter 6.

Analysis.

6 .1  In troduction  : Qualitative Features.

In this chapter we will present our analysis of the experimental results based 
on the molecular model described in Chapter 2. For the sake of comparison we 
will first outline some of the features of the analysis performed by Alford et al. 
of their results for the Ba-RG and Sr-RG systems.

The main qualitative features are brought out in fig 6.1 which shows, for 
Ba-Xe , the three components of the problem ie. the interatomic potentials, the 
lineshape and the polarization spectrum P(Aw). These three elements are easily 
inter-compared by using the relationship between detuning and the difference 
potential (eq.2.17) and by plotting Au  on a logarithmic scale as a common 
abscissa. (In the case of the interatomic potentials it is more usual to find Acj 
plotted as ordinate.)

As the detuning is increased the minimum of the E difference potential is 
approached and a satellite results. Here the total cross section for absorption 
increases and, since this state is effective in reorientation (see fig 2.8), a dip in 
the polarization is observed at this detiming. The enhanced overall absorption 
tells us that there is a minimum in the difference potential whilst the dip in 
the polarization labels it as a E well. As the detuning is increased further the 
polarization increases to a value dictated by excitation to the II curve alone 
since this is now the only accessible curve.

6.2 Q uantitative Analysis Perform ed by Lewis et al. of Sr—A r Results.

Fig. 6.2 shows a comparison between the experimental results of Alford et al. 
(1984) for Sr-Ar and some theoretical curves based on the molecular model of 
Chapter 2, reported by Lewis et al. (1983). The qualitative features show a 
similarity to the Ba-Xe results quoted in the previous section. These features 
are less pronounced in the Sr-Ar case as a result of the low polarizability of
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(a) Interatomic Difference Potentials

Figure 6 . 1  B a—X e interatom ic difference p oten tia l, polarisation  spectrum  
and line shape. The relationship between these three elements of the problem is 
shown. The minimum in the difference potential causes a satellite in the line shape 
and a dip in the polarisation. The interatomic potentials are schematic. Their shape 
has been partly inferred from the polarisation data. (From Alford (1984))
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Figure 6 .2  P olarisation  redistribution  spectrum  for the red w ing of Sr-Ar: 
Com parison w ith  theory. The full curve is the theory using Lennard-Jones poten­
tials in the molecular model while the dashed curves assume van der Waals potentials. 
The data points are from Alford (1984). (From Alford et al. (1983))
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Argon compared with that of Xenon. The dip in the red wing curve reported 
by Alford et al. for Sr-Xe is similarly more pronounced than that for Sr-Ar.

In order to perform a quantitative test of the molecular model the inter­
atomic potentials must be known. The potentials enter the model in two ways : 
firstly through the AVa(r) which, when inverted, give IEct(AV') = i2a (Au;) and 
secondly through the derivatives of the difference potentials d(AVa)/dr. Within 
the quasistatic approximation, these determine g(Au) and in effect control.the 
relative weight of excitation to the E or II states.

Lewis et al. calculated polarization curves for several trial potential forms. 
They first assumed van der Waals r ” 6 potentials for the ground and excited 
states and calculated the dashed curves in figure 6.2.

While the assumption of a van der Waals form should give a feel for the 
kind of difference to be expected in polarization due to E or II excitation the 
inclusion of flr(Acj) cannot give a good account of the relative strengths of the 
two components of excitation since the satellite in the E state is completely 
ignored using pure r ” 6 forms. y(Au;) was accordingly set at either 0 or oo and 
the hypothetical limiting cases of pure E and pure II excitation were calculated.

Carlsten et al. (1977) obtained a reasonable fit to the lineshape for Cq =

9.8 x 10" 31cm6s " 1 . Lewis et al. adopted this value and calculated both curves 
under this assumption. They also investigated the more realistic case in which 
the C q values differs for the E and II potentials. Withe C6(E)/C6(II) = 7/4 
they obtained a curve roughly parallel to the II curve but lowered by ~  12% 
although they did not actually publish this curve.

They assess their curves as follows. They point out that the polarization 
initially is intermediate between E an*d IT and falls off with roughly the correct 
slope. The polarization then dips more steeply towards the E- only curve at 
around AV = 10- 2°cm_1. Lineshape experiments of Carlsten et al. (1977) and 
Harima et al. (1981) show a diffuse near wing satellite indicating a minimum in 
one of the difference potentials with a depth of ~  20cm-1 . General arguments 
would suggest that the minimum is likely to occur in the E difference curve 
rather than in the II. Lewis et al. take the extra decrease in polarization noted
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in this region to be due to the enhancement of £ excitation resulting from the 
satellite.

Once the position of the satellite has been passed the polarization climbs 
to a value close to that predicted by the II curve. The polarization the increases 
to even higher values than those predicted by the curve. Lewis et al. suggest 
that the disagreement in this region is due to bent trajectory effects. They 
argue that at such large detuiiings the begin to probe the repulsive wall of the 
ground state potential. They have modelled this effect by assuming that in such 
strong collisions the atoms act as hard spheres and bounce off each other. This 
results in less reorientation during a given collision than would occur under the 
assumption of a straight line trajectory. Since our experiments do nor. extend 
as far into the red wing as those of Alford et al. we need not consider this effect 
in detail.

In order to test eq.2.. directly Lewis et al. went on to describe the potentials 
using a Lennard-Jones form capable of producing the known satellites. ( An 
extreme red wing satellite, attributed to a minimum in the II difference potential 
was apparent at ~  1000cm” 1 ). Following Harima et al. (1981) and Carlsten 
et al. (1977) they took cr(£) = 5.9A , e(£) = 20cm” 1 and cr(II) = 3A , e(II) = 
1000cm” 1. Using these potentials the long range behaviour of the £ and II 
states is identical. Insertion of these potentials into equation 2.. yielded the full 
curve of fig 6.2. The curve reproduces the near wing polarization reasonably 
well up to the position of the satellite. The cusp in the curve is due to the 
classical singularity in the lineshape at this position. After the cusp the full 
curve reverts to the II-only curve. It is obvious that, just as a semiclassical 
analysis removes the singularity in the lineshape, the use of a similar analysis 
to define <7(Acj) would remove the sharp cusp in the polarization curve. An 
attempt to do just this has been made by Bieniek (1987) and will be discussed 
in § 6.4.
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6.3 M ercury — K rypton A nalysis.

6 .3 .1  Im pact Limit Polarization.

Omont, Smith and Cooper (1972,1973) applied quantum mechanical impact 
theory to the problem of collisional redistribution. Ballagh and Cooper (1977) 
used the results of Omont et al. to derive explicit expressions for the angular 
and frequency dependence of radiation scattered by a spatially degenerate atom 
undergoing collisions. They did this for the three specific cases of a) Linear 
incident and scattered polarization , b) circular incident and linear scattered 
polarization and c) unpolarized incident radiation and no monitoring of the 
scattered polarization. Since their interest was primarily the transport of radi­
ation in stellar atmospheres the full description of case c) was their main goal. 
We can however make use of their results for case a) which is the one relevant to 
our experiments. Their equation 25 gives a general expression for the intensity 
of the scattered radiation including both Rayliegh scatter and the redistributed 
component. For our purposes we isolate the redistributed component and write, 
for Jg — 0

I  oc 27(!) _  ~(2) ex 7 e

7 ? )
3(ei*£2) + 27^

T e
(2) (6 .1)

where 61,2 axe the vectors describing the orientation of the input and output 
polarizers. With our experimental geometry we find for /|| 61.62 =  1 and for 
I± ei *e2 = 0 • The correspondence between their notation and that employed 
in this thesis is given by

) =  7c +  7n/2 

7 2̂) =  7^2) +  7 n. 

l i0) = l i0) +  7n

If we neglect quenching collisions we have 7!°̂  = 7n. Substitution of these 
values into eq 6.1 gives J|| and I± in terms of 7c , 7^  and 7n and a constant of
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boundary of the impact region occurs at ~  2cm- 1  for Hg-Kr. Our experimental 
results do not extend closer to linecentre than 5cm- 1  and hence we do not ac­
tually probe the impact region properly. However an extrapolation of the trend 
shown in our data suggests that the agreement between the calculated impact 
polarization and that which can be inferred experimentally is quite good. This 
agreement lends confidence in the method of correcting for spurious depolarizing 
effects described in chapter 5.

This rather high polarization is due to the relatively low value of 7^  for 
the Hg(2537 A)-Kr interaction. This arises from the fact that the A and B state 
difference potentials are not well separated in the region of interest. The failure 
of these curves to separate as well as the analogous E and n  potentials in the 
case of a 1Pi~1So transition can be understood by examining the make-up of the 
A and B states in terms of their A components. The electrostatic forces between 
the colliding atoms still depend on A even in the case of an intercombination 
transition. As pointed out in chapter 3 the A state is made up entirely of n  
states whilst the B state contains a mixture of E and n  states. The electrostatic 
difference between collisions proceeding along the A and B states is therefore 
not as pronounced as it is in the singlet-singlet case where the states are of pure 
E and n  character.

6.3.2 Choice of Rdc for Hg-Kr

A simple way of estimating Rdc would be to use = ttR%c. Using an average 
value of <j (2) taken from table 6.1 gives Rdc =6.1 A. Applying the criterion for 
Rdc used by Lewis et al. (1983) given as eq. 2.44b and using the potentials 
proposed in chapter 3 gives Rdc ~  6.5A for the Hg-Kr system. At this point 
certain difficulties can be noted in attempting to apply the molecular model 
in its form described in chapter 2 to the potentials of the Hg(3P i—15o)-Kr 
system.

It should be noted that the maximum energy difference between the A 
and B states is ~  5cm- 1  which is not markedly greater than our estimate of the 
detuning at which the states decouple. It is in precisely such a situation that the 
concept of a well defined decoupling radius loses its validity. A physical picture
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based on the molecular model is that the atomic orbitals never lock tightly to 
the molecular axis but merely slew under the influence of the molecular forces. 
Such a process is badly modelled by the use of a locking radius no matter how 
small that radius is chosen to be (given that Ra should remain smaller than Rdc 
throughout the region of interest). The molecular model as it stands will always 
predict more reorientation than actually occurs under such circumstances.

It is interesting to compare the maximum polarization ( 62% for E exci­
tation when Rdc =  Rn ) permitted by the molecular model of chapter 2 with 
calculations for the impact limit polarization. In a system for which the molec­
ular model is truly applicable one would expect these two polarizations to be 
in rough agreement. In the case of Ba-Ar the impact limit was found to be 
(68± 2)%. Since the corresponding value for Hg-Kr of 82% is much higher than 
this the molecular model without modification will be unable to give a high 
enough polarization in the near wing to be asymptotically compatible with the 
impact value.

6.3 .3  Polarization Curve for H g—Kr; Red W ing.

We have performed an analysis for Hg-Kr similar to that of Lewis et al. (1983) 
for Sr-Ar. In our case however the potentials used were far more reliable than 
those available for the Sr-Ar case. Analytical forms were available for the B and 
X states ( Morse potential and Maitland-Smith function respectively ) whilst 
the A state was only available graphically for 30 data points. For convenience 
we have fitted the A state data to a modified Maitland-Smith function. This 
was achieved by fixing e and rm at the values given by Grycuk & Czerwosz 
(1981) and allowing the a and /? parameters to vary to achieve a best fit to the 
data. The fit was achieved using a least-squares programme available in the 
NAG library. Since we were only interested in providing a good fit to the data 
in the region between AT7 = 0 — 40cm-1 , only the data points lying in this 
region were included in the fitting proceedure. The optimum values were found 
to be a = 7.84 and /? = 4.11 . With these values the data points were found 
to be scattered quite evenly about the fitted curve and the sum of the squared 
residuals was 13cm-2 with the worst residual being ~ 2cm-1 . This reflects
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the error in the data as well as error incurred in obtaining the data from the 
published figure of Grycuk & Czerwosz.

With all the states determined by analytical forms it was easy to differenti­
ate the difference potentials for insertion into g(Au). The difference potentials 
AVa(R) were inverted numerically to give J?a (Aw) for substitution into the 
molecular model. A complication arises when there is an extremum apparent 
in a given difference potential. When this happens the function Ra(Au) is 
double valued and equation 2.56 is only valid for single valued i?a (Au;). In 
order to be able to proceed we make the approximation that excitation to the 
outer condon point is prevalent and neglect the inner condon point. This is a 
reasonable approximation for a number of reasons. For a given detuning the 
slope of the difference potential is always greater for the inner condon point 
than for the outer one. Since the weighting of the contribution of a particular 
Condon point is inversely proportional to the slope of the difference potential 
the inner point will always contribute less for the usual asymmetric well. The 
inner Condon point will also lose out by virtue of the term in equation 2.55. 
These arguments become progressively less valid as the minimum in the po­
tential is approached however in this region the difference in the reorientation 
experienced after excitation at one Condon point or the other becomes small.

At this point the meaning of the E and II labels in equations 2.48—2.58 
must be clarified. These labels were introduced in eq 2.48 to draw a distinction 
between laser excitation to a molecular “angular momentum”state with J  = 1 
and excitation to a state with J  = 0. The equations in chapter 2 were developed 
in the context of a xPi— transition in which J  = L is a good atomic angular 
momentum quantum number ( correlating with A in the molecular picture ). 
In the case of a 3 P i—15o transition J  = J  = L + S is  the relevant angular 
momentum quantum number ( correlating with fi in the molecular case). Con­
sequently it is necessary to rewrite equations 2.48—2.58 with the labels E and 
II replaced with fi =  0 and H = 1 respectively.

With these changes made we see that the A(f2 = 0) state, which is a
superposition of A = 1(11) states, actually behaves like the more depolarizing ^ _
state of figure 2.8. The B(Q = 1 ) state which is a superposition of A = 1 and 0 
, (IlandE) states acts as the less depolarizing state.
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The result is that as the satellite in the B state is approached we see en­
hancement of excitation to a less depolarizing state. After the satellite has been 
passed the polarization collapses to the value prescribed by excitation to the 
more depolarizing A state alone.

Figure 6.3 shows the results of our calculation superimposed on our exper­
imental data for various values of Rdc• As anticipated the curve for Rdc = 6.5A 
lies well below the experimental data. The theoretical curve shows the expected 
classical cusp similar to the one shown in fig 6.2 but reversed in direction. The 
curves with Rdc smaller than 6.5A appear to give better agreement than the 
one for Rdc =  6.4A however these curves should be approached with caution 
for low detunings since they contain components for which Ra > Rdc��which is 
outside the region of validity of eq 2.58. These curves can be expected to give 
a reasonable fit to the further wing where Ra < Rdc despite the low value of 
Rdc• The polarization is seen to hold up well after the position of the satellite 
but does eventually drop to a value in agreement with the theoretical curves*.

6.3 .4  B lue W ing.

Insufficient signal was available to perform a systematic detuning experiment 
in the blue wing. Furthermore the exact form of the interatomic difference 
potential in the blue wing is not known. We can however make a comment on the 
limited data available. These data points were taken at detunings corresponding 
to the peaks of the two satellites at Acj =  20cm” 1 and Au  = 123cm” 1. Grycuk 
& Czerwosz discuss the possible origin of these satellites concluding that the 
distant satellite is of the usual variety and is associated with an extremum in 
the difference potential. They suggest that the near satellite is likely to be due 
to bound- free transitions from a high lying vibrational level in the ground state.

We can be sure that the only potential to which excitation can occur in 
the blue wing is the B 31 state. Whilst lack of information on the exact form of 
the potential prevents us from calculating the polarization at Aw = 123cm” 1 
we note that since excitation occurs entirely to the less depolarizing B state the 
polarization should be relatively high. This is borne out by the experimental 
measurement.
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Figure 6.3 Polarisation redistribution spectrum for the red wing of 
H g(3Pi— 15o)—Kr: Comparison with theory, (a) Measured polarisations are
higher than predicted by the simple molecular model. This results from the proximity 
of the interatomic difference potentials in the region of interest. The polarisation drops 
in the far wing to a value in better agreement with theory, (b) Sketch of the satellite 
taken from the data of Grycuk &; Czerwosz. The curves in (a) are the results of the 
primitive molecular model with purely a purely classical quasistatic satellite. An anal­
ysis based on the model proposed by Bieniek (see section 6.4) would use the true form 
of the satellite, removing the sharp cusp in the polarisation curve.
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6 .4  E x te n s io n s  to  th e  M o lec u la r  M o d e l.

Bieniek (1987) has addressed some of the deficiencies of the molecular model and 
has proposed means of correcting for them. Of these deficiencies the most serious 
is the poor account given of the polarization measured at detimings near the 
classical satellite. Bieniek proposes a modification of the molecular model that 
deals with the satellite semiclassically thus smoothing out the cusp in equation 
6.. He also proposes a method of dealing with collisions when Rdc < Ra• Under 
these conditions the existing formula predicts more reorientation than would 
actually be apparent. Bieniek applies his modified version of the molecular 
model to the case of Sr (15o—1Pi) + Ar collisions.

In dealing with the satellite two aspects need to be considered. Firstly one 
must include the possibility of multiple (specifically two) condon points, on a 
single potential curve. It is necessary to find a way of weighting the contributions 
to excitation at each condon point. Secondly one must use a semiclassical form 
for the line profile and thus a semiclassical g(Aw).

Inspection of eq.2.53 shows that a^2l(Aw) depends on terms like (cos(<£ — 
0a)). Bieniek asserts that had the possibility of two condon points occurring on 
a single potential been allowed in the derivation such terms would appear as

Wi
itfi + w2

cos(<f> -  9£) + u>2
lUl + w2

cos{4> -  91)

where 1 and 2 label the condon points. Here the wc are weighting factors for 
excitation to a particular Condon point c and are assumed to be given by the 
classical quasistatic expression in the form

w oc R*\AV(RC) \- 1

Although w is singular at the minimum of the difference potential the denom­
inator wi + w2 ensures that the weighting factors remain finite. The resulting 
modification appears as the replacement of the angle average defined by equa­
tion 2.57 by

<•••> =  ; £
R l\A V ^ R a)\

(E -JS lAVZ ttjn  J-n/2�� ����
r/2

cos (<j> — 9ca) cos 9 d9 (6.5)
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Figure 6.4 Im proved theoretical curves for the polarisation  redistribution  
spectrum  of Sr—A r. The dashed curve is the result of Bieniek’s improved molecu­
lar model calculation. •: close-coupled, quantal non-adiabatic calculations (Julienne 
k  Mies (1986)). Note that although the classical satellite occurs at ~  20cm-1 the 
polarisation dip continues out to ~  40cm-1 . (From Bieniek (1986))
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approximations axe made in formulating the molecular model: The atoms are 
taken to follow classical trajectories and to be excited quasistatically at Condon 
points. The model also assumes that this excitation occurs independently to 
the ft =  0 and ft =  1 states. The atoms axe then taken to undergo adiabatic 
reorientation until a fixed decoupling radius is reached. The last three points 
essentially assume that there is no mixing of the molecular states either at exci­
tation, during the rotation or after decoupling. The following sections examine 
the validity of these assumptions in turn.

6.5.2 C lassical Trajectories and Q uasistatic E xcitation

By treating the problem of two interacting particles in their centre of mass 
frame the dynamics can be reduced to those of a single “particle” of reduced 
mass p moving in a potential V(R). The assumption of classical trajectories 
breaks down if the de Broglie wavelength of the “particle” is of the order of a 
typical scale length for the interatomic potential. Taking p = pvrei and using 
pv^el/2  = 3kT /2 we find p = y/ZkTp. Using the de Broglie relation A = /i/pwe 
find A = 0.19A for Hg-Kr thermal collisions at room temperature. The minima 
in the A, B and X potentials occur at ~  4A which can be taken as a measure of 
the scale of the potential. The assumption of classical trajectories is therefore 
good for the collisions we have studied. If any discrepancy occurs as a result of 
this assumption it will occur near the turning points where dV/dR is large ie. 
the potential changes appreciably over a de Broglie wavelength.

Also related to the classical path assumption is the question of the angular 
momentum of the collisions or equivalently the rotational energy level spacing. 
Classically the angular momentum L and the impact parameter b are related 
through

L =  bpvrei (6.7)

The assumption of well defined trajectories implies that b can take any value. 
However we know the left hand side of eq 6.7 to be quantized according to

L = ^Jl(l + \)K (6.8)
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It is an example of the correspondence principle that at large values of 1 the 
distribution of allowed impact parameters becomes almost continuous. Com­
bining equations 6.7 and 6.8 and assuming an impact parameter of 3A we find 
/ ~  100 for the collisions we have been considering. At such high values of 1 we 
can replace y/l{l + 1) with 1 with negligible effect and the system behaves to all 
intents and purposes classically.

The condition for quasistatic excitation is given as equation 2.15b. This 
condition is well fulfilled for Hg(3Pi—15o)-Kr at the detunings investigated. 
However, as previously pointed out, the theory itself is inadequate in certain 
circumstances. Classical quasistatic theory fails to predict the correct form for 
the satellite. This particular aspect has been dealt with using the analysis of 
Bieniek discussed in § 6.4.

6.5.3 E xcitation , R eorientation and D ecoupling.

The work of Hertel et al. (1985) and Grosser (1981) has shown the concept of 
a locking radius to be useful when the potentials involved separate rapidly. As 
has been discussed the concept is not useful when the potentials remain close 
together over a large region of R. Since this is the case for Hg(3Pi—15o)-Kr we 
now discuss ways in which the theory could be amended to take account of this 
problem. Since the model is based on the three processes of excitation, rotation 
and decoupling we examine these three processes in turn.

The molecular model assumes that, at excitation, dipoles of either pure 
12 = 0 or pure 0 = 1 character are created. Excitation therefore occurs to states 
with the well defined wavefunctions (pointing along the molecular axis) or 
\£i (at right angles to the molecular axis). In an exact quantum mechanical 
treatment of this aspect, excitation occurs to a state whose wavefunction is a 
linear superposition of these two wavefunctions, = C ^ i  -f Co^o* hi a per­
turbation approach the C’s, which control the admixture of the states involved, 
are inversely proportional to the energy difference between the states. When, 
as in our case, excitation occurs at points where the energy separation of the 
states is small, the correct form of the wavefunction must be used.
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In the inexact treatment of the molecular model it is assumed that the 
\£i and wavefunctions rotate adiabatically. That is the rotation does not
induce transitions between the two states. These wavefunctions are therefore 
independent solutions of the Schroedinger equation. In reality the proximity in 
energy of the two states will lead to further mixing between them during the 
collision. In order to describe this situation we must solve a pair of coupled 
equations. The wavefunctions = C ^ i  +  Cq'&q are the solutions of these 
coupled equations.

In the exact method it is unnecessary to introduce the concept of a decou­
pling radius since the behaviour at all R  is taken care of automatically once the 
correct form of the wavefunction is used.

In summary the effects of assuming quasistatic excitation and classical tra­
jectories are either negligible or can be allowed for by making the reasonably 
simple amendments to the model as described in § 6.4. Far more serious dif­
ficulties arise, for our system, from the assumptions of incoherent excitation, 
adiabatic reorientation and the use of a decoupling radius. The next step would 
therefore be to retain the former approximations but to treat the excitation and 
reorientation processes as described above.

It is possible to treat the entire problem quantum mechanically. Work along 
these lines is under way at present in this laboratory. The drawback of the full 
quantum mechanical calculation is that it does not lend itself to simple physical 
interpretation.
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quantitative tests of theory. However, even the qualitative features of our polar­
ization curve differ from those of the corresponding curve for Sr(1Pi—15o)-Ar. 
The chief qualitative feature in that system was the dip in the polarization near 
the minimum in the E difference potential. It has been shown that in the case 
of Hg(3P i—1<S'o)-Kr this trend is reversed and we see an enhancement of the 
polarization near the minimum in the fi = 1 difference potential. Just as this 
qualitative feature allowed Alford et al. to definitively label the potential curves 
as E and n  we are able, through this work, to label the Hg(3P i—1S'o)-Kr 
potentials definitively as H = 0 and ft =  1.

The stated aim of this work was to provide a test of the molecular model 
presented in chapter 2. It would be unfair to attribute the failure of our analysis 
of chapter 6 to account for our data to the general inadequacy of the theory used. 
The problem clearly lies in the fact that some of the underlying assumptions 
of the model are invalid for a system such as ours in which the ft =  0—ft =  1 
potential difference is small.

The model as it stands has therefore not been tested in a region where it 
can be expected to be adequate. An alternative approach to performing such 
a test would be to conduct experiments to elucidate the interatomic potentials 
for Sr—RG and Ba—RG systems since for these systems the polarization data 
available in the literature is excellent. Such experiments are difficult to perform 
but have been proposed and are being pursued by other experimenters in the 
field.

It is arguable that once the stated aim of testing the molecular model had 
been achieved the logical next step would have been to examine systems for 
which the validity criteria of the inherent approximations are less well satisfied. 
In order that such a model be worthy of pursuit it should be widely applicable 
and should survive, with little modification, reasonable changes in the system 
studied. The purpose of examining such marginal systems would be to test the 
range of applicability of the molecular model. Hg(3P i—15o)- Kr is just such a 
marginal system and our results bring into sharp focus the inadequacies of the 
molecular model. The possible benefits of extending this work to systematically 
cover all the rare gasses will be discussed in § 7.3.2.
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7.3 Suggestions for Further Work.

7.3.1 Im provem ents to  the Experim ental set up.

It would be possible to make some radical improvements to the experimental 
set up. Firstly, in the last year a new nonlinear crystal capable of frequency 
doubling to 2537A has become available. Beta phase Barium Borate (BBO) has 
quoted efficiencies well in excess of 10% . The resulting factor of ten improve­
ment in the signal level would make practicable a far more systematic survey 
of Hg(3P i—15o)-RG interactions in both the red and blue wings. A further 
increase in the signal level could be achieved by removing the monochromator 
from the experimental rig and replacing it with an ultra violet Pockels cell. 
Since the timescale of the fluorescence is ~  100ns it would be possible to gate 
against the prompt Rayleigh and specular scatter temporally rather than in 
frequency. The gains in signal would come from dispensing with the inefficient 
dispersive element (grating) and through the total absence of slits which hamper 
the throughput.

A new cell is presently under construction which should overcome many 
of the shortcomings of the one used in this work. The main drawbacks with 
the old cell were that it could not be heated uniformly and that it did not 
hold its vacuum particularly well when sealed off. The first of these meant 
that the vapour pressure of Hg was not easily or effectively controllable. It 
was only possible to obtain pressures at, or lower than the room temperature 
vapour pressure. A well controlled heatable cell along with an increase in the 
experimental signal would allow us to perform a far more satisfactory experiment 
to resolve the effect of radiation trapping.

If this effect could be well characterized a further increase in signal might be 
achieved at higher vapour pressures with a sacrifice in the level of the measured 
polarization. It is not however clear whether there would be any net gain in 
adopting such a proceedure.

The second drawback, that of the vacuum not being well maintained in 
the absence of pumping, meant that we were limited to short (~ 1 hour ) runs 
on a given gas fill. Care had to be taken that signal resulting from collisions
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with spurious impurity gasses was not allowed to become so large as to seriously 
affect the experimental accuracy. A well sealed and baked active cell volume 
would lend greater ease of experimental operation.

7.3.2 Further Experim ents.

An obvious extension to the present work would be to perform similar experi­
ments in the Hg(3P i—15o)-Xe system since the qualitative features should be 
more pronounced with this heavier, more polarizible perturber. Furthermore, 
work has been done on the interatomic potentials for Hg(3P i—15o)~Xe (Fuke 
et al. 1986, Grycuk & Findeisen 1983, Lam & Gallagher 1978). It is likely that 
the A—B state separation is greater for this system than for Hg(3P i—15o)-Kr, 
whilst the decoupling radius would occur at a smaller state separation as a re­
sult of the longer collision time tc .��Hg(3P i—15o)-Xe should therefore be closer 
to an ideal system in which the molecular model might be expected to work. A 
systematic study using all the rare gasses would expose in a very clear way the 
onset of difficulties with the molecular model, as one progresses from Xe down 
to He.

Grycuk & Czerwosz (1981) discuss the origins of the blue satellites in the 
Hg(3P i—15o)-RG line profiles. We have shown that the polarization of the 
collisionally redistributed light at these satellites is high but were unable to 
perform a systematic study in the blue wing due to the sharp decrease in exper­
imental signal in this spectral region. A full study of the blue wing polarization 
curve could help greatly in resolving the origin of these satellites.

Another direction which would be experimentally trivial given the present 
apparatus would be to perform similar experiments in mixtures of Hg with 
molecular gasses such as N% and CC>2- In such instances quenching collisions 
become important and the depolarization cross sections, particularly that of 
CO2 are very large.

Another type of experiment originally envisaged for this experimental rig 
was to probe Hg-Hg resonance collisions since the potentials for this system are 
given by a simple analytical form. In order to achieve any appreciable signal it 
would be necessary to work at high mercury pressures and a scheme to overcome
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the effects of radiation trapping would need to be employed. One scheme would 
be to use different isotopes of Hg as perturber and emitter and to depend on the 
isotope shift to make the cell transparent to the emitted fluorescence. Another 
scheme would be to shift the atom out of resonance using the Stark shift in a 
strong laser field.

The present laser and detection system could be adapted to work with a 
molecular beam rather than a thermal cell. At the simplest level one could 
perform bound state spectroscopy on van der Waals dimers in such a beam. 
By using a dye laser oscillator with a smaller bandwidth (~ 1 GHz) one could 
resolve the rotational structure of the bound-bound molecular spectrum. This 
would allow a full RKR analysis and a corresponding increase in the quality of 
the interatomic potentials available for testing theories. Such experiments for 
Hg-He, Hg-Ne, and Hg-Ar have recently been reported by Yamanouchi et al. 
(1988).

One could also perform experiments in which a laser photon is used to 
photodissociate the van der Waals molecules thus forming a different type of 
half-collision process. The availability of information on the two different types 
of half-collision process ( collisional redistribution and photodissociation ) for 
the same system, would be unique.
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