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ABSTRACT

In this thesis, the Vacuum Ultra Violet
5p—-absorption spectrum of laser-excited Barium
between 4803 and 860A will be presented; the lower
level of the transitions is the 6s5d configuration
rather than the 6s2 ground state. The experiment is
a natural development of previous work by Connerade
et al (1979) on the S5p absorptioﬁ spectrum of
unexcited neutral Barium, where the observed
spectrum was explained in terms of transitions to
upper levels belonging to the manifold

5p° (65°x655dx5d%) [ 2P 1 ns,nd J=1

1/2,3/2
for which Rose et al (1980) have calculated the
mixing coefficients for different configurations
belonging to the parent ion limits. ©Notable
differences in the VUV spectrum should result from
prior excitation of one of the 6s valence electrons

since the transitions
5p%6s5d 3'1DZ——5p5(635dx5d2) ns,nd J=1,2,3
involve different mixing coefficients.
In the present experiment one of the 6s
electrons was excited with a pulsed laser tuned to

the 652 lSO - 6s5d lPl resonance line at 5535%. The

resulting population inversion with respect to the

IN



6s5d lDz and 3D2 metastable levels resulted in
Ampliféd Spontaneous Emission rapidly populating
these lower levels. The probe continuum was pulsed
and was generated by a focussing a Q-switched Ruby
laser onto a Samarium target. The resulting plasma
emits a spectrally pure continuum between~400A and
~L000£ of ~ 25 [ns] duration. Absorption spectra
were recordéd on photographic film at different
delays between the dye laser pulse and the continuum

pulse, each spectrum taking ~~160 shots.

Entirely new structure was observed, with no
1

clearly resolved transitions from the 6s6p “P; level
initially populated by the pump laser in any of the
spectra. The.spectra are fairly simple above A/GBOR
with relatively few lines of which some are beliéved
to be of Baz* dimer origin. At lower wavelengths
the spectrum is extremely complex with many closely
spaced but weak lines. Comparison with the
calculations of Mansfield (1985, frivate
Communication) using the Cowan Code on excitations
to the upper levels built on the configurations
5p5(5d632x5d265x5d3), reveals a basic disagreement
between the theoretical and experimental
distribution of absorption lines above 6902A. By
contrast this same code gave fair agreement between
experimental and calculated transitions for the

~ unexcited Ba 5p spectrum above 690A.

This has been interpretated as evidence that the



5d wavefunction becomes level-dependent in the
presenée of a 5p hole and a 6s5d valence
configuration. If this hypothesis is correct, then
it has important consequences for the theory of such
transitions. This is because the theory is based on
ab inito calculations which at present employ
average of manifold wavefunctions. Such approaches
fail for a sufficiently sensitive one electron
wavefunction, for example the 5d wavefunction for
the core and valence excited Barium as hypothesised

here.
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CHAPTER 1 THE INTRODUCTION

1l.1. The Interest in Atomic Inner Shells

A good starting point for understanding the
spectra of complex atoms is provided by the
Independent Particle Model. This model replaces the
pairwise electrostatic interactions between
different electrons by an effective field V(r). Such a
field is of course an aéproximation but it greatly
simplifies the analysis of complex atoms, since each
electron is now viewed as moving in this field
independently of the others. Both the "Hartree
Fock" and the relativistically correct and therefore
more exact "Dirac Fock" Models are good examples of
the Independent Particle Model. The effective field
in these models contain contributions from both the
coulombic field of the nucleus and the field due to
the average charge density of the electrons, the
latter being deduced self-consistently. These
models are useful since to a good approximation the
excitation of one electron may be considered as
being independent of the others. The other
electrons act as spectators to the excitation and
their eigenstates are relatively unchanged by it.

Of course there will be changes in the V(r) observed
by these spectators but the model will remain valid
provided the resulting perturbation to their
eigenstate is small. This is indeed the case for

both the excitation of valence electrons and X-ray



excitation of electrons from very low lying shells.
In the valence electron case the model is valid
because‘their wavefunctions are located
predominantly outside the electron core. They
therefore contribute little to the V(r) observed

by the specﬁator electrons, and the perturbation to
this field when the valence electrons are excited to
higher levels will be small. The validity of the
Independent Particle Model for X-ray excitation is
accounted for by the nuclear component. The
subshells involved in X-ray excitations lie very
close to the nucleus and so screen it very
effectively. The effect of exciting'one of these
électrons is t§ increase the nuclear charge
perceived by higher lying electrons. This results
in changing the scaling but not the overall form of
spectator electron's effective field. ;n the case
of intermediate inner shells there is some doubt
regarding the validity of the Independent Particle
Model because the changeg in the effective field are
neither small nor dominated by the nuclear

component.

The interest in inner shell spectra of atoms
lies therefore in the importancé of many body
effects in their interpretation. Many Body Theory
attempts to account for these effects by providing a
better description of electron correlation effects

than is achieved by the ultimately crude effective

field approximation. For example this approximation



takes no account of the effect that an electron will
polarize the region around it. This polarization is
represented by a decrease in the charge density
probability in its immediate vicinity, as
represented by the eigenstates describing all the
other electrons. Of the several possible approaches
to Many Body Theory, the most complete according to
Connerade (Re&iew Article 1978) with regard to
photoionization cross sections has been the M.B.P.T.
(Many Body Perturbation Theory) of Kelly (1975), and
the R.P.A.E. (Random Phase Approximation with
Exchange) method of Amusia (1974). The MBPT and
RPAE methods may essentially be considered as
different forms of Diagramatic Perturbation Theory
(i.e.‘using Feynmann Diagrams) applied to thé
calculation of higher order "polarization" terms
than are included in the Hartree Fock model. Both
approaches use Hartree Fock solutidns as the initial
zero order basis states. Diagramatic Perturbation
Theory is discussed by Kelly (1975) and the
difference between MBPT and RPAE can be summarized
as follows: MBPT sums all possible perturbation
diagrams up to"a given order of approximation. RPAE
by comparison takes into account certain classes of
diagram representing the polarization of the
electron medium and sums them to infinity. The
argument for the RPAE approach is that certain
classes of perturbation give rise to strong
couplings and shoulé be summed to infinity (Wendin

1974). 1In the words of Connerade both of these



approaches are incomplete, but each one represents a
significant improvement over the "independent
Particle Model" (That is they take into account
effects not described by the IPM). These theories
are extremely complex and the key question which
arises is whether such theories are necessary for

the interpretation of inner shell spectra.

1.2 The Interest of Barium for Inner Shell Studies

The effective potentials observed by f electrons
are interesting because of their double well
character, see Figure 1Dl below. One characteristic
of such a potential is the tendency for the £
eigenstate to be localized in one of the two
valleys. Small changes in the potential barrier
separating the two valleys leads to the possibility
of an abrupt transfer of the f eigenstate from one
valley to the other. Barium occupies a crucial
position in the periodic table with regard to the
phenomena. The 4f eigenstate of the 6s4f excited
state of Barium (2z=56) is localized in the outer
valley. The 4f eigenstate of the 6s5d 4f excited
state of Lanthanum (2z=57) by comparison lies in the
inner valley (Connerade Review Article 1978a), and
is said to have exhibited "wavefunction collapse".
Consequently the 4f eigenstate in Barium will be
very sensitive to small changes in the potential
barrier described above. For example with the 44

absorption spectrum of Barium, the 4f (and higher
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nf states) eigenstate is unbound in the presence of
the 44 core vacancy, and the spectrum has no sharp
features due to direct photoionization into the &£
continuum by the 44 electrons. However, the
situation for this particular case is more
complicated since the inner valley of the Barium £
electron effective potential is capable of

supporting one quasi-bound state. This state

however lies above the f threshold and can tunnel
into the outer valley where it then photoionizes.

So this upper quasi-bound state gives rise to a very
broad intense resonance which derives its bréadth
from its short lifetime and is known as "Giant
Resonance". The origin for the double valley
potential responsible for this "Giant Resonance" is
discussed in terms of the Independent Particle Model

in Chapter 2.

Calculations of the 4d4-£f photoionization cross
section of neutral Barium using RPAE predicted a
collective oscillation of the entire 4d subshell
(Wendin 1973)7 The physical manifestation of this
oscillation, whiéh was rather analagous to an atomic
plasmon, was predicted to be a broad (~51 eV)
resonance which was labeled a Giant Resonance and
its existence was later confirmed experimentally by
Connerade et al (1974). It should be clear from the

above text of this subsection that multibody effects

are occuring in the 4d absorption spectrum of

neutral Barium. However it is important to note



that a qualitative description of the observed
spectrum can be generated by more refined
independent particle models which are capable of
accurately modelling changes in the effective
potentials caused by the excitation of the 4d

electron.

Wenain's (1973) paper also predicted the presence
of a "Giant Resonance" in the 5p absorption spectrum
of neutral barium of width ~ 2.4 [eV]. 1Its origins
were according to Wendin (1974) due to couplings
between the (5p;5d)lPl and the (6s;np) lPl
excitation channels resulting in a "huge
autoionizing resonance which decays ‘into a continuum
of excitations from the Gs‘2 subshell". The first
experimental results on this_spectrumvwefe
simultaneously reported by Connerade et al and
Ederer et al in 1974.° Ederer et al's spectrum was
more limited in scope and extended from only 5208 to
640A whereas that of Connerade et al covered the
entire spectrum from 5022 to 784R. The spectrum was
very complicated in structure and waé not dominated
by a single Giant Resonance of the type predicted

. by Wendin. This was very surprising in view of the.

*The 5p spectrum of Barium had previously been
observed prior to this work by Newsom at Imperial
College using a BRV Source in 1970. However the
spectrum was never published and these two groups
recorded it later using a synchrotron as a
background source.



success of Wendin's RPAE calculations on the 4d
spectrum of Barium, where the discussibn at the
beginning of this subsection indicated'ihat the
results would be particularly dependent oh the
theoretical approximations employed. Reasons for
the failure of RPAE in this particular case will be

returned to later.

The 5p absorption spectrum was also much more
complicated than would have been expected from the

one electron scheme given below: -

6.2 1 5, 2,2 1
5p°65% (15, +hv [ —= (5P 65" ( 91/2,3/2>Z ns,nd('p,) .

This scheme would have been correct if the Spectator
Electron Approximation* was valid for the 5p
spectrum of Barium and would have led to only five
series converging to two core limits. The observed
complexity was attributed by Ederer et al to the
presence of "many more series involving two electron

excitation converging to excited states of BaIl".

*The basic Independent Particle Model assumes that
the occupancy of subshells by an atoms electrons
will remain unchanged except for the electron under
excitation. The Spectator Electron Approximation in
addition requires that the relative orientations of
the electron angular momenta that make up the total
angular momentum should be unchanged except for the
electron participating in the excitation. This
approximation has proved very useful in accounting
fog t%% relatively simple 3d spectra of Mangages

s< S (Baig et al 1979) and Chromium 3d°4s’s
(Connerade et al 1981) despite the partial filling
of the 34 subshell. Many more core limits would
have occurred if the relative orientations of the
unexcited momenta had been scrambled by the
excitation of a single 3d electron.

1



Connerade et al by comparison asserted that the
observed spectrum showed "complex structures due to

(5dx6s) mixing".

Here (5dx6s) means that the upper states occurring
in the 5p spectrum are not due to a pure core

: : 5272 :
configuration of S5p-6s ; P1/2,3/21' but are instead
composites arising from the mixing between the one
electron core configurations 5p5652,5p5655d and

5232 (1 2 - .

5p25d“ with [ P1/2,3/2] character. Such mixing is a
good example of Configuration Interaction and the 5p
spectrum according to Connerade et al is better

represented by the notation: —

5..2 1 5,2 2, 2 1
5p°65° (15) +hw,  —=5p° (65°x655dx5a°) ( Py/p,3/20s.nal’ey) 2

where the manifold [6s2x655dx5d3%] represents the

strongly mixed group of upper states described

earlier.

This spectrum was later analysed by Connerade et
al in 1979a using semi—empirical~techniques which
will be discussed in‘Chapter 2. Their analysis
identified 14 series converging to 12 limits and a
photograph of this spectrum showing this ordering is
given in figure 1lPl. Subsequent
Multi-configurational Dirac Fock calculations by
Rose, Grant and Connerade (1980f alSo predicted the

presence of 12 series limits. Their calculations

evaluated the mixing coefficients of the manifold



[6s2x6s5dx5d2] that made up those limits and 6 of
fhe experimentally observed levels were explicitly
identified. Later even higher resolution\york by
Baig et al in 1984 led to the identification of a
further 2 series limits not previously observed
by_Connerade et al (1979a).. These authors remarkedv
that the original calculations by Rose et al (1980)
did not suggest the presence of the two additional
series limits at the observed energies, indicating a
"need for an even more complete theoretical approach

than the MCDF calculations performed to date".

It is quite clear from figure 1P1 that the
barium 5p spectrum in not dominated by a single
"Giant Resonance" of the type predicted by Wendin
(1973,1974). The same result is also true of
Lanthanum (z=57), but not for the other lanthanides
(Tracy, 1977). Samarium in particular has an
extremely strong resonance of a type reminiscent of
Wendin's "Giant Resonance". The absencevof the
feature in Barium andLanthanum was attributed by
them to the presence of 6s-5d mixing which fragments
the (5p;5d)lPl Giant Resonance and spreads its
character améngst many transitions containing
significant 5d character. However if this was the
case, then the similarity of the 5p spectra of both
Barium (2z=56) and Cesium (£=55) is remarkable. This
is because the photo double ionization threshold by
a single photon lies above the 5p spectrum for

Cesium whereas for Barium it lies well below. So




FIGURE 1P1: BARIUM 5P ABSORPTION SPECTRUM SHOWING ITS ORDERING INTO RYDBERG SE
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the coupling between the (Sp,nd)lPl and (65,np)lPl
channels discussed by Wendin should have been very
different resulting in very different spectra

(Connerade (1979b)).

Further interest in the Barium 5p spectrum has
been greatly stimulated by the discovery of a double photo—
ionization anomaly. Barium was an ideal atom for
studying the properties of photo-double ionization
since it has the lowest known double ionization
limit at 15.215 [eV] (Moore 1958). Hence the
resonance lines émitted by both Helium and Neon
discharge lamps could be used for this work. 1In
1974 the relative rates for double and single
photoionization in Barium were measured by Brehm and
Bucher using both the Helium line at 21.22 [eV] and
the Neon lines at 16.67 [eV] and 16.85 [eV]. A
Ba++/Ba+ ratio of 0.25 was measured with the Neon
lines and this was regarded as not unusual. quever,
they discovered that this ratio suddenly jumped to
2.4 at the 21.22 [eV] Helium line. This result was
felt to be very surprising since thé Double to
Single ionization ratios measured for rare gas atoms

using x-ray sources were much smaller. Typically

6nly 17% at most of the atoms were doubly so (Brehm
and Hofler, 1975). It should be pointed out that
the cross section for simultaneously ejecting two s
electrons into the photo-double ionisation continuum
must be much smaller than for the ejection of just

one s electron into the single photoionization



continuum (Connerade 1985 Private Communication) if
the independent particle approximation is to héve
any validity at all. Brehm and Bucher suggested
that the most likely explanation for their results
was the ionization of a 5p electron followed by a

subsequent Auger Process to yield Batt,

This totally unexpected Batt/Ba® ratio for the
21.22 [eV] Helium line attracted the immediate
interest of theoreticians in the field. Wendin
(1978) interpreted the result as the manifestation
of a many body process where two electrons were
ejected simultaneously via intermediate non-energy
Eonserving states. This very radical interpretation
followed on from an argument by Fano who suggested
that a resonance in the 5p shell polarization couid
lie in this energy region. The correlation effects
between electrons in the 5p and 6s subshell could

result in the "shattering of the 652

subshell", i.e.
the ejection of two s electrons simultaneously.

Such a méchanism would have beeh characterized by a
continuum of energies in the ejected
photo-electrons. 1In fact this result was not
subsequently observed. A more convensional one
electron scheme was proposed by Hansen in 1975 and
is best described by the title, "Two Step
Auto-ionization". His model which is represented

diagrammatically in figure 1D2 below envisaged the

following two step approach;



FIGURE 1D2: HANSEN'S TWO STEP AUTOIONISATION MODEL FOR Ba
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Step 1 - Auto-ionization driven by Spin Flip of the

core electrons.

5p°652 (1s) +h —— {spZsa’e}es? (')

21.22(eV)

—— (5p°5a(°p )65 (PP ) +e”

Step 2 - Auto-ionization driven by an Auger process

filling 5p core vacancy.
5p55d(3P )iés(zp )——a»5p6(1so) + e

Such a two step mechanism would be characterized by
the ejected photo-electrons having discrete energies
and this has subsequently been demonstrated
experimentally. Nevertheless the . problem as will be
seen in Chapter 2 has many facets and its study has

given rise to the disdovery of new developments.

1.3 Aims of the Present Research

It appears from the work of Connerade et al
(1979a) and Rose et al (1980) that the 5p spectrum
of Barium can be understood in terms of a
multi-configurational model with a finite number of
interacting configurations. The observed complexity
is understood in terms of 6s-54 mixing and the
general form of the structure acounted for using
Multi-configurational Dirac Fock Calculations. Many
body processes involving more complex diagrams such

as those briefly sketched in section 1.2 do not



appear to be important in the case of the Barium 5p
spectrum. More recent high resolution work by Baig
et al (1984) on the Barium 5p spectrum has revealed
two more series which cannot be accounted for by
MCDF calculations. Hence the story is by no means

closed.

Enough has been said about the spectrum of
Barium excited from the ground state to indicate how
complex the problemé are and how desirable it is to
provide independent data, preferably involving
different excitation channels terminaﬁing on related
configurations for a more detailed test.of the
theory. Probing the 5p spectrum of excited states
of Barium would allow MCDF calculations of other
levels to be compared with experiment. A level
diagram showing the excited states of interest is

given in figure 1D3.

The aim of the present research was to record
the respective 5p spectra of the Barium excited
states 656p1Pl and 655d3'lD1'2'3. The 656plPl state
was to be populated using a dye laser tuned to the
6s2 l80—656plPl resonance transition at 5535A. This
excited state, if the spectator electron model was
valid, would give rise to the following 5p

excitation scheme.

6 1 5
5p 6s6p P1 +hvVUv———~—-(5p 6s6p)ns,nd J=0,1,2 3



However, the 5p excitation scheme would probably be
more complex due to the presence of 6s-5d mixing and
the upper states accessed would probably be better
described by the manifold 5p5[656px6p5d]ns,nd. This
spectrum would have been particularly interesting to
study since it involves states of opposite parity to
those seen in the 5p spectrum of unexcited Barium.
An important consequence of this is that the 6s-5d
mixing would be totally modified and would be seen
with different mixing coefficiénts in the presence
of the 6p electron. Unfortunately it proved
impossible to measure this spectrum for reasons

which are discussed in Chapter 5.

The 5p6 6s5d 3'1D2 metastable levels would be
populated by radiative decay from the laser

populated 656pl

Py level described earlier. The most
recent calculations of the strength of the
6s6p'P;-655d 3D, spin forbidden transition imply
that it is stronger than the 6s6p lPl - 6s5d lD2
allowed transition (Hafner ana Schwartz, 1978).
However the experimental evidence for this
conclusion is contradictory with different workers
reporting different results with regard to which
transition is stfongest (references given by Bowen
and Thorne, 1985). Consequently 5p transitions can

be expected from the two 6s5d 3’1D2 metastable

states to upper levels with J =1, 2 and 3. In

addition transitions to upper levels with J = 0 and

4 should also in principle be observable because of
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collisionalApopulation of the 6s5d 391,3 metastable
states. It is therefore reasonable to expect that
the 5p spectrum from 3'1Dl,2,3 metastable states
will be extremely complex with many series being
observed converging to the core configurations

below: —

5p5(655ax652x5a2) [2P) /5 3,1

5p3 (6s5dx54d2) (2035551
5p5(6s5dx5d2) [2Fs5/5,7/2]

' 5p5 (6s5dx5d2) 1*r1/2,3/2,5/2]

5p° (6s5dx5d%) (*D1/2,3/2,5/2,7/2]
5p°(6s5ax5a")  [*F3/3,5/2,7/2,9/2)

The above core configurations anticipate the .
presence of 6s5d mixing (where allowed) but the
mixing coefficients will be different from those

observed in the 6s2 lSO spectrum.

1l.4.1 Experimental Method

It is necessary for reasons explained in Chapter
3 that a pulsed high power dye laser should be used
to populate the desired excited states. This method
however has risks in that high degrees of laser
induced ionization can be observed when optically
pumping high vapour pressures of Alkali and Alkaline
Earths on their resonance line with a high power
laser (>1MW/cm2), rThis was first discovered by
Lucatorto and McIlrath (1976) when theyAgbserved‘

almost complete ionization in sodium. Skinner

(1980) observed up to 56% ionization in the alkaline



earths at densities above 1029 [m™3] and this
phenomenum has also been studied in Barium by Bachor
et al (1981), Kunnemeyer et al (1983) and Jahreiss
et al (1983). The mechanism for this ionization
process and the reasons why it was not expected to
be important in this experiment will be discussed in

the next subsection.

A pulsed VUV continuum source emitfing over the
spectral range ~ 500A-800A is required for this
experiment because of the transient lifetimes of the
excited states being probed in this experiment. The
6s6p lPl level decays to the ground state by
spontaneous emission with a lifetime of ~v 8./ [ns]
and is therefore essentially only populated during
the pump iaser pulse (~s100 [ns] FWHM). The 6s5d
3'1D1,2,3 metastable states are much longer lived
and decay to the ground state by collisional.
de-excitation. Their lifetime is therefore
determined by thé Barium number density in the
absence of buffer gas (assuming no free electrons)
and the lifetime for example of the 6s5d4 lD2 level
at a number density of 1021v[m_3] will be of the
order of 370 [ns] (based on the quenching cross
section data éf Bowen and‘Thorne_l985). The study
of the 6s6p lPl spectrum tﬁerefore required a bright
VUV continuum source which could be synchronized
within the pump laser's temporal envelope. The best

source for this role as will be seen in Chapter 3

was the laser generated plasma formed by focussing



the output of a Q switched laser onto a metal target
(samarium). The 5p absorption spectrum was recorded

photographically using a 1 metre spectrograph.

1.4.2. Laser Induced Ionization of Barium

It is necessary to understand the ionization
mechanism's for Alkali Earth metal vapours by high
power dye lasers in order to appreciate why
ionization was not expected to occur in this
experiment. The first ionization limit of Barium
lies 5.210V]above the ground state (Lee et al 1977)
and therefore the energy of at least three laser
photons tuned to the 6s2 lSO - 6s6p lPl resonance
transition (2.2JeV) are required for ionization. The
dominant mechanism for ionizatioh at laser powers of
~ 1 [MW/cm?] and number densities of the order of
1019 - 1021 [m"3] is generally believed to be the
super elastic electron model proposed by Measures
(1977). An electron colliding with an excited 6s6p
lPl Bariﬁm atom may de-excite it and so emerge with
a kinetic energy 2.2 [eV] in excess of its thermal
energy. This energetic electron can then excite a
second 6s6p lPl atom to higher energy level from
which it can be ionized by either a seéond electron
collision or by photo-ionization. by the laser. A
basic requirement for this model to be valid is the
formation of seed electrons by some other process
such as two-photon ionization from the resonance or

metastable states. Bachor and Kock (1981) have



argued that resonant two photon ionization from the
Barium 6s6p 3Pl level, which is collisionally
populated from the 6s6p lPl level is possible, and
may be more important in the formation of such seed
electrons than say collisional processes involving
two excited Barium atoms. This is because the
intermediate 6s6p 3p - 6s6d 3P transition is only

A 0.43 from resonance with the pump laser wavelength
and a moderate bandwidth laser could therefore
efficiently drive this process. In any event, all
experiments which have achieved high degrees of
ionization have used laser pulses of at least 100 ns
duration. Bowen and Thorne (1985) observed less
than 5% ionization in‘Barium at ﬁigh number

012 - 1020 [m"3], and high buffer gas

densities, 1
pressures, ~~ 100 torr of -He, using a laser very
similar to that used in this experiment. The lack
of ionization was attributed to the short duration
of their laser pulse ~50 [ns], and its narrow band
width ~ 0.025A. A ﬁarrow bandwidth prevents the
formation of seed electrons by the mechanism
postulated by Bachor and Kock (1981). The short
pulse length avoids the superelastic process from
having time to build up. Another contributary -
factor to the lack of ionization may have been the
high-buffer gas pressure of Bowen et al experiments.
Experimental evidence by Stacewicz and Krasinski
(1981) indicates that laser induced ionization is

attenuated by high buffer gas pressures due to the

quenching of the 6s6p 3pl metastable state by the



buffer gas. However this mechanism was probably
unimportant in Bowen et al's work because of the

narrow bandwidth of their laser.

So in conclusion it was not anticipated that
significant laser induced ionization would occur
because of the narrow bandwidth and short duration
of the pump dye laser which was similar to that of
Bowen et al (1985). This seems to have been the
actual case judging from the results of Lucatorto:
and McIlrath (1980). on the Ba™ 5p
absorption spectrum. None of the lines observed by
| ucatortes et al that lay in the spectral.range of

interest to this experiment were in fact observed.



CHAPTER 2 THEORY

2.1 The Radial Problem - Its importance to

contemporary work on atomic structure

Exact solutions to the energy eigenvalue
equation describing a multi-electron atom cannot be
achieved because of the non-central forces arising
from the coulombic‘interaction between different.
electrons. The problem is made tractable by the
Central Fiela Aéproximation where a‘spherically
symmetric mean charge distribution is assumed. Such
an approximation is justified on the basis that the
static field arising from a spherically symﬁetféc i
mean charge distribution would be less than any
other distribution. In the Central Field
Approximation the bulk of the electron-electron
repulsion is represented by a central potential
S(r;) for each electron i centred at the nucleus.

So the effective central potential U(r;) observed by
electron i consists of the sum of the attractive
coulombic potential of the nucleus and S(r;). Hence
the Hamiltonian for a N-electron atom can be

approximated to zero order by: -

| , N N

A A

H=- —— z: Vi +ZU(ri) 1
2m  i=1 i=1

It should be noted that this equation does not

include magnetic terms such as the spin orbit effect

nor residual electrostatic terms due to the non



central component of the electron-electron
electrostatic interaction. Although these terms
vary in magnitude they are in most cases small
compared to the terms given in equation 1 above and
can usually be accounted for using perturbation
theory. The energy eigenvalue equationkusing the
Hamiltonian in equation 1 will yield N second order
differential equations, one for each electron, which
are coupled together via the effective central

potential U(r;). These equations cannot be solved

exactly because of this coupling, and Ab-Intio

techniques such as the Hartree Fock method must be
resorted to. Nevertheless it is still péssible to
make some general poiﬁts on the possible solutions

. A .
]W)& to the equation HIW)i = Ei|W)i. As in the case of
the hydrogen atom the eigenvalue equation is
separable into radial and angular components and so
consequently the spatial character of lw)i neglecting

spin will be of the form: -

{00

v, 1,m)>, = anl(r)ly‘fl(egby

The Spherical Harmonics iY?l(@,Qﬂ occur
because the atomic potential is radial in character.
A collorary of this result is that a closed subshell

with21=0will have a spherically symmetric charge

.distribution which is consistent with the original

Central Field Approximation. The most significant
aspect of the spherical harmonics is that they can

be solved once and for all and the solution is the




same for all central field atoms. The Radial

Functions iRnl(r) are by comparison unique to a
given atom and must be solved on an atom by atom
basis using numerical codes such as the Hartree Fock
Code. This is necessary because the Radial part of
the eigénvalue quation is explicitly dependent on

the effective central potential U(r;).

Early work on £he structure of atomic systems
concentrated on achieving a good understanding of
the possible angular momentum states of an atomic
system and thus of the number of energy levels which
could be expected. It should be remembered that the
next step after solving the central field is to
consider the e -e” interactions when there is more
than one valence electron and that this
(electrostatic) interaction energy depends on the .
relative l,ml,mS of the two (or more) electrons and
can be expressed by coupling the corresponding
angular momenta. Early texts on ﬁhe subject such as
Condon and Shortley's classic of 1935, "The Theory
of Atomic Structure", and even for that matter more
modern texts, are characterized by a tendency to
concentrate on the angular problem. This tendency
is perhaps understandable bearing in mind that the
angular problem is analytically solvable, easier to
present in an elegant self-consistent manner and
good for deriving the general properties of groups
of atoms. Even so the radial problem was realised

to be important at an early stage; for example in



explaining configuration interaction. (This
phenomenon was for example briefly discussed by
Condon and Shortley's text of 1935). Configuration
interéction which was mentioned in Chapter 1, refers
to the situation where terms of the same parity but
of different electronic configuration are
sufficiently close in energy that they mix. For
e#ample in Nickel (z;28) the separation of the
338452 3F (the ground state configuration given in
the periédic table) and the 3d%4s 3D terms is much
small;r than their individual splittings arising
from the spin orbit effect (Woodgate, 1980). So as
a result it is no longer reasonable to say that
nickel has such and such a ground state
configuration implying it is pure. Even the ground
state configuration of the Alkaline Earth Barium
(z;56), which is normally said to be [Xe corel 652
lSo,exhibits configuration in£eraction. | '
Calculations by Rose, Pyper and Grant (1978) using a
Multi-Configurational Dirac Fock code show that the
Barium configuration is not pure but is instead a
mixture of [Xe corel 652 lSO (92.2%), [Xe core 692
180] (6.4%), [Xe corel] 5d2 lSO (1.3%) plus much
smailer contributions from two 3P0 states. The
mixing in the case of Nickel wasrdue to the
proximity of the binding energies of the 34 and 4s
electrons and these can only be quantified if the

radial dependence is known. One effect which can be

attributed to configuration interaction in the

ground state is the occurrence of multiple



excitations in the absorption spectrum of the system
concerned. Consider for example the case of
excitation from the ground state of Barium to the
excited 6p5d lPl state. This is formally a double
excitation and its strength should therefore be
extremely weak if the Independent Particle Model is
valid. However the presence of 692 lSo and 5d2 lSO
contributions inithe Barium ground state IW,Bag) mean
that the process can be driven by mixing as

illustrated below.

- 21 21 21
¥,Ba )= 0.96]6s" 's;)+ 0.253|6p° 'sih+ 0.114]54 S
Dipole Matrix element <6p5d 1P1|e£|‘1/,Bag> v

1 2 14 A 1 21
0.96e(6p5d P, lzl|6s :,0>+ 0.45;e<6p5d P,lzl6p® 'Sy

NV zero non 2zero

' 1 =2 1

+ 0.114ed6p5d 'P,|z[5d° 'Sy
non zero
Configuration Interaction in excited atomic

states can likewise give rise to many strong
transitions which would formally be described as
double excitations. The eventual interpretation of
the Barium 5p spectrum was based on these ideas as

will be seen later in this chapter.

The lack of fast computers until the 1960's made
the radial problem very difficult to work on since
real progress could only be made by iterative
numerical solutions to the differential equations

describing it. Doing this on mechanical desk

[



calculators proved a good disincentive to such work
for most physicists and discouraged the use of
complex theories such as the Hartree Fock
description of the atom and the development of even
more complex theories. The advent of such fast
computers combined with impro?ements to the theory
have provided new stimulus to the work. More recent
work on the inner shell spectra of some elements

has brought to light many interesting and novel
effects of which two good‘ examples are "Giant
Resonances" and the closely related phenomenon of
"Wavefunction Collapse", both of which were.briefly
mentioned in Chapter 1. Both of these phenomena are
explicable in terms of radial wavefunctions and
their origin and character will now be described in
some detail since they are very relevant.to the

present work.

The origin of a "Giant Resonance" in the 4d4d-¢f
spectrum of Barium was attributed in Chapter 1 to
the double well charactervof the £ electrons
effective potential. But how does such a double
weli potential arise in the first place? The answer

to this question lies in the kinetic energy terms of

_n2

. ’ 2 . . .
the multi-electron atom, - T Vi. This term in
e

spherical polar co-ordinates has the form: -

R 2 1 , 1 32
- ; Vi = - ;m—-—?— (B/Bri(ria/ar.)+ — 5
e o i sin ei 8¢i
1 d
+ (SineiB/Bei)

31n8i aei

o



which becomes

2 2
got A2

- ;;— v, = - ;;—;?— (B/Bri(ria/ari) - Li)
e” i

since the angular terms in the brackets of equation

5 correspond to the total orbital angular momentum

squared operator i2 . It therefore follows that the

mﬁlti-electron Hamiltonian contains a term of the

2
7 1;(1;+1) (Spherical Harmonics
r 4 :

form +
2m .
describin§ one electron orbitals are eigenstates of
L2). This term is called the centrifugal barfier
term since it is the analogue of the centrifugal
potential in classical mechanics (Conne;ade, 1978a).
The ocurrence of a double valley effective potential
for the £ electrons can now be understood in terms
of the following model. An f electron at very large
r will observe a nucleus heavily'screened by the
other electrons of the atom. The attractive
coulombic potential («¢1/r) wiil dominate the
repulsive centrifugal potential &Al/rz)at large r
and so the f electron will observe a net attractive
potential, see figure 2Dl. As the electron closes
with the nucleus the centrifugal repulsion term will
graduaily take over giving rise to the potential
barrier separating the outer valley from the inner
valley. The inner valley occurs because the
screening of the nucleus drops sharply as the
electron penetrates the atom exposing the electron

to a much stronger nuclear field. The final

potential barrier close to the nucleus occurs

[on
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because of the fast increase of the l/r2 term in the

centrifugal potential at small r.

The inner well of the double valley potential
descfibed above holds the key to understanding the
4d spectra of specific atomic systems. Unlike the
coulombic potential the well is short ranged and
therefore does not have an infinite number of
eigenstates. In fact it is possible for a
sufficiently narrow or shallow well to contain just
one or even no bound states. This result can be
easily demonstrated by considefing the possible
bound states of the closely analogous one |
dimensional square well potential with just one
infinite and one finite barrier as shown in figure
2D2. This potential well, of width b and depth Ugr
is diséussed by Kompaneyets (1961) who demonstrates
that it has a finite number of eigenstates and that

the condition for at least one bound state is that

7T2‘I'12
‘8m .
e

szo should be greater than

In chapter 1 it was pointed out that the

4f effective potential of Barium was a border-line
case where small changes in the potential barrier
separating the two valleys, could result in the
collapse of the 4f wavefunction from the outer to
the inner valley. The "Wavefunction Collapse" of
just the 4f eigenstéte in an atomic system results
in the 4d-nf excitation channel being dominated by

the 4d-4f transition. This occurs because the 4d
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eigenstate lies close to the nucleus resulting in a
large overlap between the 4d wavefunction and thé
collapsed 4waavefunction which is not matched by
other 4d-nf overlaps. The resulting intense

transition is labeled a "Giant Resonance".

It was pointed out in Chapter 1 that the Barium
effective potential for f electrons contained no
bound states in the outer well in the presence of a
4d core vacancy. Nevertheless there was an intense
"Giant Resonance" of extraordinary width observed
expérimentally, and in terms of the independent
particle model this was attributed to the existence
of a bound state in the inner well which lies above
the 44-nf ionizationAenergy threshold. Consequently
the electron of the inner well is guasi-bound since
it can tunnel into the outer well, see figure 2D3,
resulting in photoionisation. Note that this
ionization process is not the same as autoionisation
where a bound state ionises due to interactive
couplings with continuum states lying at the same
energy since only one stéte is involved. The upper
state responsible for the JGiant Resonance" in
Barium is a hybrid in the sense that it has the
character of a bound 4f electron in the inner well
(implying a large overlap with the 4d eigenstate)
and a continuum character in the outer well. This
hybrid character is indicated by the notation used

by Connerade to describe this transition

4da——-57§£J The enormous width of the Barium



Giant Resonance" 1is attributed to the short
lifetime of the quasi-bound state of the inner well
due to rapid tunnelling of the electron into the ,
outer well. This explanation implies that the width
of the resonaﬁce will rapidly decrease as the
binding energy of the inner well's bound state drops
towards the £€£f threshold, an effect which is indeed
seen (Connerade, 1984). This is because the
probability of an electron tunnelling into the outer

well diminishes with increasing binding energy.

It was stated in Chapter 1 that‘the complexity
of the spectrum of neutral Barium arising from
excitation of a 5p electron could be unaerstood in
terms o©of strong 6s-5d mixing in the excited
levels. Such pronounced mixing was not observed in
the ground state of Barium, and it is now possible
as the result of the above discussion to appreciate
why mixing might occur only ip the presence of a 5p
core vacancy. The effective potential of 54
electrons in Barium does not exhibit the double
valley structure observed for the 4f electrons since
the Centrifugal Barrier term which is proportional

to 1i(li+l) is now smaller. Nevertheless the

Barium 5d effective potential does exhibit an

inflection in its-shape, see figure 2D4. It consists
of a deep valley close to the nucleus which rises to
to a shallow plateau at larger r before fiqally
tending to zero at infinity (Connerade, 1983,

Private Communication). The potential is therefore’



FIGURE 2D3:“TUNNELLING" OF THE 4F ELECTRON IN BARIUM
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'FIGURE 2D4:BARIUM EFFECTIVE POTENTIAL FOR 5d ELECTRONS
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"soft" in that small changes in the depth of the
deep valley or its width can result in the 54
wavefunction collapsing into or expanding out onto
the plateau. Such "softness" is not mirrored by the
effective potential of Barium 6s electrons where
the centrifugal barrier absent (liéO). It therefore
does not have the "double valley" or even the "deep
valley plus extended plateau" character necessary
for instabilities in the wavefunction. Dirac Fock
calculations by Rose et al (1978) and (%985, Private
Communication) on the mean radius of the 6s and 54
wavefunctions in the presence (and absence) of a
single vacancy in the 5p shell provide supporting
evidence for the above assertions on the relative
sensitivities of the 6s and 5d wavefunctions. The
results of these calculations based on the
electronic configurations 5p6 632, 5p6 6s5d; 5p5 652
and 5p5 6s5d are listed in Table 1. The picture for
the origin of 6s-5d mixing in Barium which emerges
is that of a pronounced contraction of the 5d
wavefunction in the presence of a 5p core vacancy,
while that of the 6s electron is relatively
unaffected. This results in an increase of the
binding energy of the 5d electron to a value similar

to that of the 6s electron.

Another consequence of "softness" in an
electrons effective potential is that relativistic
corrections become important since small changes in

the potential give rise to large changes in the



TABLE 1: Average radius <r> of 6s and 5d wave-

functions for the configurations 5p6 2 6

6s°, 5p 6s5d,

5p5652 and 5p56s5d of Ba and Ba'
Configuration : Average Radius <r>65/<r>5d
(atomic units)
65 <Fsa
5p065% * 5.083 —_— —-
5p6655d *% 5.247 3.921 1.338
5p5652 * 4.222 . ——- —-——
5p°6s5d * 4.384  2.945 1.488
_ -11
1T a.u. = 5.292 x 10 [m]

Data Source

* Rose, S.J.; (1985) Private Communication

** Rose et al (1978)

Data were based on single manifold O.L. (Optimal

Level) M.C.D.F. calculations.

The larger contraction of the 5d wavefunction
compared with the 6s wavefunction after the removal

of a 5p electron is demonstrated bv the increase in

<r>6S/<r>Sd.



resulting wavefunction. Consequently
non-relativistic calculations based on the
Schrodinger Equation such as the Hartree Fock (HF)
method cannot be expected to be accurate. Good
accuracy can only be achieved if calculations based.
on the relativistically correct Dirac Equation are

used such as the Dirac Fock (DF) method.

Enough has been said about the aspects of the
Radial Problem to emphasis its importance in
understanding the present work. It should be quite
clear that the angular aspect of the Atomic Problem
is now well understood and that future progress will

come out of the work on the Radial Problem.

2.2 Discussion of the Anomalous Barium Photo Double

Tonisation Phenomena

Much of the interest in the Barium 5p absorption
spectrum has been stimulated by the anomalous
photo-double ionisation rate of Barium described in
Chapter 1. The two problems are interconnected and
important questions regarding the nature of the
anomaly have been posed. Opinion amongst the
theorists (see Chapter 1) has been divided along the
lines of those who support a multi-body picture and
those who support an independent particle model
based on the Two Step Autoionisation process of
Hansen (1975). Hansen's model was critically

dependent on the availability of an energetically



viable intermediate state and he advanced theiSp5 5d
[3P]§652 2p state of the Barium ion as a possible
&andidate. The anomaly therefore stimulated
interest in the work on identifying the Rydberg
series deduced by Connerade et al (1979a); Since
this intermediate state would havé to have
corresponded to one of the observed series limits.
The relationship between the present work and the
Qork into the double ionization anomaly is as
follows. The present 5p absorption work
investigatés the absorption of a photon and the
resulting excited states, whereas photoionisation
studies look at how these states subsequently decay.
A factor they have in common is the significance of
6s-5d mixing in their interpretation. Future work
on the anomaly might involve studies of the
photodouble and single ionization rates of laser
excited states of Barium as a function of V.U.V.
probe wavelength. Such work would however require a
knowledge of the excited states 5p absorption
spectrum so that ﬁavelength dependent features in
the ionisation studies might be correlated to

features in the absorption spectrum.

The Two Step Autoionisation model of Hansen
given in Chapter 1 which is summarized in figure 2D5
was based on the results of both his own Hartree
Fock calculations and on the experimental data of

Brehm and Hofler (1974) and Hotop and Mahr (1975).

These experimental workers had studied the



FIGURE 2D5:HANSEN'S TWO STEP AUTOIONISATION MODEL FOR Ba
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photo-electron spectrum resulting from irradiating
Barium vapour with the Helium 21.22 [eV] line. Both
sets of data were in broad agreement although the

higher resolution of Hotop et al's experiment

permitted the observation of features not resolved

by Brehm et al. Essentially Hotop et al resolved
two groups of three peaks in their photo-electron
spectrum: a high energy group at 5.935 [eV] 5.852
[ev] and 5.798 [eV] and a low energy groupvat 0.067
teV], 0.150 [eV] and 0.204 [eV]. This indicated
thaf a single pﬁoton was in an indirect way removing
two electrons from the atom since the energy
difference between the Helium photons and the Barium
second ionisation limit was 6.005 [eV]. Hansen
pointed out that the Helium line a£ 21.22 [eV] lay
very close in energy to that of the 25p5 5d |

[lP]§ 6s2 1p term which he calculated to be at 20.5
[er + 1 [eV] above the Barium ground state. This
state could then autoionize to states above or below
the Barium double ionization limit leading to a
second autoionization in the case of the former.
Further calculations by Hansen indicated that the
{Sp5 5d [3P]; 6s 2P term of Ba’ lay ~ 0.38 [eV]
below the proposed €5p5 5d [lPlz 6s2 1p Ba initial
state indicating that Two Step Aﬁtoionisation was
energetically viable, the process being driven by a
"spin-flip" of the 5p> 54 core. This is the process
which was represented in figure 255 and would be
characterized by the emission of a high and a very

low (less than 1 [eV]) energy electron, which indeed



corresponds to the observed spectrum. The
intermediate level described above was cited as an
example and he pointed out that other states built
on the configurations 5p5 5d 6s, 5p5 532 might also
be possible intermediate states. The chief problem
with Hansen's analysis, as he himself pointed out,
was that Multi-Configurational Hartree Fock
Calculations are not sufficiently accurate (i.e. not
better than 1 [eV]) to be aﬁle to say with
confidence that the intermediate state was indeed
energetically viable. The absence of a high
Batt/Bat ratio when probed with the Neon lines at
16.67 and 16.85 [eV] could in his model.be .

attributed to the absence of any intermediate states

embedded in the Bat? continuum.

Hansen's Two Step Autoionisation Model described
above would imply that a high Ba**/Ba™ ratio should
‘be expected at higher excited levels .in the 5p
spectrum. Hence it is clear that the experiments of
Hotop and Mahr, and Brehm and Bucher needed to be
repeated using a tunable V.U.V. soufce to test this
prediction. A number of years were to pass before
this was evenfually done. 1In the meanwhile'
Connerade (1977) and Connerade, Rose and Grant
(1978) advanced suggestions on the mechanism of high
double ionization rates. The mechanism suggested in
the earlier paper is not relevant to Barium, but the
second paper (Connerade et al (1978)) looked

specifically at the question of whether the



intermediate levels required by Hansen's Two Step
Autoionisation model for Barium did indeed exist.
They pointed out that the series analysis of the
Barium 5p spectrum by Connerade et al (1979) did
indeed suggest (i), that the Helium 21.22 [eV] line
excited a state with significant 5p5 652 5& 1Pl
character (as required by Hansen's model) and (ii),
that this upper state lay in the continuum
associated with the four 5p thresholds, labelled
i,j,k and 1 in that paper, belonging to the Ba*t
manifold of 5p5 (652x655dx5d2). This suggested that
Hansen's basic model was correct provided one (or
more) of these thresholds contained a significant
admixture of 5p5 54 [3P] 6s. However it would be

more accurate to say that the two step
2

autoionisation process was driven by 6s“x6s5d mixing
rather than by a "spin-flip" of the core. The
results of Multi-Configurational Dirac Fock (MCDF) .
calculations by Rose et al (1980) indicated that
three of these thresholds did indeed contain such an
admixture, even though a quartet rather than
Hansen's doublet state was involved. Furthermore
two of these experimental thresholds corresponded in
energy to those observed by Hotop and Mahr's (1975)

data, thus confirming Hansen's basic picture of the

process.

Further experimental evidence of the two step
autoionisation process was provided by the data of

Rosenberg, Lee and Shirley (1980). Their experiment



investigated the ejected electron energy spectrum of
Barium and Ytterbium under excitation by electron
impact. The results implied that the excited atoms
decayed preferentially by two step autoionisation
once the 5p electrons were excited to states above
the 5p thresholds. The evidence for this conclusion
in the case of Barium lay in the low intensity of
the ejected electron energy spectrum above 15.8 [eV]
which corresponded to the energy of the lowest
autoionisation resonances observed by Peart and
Dolder (1968) for Ba'. More highly excited Barium
states had to decay in a two step process since a
discrete rather than continuous structure was
observed. They suggested on the basis of this
hypothesis that some of the stronger Bal
autoionising resonances above the first 5p
ionisation threshold should yield even larger ratios
of Ba™ to Ba’ than that obsérved by Brehm and
Bucher using Helium 1 radiation. (This resonance is
relatively weak in the absorption spectrum.)

However this hypothesis could only be unambigously
tested by using variable energy impact electrons
(the electrons energies in this work were

continuous) or photons.

The first such data was provided by Holland and
Codling (1980) who used monochromated (bandwidth 23)
synchrotron radiation. They found that their mass
spectrometer measurements of the Ba++/Ba+ ratio did

not correlate in energy to the photo-absorption



structures observed by Connerade et al kl979a).
Their data instead seemed to imply a correlation
Between increases in the Ba*t/Ba™ ratio and some of
the 5p ionisation thresholds observed by Connerade
et al (1979). This result seemed to imply a many
body non—resbnaﬁt origin to the anomalous Batt/Ba™
rates. They noted that their results posed the
followiﬁé four important points regarding the Two
Step Autoionisation model of Ba®t formation. One,
why did the Ba™t crossection remain low in the range
602-590A where there were 5p ionisation thresholds
associated with limits k and 1 (Connerade et al's
1979a, series identifications) and excited states
aésociated with series i and j? Second, their
Ba++/Ba+ ratio‘results seemed to suggest an
asymmetric resonance at ~ 580A which they suggested
might be related to Wendin's Giant Resonance which
they said should lie at this wavelength. Thirdly,
if the 5p5(632x655dx5d2)lls resonance is required to
explain the Bat*/Bat ratio observed by Brehm and
Bucher (1974) (coincident with the He 1 line), then
why didn't higher members of the series also show
large ratio's for Ba++/Ba+? In fact Holland et al
observed a minimum in the ratio at around 5734 where
these members lay. Lastly, if the weak 5842
resonance is responsible for the large observed

+
Ba™ /Ba* ratio, why doesn't a much stronger

resonance at 576.ll£ show an even larger ratio?

They claimed in conclusion that their results

indicated that the process of excitation and



/1

subsequent decay of the excited neutral states must

be separated, since their data did not suggest a

correlation between a high absorption crossection

and a high Two Step Autoionisation rate.

A mechanism for reconciling the contradictory
conclusions drawn by Holland et al (1980) and Hotop
et al (1975), arising from their respective
experiments, was very soon advanced by Connerade and
Martin (1980). They suggésted that there were two
contributary faétors to a high Ba""_"/Ba+ ratio at
different wavelengths. First, a "general many body"
backgroﬁnd that increases slowly with energy and"
exhibits steps at each 5p ionisation threshold, and
secondly a contribution that was resonant in energy
(Two Step Autoionisation) utilising initial upper
states with significant admixtures of 5p56325d lPl
(Hansen's upper state). It was furthér suggested
that since these processes are distinct, that they
could interfere with one another. (Two different
routes to the same final state). The results of
such interference is an asymmetric "Fano Profile"
which manifests itself as a ésymmetric resonance
like profile in the Batt/Ba‘t ratio as was observed
by Holland and Codling (1980). It was a novel and
appealing idea that direct photodouble ionisation
should be enhanced by such éoupling to discrete
resonances located above the 5p ionisation
thresholds. There was however a flaw in its

applicability to the data of Holland et al in that



72

other asymmetric resonances in the Ba'H'/Ba+ ratio
should have been observed with other levels
containing appreciable 5p5 6s2 54 lPl character.

Such resonances were not clearly observed.

Shortly afterwards, very high resolution work on
the Ba*t/Ba® ratio as a function of photon
wévelength, some of it to 0.15% precision, was
published by Lewandowski, Granz, Hotop and Ruf
(1981). They found that the gross features of their
results wére in reasonable agreement with the data
of Holland et al. However the fine features now
showea a clear correlationAbetween the $a++
production rate and the photoabsorption crossection
for wavelengths below 5902. On the other hand they |
found that the Batt/Ba®™ ratio did not faithfully
replicatg the Ba™™ production rate. This implied
that regions of strong photoabsorption below 5903
feed both the Batt and Bat channels, but with
varying branching ratios. In particular they found
that the series "e" (identified by Connerade et al
(1979a)), except for the first member, led to peaks

in both the Ba®™t and Bat channels. However no such

clear structure was observed in the Ba++/Ba+ ratio.
Lastly they found that the Batt producﬁion rate went
practically to zero above 590& which happens to
correspond to the lowest 5p5 nl n'l' state measured
by electron spectroscopy. So it is quite clear that
the Ba™* ion production is driven by a Two Step

. . . . +
Autoionisation process. The formation of Bat* ions



in the case of the series "e" was summarized by

Connerade and Martin (1983) to be as follows: -

Step 1

5p6 652 5g--5p> { 6s2x6s5d(level”e” Y nd ny6 J=1.
followed by autoionisation thus: -
595f6s2x6s5d(1eve.1'_'e'f)Ind---5p5 6s5d %P + e~d J=1.

. + . 4
leaving the Ba" ion in one of three Pl/2,3/2,5/2
states and yielding a photoelectron spectrum
containing three peaks as observed by Hotop and Mahr

(1975)

Step 2

5 4 ' 6 1 -

5p
This "autoionisation" of the Ba™ excited state
(Auger decay would perhaps be a more accurate
description) would give a further three peaks in the
photoelectron spectrum which were the mirror image

of those produced in Step 1.



2.3.1 Techniques of Analysis for the Barium 5p

Spectrum

An understanding of the techniques used by
Connerade et al (197%a) is useful in order to
appreciate how the spectrum produced in this work
might'eventually be analysed. These workers used
three distinct approaches for their analysis that
resultea in the identification of 14 series
converging to 12 limits, some of the identifications

being very tentative.

Approach 1 - Ordering the observed lines by
inspection into plausible series which ;onverged to
Ba+ levels previously observed by Roig (1976). The
authenticity of these line assignments to given
series were then checked using the graphical
technique of "Lu Fano plots". This is a graphical
technique for studying perturbations between series
and is based on Multi Channel Quantum Defect Theory
(M.Q.D.T.). This approach in conjunction witﬁ the
second épproach below enabled the Barium ground
state spectrum to be reduced semi-empirically to 14
series converging to 12 limits. The gqualitative
details of the link between M.Q.D.T. and Lu Fano
plots, their construction and interpretation will be
left to the ﬁext subsection (2.3.2) since the topic

is very large.



Approach 2 - Comparisons with the 5p spectrum of the

Lanthanides (Tracy 1977). Connerade et al (1979a)
remarked that 6s-5d mixing becomes progressively
less important along the periodic table from Barium
to Ytterbium. The energy dependence of several
features in the spectrum can be followed back from
Ytterbium (Z=70) to Dysprosium (z=66) with confidence
and, for the "giant resonance" from Ytterbium to
Samarium (z=62). The energy dependence is nearly
linear and extrapolating the position of the giant
resonance back to Barium would place it at 581A
which is close to a particularly intense group of
broad lines actually observed. It can be argued
that the Ytterbium 5p spectrum is the h§pothetical
spectrum of Barium in the absence of 6s-5d mixing
because of the effective screening of its nucleus by
its closed 4f subshell. Unfortunately there is no
data on 5p absorption spectra of the Lanthanides in
the presence of an excited valence electfon, so this
approach has no practical value with respect to the
analysis of the 5p absorption spectra of laser

excited Barium.

Approach 3 - The use of Ab-Initio calculations to

identify features in the spectrum. Such
calculations are necessary for two main reasons.
Firstly, many of the Ba‘t 5p absorption lines
observed by Roig (1976) remain unassigned and so
series running to the corresponding levels have not

been identified. Secondly, the assignment of lines



to the lower members of a given series cannot be
confirmed with any confidence using Lu Fano plots,
for reasons which will be elucidated in the
discussion of M.Q.D.T, The identification of such
members in a complex spectrum can only be confirmed '

by Ab-Initio calculations which because of the

_importance of relativistic effects in Barium should

bé based on the Dirac equation. Such calculations
should also take account of the possibility of
configuration interaction by constructing
eigenstates which are linear combinations of varibus
pure electron configurations, and also various L-S
states of fixed J if L-S coupling is be;ng used to
describe a state exhibiting intermediate coupling.
The combination which gives the lowest energy will
by the variational theorem be the best approximation
to the true eigenstate. The approach is rather
reminiscent of_a function being approximated by a
series of Fourier components. The chief problem
with the technique is that the configurations must ‘
be chosen "by hand" and including more and more
configurations results in larger demands on computer
time. Rose et al (1980) using multi-configuational
Dirac Fock (MCDF) calculations have tentatively
identified the series a,b,c,d,e,f and h. Their
calculations for example indicated that the core
configuration corresponding to the series a and b

limit was: -
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2.3.2 Multi-Channel Quantum Defect Theory and the

application of "Lu Fano Plots" to the ordering of a

spectrum into Rydberg Series

Multi-Channel Quantum Defect Theory (M.Q.D.T.)
was first formulated by Seaton in 1966 and its
significance to the present work lies in the
subsequent derivation of the important graphical
technique of "Lu Fano Plots". Hence this subsection
will begin with a qualitative discusion of the
physical concepts which underline M.Q.D.T., before

describing the construction and interpretation of Lu



Fano Plots.

Rydberg series in atomic spectra are associated
with the excitation of a single electron from one

level of an atom to a "channel" of levels

corresponding to fixed 1 but increasing Principle

Quantum Number n. Their energies are given by the

simple formula first proposed by Rydberg: -

R

2
[n = U(El'l)]

where Ii is the ionisation limit of the ith channel,
2 4
2T m _e
e
2.2

(4me ) 'h
and u(Ei,l) is the Quantum Def8ct of the atom for

R is the Rydberg constant = 2.179x10" 12 3]

excited electrons of angular momentum 1. An important
property of the Quantum Defect is the approximate
independence of its value upon the electron energy
E;(n,1). 1Its value is determined principally by the
angular momentum 1 df the running electron. Sometimes
this approximation breaks down because of mutual
perturbations between different Rydberg Channels

and a theoretical treatmené of these channels is

then dependent on MQDT. Since the quanfum defect

is zero for hydrogen, it quantifies in some way

the departure of the atoms central field potential

from a coulombic potential.

Beyond a certain radius ror the excited electron

will lie outside the electron core and in this



region will perceive a coulomb potential. Hence the
radial part of the electrons wavefunction in this
region will consist of a superposition of regular
and irregular coulomb functions £(E,l,r) and
g(E,l1,r). Such a superposition is necessary in
order that the wavefunction and its first derivative
should be continuoﬁs at the boundary E-V(r)=0
(non-hydrogenic energy levels) and that the
wavefunétion should go to zero as r goes to
infinity. The radial dependence of the wavefunction
U(E,r) représenting the excited Rydberg electron in

the region r>r, is therefore of the form:-

t

U(E,r) = NE[f(E,l,r)COSﬂB - g(E,1,r)sinmR]

where Ng is a normalization constant and B8 is some
constant which is determined by making the.
wavefunction éontinuous at the boundary r=r;.
Consideration of the asymtopic forms of f£(E,l,r) and
g(E,1l,r) at infinity requires that B be equal to
the quantum defect u(E,l)(Fano,1970 or Starace,
1976). The apﬁroximate independence of the Quantum
Defect with energy is due to the kinetic energy of
the electron [E-V(r)] béing much larger than E in
the core region (where E is defined with respect to
the ionisation limit). For this electron, the
number of oscillations of its wavefunction in the
core region will not appreciably change for states
of sufficiently large n and therefore kinetic

energy.

]oo



The assignment of spectral lines to a Rydberg
series may be confirmed by a plot of the deduced
values of y(E) as ordinate (using equation 7)
against E as abcissa. Such a plot should yield a
line of points which converge asympotically with
increasing n onto a horizontal line which should
cross W(E) axis at the asympotic value of the
quantum defect. Any point which lies off the
asymptotic line would either be an incorrectly
assigned line, or a perturbed line due to its
interaction with some other line(s) nearby in
energy. The identification of such perturbed lines
required an extension to the above single channel
discussion to encompass the interactions with other

channels, hence MQDT.

It was stated in Chapter 1 that the analysis of
the Barium 5p absorption spectrum from the ground
state by Connerade et al (1979a) indicated the
presence of 14 series running to 12 limits. Each
series limit corresponds to a given core state ofr
the atom which in the limit of the Rydberg electron
being ionised would correspond to a level in Ba™,
Connerade et al's‘(l979a) analysis indicates that
lines belonging to different series (or channels)
can strongly interact. The physical result of such
an interaction is the mixing of the responsible

Rydberg members resulting in an energy shift from

their expected positions, which also manifests



itself as a sudden fluctuation in the quantum defect
as deduced from equation 7. The energy range over
which two lines might interact will scale with the
strength of the interaction between the respective

channels

But why should such states interact in the first
piace? The usual approach to understanding the
“perturbétions" between the different states is
based on a state by state analysis using Ab-initio
calculations.' These generaté a wavefunction
consisting of ah array of one electron wavefunctions
for each state and will reflect the importance of
the "electrostatic" and "spin orbit" interactions.
The non central Eomponent of the "electrostatic"
interaction is responsible for the LS coupling
scheme for angular momenta while the "spin orbit"
interaction give rise to j—-3j coupling. 1In.practice,
both interactions are important and the true angular
momenta coupling scheme will lie intermediate
between the two cases. Atomic states are frequently
expressed in terms of a mixture of LS basis states.
Two "interacting" Rydberg states will contain LS
coupling components in common, and the two states
are said to "mix" and "interact". The problem with
this approach to identifying states associated with
a complex spectrum is that it proceeds on a state by

state basis and does not highlight underlving

patterns to the apparently "irregular" behaviour of

a given Rydberg series. Some members of a Rydberg



series will be found to be highly mixed with states
belonging to other series, yet others will not and
there will be no apparent regqularities to such
behaviour in a given series. There'may also be
problems with the above state by state approach near
an ionization limit where many states at once may be

needed in the multi-configuration calculations.

The MQDT is an alternative approach which treats
entire Rydﬁerg channels in a unified way. The
conceptual picture which emerges is of Rydberg
electrons that spend most of their time outside the
electron core where the potential is coulombic in
form. bn entering the core, electron electron
interactions become important and result in the
possibility of the electron being scattered into the
Rydberg-state of another channel lying close by in
energy. Hence the true eigenstates of the system
must be a mixture of the above two (or more)
channels such that the interaction responsible for
the scattering by the core is diagonalised. The
theory therefore proposes that one basis set for the
problem will consist of a set of "collision channels
or "i" channels" (Wynne et al, 1979) and these
correspond to the Rydberg channels described above.
The channel therefore describes a set of states
which have an outer electron of a given energy, a
core in a definite energy level, a specific angular
momentum for both the core and the Rydberg electron

and their coupling. An example of an LS coupled i



channel would be the set of discrete states

Ba{5p5682[2P1/2]}ns 1P and the Ba{5p56sz[2P1/2]}€s

1
continuum. The Rydberg Channels of a spectrum may
sometimes be represented approximately by a set of
pure LS coupled channels which might be valid for
the Rydberg electron in the absence of the core
interaction. Often these channels are not eigen-
states of the core interaction and thus two states
of the same parity and angular momentum lying
close by in energy can strongly perturb one
another and mix. The presence of such mixing may
be identified in the case of two interacting

channels, using the graphical technique of "Lu

Fano Plots" developed by Lu and Fano (1970).

It is useful when introducing the Lu Fano plot
technique to consider a schematic épectrum with
two Rydberg series running to two different
ionisation limits Ii, see figure 2D6. Each of
these limits will correspond to different states
of the atomic core and the resulting energy level
distribution may be summarized by the following

pair of Rydberg formulae: -
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where vy n, - u(n1) and VvV, =10, - u2(n2) and n,

are integers. It is possible by considering E as a

continuously varible parameter that values for
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FIGURE 2D6: ENERGY-LEVEL DIAGRAM FOR TWO NONINTERACTING
RYDBERG SERIES (AFTER WYNNE ET AL1979)
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v, and v, may be deduced from equations 11 for each
observed line in the "discrete part" of the
spectrum. These values would be related by the
equation: -

I, - 12 )—1/2

vV =

R
But what meaning can be attributed to these deduced
values for the parameters v and v_? For series

1 2

1 the values of are essentially an energy

V2
index for each level. The corresponding values
of vy oh the other hénd identify the level and
gives its quantum defect since -V,(mod 1) = u,.
For series 2 the value of Vv, idenﬁifies the line
and the.corresponding Vq is now an energy index.
‘Consequently the character of a plot of —v1(mod
1) versus V, for the members of both series in the
absence of any mutual perturbations will be as
follows. The plotted members of series 1 will form
an approximately horizontal line which will be
equivalent to a quantum defect versus energy plot.
On the other hand, the deduced values of -v1(mod
1) [=u;1 for the members of series 2 will not be
constanﬁ, bﬁt they will be distributed along the
axis at integer values reflecting the essential
periodicity of the Rydberg series, see figure 2D7.
However the values of v, deduced for series 2

using llb also fulfil the role of an energy index.

If the resulting plot is then folded along the

g
(L

1 3 S 12
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FIGURE 2D7: TYPICAL -2%(MOD 1) VRS. D), PLOT FOR A SPECTRUM CONTAINING TWO NONINTERACTING RYDBERG SERIES
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v axis onto a unit square by plotting - v1(mod

2

'l) versus -~ v,(mode 1), a graph called a "Lu Fano

2
Plot" similar to that in figure 2D8 will be
generated. The intersection of the horizontal line
with the - §1§mod 1), axis yields the gquantum
defect of series 1 while the intersection of the

vertical line with the —vz(mod 1) axis yields the

quantum defect of the second series.

The significance of the intersection of the
horizoﬂtal.and vertical lines is that any plotted
member near this intersection will lie close in
energy to a member(s) of the other series.
"Switching on" the interactions between the two
series for these members will lead to pefturbations
in their energy level position, and hence their |
quantum defect. The Lu Fano Plot would register
this intersection by an up-down displacement of the
members of series 1 (-vy(mod 1) =1,) and a left.
right displacement of the members of series 2
(v-vz(mod 1) = uz). The sense of the displacement
would depend on whether the series 1 (or 2) member
was higher in energy than the series 2 (or 1)
member(s), its magnitude would depend on the
. proximity of the given member to the intersection on
the Lu Fano Plot. Figure 2D9 shows the effect of
increasing the intensity of the mutual interaction
between two series on the resulting Lu Fano plot.
It can bé seen from the diagram that the effect of

"turning on" the interaction is to generate an



FIGURE 2D8: TYPICAL LU-FANO PLOT FOR A SPECTRUM

CONTAINING TWO NONINTERACTING RYDBERG SERIES

1.0

- (MOD 1)

0.5F

o® OO0 @

05
~DMOD 1)

10

© SERIES 1
+ SERIES 2

NOT TO SCALE

FIGURE 2D9: EFFECT ON A LU-FANO PLOT OF VARYING AMOUNTS

OF INTERACTION BETWEEN TWO SERIES

1.0

-1 (MOD 1)

0.5

NOT TO SCALE



avoided crossing. The Lu Faho plot therefore
provides an excellent visual aid to the
identification of the strength of the interaction
since the stronger the interaction the larger the

separation of the two curves.

Lu and Fano in 1970 described the application of
this diagramatic technique on 3p spectra of Argon
(amongst other rare gases). This spectrum is more
complex than the above model example in that it
contained 5 Rydberg series, of which 3 converged to
3p> 2Py/, limit and 2 to the 3p° 2P, limit.
Figure 2D10 is a reproduction of Lu and Fano's Argon
graph which serves to emphasise one very important
property of the Lu Fano Plot: the curves are
continuous in the sense that a line which exits one
side of the plot re-enters the plot from the
opposite side with the same gradient. The Argon
plot also illustrates another important.property of
a Lu Fano Plot in that any arbitary vertical line
cuts the curve 3 times (3 series running to I;), any
arbitary horizontal line cuts the curve.twice (2
series running to I,) and that the leading diagonal
.from top left to bottom right cuts the curve 5 times
(total of 5 series in spectrum). Lastly the degree
of mixing between two channels for a given line may
be deduced from the gradient of the curve in the Lu

Fano Plot at the observed lines plotted position.

There are difficulties in constructing Lu Fano



FIGURE 2D10: REPRODUCTION OF THE LU-FANO PLOT FOR THE

ARGON 3P ABSORPTION SPECTRUM(AFTER LU ET AL,1970)
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plots for spectra which contain more than 2 series
limits. This is because an N dimensional diagram

in Vv space is required to represent the mixing
between N(N>2) core level channels (Armstrong et al
1977). However Connerade et al (1979a) found that
it was possible to construct meaningful two
dimensional Lu Fano plots for the Barium 5p spectrum
deépite the presence of 12 identified core limits.
Such two dimensional plots of -Vv,(mod 1)

versus —vz(mod 1) remain useful provided the
perturbations to a given series are predominantly
due to series running to just one other limit.
Figures 2Dlla and 2D1llb are typical plots deduced by
Connerade et al (197%a) for the Barium 5p spectrum.
The plot in figure 2Dlla represents the interactions
between series "d" and "b" (their notation). Figure
2D11lb represents the interactions between the series
"k and.possible perturbefs. Such plots are useful,
especially for an extensively perturbed channel like
series "k", for substantiating the original series

assignments picked by eye.

Locating the ionisation limits I; of a complex
sPec;rum containing many interacting channels is a
major difficulty when seeking to apply the Lu Fano
technique. The series in the ideal world should be
clearly observable up to their ionisation limits but
in practice this is rarely the case. Hence the
technique cannot be applied unless fqr each series a

sufficient number of unperturbed lines 1S observed.



FIGURE 2D11a: LU-FANO PLOT FROM THE BARIUM 5P SPECTRUM,

"d"” SERIES VRS. "b" SERIES (AFTER CONNERADE ET AL 1979a)
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In the latter case the values of I;, which should
correspond to levels of the ion, may be deduced from

interpolations of the Rydberg formula.

2.4 Mixing Processes in the Barium 5p spectrum

The presence of so many limits in the 5p
absofption spectrum of unexcited Barium indicates
that the excitation of the 5p electron drastically
"rattles" the electron core resulting in a large
number of core states being populated. The large
number of such core states was attributed by
Connerade et al (1979a) to mixing between the
configurations 5p5652, 5p5655d, 5p55d2 of the atomic
coge. This type of mixing was known as "Parent Ion
Mixiﬁg"‘since the mixing between different
configurations of the same parity is confined to the
electron core and does not involve the running
electron. As a result long series converging to
supernumary limits are observed since the mixing is
present for all values of n of the running electron.
Support for this view of the mixing process is
provided by the calculations of Rose et al (1980) on
the above configurations. It is however possible to
conceive of mixing processes which occur after the
running electron has been coupled to thé core. This
type of mixing does not give rise to long series
since the couplings between the core and the running
electron diminish with increasingly higher states of

excitation. The process however does permit core



states of the opposite parity to the 5p5652

configuration such as 5p5686p to mix together, but
such transitions are often weak and can be
considered separately from the main spectrum
(Connerade et al, 1979a). Very weak transitions
corresponding to core states containing significant
5p5656p character are nevertheless observed in the
5§ absorption spectrum of une%cited Barium at
wavelengths below 5003 (Connerade et al (1985)

Private Communication).

Returning to parent ion mixing, it should be
noted that this approximation breaks down for the
lowest members of the resulting series. Bésically,
this is because there is no distinction between the’
running electron and the core for these low lying
states. The core mixing coefficients for these
states will be very different from high lying states
and so it is rather meaningless to assign the

resulting lines to a given séries.

4A 5p absorption spectrum starting from the Barium
5p56s6p lPl state would in principle provide a very
useful test of the concept of parent ion mixing in
the Barium atom. The upper states accessed would
exhibit 6s-5d mixing and if tbe Parent Ion
approximation was valid would be described by the
manifold 5p5(6s6p36p5d) ns,nd JéO,l,2 which would
have opposite parity to the manifold of states

observed in the Barium ground state spectrum. The



mixing coefficients for the different configurations
would be different and states built on 5p5(655d) are

inaccessible by excitation from 5p6

6s6p lPl through
parent ion mixing, since the states of the parent
ion have different parity, and do not mix. They can
however be reached through mixing processes which
occur after the Rydberg electron has been coupled to
tﬁe core as mentioned earlier, so their absence from
the experimental photo-absorption spectrum would
confirm the parent ion mixing mechanism while their

presence would reveal a different, more complex,

mixing process.

It is interesting to recall that Connerade and
Tracy (1977) attributed the absence of Wendin's 1974
(5p;5d)lP Giant Resonance in the Barium 5p spectrum
to 6s5d mixing breaking it up and spreading its
strength amongst levels containing 6s5d character.
This leads to the speculation that perhaps the
.Barium 5p66ssp lPl 5p absorption spectrum might
reveal the Giant Resonance if tﬁe mixing
coefficients in the presence of the 6p electron
happen to be smaller. Unfortunately it proved
impossible td measure this spectrum for the reasons

given in chapter 5.

It was however possible to measure the 5p

spectrum starting from the 5p6655d 3/1p metastable

states of Barium. Again 6s5d mixing was expected,

and many series converging to the core



configurations below were anticipated in the event
of the parent ion mixing approximation being still

valid.

V5p5(685dX652X5d2) [2P1/2'.3/2]

5p° (6s5dx5d2) 1D3,/5,5/2]
5p5(6s5dx5a2) [235/2,7/2]‘

5p° (6s5dx5d2) >[4P1/2,3/2,5/2]

5p° (6s5dx53%) 1901 /2,3/2,5/2,1/2]
5p° (6s5dx5d%) >[4F3/z ,5/2,7/2,9/21

The mixing coefficients would be different from
those of the ground state except for states with
total J=1 built on the manifold 5p5(635dx6s2x5d2)

2 ) .

[ Pl/2,3/21 which would correspond to the same
states as those accessed in the Barium ground state
spectrum. Consequently one might expect to observe
superimposed on the complex structure due to all the
other manifolds and upper states, the entire Barium
ground state spectrum shifted to the red by the
energy separation of the 6s5d metastable states
above the ground state (1.12 [eV], 1.14 [eVv], 1.19
[ev], and 1.41 [eV] respectively). For example the
intense line at 692.28* attributed to the transition
*The wavelength of this transition according to
Connerade et al (1979%a) is 693.66A. This line is
however extremely broad (>4A) and asymmetric and
Connerade et al's value for the wavelength is
probably based on an optical comparitor measurement.
If the "crosshair" of the instruments microscope was
set on the centre of the line as preceived through
its eyepiece, the asymmetry of the line profile

might well yield their wavelength value. This may
be confirmed by reference to the microdensitometer
trace of figure 5D2a (vii) of chapter 5 and the

wavelength given in the text corresponds to the peak
of the line profile as measured in this experiment.




5p6652 lSO -——*—-5p56525d 3Pl should be seen again at
738.4A, 739.4A, 741.5A and 751.5A if all the
metastable 6s5d 3’1D1'2'3 levels had been populated.
In practice these shifted lines were not observed
(see Chapter 5). A list of all the possible
transition manifolds in the event of the parent ion
approximation being valid is given in Appendix 1.
Bearing in mind that the complex Barium ground state

spectrum arose from just the excitation scheme: -
62 1 (5p° (652x5 2,2 ' -
5p°6s Sg—=15p (6s°x5dx5d47) [ Pl/2,3/2]}ns,nd J=1

the spectrum resulting from the metastable 6s5d D
states can be expected to be incredibly:-complex with
many more lines being present than was observed in
the Barium ground state spectra. Consequently at
the resolution used in this work, it could be
expected that only the strongest transitions would
be observed and the presence of the rest might well
be indicated by a quasi-continuum. Such a
background absorption was indeed observed as will be

seen in Chapter 5.

2.5 Summary

In section 2.1 the importance of the radial
problem to future Qork in atomic structure was
examined, and was illustrated by a study of the
physical origin of Giant Resonances in terms of the

Independent Particle Model. Out of this discussion



emerged the concept of "soft" effective potentials
for electrons where small changes in the central
field due to the excitation of an electron can yield
pronounced changes in another wavefunction, the 5d
wavefunction of Barium being cited as an example. In
the case of Barium, the presence of a 5p core
vacancy leads to a depression of the binding energy
of the 5d electron with respect to the 6s electron
resulting in the mixing of the three configurations
5p5632, 5p5655d and 5p55d2 as proposed by Connerade.
et al (1979a).

Section 2.2 was devoted to the photodouble
ionisation anomaly of Barium when 5p electrons are
excited by VUV radiation. Its link with the present
work arises from its study of the subsequent decay
mechanism of the excited states responsible for the
5p absorption spectrum, and the importance of 6s-5d
mixing in driving it. An ionisation mechanism based
on an independent particle model, such as the
proposed'Two Step Autoionisation Model, would be
consistent with the analysis of both Connerade et al
(1979a) and Rose et al (1980), whose ab initio
calculations assume the validity of the independent
particle model. If it had transpired that the
anomalies interpretation had required a many body
based model, then this would have cast doubt on the
fundamental adequacy of the MCDF calculations

performed by Rose et al (1980). It is worth
recalling in this context that Baig et al (1984) in



their high resolution studies of the Barium 5p
absorption spectrum had discovered a further two
series which they could not plausibly link with any
of limits calculated by Rose et al (1980) (Chapter

L.

Section 2.3 discussed the methods by which a
complex spectrum can be analysed. This is done
primarily by semi-empirical techniques which can be
checked for authenticity by using Lu Fano Plots.
M.Q.D.T. was discussed qualitatively in some detail
in ordér to link the graphical technique of Lu Fano
plots with their theoretical origin. Ab intio
calculations must be resorted to in order to
identify the core states responsible for the
observed series and are used primarily to search for
the corresponding ionisaﬁion limit energies. They
are also used to identify the low lying Rydberg
members which cannot be identified using Lu Fano
plots. Another use for Lu Fano plots described in
Section 2.3 was for identifying the members of a
Rydberg channel which can perturb a given line of
another channel. This is especially useful if the
unperturbed channels are known since the principle
configurations required for a MCDF calculation of
the energy level can then be deduced. This is
significant bearing in mind that the interacting
configurations used in MCDF and MCHF calculations
must be chosen by hand. It is not practical in

computer time to include all possible
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configurations in such calculations.

In section 2.4 the 6s-5d mixing of Barium in the
presence of a 5p core vacancy was attributed to the
concept of parent ion mixing where the running
electron is not involved in the mixing process.
Other forms of mixing which involve the running
electron are possible but do not lead to long series
running to supernumery limits. The interest in
observing the 5p spectrum of the excited states of
Barium lies in the provision of further data on
6s-5d mixing which can then be compared with MCDF
calculations. Finally it was predicted that the 5p
spectrum‘from the Barium 6s5d 3'1D1,2,3 metastable
states would be exceedingly complex due to the
possibility of many more mixing manifolds. A list

of possible transitions is given in Appendix 1.
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CHAPTER 3: EXPERIMENTAL APPARATUS

3.1 Introduction

In this chapter the experimental apparatus is
discussed in detail with particular attention to the
reasons for the configuration and the methods
adopted. Section 3.2 begins by describing the
overall layout of the apparatus to put the
experiment into perspective. Sections 3.3 and 3.4
then discuss the requirements for the VUV continuum
source and the tunabie dye laser respectively and
describe the construction and the performance of these
two essential components. ' Section 3.5 discusses the
specification and design of an optical system to
achieve maximum light throughput. The vacuum system
and the furnace are then described in Sections 3.6

and 3.7 respectively.

3.2 Introduction to the Experimental Apparatus

This section will describe the overall layout of
the apparatus. As shown in figure 3D1, the VUV
absorption spectrum of barium contained in the
furnace (F) was photographed with a 1 [m] Yves Jobin
spectrograph (S) using as a background continuum
soﬁrce the plasma produced by a Ruby Laser (R) focussed
onto a samarium metal target (T). The Barium vapour
was optically pumped by a tunable dye laser (D),

injected through a small hole in the coating of the
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mirror (0) used to focus the continuum source on to

the spectrograph slit.

The apparatus for the purposes of this
discussion could be divided up intd the four main
elements, the pulsed VUV continuum source, the
pumping dye laser, the optical arrangement for
collecting and analysing the VUV spectrum and
finally the furnace. The basic experimental
requirements for these elements were as listed

below:

1. A bright continuum source was required to
minimize the number of shots required for a good
spectrum. In addition, it was desirable that
the pulse length of the source be shorter than
that of the dye laser envelope. This placed a
further requirement that the source be both

short, < 50 ns, and reproducible, < 50 ns.

2. The pumping dye laser had to be capable of
saturating a column density of barium, >lO15
[cm™2} over a cross-section of » 2 [mml. This
required a pump beam with a power density of the

order of 0.4 [MW cm_2].

3. An optical arrangement to focus the light source
on to the slit of the vacuum spectrograph. The
spectrograph would then record the absorption

spectrum on photographic film.



FIG 3D1 —'OVERALL LAYOUT OF EXPERIMENTAL AF"PARATUS
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4., The furnace had to contain a high column density
of barium, 3 1015 [cm™2] (Ederer et al, 1974),
to observe a clear 5p absorption spectrum.

2 ;So—-656p

The dye laser when tuned to the 6s
lPl resonance line at 5535i rapidly popﬁlated the
metastable 6s5d4 levels via the higher 6s6ép level.
This column of excited barium vapour was then probed
by the VUV continuum‘at abchosen delay after the
rising edge of the dye lgser. The light was then
collected by an osmium coated mirror located beyond
the furnace and focussed on to the spectrograph
slit. The spectrum was recorded on a 35 mm Kodak
101 emulsion film from Kodak Eastman Ltd. Figures

3P1 and 3P2 are photographs of the apparatus

described above.

“Figure 3Pl - Explanation

This photograph shows the relative locations of

its six major elements. These were: -

1. The Ruby Laser - Bottom lefthand corner

of picture.

2. The VUV Source Chamber - The small aluminium
drum to the right of

the ruby laser.



FIGURE 3P1: THE EXPERIMENTAL APPARATUS (PLAN VIEW)




FIGURE 3P2: THE EXPERIMENTAL APPARATUS (SIDE VIEW)
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3. The Furnace — This 1is located within
the metal girder frame
in the centre of the

picture.

4. The Mirror Chamber - = The large aluminium drum
in the centre top
quarter with the capsule

dial gauges on its 1lid.

5. The Vacuum Spectrograph - Centre right of the

picture.

6. The Dye Laser System - This was mounted on the
large aluminium table
in the top centre of

the picture.

3.3 The Pulsed Vacuum Ultra Violet Continuum

Source

The pulsed continuum required for this project
was emitted by a laser produced plasma. This plasma
was generated by focussing the output of a Q
switched Ruby laser on to a samarium target.
However, before discussing this source in detail it
is constructive to consider the merits of the main
alternatives. This study should help clarify the

reasons for choosing this source and how it was

superior to the alternatives discussed.
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3.3.1 Continuum sources in the vacuum ultra violet

A bright and "clean" pulsed continuum between
5002 and 800A was required for this experiment. This
was because all the absorption lines arising from
the excitation of the barium 5p electroh lie within
this wavelength range. However in this spectral
range spectroscopists have aiways faced the problem
of finding a suitable clean continuum. The common
problem of most sources in this region is the
presence of all manner of knoWn or unknown
impurities. These can give rise to many strong
emission or absorption lines. Such lines are
obviously undesirable since it is necessary to
identify which lines are dué to the source and which .
are "real" and because they may mask weak features
present in-the absorbing medium. Ahother factor to
consider when choosing a source is its temporal
characteristics. 1Its pulse length and
synchronisation jitter are of particular interest.
At the beginning of this work it was not apparent
that the 6s6p lPl state that was populated by the
tuned dye laser would rapidly depopulate into the 6s
5d 3'1D2<metastable states. It was therefore
believed that the continuum pulse should be shorter
than that of the dye laser. This would have ensured
that the absorption of the continuum was measured

only in the presence of the excited state whose

natural lifetime was only 8.4 [ns].



The four main continua that have seen the most
use in the VUV for absorption spectroscopy have been
the Hopfield Continua (Samson, 1967), Synchrotron
Radiation (Codling, 1973), the BRV source (Fox et al,
1973) and finally the Laser Produced Plasma (Carrol
et al,1980). The criteria with which an order of
merit could be assigned to the above sources were
{a} pulse length, {b} reproducibility of pulse
synchronisation, {c} brightness between 500& and
800A, {d} continuﬁm quality between 500A and 800A

and {el source repetition rate.

3.3.1.1 The Hopfield Continua

This continuum arises from the'decay of an
excited inert gas molecule to a low lying state
before dissociating. These excited molecules are
generated by a spark discharge in a pure inert gas.
The continuum pulse commences approximately 0.14 [us]
after the termination of the current discharge
(implying awful pulse sychronisation problems {b})
and has a duration of 16 [us] (which is far to long
{a}l). The shortest wavelengths are produced by the
He Continuum, which has a useful rénge of 580% to
11008 (so it doesn't go down to 500& {d}). The
brightness of the source is extreamely weak compéred
with the BRV {c}. So in conclusion this source was
most unsuitable for this experiment despite the

excellence of the continuum between 580i and 1100%.
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3.3.3.2 The Synchrotron

A synchrotron is an electron accelerator which
has the property of circulating electrons within a
closed orbit at relativistic velocities. These
electrons radiate energy as predicted by the
classical theory of electromagnetism. This
radiation will Dbe polarized and extends in
wavelength from down in the X-ray to beyond the

infra red (Codling, 1973). The radiation is also

.concentrated into a very narrow cone whose axis

forms a tangent to the electron orbit. For example,
the divergence of the French 540 [MeV] "ACO" machine

5 [srad] at 500R (Kunz, 1974). The

is only 10~
intensity of the continuum as a function of
wavelength can be theoretically calculated and is
very smooth. There is no line structure and so the
source is unrivalled with regard to its spectral
quality. However its temporal characteristics are
not suitable for this experiment. The output is
gquasi cw with very short intence bursts of radiation
(0.1-1 [ns] (Kunz, 1974)) with a frequency of between
1 [MHz] and 500 [MHz] (machine dependent). The
intensity of the continuum pulées is of course
dependent on the accelerator energy of the machine.
However, the flux of the synchrotron pulses for small

solid angles (NTO-S [srad]) is in general comparible

to those of a laser generated plasma.



In conclusion, the sypchrotron has many
admirable properties compared with other continuum
sources. However, its quasi cw nature made it most
unsuitable for this project and it was in any case

unavailable.

3.3.1.3 The BRV Source

The BRV source is a three electrode device
Geveloped bf Ballafat et al in 1961 for producing
intense continua in the VUV. This continuum is
emitted by a plasma produced by a vacuum spark
discharge between two electrodes of extremely low
inductance. The anode of the device is usually
made of Uranium both for its refractory properties
and its high Z value. The electrical discharge is
triggéred by a "sliding spaik" which propagates
along the surface of an insulator from the third
electrode. When the device is triggered the main
Qacuum spark produces a Uranium plasma at the anode
with a diameter of 1.5 [mm] and an electron
temperature of the order of 2.5 x 10 > [K] (Kuhne
et al, 1977). . The plasma continuum is very bright
(102 (ph/&/srad/pulse] at 340& (Kuhne et al,

1977) but is overlaid by a fair number of weak
emission lines. The origin of the continuum has
been attributed to Bremsstrahldng on account of the
intensity dependence on the inverse square of‘the

wavelength (Kuhne et al, 1977). The temporal
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charactefistics of the BRV have greatly improved
over the years. These days the pulse length (at
6408) and reproducibility of the pulse
synchronisation are about 60 [ns] and 50 [ns]
respectively. However, the pulse length of the
source is wavelength depeﬁdent and increases

with wavelength (400R, 40 [nsl; 6404, 60 [ns]; 9004,
90 [ns] (Kuhne et al, 1982)). The reproducibility
of the continuum intensity from shot to shot is
quite poor at 20%,.but this was unimportant in this
experiment. The maximum repetition rate of device
is ~ 0.1 [Hz] which was much faster than the
experimental dye laser. The BRV source is
intolerant of high ambient gas pressures. The gas
between the gap tends to electrically breakdown
above As1073 [torr], often resulting in damage to
the surface of the devicés sliding spark gap..
Obviously this is a serious limitation if the device
is placed at the end of a furnace containing a
buffer gas. The chief disadvantage of the BRV is
the need to periodically replace the uranium anode
pin after a few thousand shots. This is necessary
because of a pit which is gradually eroded into the
tip of anode. Anode replacement is an involved
operation and the subsequent realignment of the
experimental condensing mirror would have been
difficult due to the pulsed nature of the source and
shot to shot variations in the position of the

plasma.
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In conclusion, it must be said that the BRV
source could have been used for this experiment.
However, the laser produced blasma is far superior
on the counts of brightness (4 times better in
ph/ﬁ/srad/mmz/pulse), pulse length (2 times better),
pulse synchronisaﬁion jitter (10 times better),
pulse reproducibility (4 times better), ambient gas
pressures (far superior) and maintenance (much

better).

3.3.1.4 The Laser Produced Plasma: a review

This plasma is produced by focussing any
highpower Q switched laser such as Ruby or Neodymium
onto the surface of a solid, usually a metal. The
energy of the laser is normally betwéen 1 and
10 Joules and the pulse length between 10 to 30
[ns]. The mechanism of the plasma forma£ion has
been discussed in the literature (Ehler, 1966) but
essentially the arguments run as follows. The intense
electric field of the focussed laser beam causes
surface ionisation on the target. These ionised
electrons are then rapidly heated by the laser field
to a high electron temperature (~55 [eV]). Further
ionisation of the target surface occurs because of
these hot electrons and the electron density rapidly
increases until the electron plasma frequency is
equal to fhe laser frequency. This density varies'
with the laser wavelength but for ruby radiation

equals 2 x 1021 [cm_3]. At this density incoming



radiation is reflected and further absorption only
takes place in order to maintain this density in the
expanding plasma kCarroll et al, 1983). Meanwhile
the target surface is heated by these electrons and
"boils off" forming a hot expanding plasma. Ion
stages up to and including 16 are produced in thé
plasma. The radiation emitted by the plasma
consists of two types - line emission characteristic
of the ion stages present due to bound-bound
transitions, and continuum radiation due to free-
bound and free-free transition. The contiﬁuum has
been attributed to mainly free—béund emission
(O'Sullivan, 1983) with bremsstrahlung accounting
for only 10% of the total intensity and being more
important at longer wavelengths. When the
possibilities of this plasma as a UV continuum
source were realised a hunt for the best targets was
begun. It was found that low z targets (e.g.
aluminium) tended to emit strong lines which
dominated thé weak continuum emission. The reverse
tended to be true for high z targets like tungsten.
The tungsten continuum was useful but was still

overlaid by some line features.

In 1978, Carroll et al reported on the continua
emitted by rare earth targets. The rare earths
from Samarium (z=62) through to Ytterbium (z=70)
were all found to emit strong and remarkably line

free continua. Samarium was particularly good with

a smooth continuum extending from 354 up to 2000A.



=
}—
~

|

The few emission lines present were weak and mostly
at longer wavelength. Ytterbium by comparison
emitted a more uniform continuum between 353 and
600A. At longer wavelengths prominent emission
lines were superimposed on the still strong
continuum. Another paper in 1980 by Carroll et al
gave further details on their work with rére earth
térgets. Essentially they reported a progressive
decrease in the regions of line free continua when
-going from elements 2z=62 (Samarium) through to z=70
(Ytterbium). However, Mahajan et al (1979) has
reported that no lines were observed above 600A for
Ytterbium when the plasma core was focussed ontc the
spectrograph slits. So it appears that the lines |
reported by Carroll et al are probably due to less
higﬁly ionised atoms occurring in the cooler
periphery of the plasma. The peak emission of these
plasmas was measured photographically and found to

lie in the region of 100A to 120A.

The improved continua of some of the rare earth
elements compared to other high z atoms is a very
interesting phenomenon which has been attributed to
thé partial filling of the 4f subshell of these
elements and of all ion stages which are generated in
the plasma (O0'Sullivan, 1983). This partial filling
even with high degrees of ionisation has been
ascribed to the collapse of the 4f wavefunction with.

higher ion stages. Such a collapse results in the

binding energy of the 4f subshell growing more
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rapidly than either the 5s or 5p subshells of the
xXenon core with increasing ion stages. Consequently
the 4f‘subshell‘is more tightly bound than either
the 5s or 5p subshells for sufficient degrees of
ionisation. So asva result the ground statesof all
ion stages in the plasma contain 4f electrons.
Consider for example the case of Samarium IX. The
eiectronic configuration of the ground state of
neutral Samarium is [xenon corel 6s2 4£%. 1t might
reasonably be expected that the ground state
configuration of Samarium IX ih the absence of any
4f wavefunction collapse would be xenon-like. 1In
fact the ground state configuration according to the
Hartree Fock Calculation of O'Sullivan (1983) is [Kr
core] 5s2 4al0 5p2 44, A partially filled 4f
subshell leads to an enormous number of energy
levels. There are for example 83024 allowed lines
predicted for the 4al04£6 - 43%4f7 transition and
for the 4al0 4£3 - 4a% 4£% transition there are 4574
(Carroll et al, 1983) The oscillator strengths of
transitions involving configurations with partially
filled 4f shells will be extremely small simply
because of the vast number of allowed lines. As the
result any emission lines associated with such
transitions will be extremely weak and will be
swamped by the plasmas free-free and free~bound
continuum emission. In cases where the 4f shell is
either neérly empty/full this is no longér true.

The number of allowed lines are now far fewer and

the oscillator strength therefore stronger. For
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example there are in principle 3 allowed lines for
the 4d104£13 - 44%4£14 transition and 3 emission

lines might reasonably be expected. This argument
is supported by the observation that line emission
seen in the Ytterbium plasma appeared to be due to
low ion stages where the 4f subshell would be full

or nearly full.

The spatial size of this source is very small
compared with the others described earlier. The
exact size is of éourse dependent on the diameter of
the focussed laser spot. Values quoted in the
literature vary between 120 [Ym] and 800 [Ym]
(Ehler, 1966;Kuhne, 1982). The temporal
characteristics of this source are well suited to
the present experiment. In general the plasma
emission closely follows that of the laser. The
risetime is faster than that of the laser while the
decay time is slower (Carroll et al, 1980). The
absolute brightness of a Ytterbium plasma has been
measured by Carroll et al (1983). At 1200A they
measured a value of 4.4 x 1010 [ph/srad/i/pulse]
using a 2.2 [J] and 30 I[ns] ruby laser pulse. The
corresponding value at 80A was 1.5 x 1011
[ph/srad/A/pulsel] using this time only a 1 [JI
pulse. In this connection it should be noted that
the intensity of the continuum is relatively

insensitive to increasing laser energies above 1 [J]

(O0'Sullivan, 1982).
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3.3.2 Properties of the Experimental Continuum

The general properties of this type of source
have been discussed in the proceeding subsection.
In this subsection, the measured characteristics of
the continuum used in this experiment will be listed

undér appropriate headings.

3.3.2.1 Ruby Laser

A commercial system from J.K. Lasers Ltd (U.K.)
was used for this experiment. The system consisted
of a ruby oscillator with a planer output coupler
and a 5 [m]\radius cf curvature rear mirror. The
systems rated maximum output energy was 1.5 [J] with
a repetition rate of 1 [Hz] and pulse length of 25
[ns] F.W.H.M. The beam quality of the system was
Qery poor and gave very uneven oblong burn patterns
on exposed polaroid. The poor spatial quality of
the output was primarily due to uneven pumping of
the system's ruby rod by its two linear flashlamps.
Most good ruby systems have four linear flashlamps
in-the pumping chamber to avoid this effect. The
‘beam divergence of the System was ~ 8 [mrad]. 1In
practice the laser was operated at a maximum energy
and repetition rate of 1.25[J] and 10 shots/minute
respectively. This measure was designed to extend
the lifetime of the systems pockel cell whose A.R.
coating had repeatedly been burnt by previous users.

The author using the above conditions never
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encountered any problems with the systems pockel

cell.

3.3.2.2 Target purity

The target used for this work was Samarium metal
foil of 0.25[mm) thickness from Koch Light Ltd
(U.K.). The quoted purity was 99.9% and a company
representative stated that the bulk of the
impurities were other lathanides. The largest non
lanthanide impurity was calcium with a concentration

of 10 p.p.m.

3.3.2.3 Source size

The source size was estimated by measuring the output

from the spectrograph's zero order vacuum photodiode for

different slit widths. From these results the source's
half width was estimated to be 300 [pm]. The size of the
focussed ruby spot .was estimated from the size of the
craters produced in the target to be 900 [um] wide and

400 [pm] high. Intensity variations across the oblong

- focus were probably responible for the large discrepency
‘between source and crater sizes.

3.3.2.4 Target orientation

The target orientation with respect to the
incoming ruby laser and the direction of observation
is shown in figure 3D2. The angle between the

furnace and the ruby axes was 60° and was the

smallest which could practically be achieved. A



smaller angle would have required the target. to be
placed further from the furnace. A small angle
minimises occlusion of the plasma by the side of‘
crater. Figure 3P3shows a typical target foil in
its holder after use. Each crater is made by 160

shots and is of size 0.9 [mm] by 0.4 [mm].

3.3.2.5 Target debris

Debris from the target formed an opaque
yvellowish (due to oxidation) coating on part of the
interior of the source chamber. Judging by the
thickness of the coating most of the debris was
blasted into a cone with a 30° interior angle back
towards the incoming laser beam. Little debris was

blasted in the direction of the osmium mirror.

3.3.2.6 Temporal characteristics

In agreement with Carroll et al (1980) the rise
time of the continuum pulse was faster than the
decay time and the pulse length was about 30 [ns].
The synchronisation reproducibility was determined
by that of the ruby laser which was S [ns]. The
shot to shot signal reproducibility was monitored by
the spectrographs zero'th order vacuum photodiode
and was found to be better than 10%. It was
discovered that a surface oxide layer on the target
reduced the continuum output by 28%. The output

improved progressively as this layer was blasted off
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by the laser and the output saturated after ‘about 20

shots.

3.3.2.7 Source brightness

An estimate of the source brightness was made
using two methods. The first involved measuring the
output from the vacuum photodiode due to flux
reflected into zero order by the spectrograph's
grating when the slit was wide open. The second
approach was based on the density of exposed grains
in the photographic film on which the cont inuum
spectrum was recorded. 1In both cases thercalculation
required estimates of the osmium coated mirrors
reflectivity, 30% (Cox et al, l973),land the
collected solid angle of continuum emission, 2x107°
[srad]l. For the photodiode method, estimates of the
photodiode quantum efficiency, 10%, the efficiency
of the grating into zero order, 10% (Learner, 1985,
Private Communication) and the spectral range of the
detected photons, 4002 were also required. This
range was estimated froﬁ the spectral plate and was
centred at'600§. The long wave limit was due to the
copper workfunction and the short wavelimit arose
from the fall off in the grating efficiency.
Combining all these factors plus the charge actually
collected by the photodiode, 3 x 10710 [C], lead to
a brightness of 7 x 101l [ph/A/srad/pulse] which

falls between the values measured by Carroll et al

(1983) at 1200A and 80A respectively.



In the photographic calculation it was necessary
to have in addition values for the following
qguantities: —

{i} The energy density of incident phdtons required
to blacken the photographic film at 6002 to the
observed density of~2DT, 1073 [Joules/m%1 (Burton et
al (1973)) {ii} The height of the spectrum at 6003,
2.6 [mm] {iii} The dispersion of the grating, 3.95
[A/mm], {iv} The efficiency of the grating into lst
order, 10% (Learner, 1985, Private Communication),
{v} The photon energy at 600&, 3.3 x 10718 7] {vi}
The number of shots in a spectrum, 160 {vii} The
slit width of the spectrograph, 2Z5 [um] {viii} The
dimensions of the source, ~ 300 [um] diameter.
Combining all of the above yielded a source
brightness of 9x1012 [photons/ﬁ/Steradian/pulse] at

600A.

The factor of ~10 disagreement between the above
two figures for the source brightness is primarily
due to the spectrum being at its most intense at
NGOOR, see figure 3D3. The average density of the
spectrum between 4002 and 800A is ~1D which from the
data of Burton et al (1973) on Kodak 101-01 film
would yield an average brightness of 9x101l

[photons/A/Steradian/pulse] over the range 400-800A.

D= - log ;7 (transmission)

=
N
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FIGURE 3D3: MICRODENSITOMETER TRACE OF THE SAMARIUM CONTINUUM EMISSION BETWEEN 489,3A AND 878.3A"
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FIGURE 3P4:; THE EMISSION SPECTRUM OF THE SAMARIUM LASER PRODUCED PLASMA

504.27A 584.33A 834.6&

A - The emission spectrum

B - Illustrative absorption spectrum showing the Helium Principle Series
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These results are in good agreement with those
recorded by A. Pantinakis at this laboratory who
obtained a figure of 1012 [ph/A/srad/pulse] with the
same laser using a tungsten target. However, the
Samarium continuum is much cleaner than tungsten
with few emission lines being present. In any case,
these are very weak as can be seen in the two
spectra of the Samarium continuum in figure 3P4.
The'microdensitometer trace of the Samarium
- emission spectrum clearly shows the high qualitf of
the Samarium continuum and its suitability for

absorption work, figure 3D3.

3.4 The Dye Laser System

3.4.1 Introduction

The objective of the dye laser system waé to
saturate the 6s2 lSO - 6s6p lPl transition at 5535A
for a column density of 1013 [em™2] (section 3.2),
and for as large a column area as possible. There
were four essential requirements for the dye laser
system which were: -

(i) A power density of >0.4 [MW cm™2] was needed to
saturate the above column density which was
estimated by considering the spontaneous
emission losses from a column of barium vapour

of column density ~10153 [cm™2].
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(ii) The spectral bandwidth needed to be of the
order of the Doppler width of the Barium

resonance line ~10° [Hz]l (10 [mAl).

(iii) The pulse length should be larger than that of
the background continuum ( ~25 [ns]) but less
than ~200 [ns] in order to reduce the risk of
ionisation observed by other workers (chapter

1, séction 1.3).

(iv) The geometry of the overall arrangement in
which the dye laser radiation passes through a
small hole (2 [mm]) in the focussing mirror M
as shown in figure 3Dl1, demands that the laser
beam have both a small cross section (less than
a couple of mm in diameter) and a low

divergence (a couple of mrad).

The laser configuration used consisted of a
"littman" type oscillator (Littman et al, 1976), see
figure 3P5 followed by a passive amplifier. Both
the dye cell in the littman cavity and the amplifier
dye cell were optically/pumped by a broadband
co—-axial flashlamp laser. Figure 3D4 shows a
diagram of the overall system and figure 3P6 is a
photograph of the same. This pumping approach was
used by the authors predecessor Julian Bowen (1985),
who conducted a series of successful éxperiments on
the fluorescence of barium vapour when pumping on

its resonance transition. Bowen also used the laser
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to investigate the populations of some of the
metastable levels lying below the barium 6s6p lPl
level. However for the present work the oscillator
was completely rebuilt by the author and an
amplifier stage was constructed to increase the

power output.

3.4.2 Reasons for using this type of laser

According.to requirement (iii) given in 3.4.1 a

" dye laser with a pulse length longer than 25 [ns]

was required. This requirement could not be

satisfied by either a nitrogen or a doubled ruby

pumped laser system and a co-axial flashlamp laser
based system was needed. Tuned output from such a
system could be achieved by inserting intercavity
etalons within the cavity of the co-axial laser.
Alternatively the laser could be run broadband and
the output used to optically pump a second tuned
cavity. The reasons for choosing the second

alternative will now be examined.

An etalon tuned co-axial laser is not
appropriate for this experiment given the injection
geometry outlined in section 3.5. The problem is
fundamental to the systems characteristics. 1In a
co-axial laser the dye solution is flowed down a
long quartz tube curvette located within a mirror

cavity. The laser bandwidth can increasingly be

reduced by inserting more and more etalons of



FIGURE 3P6: THE DYE LASER SYSTEM
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decreasing free spectral range inside the cavity.
Unfortunately the efficiency of the cavity is
grossly reduced by these etalons and normally a
second flashlamp pumped amplifier is located outside
the cavity. The beam divergence of this system is
quite good at 2 [mrad] but the beam diameter is
quite large at 8.5 [mm] for the co-axial flashlamp
heads available to the author. It is difficult to
estimate the power output to be expected from such a
system since this is dependent on many factors.
Factors such as the electrical inductance of the
flashlamp circuit, the energy discharged thtough the
flashlamps, the dye used are but a few examples.
Nevertheless an estimate of an upper limit for this
output can be made from the results of Salter who
used a system of this type. Salter (1979) achieved
a 0.4 [MW] output within a 0.34 bandwidth at 58964
using the dyethodamine 6G. By comparison the
output at 5535A for the same bandwidth using the dye
Coumarin 540A, (Exciton Chemical Corporation Inc
(USA)) the most efficient dye at this wavelength,
would have been much less (by a factor of at least
2). This is because co-axial lasers are much less
efficient with coumarin dyes (Exciton Chemical
Corporétion Inc. (USA)). By contrast the littman
oscillator amplifier used for this experiment gave a
~70 [kW] maximum output with a beam diameter of less
than one [mm] emerging from the amplifier and a beam
divergence of only 0.5 [mradl. So the etalsn tuned

co—-axial system was capable of yielding in principle
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up to 2.9 times as much tuned power as the littman
system. However, requirements (i) and (ii) of
subsection 3.4.1 need a higher power density than
that used by Salter, within a narrower spectral band
width. This could not be achieved simply by
focussing the laser into the centre of the furnace
because of the geometrical constraints of (iv),
which requires the beam to have a diameter of abdut
2 [mm] where it enters the system and a comparable
diameter (energy dependent) in the centre of the
furnace, 2.3 [m] away. The combination of small
cross-section and low divergence could not be

achieved with a co-axial system. The littman system

on the other hand, was capable of giving 0.7 [MW

cm_zl over a diameter of 3.6 [mm] in the furnace

after passing through the 2. [mm] mirror apérture.

3.4.3 The Broad Band Pump Co-Axial Dye Laser

A broadband co-axial dye laser was used to
optically pump both the littman oscillator and-its
amplifier. This type of laser has been described in
great detail by both Skinner (1974) and Salter
(1979) and was similar to the one operated by the
authors predecessor, Julian Bowen (1982). The
laser's active medium consists of a.dye solution
which was flowed down a long cylindrical quartz
cuvette and was optically pumped by a linear

co-axial xenon flashlamp. This flashlamp emits an

intense continuum when ever a high energy electrical



discharge is passed through it.

The laser cavity is produced by placing a
dielectrically coated broad band mirror at each end
of the dye cuvette. The reflectivities of the two
mirrors were resPectively'°v100% and 45% at 4800A
and were aligned using a He Ne laser beam which ran
cblinear with the flashlamp axis. The dye cuvette
formed part of a closed loop through which a total
of 1.5 litres of dye solution was circulated. This
solution was sucked out of a glass reservoir by a
micropump (run off the mains), then pushed through a
filter unit followed by a heat exchanger, before
entering the dyé cuvette after which it was returned
to the reservoir to be recycled. The filter was a
Balston unit fitted with a 5 [ym] pore size filter.
The heat exchanger was simply a glass spiral
" submerged in a water tank through which cold tap
water was flowed. As a result the dye temperature
was a function of the season and varied between
~13°C in winter to ~21°C in summer. The heat
exchanger was necessary to prevent the dye being
héated up to ~31°C by the micropump. The dye
solution consisted of Coumarin 480 Exciton Chemical
Corporation Inc (USA) dissolved in methanol at 30

[mg/litre]l (1.2 x 10"4ﬁnolaﬂ) concentration.

About 90 [J] of stored electrical energy was

discharged through the co-axial flashlamp per laser

shot. Storage and discharge of the energy was
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controlled by the circuit in figure 3D5. Energy
was stored on a 0.5 [uF] higﬁ voltage capacitor
that was charged up to 19 [kV] through a pair of

6 [kQ] resistors by a Hartley Measurements Ltd
(U.K.) capacitor charger unit. A three electrode
spark gap pressurized with nitrogen gas to just
below its breakdown threshold at 19 [kV] prevented
the capacitor from automatically discharging. The
6 [kQ] resistor connected to the "live" line of

the charger unit protected the unit from high
voltage spikes of opposite polarity that might have
resulted from ringing in the discharge circuit. The
other 6 [k2] resistor across ‘the flashlamp énsured
that the voltage across the spark gap remained
constant. The discharge of the capacitor through
the flashlamps was controlled by the spark gap.
This was fired by applying to its trigger pin a

10 [kV] pulse from a Chelsea Instruments Ltd (U.K.)
W8 HV unit. This pulse caused the nitrogen gas
between the gap to breakdown forming a good
conductor. The energy output from the laser varied
but was typically 500-600 [mJ] withjfresh dye and
the corresponding pulse length was 540 [ns]
F.W.H.M., see figure 3P7. However this energy was
dependent on the age of the flashlamps with respect
to the number of firings. This occured because the
quartz tubes, especially the outer tube, became
gradually opaque due to increasing surface deposits
of unknown origin. The far greater opaqueness

of the inner surface of the outer tube
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would tie in with the minimization of the lamps
inductance if the discharge occurred near this
surface. This is because the earth return loop is
formed by a co-axial brass tube outside the
flashlamp. Increasing opaqueness of the outer tube
reduced the amount of light reflected by the
aluminium reflector wrapped round this quartz tube,
and thus the dye pumping. Restoration of the
laser's performance was achieved periodically (every
few thousand shots) by cleaning the quartz tubes in
dilute hvdroflouric acid. A single fill of dye
solution was adeduate for a single experimental run
of 160 shots. However the tuned output from the
littman oscillator plus amplifier declined by
typically 36% because of dye degradation in the
co-axial laser arising from photodecomposition. By
contrast the co-axial laser used by Bowen peeded
fresh dye after only 30 shots despite using a much
lower flashlamp energy offV$6 [J] (15 [kV]). It is
not clear to the author why Bowen's dye solution was

so short lived.

3.4.4 The Tuned Oscillator

The tuned cavity consisted of a pair of 100%
mirrors and a diffraction grating in the
configuration shown in figure 3D6, an arrangement
ipioneered by Littman et al in 1976. Some of the

fluorescence from the pumped region is reflected

back by the rear mirror resulting in amplified
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spontaneous emission (A.S.E.) along the laser axis.
This A.S.E. then hits the diffraction grating and a
small amount of it (typically € 5%) is diffracted

into the lst order. The tuning mirror then reflects
this diffracted light back towards the grating and
some of this is diffracted a second time back

towards the dye cell. Any radiation which actually
pésses through the pumped region will undergo yet
further amplification, thus selecting out a:particular

wavelength. Repetition of this proceés leads to a

~very narrow line width for the radiation that

oscillates in the cavity, provided of course the
gain in the dye is sufficiently large to overcome
the basic inefficiency of the feedback. Tuned
radiation couples out of the cavity very efficiently
by zeroth order reflection off the grating which is

very high (295%) because of high angle of incidence.

Bowen's original oscillator was reconstructed by
the author. The principle reason was the need to
replace his dye cell which had glue sealed windows
and was in a poor state by the end of his work. A
new dye cell, wifh O-ring sealed demountable windows
was constructed as a replacement. O-ring seals are
preferable to glue which is susceptible to solvent
attack. For example, other colleagues in the
author's laboratory found that their dye solvent
attacked the glue seal to the extent that their

cells' windows actually fell off! The new dye cell

was large with 45 [mm] separating the two quartz



windows. These windows were parallel but were
inclined at an angle of 10° to the inner surface of
the pumping window to prevent parasitic laser action
between them (no clear line of sight between them).
Bowen's 1200 [lines/mm] grating was retained but a
dielectric mirror was used in place of his aluminium
coated tuning mirror. The cavity length was also
reduced from the 180 mm's of Bowen's cavity.to the
130 mm's of the authors oscillator. Reducing the
cavity length increases the wavelength separation of
the longitudinal modes and drives some of them

outside the laser gain profile.

3.4.5 Oscillator alignment procedure

The oscillator was initially aligned using a
nitrogen laser since its repetition rate when pumped
with the co-axial laser was so slow (due to thefmal
turbulence). Firstly, thevnitrogen laser beam was
tightly focussed using a quartz bicylindrical lens
to a line focus just inside the dye solution
adjacent to the pumping window. The horizontal and
vertical focal length of the lens in the visible
were respectively 75 [mm] and 50 [mm]. A slightly
brighter patch of light compargd to the fluorescence
background could be observed at a short distance
from the dye cell ( a few hundred mm) when the
nitrogen beam was tightly focussed. This brighter

patch was due to Amplified Spontaneous Emission

(ASE) along the line focus. The axis of the line
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focus was then adjusted to make it horizontal by
rotating the bicylindrical lens. This was achieved
by monitoring the location of the patch described
above. The rear 100% mirror was then adjusted to
reflect this A.S.E. back into the pumped region of
the dye cell to produce a fairly bright and small
spot at a distance. Further adjustments were made
to the bicylindrical lens to optimise the brightness
of the spot. After this the grating was then moved
into the pathvof the A.S.E. beam and rotated about
its vertical axis until a green line was seen aloeng
its lengﬁh. It was important to remember that the
grating was blazed and care had to be taken to
ensure that it was correctly orientated to maximisé
the light diffracted into first order. A very
marked visible difference was observed for the light
diffracted by the grating between the two possible
grating orientations. This left only the tuning
ﬁirror to be aligned before lasing action could be
achieved. Prior to the entire lining up proceedure
described above, the tuning mirror was roughly
orientated about the vertical axié to reflect 5535&
light from lst order Sack down its original path.
Rotation of the tuning mirror about its horizontal
axis eventually leads to lasing action. This was
indicated by a huge increase in the brightness of
the green streak along the grating and the output
(of course), the presence of speéklé in the output
beam and the appearance of a bright spot on the rear

mirror. The oscillator was then replaced on a
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kinematic mount on the laser systems aluminium table.
A beam splitter was used to slit off 38% of the
co-axial lasers output which was used to drive the
oscillator. It was found that the bicylindrical lens
needed to be refocussed because of chromatic
abberation and some fine adjustments were found to

be needed for the two mirrors and grating.

The laser was then roughly tuned using a
-Rank~Hilger (UK) 1 [m] Monospek monochromator fitted
with a photographic attachment. A barium hollow
cathode lamp from Cathodeon (U.K.) was used as a
reference source. Fine tuning was then achieved by
maximising the fluorescence off the barium vapour
column in the furnace described in section 3.7 as

observed through a side port.

3.4.6 The Passive Amplifier

Unlike Bowen's original system a passive
amplifier was fitted onto the laser in order to
amplify the oscillators tuned output. This
amplifier consisted of a dye cell identical to the
one in the reconstructed oscillator (subsection
3.5.4) and was optically pumped using the remaining
62% of the co-axial laser's. output. A bicylindrical
lens, identical to the one used in the oscillator, was
used to focus the pump radiation into a line focus. .

The output beam of the oscillator was focussed into

this excited dye column and thus amplified. Such a
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passive amplifier is more efficient than the
oscillator because there is no gain being depleted
by a 100% mirror reflecting A.S.E back through the
pumped region and thus competihg with the tuned
output. The beam waist in the amplifier cell was at
least 3 times greater than the waist in the
oscillator dye cell by virtue of the ~X3
mégnification of the focussing lens which followed
the spatial filter, see figure 3D4. Alignment of
the amblifier was found to be very tricky because of
the low repetition rate of thé oscillator. The
chief problem was the need to get the incoming
oscillator beam to run parallel to the amplifier
pump window. Otherwise the beam partially reflected
off this window giving two outputs, or it partially
missed the pumped region which was obscured by the
pump window. The alignment approéch chosen was to

deliberately reflect part of the beam off the pump

‘'window yielding two spots, and then to adjust the

input beam until the two spots just merged into one.

The signal gain of the amplifier was about 4
which taking into account the different input
energies implied' the amplifier was 2.5 times more

efficient than the oscillator.

3.4.7 The overall performance of the tuned dye

laser system

All of the experimental spectra of laser excited



barium were taken with the dye cells of the tuned
system being filled with Coumarin 540A from Exciton
(U.S.). This was found to be a suitable replacement
for the Pilot 495 laser dye from New England Nuclear
(U.S5.A.) used by Bowen which was no longer
available. The dye concentrations in both the
oscillator and the amplifier were very high at 2
[é/litre] (6.5 x 1073 [molar]) and 1.5 [g/litrel
(4.9 x 10~3 [molarl) respectively using methanol or
a solvent. Each dye cell was filled with only 5
cc's of dye solution which was not circulated. A
practical circulation system would have been two
expensive to run at these concentrations because of
the volumes which would be involved. -The maximum-
energy output of the oscillator amplifier was
typically ~7 [mJ]. However, this was a function
of the co-—axial laser input and over énvexperiment
of 160 shots would decline to 4.5 [mJ], but could
be restored by replacing the pump laser's dye. The
corresponding pulse length of the tuned output was
typically 100 [ns] F.W.H.M. This is much shorter
than the 540 [ns] F.W.H.M. pump laser pulse and the
rapid termination was due to thermal turbulence
destroying tﬁe optical quality of the dye solution
in the dye cell. The two laser pulses rose together
but the tuned output declined to zero before the
peak of the pump pulse. The divergence of the
output from the amplifier was éxtremely small at
only ~0.5 [mradl. Both the mode structure and the

line width of the tuned output were measured using a
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FIGURE 3P8: A TYPICAL FABRY PEROT INTERFEROGRAM OF THE
TUNED DYE LASER SYSTEM OUTPUT

The three modes present in a single laser shot
are clearly observable in this interferogram

[mﬂ]-



3 [cm] thick solid quartz etalon. This etalon had a
free spectral range of 35‘[mi] (at 55354) and a

finesse of 20. The laser output was found to

contain 3 modes separated by 11 [mA] + 1 [ﬁﬁ], the

line width of each of these being less than the

etalons instrumental width 1.75 [mA]l. This mode
structure corresponds to the longitudinal mode

spacing of a cavity of optical path length 139 + 14
[mm]. The measured optical pathlength of the cavity

was in fact 143 + 5 [mm]. Figure 3P8 shows a

fypical interferogram recorded using the above

etalon. The laser output was horizontally polarized. This
must have been due to the more efficienf diffraction, at

near grazing angles, of horizontally rather than vertically

polarized light by the grating.

3.4.8 Injection into the furnace

The scheme chosen involved injecting the tuned
laser béam into the furnace via a 2 [mm] diameter
clear apperture in the osmium coated mirror. This
was made especially difficult by the extremely slow
repetition rate of laser which was only 1 shot every )
20 seconds (max). The approach chosen was to shine
a He Ne beam through the rear surface of the mirror
used to direct the oscillator beam into the
amplifier. By ensuring that the two beams were
approximately co-linear, a cw aligning aid was

created. It was then not difficult to ensure thét

the He Ne beam passed through the osmium coated

H
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mirrors clear aperture and that part of it exited
the furnace at the other end of the apparatus. Aan
unexpected bonus was the circular diffraction
pattern observed outside thé ﬁirror chamber due to
He Ne light impinging on the osmium boundary of the
clear aperture and being reflected out of the
chamber via a side port. By ensuring that the rings
wére of even intensity, the tuned green beam could
be guaranteed to run through the centre of the
aperture. Thus the beam orientation could be
altered with confidence without worrying about
missing the aperture and burning the osmium coating
off. About-56% of the incident energy was actually
transmitted through the osmium coated mirror. The
net flux at the centre of the furnace was ~ 0.4

[MW/cm™ 2] maximum (beam diameter 3.6 [mm]).

3.5 The Vacuum Ultra-violet Optical Arrangement

3.5.1 Factors involved in the Optical Design

The 5p spectra of the 6s5d 3'1D2 metastable
states of Barium in this experiment were recordea on
photographic film using a 1 meter normal incidence
spectrograph. An alternative approach using
photoelectric detection with a monochromator was
never seriously considered because of the number of
shots which would have been required. A spectrum at

0.12 resolution using a monochromator with the same

dispersion as the above spectrograph would have
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required at least 4500 shots (for one shot at each
0.1A interval) to cover the wavelength range 450A to
900A. This was clearly impractical in this work
because of the low repetition rate and limited dye
lifetime [~200 shots] of the dye laser. The primary
aim when designing this optical system was to
maximize the VUV flux density at the film for a
given slit width, subject to the constraint that all
of the VUV radiation should pass through the laser
pumped barium column. Ease of alignment had also to

be considered in practice.

Since the source was.necessarily a long way from
the slit, the flux density at the latter could be
increased by using a qondenser mirror despite the
relatively low reflectivity of any coatings at
normal incidence in the VUV. The best reflector in
this region is osmium which has a peak reflectivity
of 29% at 620A. (Cox et al (1973)). This can be
further increased to around 34% by using
"semi-transparent films" of between 150 to 2003
thickness. The increase in reflectivity is
attributed to interference effects in the bulk

material (Cox et al (1973).

The small diameter of the optically pumped
barium vapour column was the limiting aperture of
the system. This diameter was only 3.6 [mm] as was
explained in section 3.4. In principle the light

flux could have been maximized by focussing the
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source in the centre of the furnace and refocussing
it onto the spectrograph slit. Such an arrangement
with ideal mirrors would have increased the power
incident per unit area at the slit by a factor of

~ 4 over a single mirror arrangement. However the
gain in reality would have been virtually cancelled
by the 30% reflectivity of the second mirror. The
alternative of using grazing incidence mirrors (in
the form of toroids to eliminate astigmatism) was .
rejected because they;are difficult to align and
very expensive. In any case, such a grazing
incidence arrangement would have been extremely long
to avoid the accretion of target material on the
first toroid mirror. A minimum separation of 2.5
[m] between this mirror and the target would have
been necessary for the mirror to have a useful
lifetime of a few hundred thousand shots. This
figure is based on the Qork of A. Pantinakis, who in
the course of some preliminary work on laser |
generated plasmas in this laboratory found that
debris "blown off" the target gradually coated his
mirror. The reflectivity of his mirror's gold
coating, which was located only 8 [cm] away from the
target, seriousiy deteriorated after a fe@ hundred

shots (no exact figures are available).

Failing a two mirror system, the next best
arrangement was a single mirror which projected an

image of the source directly onto the slit. This

mirror could have been used to produce either a
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demagnified or magnified image of the source on the
slit plane. 1In both cases the furnace would have
been best located in the lqnger of the two optical
arms where the solid angle of the cone of light is
least. Of course the next question is which of
these two arrangements was best for this work? This
problem is looked at in some detail in appendix 2
and what follows is an outline of the problem and
its solution. For the demagnifying case the total

flux incident on the slit Elane is independent of

the demagnification MT and is governed by the
furnace aperture. However the flux density at the
slit does scale as T/Mg. At the film plane the
situation is different. Here it transpires that
the flux density, and thus the number of shots
necessary for a spectrum is fairly independent:iof
MT because of fhé spectrographs astigmatism. A"
high demagnification is however gbod since the
height of the spectrum scales as 1/MT (see

appendix 2).

In the magnifying case the solid angle of light.
collected by the condenser mirror, and thus the
total light falling on the slit plane varies with MT
for images smaller than the furnace aperture. For
larger images the light actually falling on the slit
pPlane is constant. The flux density at the slit is
also constant for all MT and it therefore comes as

no great surprise that the flux density at the film

is a weak function of MT (the spectrograph's
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astigmatism is negligible for this case,

appendix 2). But it turns out that the height of
the spectrum scales with Mg (larger length of slit
illuminated5 and so high magnification is '

advantageous.

With regard to practical arrangements, the
lérgest sensible demagnification for a demagnifying
arrangement would have been ~vx1/5. This figure
corresponded to the situation where the solid angle
subtended at the slit, just fills the grating. The
largest sensible magnification for a magnifying
arrangement would have been vx2. The origin of
thi§ figure is the need to keep the sourceAmirror
distance of the order of 2.5 [m]. Lack of
laboratory space prevented the serious consideration
of long optical arms of length greater than 5 [m].
In appendix 2 it is shown that the flux density at
the film for a x1/5 demagnification arrangement
is ", 1.12 times better than a x2 magnifying system.
It is also shown in this appendix that the bulk of
the astigmatism for the system is due to the
spectrographs grating, and furthermore that the
astigmatism of thé focussing optics for sufficiently
small angles of incidence has little effect on the
final flux density. Consequently there was no great

advantage in using torroidal mirror as regards

astigmatism.

When designing the optical system, special



consideration had to be taken over how to inject the
dye laser beam into the furnace. For example, it
was preferable for the laser beam to propagate in an
opposite direction to the continuum beam to reduce
the possibility of laser light scattering into the
spectrograph via the slit. The two basic
alternatives were characterized by the descriptions
"érossed axes" and "coincident axes" solutions,
respectively. The axes of the continuum and dye
laser beams for the first alternative were not
parallel but were arranged to cross at the furnace
core to pfoduce the necessary overlap between the
two beams. This approach was unavoidable with a
conventional condenser mirror since there was no
unobstructed line of sight along the continuum axis
running through the furnace (bounded by mirror at
one end and source (or slit) at the other). This
method could have begn achieved in practice by
routing the laser beam so that it first missed the
condenser mirror before entering the furnace core;
However, it would be difficult to align over the
long distances involved (section 3.5.2) because of
the problem of accessing where the two beams
actually crossed. 1In the second alternative, the
laser beam was injected into the furnace via a small
aperture in a near normal incidence mirror. This
greatly eases the alignment since the two axes of
the laser and the continuum are coincident along the

entire optical arm that contains the furnace. Hence

by ensuring that the dye laser hits the source
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crater, overlap of the two beams in the furnace is

guaranteed provided the dye laser beam has diverged

sufficiently (easily checked). This novel approach
would not have been practical with a torroidal
mirror because of the expected distortion in the dye

laser beam.

The experimental demagnification of x1/3.15 was
less than the ideal x1/5 for other practical
reasons. The separation between the source and the
mirror needed to be kept as small as possible
because of the finite divergence of the laser. This
separation was in fact governed by (i) the physical
size of the spectrograph body, (ii) the need to keep-
the angle of incidence of the condenser mirror
sufficiently small so that its astigmatism was small
compared with that due'to the spectrograph grating,
and lastly the availability of a standard mirror
blank of suitable radius of curvature. The
démagnificatibn of x1/3.15 represented a compromise

solution to the problem.

3.5.2 Description of the Optical Arrangement

A schematic layout of the continuum optical
system is given in figure 3D7. The four main
components were the VUV continuum source describéd
in section 3.3, a circular aperture at the end of
the furnace assembly, an osmium coated condensing

mirror and finally a 1 meter normal incidence vacuum



FIGURE 3D7: SCHEMATIC LAYOUT OF THE V.UV CONTINUUM OPTICS

SPECTROGRAPH

OSMIUM COATED CIRCULAR
CONDENSING MIRROR APERTURE

VUV, CONTINUUM
SOURCE
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spectrograph. The condensing mirror consisted of a
A/20 BK7 plane concave substrate which was osmium
coated by Acton Research Corpo?ation (US). It had a
diameter of 25.4 [mm] and a radius of curvature 1.5
[m]. An area of diameter 2 [mm] at the centre of
this mirror was left uncoated for injecting the dye
laser into the furnace. A flatness of 1/20
'répresented the best surface finish available for a
standard mirror substrate. Even so at VUV
wavelengths it was effectively flat to only A/2 but
this is adequate for a condensing mirror. The
mirror was mounted on a gimbol mount manufactured by
Ardel Kinematic (US). Fine adjustments of the
mirror alignment could be achieved in the vacuum
using a pair of electrically powered micrometer
screws called “motbr mikes" which rotated the mount
about its orthogonal axes. The angle 2ivbetween the
angles of incidence and reflectance of the condenser
mirror was 30°. The mirror was located 3.041 [m]
away from the source and the separation betwéén the
mirror and the spectrograph slit was 0.964 [m]. So
the source's image at the slit was demagnified by a
factor of x0.317. The effect of astigmatism, the
most important optical aberration for this system,
was to stretch the "circular" image into a vertical
elipse. The solid angle of the continuum emission
collected by the osmium mirror was restricted by the
aperture at the end of the furnace to just 2 x 1073

steradians. The correéponding effective diameter

and f/number of the mirror was therefore 16 [mm]
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and 1/191 respectively. This aperture ensured that
the observed absorption spectrum arose solely from

optically excited barium vapour.

The vacuum spectrograph was manufactured by
Jobin-Yvon (France). The instrument was fitted with
a 2400 [lines/mm] grating blazed for 620R. The
grating was square with sides 25.4 [mm] and the
angle of incidence of incoming VUV light was ~12°,
The reciprocal dispersion of the instrument was
measured to be 3.95A/mm ana since a 25 [pm] slit
width was used experimentally, the resolution of the
instrument was slit limited to~0.lA. A vacuum
photodiode located in zero order monitored the light
ireflecﬁed by the grating and thus the alignment of
the condensér mirror. The photodiode consisted of a
' copper ‘photocathode, the photoelectrons ffom which
were collected by a positively biased fine wire grid
located in front of the cathode. . The device's
sensitivity is wavelength dependent as shown by the
graph of the photoelectric yield of copper against
wavelength given in Samsons (1967) Standard
reference on page 228. The photoelectric yield
climbs from the threshold at 14003 to a maximum
at ~ 800A. The yield then declines and reaches a

quarter of its peak height at ~200A.
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3.6 The Vacuum System

3.6.1 Description of the Vacuum System

The complete vacuum system consisted of three
main sections each with its own pumping system, see
figure 3D12. 1In this figure only the more important
eiements such as the Diffusion pump locations, etc,
are shown. Details of, for example, the rotary pump

roughing lines are omitted for reasons of clarity.

The volumes for’each of these three sections
were approximately; 290 litres for the spectrograph,
19 litres for the mirror chamber and 6.7 litres for
the source chamber/Furnace Section (Diffusion pump
volumes not included). The pump locations were
completely a matter of expediency. That is the
pumps D2 and D3 were an integral part of the.
commercial built spectrograph, likewise the pump D1
as built into the already existing Furnace. The
gate valves V1-and V2 were fitted to maintain the
vacuum in the rest of the system when furnace was
let'up to atmospheric pressure with argon for
refilling. During an experiment the gate valve V2
was usually kept closed except when firing .the
lasers to expose the spectrograph film. This was
done to prevent any barium escaping into the mirror
chamber since the furnace was operated without any

buffer gas. Gate Valve V7 allowed the film to be

changed without requiring that the entire



FIG 3D12 - THE VACUUM SYSTEM LAYOUT
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spectrograph be let up to atmosphere.

For reasons of safety the vacuum pumps were not
operated overnight. Thé ultimate vacuums achieved
after pumping for about 8 to 12 hours were 10-6
torr in the spectrograph, 2x1072 [torr] in the
mirror chamber and 3 x 107> [torr] in the furnace
after baking it. The vacuums achieved in.the

furnace and the mirror chamber were not particularly

impressive. However the effective pumping speeds in

*

both cases were drastically reduced by the
unavoidably long pipes. In the case of the mirror
chamber, the ultimate pressure could have been
greatly improved by siting a diffusion pump directly
below the main aluminium chamber. Unfortunately
there were no épare pumps conveniently available and
these vacuum pressures were in any event adequate
for the experiment. The effective pumping speeds
for each chamber could be evaluated by.application
of the standard vacuum conductance formulae in
appendix 3 to the pipe work. The pumping speed for
the mirror chamber was 17 [litres/sec] and for the
furnace a mere 7 [litres/sec]. From this information
it was possible to estimate the leak rates in [torr
litre/sec], since the gas throughputs (Gas pressure
X pumping speed) for each section should equal their
leak rates. This approach yielded values of 3.4 x
1074 [torr litre/sec] and 2.1 x 10~4 [torr

litre/sec] for the mirror chamber and the

Furnace/source chamber respectively. These leak
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rates are very high and were the principle reason
why the furnace was run without a buffer gas as

shown below.

3.6.2 Rapid build up of nitrogen and oxygen when

pumping was stooned

Both nitrogen and oxygen strongly absorb in the
vacuum ultra violet. The absorption coefficienfs of
both nitrogen and oxygen have been measured by
Huffman et al in 1963/64. In both cases their
measurements extended from 1000A-1060A to 5804 (the
useful range of their continuum source). For
nitfogen the épectral region down to 7243 is
dominated by very strong absorption bands. Below
this limit the absérption'is predominantly due.to
the ionisation threshold at 796A. The strength of
this continuum absorption goes from 0 [cm-1] at 7962
to 400 [cm™'] at 742&% to 980 [cm™ '] at 661&. At
lowér wavelengths the strength of this continuum

1. The

" remains roughly constant at 980 [cm™
strength of the oxygen continuum lies in the range
of 600 [cm—1] to 1000 [cm—1] for all wavelengths
betweeﬁ 810A and 580A. The absorption coefficient

k at N.T.P is felated to the photo'absorption cross
section ¢ in cm2 by the simple relationship, k = n, o,
where ng = Loschmitts number, 2.69 x 1019 [molecules/
cm3] at N.T.P. The attenuation experienced by
the incident continuum radiation of intensity

IO after passiﬁg through a distance x
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fem™1] of an absorbing medium is given by: -
I = ;oexp(-ncx)

where n = the number density [molecules/cm3] of the
gas and c= the photo absorption cross section [cm2]
oﬁ each molecule. Thus the average number density
of air molecules between the Samarium target and the
spectrograph slit required to attenuate the
continuum at 600A to 1/e is 6.85x1013 [¢m—3] (taking
k % 980 [em™11). This corresponds to a pressure of
only 1.9 x 1073 [torrl. This pressure would be
reached in about 90 seconds for the leak rates and-
volumes given above, i.e. within minutes, in the

event of the pumps being isolated (neglecting losses

into the spectrograph via its slit arrangemeht).

Such a rapid pressure build up on isolating the
vacuum chambers from the pumps was indeed observed.
Consequently the system had to be contihuously
pumped during an experimental run. In principle it
should have been possible to use é buffer gas even
while continuously pumping. However the Helium
could not be pumpedAthrough the furnace without
simultaneously sweeping the Barium vapour out of it.
This problem was avoided in practice by isolating
the furnace pumps from the furnace and by

introducing the Helium buffer gas into the system

- via a needle valve located just beyond the furnace

section near valve V2 (see figure 3D10). Helium was



=
(@3]
~\

\

then flowed down the long copper pipe connecting the
furnace assembly to the aluminium mirror chamber,
and was then predominantly pumped out via the
"throttied down" diffusion pump D2 (see figure 3D1l2)
and to a lesser extend by the spectrograph's
diffusion pump D3 via the slit mechanism. This
approach did not work however because of the build
ub of impurities in the furnace which was not
effectively pumped through the small 6.5 [mm]
diameter aperture connecting the furnace to the

mirror chamber.

3.7 The Furnace

Figure 3P9 is a photograph of the experimental
furnace complete with its asbestos insulated heating
shell and figure 3D13 on the~following page is a
diagram of the same furnace sectioned along its
optical axis in the hofizontal plane. The furnace
was originally constructed in 1977 by another worker
and was designed with a view to running it without a
buffer gas by means of copper baffles at each end
which condensed out almost all escaping vapour.
Unfortunately the design with regard to running it
without a buffer gas was flawed. The chief problem
lay with the location of all the stainless steel
stops which were originally used for containing the
barium in the heated region. These-were located far

too close to the edges of the heated region and were

therefore relatively cold resulting in the Barium
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vapour tending to condense out on them. The other
difficulty with the design arose from the six side
arms allowing observation of the hot region. The
appertures in the stops iocated in each of the sidé
arms increased the rate of vapour loss from the hot
region. These two problems meant that it was not
possible to maintain a sufficiently high vapour
pfessure of Barium throughout an experiment. This
difficulty was only cured when the centre of the
furnace was fitted with the "dynamic containment

system" described later.

Temperatures along the furnace were measured
using three Ni:Ni chrome thermocouples. These were
located at positions 1,2 and 3 in figure 3D13 on the
top surface of the stainless steel jacket. The
furnace was heated by électrical resistance coils
fabricated from commercial nichrome elements. The
length of the heated section of the furnace was 31
[cm] which corresponded to the length of the
nichrome elements. The furnace jacket and the
resistance elements used to heat it were thermally
insulated by a shell constructed out of asbestos
sheets. The normal operating temperature of the
furnace, 880°C, was achieved with an electrical
power input of about 2000 [W]. 880°C corresponded
to the temperature measured by the thermo couple
located at position 2. The corresponding

temperatures at position 1 and 3 were 850°C. The

number density of Barium at the centre of the



FIGURE 3P9: THE FURNACE
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FIGURE 3D13: SCHEMATIC DIAGRAM OF FURNACE SECTIONED ALONG ITS OPTICAL AXIS IN THE HORIZONTAL PLANE
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furnace was estimated using the temperature verses
vapour pressure curve of Barium. A temperature of
880°C would yield a maximum number density of 3x101°
[em™31. 1In practice the number density was believed
to have been a good deal smaller by a factor of at

least 15, see later for explanation.

The copper baffles at each end of the furnace
prevented vapour from escaping out of the‘furnace
system into the rest of the apparatus. Most of the
escaping vapour condensed out on to the water cooled
funnel shaped baffles. These baffles were also used
to prevent the Oring seal at each end of the furnace
pipe from overheating. This was achieved by the
gooa thermal contact between the copper baffles and

the oven pipe it fitted into.

The "dynamic containment system" was similar to
the one discussed by Connerade (1978) and figure
3D14 shows the system as used in this experiment.
Barium vapour from the three boats [A] passed
through twenty small holes in the narrow bore tube
[B] coaxial with the furnace. The tube was
supported by two discs [C] of the diameter of the
inside of the furnace. This assembly was surrounded
by two sheets of stainless steel [D] in order to
prevent the vapour from escaping into the side arms
of the furnace. The two inner discs [E] supported

these sheets, and the large holes in them ensured

that the Barium vapour was distributed throughout



FIG 3D14 THE DYNAMIC CONTAINMENT SYSTEM
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the annular volume between the sheets and the inner
tube. Seventy to ninety grams of Barium metal was
loaded inté the three boats [A]l. The total area of
the array of small holes was chosen to be about the
same as the cross sectional area of the bore of the
inner tube. This according to Connerade (Private
Communicatioq, 1984) gave the optimum performance
régarding column density and vapour losses. The
rate of vapour loss from the tube was minimised by
the low conductance of its long narrow bore (210
[mm] long, 6 [mm] inner diémeter). In practice the
furnace with this dynamic containment system
maintained.an adeguate vapour density at the normal
operating temperature of 880°C for six to eight
hours, after which the absorption decreased and

| eventually (after eleven to fifteen hours)
disappeared. The average mass loss, out of the
system was estimated to be about 6 grams/hour on the

basis of the above figures.

The furnace was heated up very gradually over at
least four hours to about 770°C to decrease such
temperature differentials. However, the final
temperature of 880°C was then achieved in about one
hour by winding the electrical input up in one jump.
This last step aimed to reduce the much higher
Barium losses that were expected at the higher

temperatures.

Although vapour pressure data gives a Barium



number density of about 3 x 1012 [em™3] at 880°c,
the actual number density was known to be lower for
the following reason. There was evidence that the
laser burned through the vapour column within <10
[ns] (laser pulse length attenuated by less than 10
[ns]). This set an upper limit of 2 x 1014 [em™3]
to the number density from the considerations of
section 3.4.1 with a laser power of 0.4 [MW em™27.
The absorption lines in the laser excited
spectrum were much weaker than those in the
unexcited spectrum. Higher number densities would
have been desirable to bring up the weaker lines,
but it was not possible to achieve this without a
radical redesign of the furnace because of the
finite containment time. This varies as the inverse
square of the number density and hence pressure.
This relation can be understood by recalling that
the mass loss fate through a tube varies as the
product of the pipes conductance and pressure
gradient, and the pipe conductance at sufficiently
high number density is in itself proportional to the
average pressure (Turnbull et al 1962). 1In any
event the present dye laser was not sufficiently
powerful to saturate a column density higher than

that actually used.
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CHAPTER 4 EXPERIMENTAL PROCEDURE

4.1 Introduction

This chapter will concentrate on the
experimental procedure now that the individual
components have been described in chapter 3. As
such the chapter can be broken into two parts.
Firstly, the recording of the 5p absorption-
spectrum, and secondly, the preparation of a line
list from the recorded photoéraphic spectrum.
Accurate synchronization (section 3.2) between the
ruby laser responsible for the continuum and the dye
laser was important when recording a spectrum. The
chapter will therefore start in section 4.2 with a
description of the time synchronization system
between the two lasers. This is followed in section
4.3 by a detailed account of a typical experimental
run. Finally section 4.4 will concentrate on the
‘preparation of a line list from the photographic

spectrum.

4.2.1 synchronisation of the Dye Laser and the

Continuum Source

Figure 4Dl shows the arrangement uéed to control
the delay between the Dye laser and the Ruby laser.
The variable delay unit in this configuration
énabled the Dye laser to fire between ~ 700 [ns]

before the Ruby laser and any time after it. Figure



[
~
I~

|

FIGURE 4D1: SYNCHRONISATION CIRCUIT FOR CONTROLLING THE

RELATIVE DELAY BETWEEN THE RUBY LASER AND THE DYE LASER

TRIGGER

BOX

RUBY CONTROL

VARIBLE DELAY

RUBY FLASHLAMPS

POCKEL CELL
1640[ns]

1

Y

RUBY

LASER

UNIT
MIN. DELAY-290Ins] _*
O0.F. UNIT
90(ns]
/
DYE LASER

~560[ns]




—

4D2 shows the time history of the events leading up

to the firing of the two lasers.

4.2.2 Description of the elements of Figure 4Dl

Trigger Box - This generated the master pulse used
to fire the two lasers via the circuitry shown in
the figure.

Ruby Control - The Ruby laser used for generating

the gontinuum source was manufactured by J.K. Lasers
(UK) Ltd. The Ruby Control Box of the diagram
represents ﬁhe lasers two main control units: The
"Power Supply Contrél Unit" and the "Pockel Cell
Driver Unit". The "Power Supply Unit" controlled
the charging voltage of the power supply and
triggered the electrical discharge of the systems
storage capacitor bank through the Xenon flashlamps
used to optically pump the laser. The "Pockel.Celi
Driver Unit" controlled the delay between the firing
of the flashlamps and the opening of the Pockel Cell
which preceeded lasing. This unit emitted a sync
pulse 1.64 [}Jsl before the opening of the Pockel
Cell with a Jitter of 6 [ns] to one standard
deviation.

Variable Delay Unit - The relative timing of the two

lasers were controlled by a Chelsea Instruments
(UK) multi-channel delay unit from Chelsea
Instruments (UK). For the purpose of these
experiments only a single channel of the unit was

used. This was suitably altered to give delays



FIGURE 4D2: TIME HISTORY DIAGRAM OF THE EVENTS LEADING TO THE FIRING OF THE TWO LASER SYSTEMS
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between 290 [ns] and 1300 [ns].
O.F. Unit - A Radio Spares (UK) optical fibre link

was used to electrically isolate the two lasers.

4.2.3 Delay Monitoring

Two photodiodes were used to monitor the delay

between the two lasers. One was positioned outside

the source chamber and monitored the transmission of the

pump dye laser past the samarium target strip. The
other photodiode monitored the transmission through
the rear mirror of the ruby laser. Both photodiodes
(Centronics 0.S.D. -— 2 HSA) had a rise and fall time
of 1.5 [ns]. A Tekronics 7623A storage scope was

used to meésure ﬁhe delay between the rising edge of
the Dye laser pulse and the peék of the Ruby laser

pulse. The storage scope was triggered by the

~leading edge of the pulse emitted by the photodiode

monitoring the dye laser, and was used to display
the "subtracted" outputs from the two photodiodes.
Figure 4P1l(i) & (ii) shows two polaroids of typical
oscilloscope traces of the relative pulses. The top
polarcid 4Pl(i) shows a relative delay of 60 [ns]
Between the rising edge of the Dye laser pulse and.
the peak of the Ruby laser pulse which was recorded
during an experiment. The lower polaroid 4P1(ii)
corresponds to a relative delay of 250 [ns] between
the rising edge of the Dye léser pulse and the peak

of the Ruby pulse.



FIGURE 4P1(1) & (11): OSCILLOSCOPE TRACES SHOWING THE
DELAY BETWEEN THE RISING EDGE OF THE DYE LASER PULSE
AND THE PEAK OF THE RUBY LASER PULSE FOR (1) 60 [NS]
DELAY AND (11) 250 [NS] DELAY

FIGURE 4P1(1): 60 [NS1 DELAY

FIGURE 4P1(i1): 250 [NSI DELAY
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The Jitter in the delay between the rising edge
of the Dye Laser's pulse and the peak of the Ruby
Laser's pulse could be got as low as *10 [ns]. The
chief limitation to achieving this degree of repro-
ducibility lay with the spark gap of the Dye Laser.
The performance of the spark gap tended to be
erratic due to for example, electrical "tracking"
aiong the insulator surfaces on which its three
electrodes rested. During experimental runs some
systematic drifts in the relative delay between the
two lasers was obsepved over a period of many shots
(typically 30-40). However, the Delay Monitoring
System allowed these to be identified and compén—
sated for during an actual experiment by making

adjustments to the "varible delay unit".

4.3 Experimental Operation

At least three days before the planned experiment
the‘furnace would be taken apart in order to reload
the "Dynamic Containment System", located inside, with
Barium metal. This core without exception was always
soldered onto the furnace jacket by residual
quantities of Barium. Consequently the furnace ' :.
needed to be flushed through with water in order to
weaken this joint and thus permit the core to be
knocked out of the furnace jacket. Then the stainless
steel sheets wrapped around the core, to form the
containment system, were removed and the interior

washed out to remove any Barium Hydrbxide etc. A new



pair of sheets were then . rolled on a rolling mill to a

diameter slightly less than the core and then fitted
onto it. After this the entire furnace system was
dried and reassembled and pumped down during what

remained of the day.

The assembled furnace would then be pumped
throughout the next day in order to outgas any
moisture absorbed by the surfaces of the furnace
interior during the cleaning procéss. Therefore no
Barium was loaded into the furnace at this stage,
and the furnace was usually baked with its own
heating system to assist the outgassing of the water

vapour .

On the following day, about 100 grams of Barium
rod from Kock Light Ltd .(UK) would be cut up into
short lengths using a guillotine and any surface
oxide removed by a metal file. Further oxidation
was prevented by using storage paraffin to exclude
air from the clean surfaces during these operations.
‘This storage paraffin was subsequently removed from
the Barium surfaces, just prior to loading into the
furnace, with petrol which had the advantage of
being far more volatile and so much easier to pump
away. Thé furnace was again let up to atmospheric
pressure with argon gas and the core removed; A
total of between 70 and 90 grams of Barium was then
loaded into the three boats of the containment

system which was then replaced in the furnace jacket

-
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and the furnace reassembled. Care was taken to
maintain the interior of the furnace and the
containment system in an argon atmosphere at all
times during these operations. The furnace was then
pumped down and gently baked at about 450°C for the
rest of the day. Unfortunately it was not possible
for safety reasons to run the pumps overnight.
Nevertheless the gentle baking was continued at this
temperature overnight. Doing this had the advantage
of reducing the time needed to reach the final

operating temperature the next day.

Early the next morﬁing the pumps were again
sﬁitched on and thé electrical heating input
increased in three steps to achieve a temperature of
about 770°C. This temperature lies above the melting
point of Barium at 715°cC and was usually achieved
within four to five hours. Meanwhile the dye laser
system was filled with new dye and its output energy
measured. Accurate imaging of the source onto the
slit was checked by firing the Ruby laser after
achieving the "jump off" temperature of 770°C. The
osmium mirror was then tweaked to maximise the
continuum transmission through the 25 [ le slit as
monitored by the spectrographs vacuum photodiode.
Fresh film was then loaded into the plate chamber of

the spectrograph.

The final operating temperature of the furnace

at 880°C was then obtained by increasing the
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the electrical power input up to the maximum 2000
[W] used. While the furnace was being heated up to
fhé final temperature, the relative delay between
the dye laser and the ruby laser was set utilising

the monitoring system described in section 4.2.

The recording of the experimental spectra was
usually started between one and two hours after the
electrical power inpqt was raised to its final
level. Any delays normally occurred because of
problems with the reproducibility of the dye laser's
triggering. Without exception two unexcited Barium
spectra were always taken, one before the excited
state spectrum and one after it. These two spectra
acted as checks on the column density of Barium
throughout the experiment. They also served as a
means to compare the strengths of the laser excited
to the unexcited state absorption. All spectra were
recorded with 160 shots of the VUV continuum.’ The
repetition rate for the unexcited spectrum was 10
shots/minute while for the laser excited spectrum it

was between 0.5 and 1 shot/minute. This limit

+Occasionally during the recording of the excited
state spectrum the pump dye laser would either not
fire or would fire before the Ruby laser. Such
shots would only contribute to the Barium ground
state lines and so these shots were repeated. This
ensured that the spectrum had 160 shots probing the
laser excited states. The number of shots were not
many, for example in the 60 [ns] and 250 [ns]
spectra recorded in figure 5Dl there were 24 and 5
such events, respectively.
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was self imposed in order to maximise the lifetime
of the Ruby lasers pockel cell although the laser
was rated for up to 60 shots/minute. This was
because other workers had lost much time through the
burning of the pockel cells antireflection coatings
with this particular laser at high repetition rates.
The second limit was placed by the relaxation time
éf the thermal turburlance in the uncirculated dye
in both the oscillator and amplifier dye cells of
the Dye laser system. This turbulence spoiled the
optical quality of the dye medium and arose from the
large amount of energy being dumped into the dye
cells by the coaxial pump laser. During the actual
recording of the excited state spectrum the relétive
delay between the two lasers for each shot was
recorded using the monitoring system deséribed in
section 4.2. The gate valve V2 between the mirror
chamber and the furnace was closed between each
shot. This reduced the amount of Barium vapour

escaping into the mirror chamber while the excited

state spectrum was being recorded. The Samerium
target was moved after the recording of each
spectrum in order to prevent the térget being burnt
through which normally occurred after about two
hundred shots. Surface impurities on the target
were cleaned off each time it was moved by firing
twenty shots of the Ruby laser with the gate valve
V2 between the furnace and the mirror chamber
closed. It usually took about four hours to record

the three spectra onto the one strip of film.
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The exposed film was then removed and developed
in a solution of continuously agitated D19 for four
minutes which had been diluted 1l:1 with water, as
recommended by the manufacturers of the film. The
film was then washed, "fixed" in "Hypam" fixer |
(Ilford, UK) diluted 1:4 with water, washed again in
water containing a small amount of detergent and

then hung up to dry.

4.4 Preparation of the line list

The line list given in Chapter 5 was constructed
from the data generated by a Joyce Lobel (UK)
Digital Microdensitometer. The preparation of this
line list involved three basic operations. First,
the photographic film needed to be densitometered.
Sécond, a dispersion curve had to be fitted to the
excited state spectrum in order to convert the line
positions into wavelengths. This curve as will be
seen later was constructed from the ground state
spectruﬁ on the same plate and was then fitted to
the excited state SPectrum with the aid of some
source absorption lines common to both. Thirdly,
the positions of the Barium absorption liﬁes were
evaluated from the microdensitometer trace and their

wavelength deduced from the above dispersion curve.

The photographic film used to record the

spectrum was mounted on a glass plate, the film
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being held flat with adhesive tape at its edges.

The spectra on the film were densitometered with a
aJoyce Lobel" (UK) Digital Microdensitometer
belonging to the Plasma Group of this laboratory. A
stepping motor was used to move the slide on which
the spectra were mounted in 5[§Jm] steps (or integer
multiples there of), and the instrument at each step
took a reading of the spectrum's density D (—loglo
[transmission]). These readings were stored on a
FTandy" (Japaﬁ)~microprocessor to which the
instrument was interfaced. The slit in front of the

microdensitometers photomultiplier was set to sample

a 25 [Pm] wide rectangle of the spectrum which

corresponded to the slit width of the spectrograph.
A narrower sampling rectangle would have not
increased the resolution of the spectral lines and
would have merely increased the noise level
(averaging over fewer grains). It was found that
there was little improvement in the spectral
resolution between 5 [Vm] or 10 [Fm] sampling steps
and the densitometer traces in Chapter 5 were
therefore taken at 10 {Pm] sampling steps. This
raw data giving the density of the spectra at 10
;Pm] steps was then transferred from the "Tandyf

microprocessor to the Imperial College Mainframe

" Network for analysis.

This analysis involved first, the production of
a line list and secondly, the generation of the

wavelength calibrated microdensitometer traces given
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in Chapter 5. Fortunately, the computer codes
necessary for achieving these two goals were already
in existence, having been developed by Mrs G. Nave
of the author's research group in connection with

her own work.

The VUV continuum emitted by the laser generated
Samerium plasma is nearly devoid of any strong
absorption or emission lines with which to construct
the dispersion curve for the excited state spectrum.
The Barium excited state spectrum on che other hand .
aoes contain many observable ground state lines as
may be seen,in figure 5Dl of Chapter 5. However
most of these lie at wavelengths below 628ﬁ and
there are relatively few at higher wavelengths. To
avoic any inaccuracies at wavelengths above 6282
arising from chance coincidences between Barium
ground state and excited state absorption lines, the
dispersion curve was generated solely from the
ground state spectrum on the same film. This curve
was then transferred to the excited state spectrum
using the two very sharp absorption lines in the
continuum sourcé at 555.9A and 555.4A as transfer
standérds. In Mrs G. Nave's computer codes, the
origin of the dispersion curve was defined to be at
the beginning of the data file giving the spectrums
plate density D at 10 [Pml steps. Hence it was
extremely easy to effect the transfer of the
dispersion curve: it involved adding 179 (in this

particular case) dummy points to the beginning of



the excited states data file. This brought the
locations of the above sameriumAabsorption lines on
the data files for the excited and ground state
spectra into coincidence. Confirmation of the
accuracy of this fit (to 10 [Pm] or 1 data point)
was provided by checking that the peaks of some of
the strong and sharp Barium ground state 1ihes, seen
iﬁ both spectra, were at the same position in their
respective data files. The techhique of course
assumes that any irregularities along the film will

be the same for both spectra.

The dispersion curve representing the functional
relationship between line positions on the film and
their corresponding wavelength was generated using a
Chebyshev Polynomial fit routine. A Chebyshev
Polynomial fit according to Connerade (Private
Communication,- 1984) is superior to a 6onventional

polynomial expansion in powers of x due to its

' "greater stability" at the boundaries of the region
for which calibration lines exist. This is because
an approximation using Chebyshev Polynomials allows
a larger average squafed error but may keep the

extreme errors down (Arken, 1970).

The positions of the calibration lines in the
ground state spectrum were deduced with the aid of
some computer software developed by Nave. This

software displayed a chosen section of the

microdensitometer trace giving the spectrum's
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density D verses position [pm] on a Tekronics (US)
graphics terminal. The poéition of each sharp line
of known wavelength thch could be confidently
identified from the papers of either Connerade et al
(1979a) or Baig et al (1984) was then registered
manually with a curser on the screen and the
corresponding wavelength then entered. A Chebyshev
Polynomial fit routine then fitted a dispersion
curve to this data. Any incorrectly identified
lines are characterized by their property of lying
far from the fitted curve. The routine automatically
-rejected these and then repeated the fitting
procedﬁre with the remaining calibation lines. Ali
of these were found to fall within +0.08R of the

fitted curve.

- Having generated the dispersion curve, the iine
list was then prepared. This involved deducing the
positions of the lines in‘the excited state spectfum
and then using the dispersion curve to evalﬁate
their wavelength utilizing the software provided
by Nave. An enlarged section of the
" microdensitometer trace was projected onto a
Tekronics terminal screen, and the positions of the
peaks in the trace corresponding to lines seen on
the film were then registered using a curser. An
enlarged photographic print of the three spectra
recorded on a single film during an experimental run

was used to assist in discriminating between

spurious peaks due to say dust, or scratches and
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legitimate peaks due to real lines.

The accuracy of the wavelengths given in the

‘line list is better than +0.1A as may be confirmed

by reference to strong Barium ground state lines

seen in both excited and ground state spectra.

It shouid be pointed out that the line list
given in Chapter 5 supersedes a previous list
generated from line positions measured with a Carl
Zeiss Jena (East Germany) Optical Comparator, which
was prepared when the above Digital Densitometer and
associated computer software was unavailable to thé
author. A problem encountered with the optical
comparator was that some of the weaker lines were
very difficult to see through the instrument's
microscope. As a result it was not possible to
accurately "set" on these lines and they were not
included in the line list even though they could be
seen on the enlarged photographic prints of the
spectra. It was nevertheless encouraging to find
that the two lists were generally in agreement even
if they were produced in quite different ways. The
preparation of the line list from the optical

comparator measurements is sketched in Appendix 4.
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CHAPTER 5 RESULTS AND DISCUSSION

5.1 Introduction

The results of the laser excited Barium .
absorption experiment will be presented in this
chapter starting in Section 5.2 with an atlas of the
"resolved" absorption lines measured between 8453
and 549A. This subsection will contain both
illustrative material in the form of photographic
spectra and microdensitometer traces, as well as a

line list of the resolved lines in table 2.

These résults will then be discussed in
subsection 5.3. The discussion will open with a
study of which Barium levels were populated as a
result of laser excitation and are thus responsible
for the observed spectré, the discussion will then
relate the impact of these results on the
theoretical calculations by Mansfield (Private
Communication, 1985) using the Cowan Code
(subsection 5.3.2). Finally the chaéter will close
with a study on the origin of possible molecular
profiles due to Ba*(GSSd)—Ba*(GSSd) or
Ba*(655d)-Ba(652) dimers observed at wavelengths

‘above 690&.
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5.2 Results

5.2.1 Atlas of the "Resolved" Absorption lines of

Barium Vapour lying between 8458 and 549R after

optical excitation by a high power dye laser tuned

to the resonance line at 5535A.

The experimental results will be presented in
this.section in the form of photographic spectra,
microdensitometer traces and finally a line list
table giving the wavelengths of the more prominent

lines.

Figure 5P1 shows two sets of Barium photographic
spectra. Each set corresponds to the three spectra
recorded during an experimental run. The spectra
marked "c" and "d" are "reference" spectra of
unexcited Barium taken before (c) and after (d) the
main laser experiment. These spectra provide
confirmation tﬁét an adequate number density of
Barium was maintained throughoﬁt the two

experimental runs. Spectrum A corresponds to the 5p

~ absorption spectrum of excited Barium recorded ~v 60

[ns] after the rise of the Dye laser, and within the
pulse envelope of the dye laser. Spectfum B.
corresponds to the 5p absorption spectrum of excitedf
Barium_récorded ~s 250 [ns] after the rise of the
Dye laser, and outside theﬂpulse envelope of the dye

laser. The short spontaneous lifetime of the 6s6p

1P1 level (~v8.L[ns]) means that spectrum B will



FIGURE 5P1: BARIUM 5P SPECTRA

Spectrum of Laser Excited Barium 60 [ns] after the rise of the Dye Laser and inside the laser pulse

Spectrum of Laser Excited Barium 250 [ns] after the rise of the Dye Laser but outside the laser pulse

Spectrum of Unexcited Barium taken before the Laser Experiment
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Spectrum of Unexcited Barium taken after the Laser Experiment
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contain no absorption lines arising from this level.
Careful observation of spectra A and B shows them to
be identical with no extra lines being perceptibie
in Spectrum A due to the 6s6p lPl level. Reasons
for this result will be examined in subsection
5.3.1.

It can be seen from figure 5Pl that the
absorption lines of the excited state spectra are in
general much weaker than those arising from the
Barium ground state. These weak features may be
photographically enhanéed using the extremely high
contrast film "Kodalith" (Kodak Eastman Ltd, US).
The procedure involves making'“positiveé“ of the -
original film on Kodalith film from which the four
photographic prints, figure 5P2a to 5P2d were
produced. Each of these four prints correspond to
overlapping sections of the Barium VUV absorption
spectra, and together cover the wavelength range
from 503A to 850A. The upper spectrum is the
absorption spectrum of the Barium ground state while
the lower one correspon@s to spectrum B of figure
5P1. Although the resu{ting prints are extremely
grainy, the image enhancement procéss does serve to
bring out the complex new structure at wavelengths
greater than 6222 in the laser excited Barium

Spectrum.

The final collection of illustrative materials
is a set of microdensitometer traces of the two

spectra given in the preceeding photographic prints
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(figures 5P2a to 5P2d). The spectra were densit-
ometered on a Joyce Lobel (U.K.) digital micro- _
densitometer, and the traces generated by computer
codes provided by Mrs G. Nave of this laboratory.
The two spectra are presented in parallel, the
Barium ground state spectrum on the even pages, the
Barium excited state spectrum on thevodd pages.

This presentation approach is used to aid easy
comparison of the two spectra. Figures 5D1a and
5D1b are traces of the entire spectra between

4972 and 859& of the‘ground and laser excited
states respectively. Figures 5D2a (i) to (xiii)

and figures 5D2b (i) to (xiii) break the same

spectra up into 13 overlapping sections, each’
scanning a wavelength range of 40%? The intensity
scale on these traces corresponds to the measured
plate density [D]. The noiée level is approximately
0.03 [D] (peak to peak) and is comparible to that of
the Samarium continuum. The wavelength scale was
generated by a Chebyshev Polynomial fit routine. Its
accuracy for the ground state spectrum was better
than +0.08A over the wavelength range 5028 to 784A.
Outside this range it .was not possible to quantify
the accuracy of the scale due to the lack of any
Barium absorption lines of known wavelength. The
wavelength scale fof the trace of the laser excited
Barium spectrum was likewise expected to be good to
+0.08A over the wavelength range ~ 5023 to ~
784A. This is because the scale was constructed

with the same Chebyshev fit as was used to construct



FIGURE 5P2a: IMAGE ENHANCEMENT OF THE BARIUM 5P SPECTRA BETWEEN 503A AND 43A

B - Spectrum of Laser Excited Barium 250 [ns] after the rise of the Dye Laser but outside the |

C - Spectrum of Unhexcited Barium taken Qefore the Laser Experiment

643A



FIGURE 5P2b: IMAGE ENHANCEMENT OF THE BARIUM 5P SPECTRA BETWEEN 562A AND 698/

562A

B - Spectrum of Laser Excited Barium 250 [nsl after the rise of the Dye Laser but outside t ulse

(@]
Q
5

C - Spectrum of Unexcited Barium taken before the Laser Experiment



FIGURE 5P2c: IMAGE ENHANCEMENT OF THE BARIUM 5P SPECTRA BETWEEN 668A AND 793

B - Spectrum of Laser Excited Barium 250 [ns] after the rise of the Dye Laser but outside the laser pulse
C - Spectrum of Unexcited Barium taken before the Laser Experiment



FIGURE 5P2d: IMAGE ENHANCEMENT OF THE BARIUM 5P SPECTRA BETWEEN 726A AND 85(

726A 8§50A

B - Spectrum of Laser Excited Barium 250 [ns] after the rise of the Dye Laser but outslde the laser pulse
C - Spectrum of Unexcited Barium taken before the Laser Experiment



the scale of the ground state spectrum.
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PHOTO-ABSORPTION SPECTRUM OF UNEXCITED BARIUM BETWEEN 497A AND 8594
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FIGURE 5D1b: PHOTO-ABSORPTION SPECTRUM OF LASER EXCITED BARIUM BETWEEN 497A AND 859A
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FIGURE 5D2a(i): PHOTO-ABSORPTION SPECTRUM OF UNEXCITED BARIUM BETWEEN 497A AND 5374

-LOQlO(TI'C]nSfﬂiSS ion)]

INTENSITY ID

3356 prrrerrrrer I et - e e S e ,,”.”..E
3226 : 3
t N
3096 F x \ M;
?_,BESW 0\ ﬂ W -
2835 | ;
2705 f 3
2575 F ;
; 3
2445 F M ;
3

]

2314 F 3
2184 F :
2054;.U.‘.. M BT IS WA I SIS U ET IS ITNS I ST D U0 S S S W Y | IO A | ISR Voagnsanaa ot a s e as e e g h
234.0 " " s01.0  s0s.0  s509.0  s513.0  517.0  S21.0 - 525.0  529.0  533.0  537.

WAVELENGTH [A] -



FIGURE 5D2b(1): PHOTO-ABSORPTION SPECTRUM OF LASER EXCITED BARIUM BETWEEN 497A AND 537A
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FIGURE
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5D2a(11): PHOTO-ABSORPTION SPECTRUM OF UNEXCITED BARIUM BETWEEN 520A AND 560A
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FIGURE 5D2D(11): PHOTO-ABSORPTION SPECTRUM OF LASER EXCITED BARIUM BETWEEN 5204 AND 5604
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FIGURE 5D2a(111):

" INTENSITY [D = -Logyq(Transmission)]
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FIGURE 5D2b(111)
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FIGURE 5D20(1V)
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FIGURE 5D
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FIGURE 5D2a(v): PHOTO—ABSORBTION SPECTRUM OF UNEXCITED BARIUM BETWEEN GOHA'AND 64“&
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FIGURE 5D2b(v): PHOTO-ABSORPTION SPECTRUM OF LASER EXCITED BARIUM BETWEEN 604A AND G44A
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FIGURE 5D2a(vi): PHOTO-ABSORPTION SPECTRUM OF UNEXCITED BARIUM BETWEEN 632A AND 672A
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FIGURE 5D2b(vi): PHOTO-ABSORPTION SPECTRUM OF LASER EXCITED BARIUM BETWEEN 6324 AND 672A
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'FIGURE 502a(vi1): PHOTO-ABSORPTION SPECTRUM OF UNEXCITED BARIUM BETWEEN 600A AND 700A
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FIGURE 5D2b(v11)
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FIGURE 5D20(V111) PHOTO ABSORPTION SPECTRUM OF UNEXCITED BARIUM BETWEEN 688A AND 7284
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FIGURE 5D2b(vii1):

INTENSITY [D = -Logqq(Transmission)]
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FIGURE 5D20(1X) PHOTO ABSORPTION SPECTRUM OF UNEXCITED BARIUM BETWEEN 716A AND 756A
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FIGURE 5D2b(ix): PHOTO-ABSORPTION SPECTRUM OF LASER EXCITED BARIUM BETWEEN 716A AND 756
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FIGURE 5D2a(x): PHOTO-ABSORPTION SPECTRUM OF UNEXCITED BARIUM BETWEEN 74l AND 78UA
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FIGURE 5D2b(x): PHOTO- ABSORPTION SPECTRUM OF LASER EXCITED BARIUM BETWEEN J44A AND 78UA
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FIGURE 5D2a(x1): PHOTO-ABSORPTION SPECTRUM OF UNEXCITED BARIUM BETWEEN 772& AND 812&
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FIGURE 5D2b(X1) PHOTO- ABSORPTION SPECTRUM OF LASER EXCITED BARIUM BETWEEN 772A AND 812A
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FIGURE 5D20(X11)
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FIGURE 5D2b(x11):

PHOTO-ABSORPTION SPECTRUM OF LASER EXCITED BARIUM BETNEEN 800A AND 8L4OA -
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FIGURE 5D2a(xiii): PHOTO-ABSORPTION SPECTRUM OF UNEXCITED BARIUM BETWEEN.SIQA AND 859A
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FIGURE 5D2b(xiii): PHOTO-ABSORPTION SPECTRUM OF LASER EXCITED BARIUM BETWEEN 8194 AND 8594
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TABLE 2:

Line list of resolVed VUV features between

844.6A and 549.9A of laser excited Barium correspond-

ing to excitations from the levels 6s5d

7
D2,

3

D

and

632 1

Key

S

0

2

Key to symbols in the line number column, see end of

table

LINE No. WAVELENGTH ENERGY
[A] fem™ ]

1 844.6 118399.
-2 829. 4 120569.
3 827.8 120802.
4 820.73 121907.
5 819.4 122041.
6 817.4 122339.
7 815.8 122579,
8 814.5 122775.
9 798.4 125251,
10 ** 7841 127535.
1 - 783.5 127632.
12 781.4 127975.
15 - T77.3 128650.
14 - T74.9 129049.
15 - 773.8 129232.
16 T72.7 129416.
17 - 770.1 129853.
18 768. 1 130191
19 766. 4 130480.
20 759.9 131596.
21 758.9 131770.
on T57.5 1320173.




TABLE 2: continued

LINE No. WAVELENGTH ENERGY
A fem™ ]

23 T54. 4 132556.
24 - 745.9, 134066.
25 - 74% .1 134571
26 T739.3 135263.
27 - 735.6 135943,
28 - 731.3 136743.
29 - 730. 6 136874.
30 - 729.2 137137.
3 - 727.9 137382.
32 - T26.4 137665,
33 - 726.0 137741;
34 - 724.3 138064
35 - 724.0 138122.
36 T23.1 138293.
37 - 721.6 138581 .
38 719.1 139063.
39 - 7.4 139392.
40 715.9 139684.
4 - T14.8 139899.
42 - 711.3 140588.
43 710;3 140786.
44 708.5 141143.
45 T707.7 141303.
46 —** 706.6 141523,
47 - 700.8 142694.
48 - 697.4 143390,
49 - 697.0 143472.

N

~N
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TABLE 2: continued

“LINE No. WAVELENGTH ENERGY
(2] [em™ '
50 - 695.5 143781.
51  694.4 144009.
52 _* 692.2 144467.
55 - 691.4 144634.
54 686.2 145730.
55 685.7 145836.
56 685.3 145921,
57 - 684.6 146071.
58 - 683.2 146370.
59 - 682.6 146499.
60 682.1 146606.
61 - 681.8 146671.
62 - 681.4 146757.
63 - 681.1 146821.
64 - 680. 4 146972.
65 - 679. 4 147189.
66 - 678.8 147319.
67 678.4 147406.
68 677.7 147558.
69 677.4 147623.
70 - 677.1 | 147689.
7 - 676.3 147863.
T2 - 675.2 148104.
7 - 674.0 148368.
7% - 673.6 148456.
75 673. 1 148566.
76 -* 672.% 148743.




TABLE 2: continued

LINE No. WAVELENGTH ENERGY
(1 [em™ )
T - 671.4 148943.
8 - 670.9 149054.
79 -+ 669.3 149410.
80 - 667.9 149723.
81 667.4 149835.
82 - 667.0 149925.
83 - 666.5 150038.
84 - 665.5 150263.
85 - 665.0 150376.
86 - 664.5 150489. -
87 - 664.0 150602.
88 - 663. 2 150784.
89 - 662.5 150943,
0 - 661.7 151126.
9 - 660.6 151378.
92 - v659-8 151561,
9 659.2 151699.
% - 658. 6 151837,
%5 - 658. 4 151883.
% - 657.7 152045.
97 - 657.5 152091.
% - 657.0 152207.
9 - 656.5 152323,
100 656.0 152439,
101 - 655.1 152648.
102 - 654.4 152812,
103 - 653.8 152952.

N



TABLE 2: continued

LINE No. WAVELENGTH ENERGY
(A1 : [cm_1]

104 - 653.2 153092.
105 - 652.3 153304.
106 - 651.9 153398.
107 - 651.2 153563.
108 - 651.0 153610.
109 - 650. 4 153752.
110 650.0 153846.
11 - 649. 4 153988.
112 —* 648.9 154107.
13 - . 648.0 154321.
14 - 647.1 1545%6.
115 - 646.3 154727.
116 - 645.5 154910,
17 - 644.5 155159.
18 - 64%.4 155424.
119 - 642.8 155569.
120 - 642.1 155739.
121 - 641.5 155885.
122 * 640.7 156079.
123 - 639.2 156446.
124 -+ 638.5 | 156617.
125 - 637.9 156764.
126 - 637.4 156887.
127 - 637.1 156961.
128 - 635.1 157456.
129 - 634.6 157580.
130 - 633.8 157778.



TABLE 2: continued

LINE No. WAVELENGTH ENERGY
[A] fem™ ']

131 633.4 157878.
132 632.8 158028.
133 - 632.4 158128.
134 - 631.3 158403.
135 =~ 630.5 158604.
136 —++ 629.6 158831.
137 629.1 158957,
138 628.7 159058.
139 % 627.8 159286.
140 t 627.3 1594173.
141 -¥% 626.8 159541.
142 -* . 626.0 159744.
143 - - 625.5 159872.
144 -* 624.0 160256.
145 - 623.4 160411.
146 - 622.8 160565.
147 -* 622.1 160746.
. 148 - 621.4 1609217.
149 - 629.8 161082.
150 -** 620. 6 161134.
151 % 619.3 161473.
152 618.9 161577.
153 -* 618.5 161681.
154 618.1 161786.
155 -* 617.6 161917.
156 -* 617.1 162048.
157 -* 616.5 162206.

N
—
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TABLE 2: continued

LINE No. . WAVELENGTH ENERGY
[} [em™ ']

158 -* 615.5 162470.
159 -* 614.7 162681.
160 6157 162946.
161 % 612.3 163319.
162 -* 611.9 163425.
163 -* 611.3 163586.
164 -* 610.5 163800.
165 -* 609.3 164123.
166 -* | 608.9 164231,
167 -* 608.3 164393,
168 - 607.8 164528.
169 -* 607.4 164636.
170 ¥ 606.2 - 164962.
171 =% 605.7 165098.
172 605.2 165235,
173 -*% 604.9 1653117.
174 % 604.4 165453.
175 -* 604.0 ' 165563.
176 603.4 16572é.
177 ** 603.0 165837.
178 -* 602.5 165975.
179 601.6 166223,
180 . "~ 600.6 166500.
181 -*% 598.8 167001.
182 597.8 167280.
183 597.4 167392.
184 -% 596.6 167616.




TABLE 2: continued

LINE No. WAVELENGTH ENERGY

121 [em™ ']
185 %% 595.9 1678175,
186 %% 595. 2 168011.
187 —* 594.7 168152,
188 -** 594.3 168265,
189 %% 593.9 168379.
190 -* 593%.73% 168549.
191 -* 592.6 168748.
192 * 592. 2 168862.
193 589. 9 169520.
194 588. 9 169808.
195 -* 587. 8 170126,
196 * 587.3 170271
197 586. 1 170619.
198 585.5 170794.
199 -* 584. 0 171233.
200 * 581.9 171851.
201 -* 580. 8 172176.
202 -* 579.6 172533,
203 -* 579. 2 172652.
204 % 579.0 172712,
205 ¥ 578.6 172831.
206 * 577. 6 173130.
207 576.7 173400.
208 576. 1 173581
209 575.7 173702.
210 575.2 173853.
211 ¥ 574.7 174004.

N
N
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TABLE 2: continued

LINE No. WAVELENGTH ENERGY
[&] fem™ ]

212 * 574. 4 174095.

213 573.8 174277.

214 572.5 174672.

215 ** 571.6 174948.

216 570.7 175223,

217 * 570.0 175439.

218 568.7 175840.

219 567.% 176274.

220 -* 566.9 176398.

221 %% 566. 4 176554.

222 565.7 176772.

223 ' 565. 176897.

204 #* 564.7 177085.

205 % 564.3 177211.
226 563.8 177368.

227 562.6 177746.

228 561.7 178031.

229 * 560.3 . 178476.

230 559. 2 178827.

231 558. 4 179083.

232 557.6 179340.

233 557.2 179469.

234 —++ 556.6 179662.

235 —++ 555.9 179888.
236 —++ 555. 4 180050.

237 554.5 180343.

238 * 55%.7 180603.
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TABLE 2: continued

LINE No.- WAVELENGTH ENERGY .

(4] [em™ ']
239 55%3.2 180766.
240 #x 552.77 180930.
241 | 552.3 181061 .
242 * 551.5 181324.
243 550.7 181587.
244 549.9 181851.

Error on the given wavelengths +0.08A.

Key to the symbols in the line number column are as

follows: -

4

* %

++,

lines also listed in a previous, but now super-
seded, line list prepared from optical comparator

measurements.

lines corresponding to transitions from the 6s2

180 ground state of Barium.

lines tentatively identified as corresponding
1

to transitions from the 652 S0 ground;state

of Barium.

features believed to consist of a superposition
of a ground state line with an excited state

line(s) .

lines duei to absorption in the Samarium source.
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5.2.2 Commentary on the Photographic Spectra and

Microdensitometer Traces

The photographic spectra of figure 5Pl show
quité clearly the difference between the Barium
ground state and the laser excited state spectrum.
The excited state spectrum is very complex, but the
. intensities of its absorption lines are in general.
much weaker than those found in the ground state
spectrum. These absorption lines at wavelengths
below 628A clearly replicate those of the ground
state spectrum, but are of course much weaker since
the residual population of Barium atoms in the
ground state is much smaller. A great majority of
the resolvable lineé below 628A& can be attributed to
absorption lines from the Barium ground state. Only
a few are unique to the excited state spectrum which
indicates one of two possibilities: either there are
few excited state lines in this region, or that
their intensity is extremely weak on the whole.
Judging from the darker background appearance of the
excited state spectra in this region, it would
appeér possible that these resolved linés are
superimposed on an absorption continuum. Such a
result would be consistent with the suggestion in
Chapter 2 that "only the strongest transitions could

be expected to be observed and that the presence of

the rest might well be indicated by a quasi
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continuum".

The excited state spectrum unlike the ground
state spectrum is very complex in the wavelength
regioﬁ between 622A and 692&. 1In general appearance
it consists of a complex of many sharp albeit weak
absorption lines which almost merge together to form

a continuum.

There are far fewer absorption lines in the
exciﬁed state spectrum at wavelengths greater than
692A and many of these are quite broad (~ 1-23).
These broad lines have the appearance of molecular -
features whose width is derived from unresolved
rotational structure. For example the "lines“ 39,
42 and 45 in figure 5D25(viii) look plausibly like a
_vibrational éequence converginé to the long wave.
However, it will be seen in subsection 5.3.3 that
any reasonable value for the Barium dimer's
vibrational constant W, is far too small for this
assertion to be correct. The most clearly
ébservable of these proposed broad structures lie
between 692& and 732i and their presence is clearly

observable in figures 5P2c and 5P2d4.

- Earlier in this section it was pointed out that
the ground state séectrum below 628A was replicated
in the excited state spectrum albeit much more
weakly. There are however intensity anomalies in

the strength of such replicated lines at wavelengths
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above 628&. For example there are four very strong
and sharp lines in tﬁe ground state spectrum which
cbrrespond to the first four members of the two "k"
series at 672.27A, 669.154, 640.46& and 638.383 (see
figure 1P1 - chapter 1). Of these four lines only
the line at 672.27A shows up clearly in the excited
state spectrum. Further confirmation of this result
is provided by the microdensitometer traces 5D2a(vi)
and (vii). This result is unusual since all of these
lines are much stronger than some of the Barium
ground state lines below 6282 which are clearly
visible in the excited state spectra. The anomaly
cannot be explained in terms of non-linearities in
the response function of the film and it; origin is

unclear.

The two sets of microdensitometer traces, 5D2a (i)
to (xiii) and 5D2b(i) to (xiii) accurately reproduce
most of the features observed in the Barium spectra
of figure 5P1. The set of traces 5D2a(i) to (xiii)
corresponding to the ground state spectrum compafe
favourably with those published by Baig et al (1984)
achieved at 17 times the authors experimental
resolution. Looking in more detail at the Barium
ground state absorption traces reveals a number of
interesting features which have been picked up.

The very asymmetric line profile at 697.3A

in figure 5D2a(viii) 1is genuine and is an



example of a line which is strongly coupled into the
continuum via a broad autoionising resonance, which
in this case is the resonance at 692.2&. It should
be noted that the wavelength of this broad resonance
(652 lgy—=5p> 652 5a 3p;) is given as 693.663 by
Connerade et al (197%9a). This value is clearly
incorrect from the trace and a better value for its
wavelength would be 692.2R. Another interesting
feature which is picked up in these traces is the
change in the symmetry of the line profiles of the
"a" series identified originally by Connerade et al
(1979a) (see figure 1Pl of Chapter 1l). Part of
series “a"'is clearly discernible in figure 5D2a(i{
and the symmetry of the asymmetric profileé seen in
the lines at 517.6& (n=3) and 511.4&% (n=4) change
abruptly to the opposite on proceeding to the next
‘member of the series at 508.2& (n=5). This
phenomenon is documented in the literature and is
given the name: "g swigching" (see Connerade et al,

1985).

The microdensitometer traces of the excited
state spectrum recorded ~250 [ns] after the rise
time of the dye laser pick up all of the resolved
structure between 6242 and 6923 as may be seen by
comparing the traces 5D2b(v) to 5D2b(vii) with
figure 5P2b. The structure in the broad resonance
at ~ 6922 is clearly observable, and probably

corresponds to the superposition of a new line at

691.4R with the line list due to the extremely strong

N
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transition to the 5p56525d 3P1 level from the
remaihing Barium atoms in the ground state. The
lines picked out and numbered 1 to 244 correspond to
those listed in the line list of table 2 (see section
5.2.3). Some of the lines which have been picked out
may seem "optimistic" but many have been supported
by previous measurements by the author using an
optical compargtor. For example the lines marked

149 and 150 in figure 5D2b(vi) were described in the
original line list that was prepared from optical
comparator measurements, as a-struture consisting of
"two closel§'spaced superimposed lines". One of the
iﬁteresting features of this spectrum which can be -
seen in these traces are the broad absorption
structures at wavelengths above 692A. These structures

are thought to be molecular in origin and the best

examples may be seen in figures 5D2b(viii) to (x)

5.2.3 The Line List

The line list of table 2 gives the wavelengths in
angstroms [ﬁ] to one decimal place of the resolved
lines/structures between 845A and 549X which have been
marked out on the microdensitometer traces 5D2b (i) to
(xiii). All of these correspond to structures which
can be confidently linked to those ‘visible on an
enlarged photographic print of the excited state
spectrum of Barium recorded 250 [ns] after the rise of
the pump dye laser. The lines on the list marked with

a hyphen (-) correspond to those also listed in a



251

previous, but now superseded, line list prepared
from optical comparator measurements. Those lines
marked with an asterisk (#) or a pair of asterisks
(#*) correspond to those lines which can either be
confidently or tentatively identified as transitions
from the Barium ground state. Lines marked with a
single addition symbol (+) correspond to those which
are believed.to be superposition of a .ground state
line with an excited line(s). Those marked with a
pair of addition symbols (++) are identified as

absorption lines due to the samarium source.

The error on the given wavelength is +0.08A

5.3 Discussion

5.3.1 Barium level populations following laser

excitation on the resonance line at 5535.48A

A successful analysis of the Barium excited
state absorption spectrum is very dependent on
knowing which levels were populated when the
.continuum source was fired. Absorption spectra were
recorded over a range of different delays between
the dye laser's rising edge and the peak of the
continuum source. These ranged from ~ 10 [ns] up to
"~ 600 [ns] and therefore probed the excited v&pour
column bpth during and after the dye laser. The

resulting spectra reveal the same basic structure: A
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complex of new lines common to all delays

superimposed onto a greatly diminished absorption
spectrum arising from the residual population of the

unexcited Barium atoms.f

Consequently, fhe 6s6p lPl level may Be ruled out
as a possible starting levei for the observed
absorption lines éince the spontaneous lifetime of
this level is only 8.hL [ns]. The levels
responsible for the abové aBsorption spectra must be

both long lived (>>250 [nsl) and accessible from the

Vlaser populated 6s6p lPl level. Bat can also be

ruled out as a starting level for the observed
spectra on two counts: First, laser induced
ionisation was not expected to be important in this
experiment for the reasons elucidated in chapter 1
and second, there is no correlation between the line
list of table 2 with that given by Roig (19765 for
Bat. The list of plausible starting levels for the

observed spectra is thus reduced to the set of

*rhe two spectra recorded at ~ 10 [ns] and ~s 600
[ns] delays between the dye laser and the continuum
source were not particularly successful. In the
case of the former the triggering proved
problematic: approximately one third of the
continuum shots were before the rise of the dye
laser, while in the 600 [ns] delay experiment the
Barium number density was much lower than usual for
spurious experimental reasons. This last comment is
based on the clearly reduced strength of the Barium
ground state spectra taken before and after the main
excited state spectrum. Consequently the absence of
many of the weaker lines seen in the excited state
spectra of other runs was not remarkable.
Nevertheless the more prominent lines, for example
the strong line at 714.8&, were again seen in both
spectra.
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metastable states lying below the 6s6p 1P1 level

(see figure 1D3 of chapter 1). These are the

6s6p 3P0’1'2, the 6s5d 'D, and the 6s5d D

metastable levels, a total of seven in all.

1,2,3

3P1 —— 65 150 transition is spin

forbidden and therefore weak and its A value

The 6s6p

corresponds to a spontaneous lifetime of ~1.25[us]
(Bowen, 1982). Of course the strengths of the
dipole forbidden transitions from any of the
other six levels to the ground state are much .
weaker still. Hence the chief quenching mechanism
for these metastable levels is via collisions with"
other Barium atoms. The resulting collisional
lifetimes of these 1levels may be calculated from
their respective quenching crossections due to

Barium collisions which are: -

GBa(3P2) = (2.7:2)x10" 17 [m?] Bowen et al (1985)
1 _ -18 2
oBa( D2) = (6+2)x10 [m™] Bowen et al (1985)
3 | -19 2 .
o, (°D.) = (1.3:0.1)x10 [m®] Whitkop et al (1980)

The corresponding collional lifetimes T of these

levels (= 1/[nBa<vBéoBa>]) at a number density of
21 .

10%7 m™3] would be: -

Tc(3P2) = 81 £ 60 [ns]

Tc(1D2) 370 + 120 [ns]
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3 =
Tc( DJ) = 1700 + 100 [mns]

Assuming that the above data on the gquenching
crossections are correct, it would appear that the

metastable 6s5d D levels are sufficiently long lived

to account for the observed spectra. The 3P0 1.2
14 14

levels are a more border- line case, bearing in
mind the uncertainty in both the Barium number
densities and the quehching crossection data, siﬁce
these levels should have relaxed back to the ground
state in the ~ 250 [ns] delay experiment
(cBa(BP a(3P2) assumed) . Further evidence

0'1) Noo

against the 6569 3p levels being responible for the

B

observed spectra are provided by the v 10 [ns] delay
experiment which indicated an extreamely fast
mechanism (g 10 [ns]5 for the populating of the
responsible level(s). Such a rapid risetime would

imply a radiative rather than a collisional mechanism

and electric dipole trdnsitions from theb656p 1P

1
level to the 6s6p 3P0 1.2 levels are forbidden on
14 ’

parity grounds.

Only the 6s5d 1D2 and 6s5d 3D1 5 levels are
7

radiatively connected -to:- the 6s6p 1P1 level.

Experimentally deduced A values for4the transitions
to the two triplet‘states do not appear to have been
published in the iiterature, except for an indirect
reference by Bowen et al (1985) to some work by
Niggli and Huber on the 6s5d 3D2 level.

Experimentally based A values have on the other hand
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,-655d 3D2 transition. -

Miles and Weise (1969) report an A value of 0.049

been published for the 6s6p 1P

while the much lattef work of Bernhafdt et al (1976Y
gives a value of ( 0.0017; Bernhardt et al's

result is certainly too large judging from the
details given in their paper+. From chapter 1 it

would appear that the literature is in some diagree-

ment regarding the relative strengths of the 6s6p 1P

-6s5d 3D2 and 6s6p 1P1-635d 1D2 transitions. How-

ever the experimental evidence of Bricks et al (1978)

1

provides conviﬁcing evidence (in the author's
opinion) that the intercombinationai line is in fact
stronger than the spin allowed transition; the infra
red "discharge heated Barium metal vapour laser" of

Bricks et al was found to lase initially on the

'6s6p 1P1 - -6s5d 3D2 intercombinational line at 1.13

[um] during the heating up sequence before eventually

lasing on the 6s6p 1P1 —'655d,1D2 line at 1.5 [pm].

This conclusion is supported by the A value

calculations of Hafner et al (1978) who gives values

5

of 4x104 and 1.2x10 [3—1] for the singlet and triplet

transitions, respectively. As for the 6s6p 1P1 -
6s5d 3D1 intercombinational transition, this is by

far and away the weakest of the three dipole allowed

+Bernhardt et al's technique was based on deducing
the B;anching Ratio of spontaneau? emission fqom the
6s6p P, level to either the 6s S, or 6s5d D
level. Tgey neglected the spontanegus emission“to -
the 6s5d "D, level which is compa{able to the
spontaneous emission to the 6s5d D, level (Hafner
et al (1978), Kunnemeger g? al (198%)). So their
given A value (1.7x10” [s ']) is in f;ct equal1to
the sum of the A values for the 6s6p P.-6s5d D
and "D, transitions, which compares favéurable with
the théoretical sum of 1.6x10” [s '] of Hafner et
al (1978).
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transitions judging from the indirect evidence of

Bricks et al.

These A values are far too small to account for

the observed rapid build up of the metastable 6s5d

1D2 and 6s5d 3D2 levels (£ 10 [ns]), in terms of
just spontaneous emission from the higher 6s6p 1P1

lével, which would require time scales of 25 [ps]

and 8.3 [us] for the singlet and triplet transitions,

respectively., Some other population mechanism for
these levéls is therefore necessary if they are to

account for the observed absorption spectrum,

This problem has been studied by Bowen and
Thorne (1985) and the rapid population of these two
levels can be understood in terms of Amplified

Spontaneous Emission. Saturation of the 6s° 1So—
6s6p 1P1 transition by the pump laser gives rise to

a population inversion between the 6s6p 1P level

1
and the lower 6s5d 1D2 and 6s5d 3D2 metastable

levels. Hence the spontaneous emission from the
6s6p 1P1 level to those metastable levels can
exhibit light amplification by stimulated emission.
Of course the importance of such stimulated
emission to the population rate of the metastable
levels is dependent on the "gain" of the vapour
medium; and this gain is aetermined by the number
density of the available excited atoms in the 6s6p
1

P1 level as well as the geometry of the vapour

column, as was explained by Bowen et al. For



example, the greatest amplification of spontaneous
emission will be along the length of the pumped

vapour column and most of the resulting infra-red
radiation will fall into two narrow cones centred

on the pump laser axis™.

The validity of this A.S.E. model is tested by
the requirement that the build up of the metastable

populations should be on a time scale of the order

of 10 [ns] (to explain the 10 [ns] delay experiment).

A similar situation was analysed by Bowen et al
(1985) , see appendix 5, and their test requirement
was that the time t  taken for the stimulated rate

to equal the spontaneous rate should be iess than

10 [ns]. This criterion is natural since the

.

stimulated rate is proportional to the infra red
photon density p, and the increaée in p is initially
exponential in time, leading to their observation
that "the system will be driven very rapidly to

equilibrium for t > to".

According to the analysis of Bowen et al (1985),

the time to is given by the relationship: -

¢ = 8m ln(1/a) T
2 .
c A A238 N,

A+Kunnemeyer and Koch (1983) have observed both 1.5
[um] and 1.13 [pm] radiation in the forward direction

after excitaF&on on,fthe Bgrium resonace line (No.
density - 10 - 10 [m °] for a column length of
20 [cm]).

257
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where o is a geometrical factor giving the fraction
of emitted spontaneous photons which travel along
the vapour column, T is the "rectangular" line
width of the 6s6p lPl - 6s5d 3’1D2 transitions which
is governed by the broadening of the 6s6p lPl level
by the "Autler-Townes" effect+, ¢ is the velocity of
light, X the wévelehgth of the infra red |
tfansition, Ay3 is the spontaneous rate connecting
the 6s6p 1P} - 6s5d D, levels and N, is the number
density of atoms in the 6s6p lPl level. B8 is a
factor which accounts for photons escaping along the

length of the excited vapour column and is given by:-—

B = 1= exp(-kolf)

I~

"where 1' is a "typical" length (say half the column

length) and (since N32:0)": -
2 :
K . N, A Ayy , 5
°© 8w T -

*The Autler Townes effect is the splitting of the
fluorescence from a single upper level "a" to a
single lower level "b" into two frequency components
as a result of the coupling of a third level "c" to
the level "a" by a high = power laser. The
~splitting is a function of the electric field
strength E. Thus in an excited vapour column where
the laser power is not homogenous over the
crossection, but varies from . zero power to full
power, the Autler Townes effect will give rise to
‘fluorescence which is broadened rather than
consisting of two sharp frequency components.
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Substituting in the following values for the

quantities in equations 1,2 and 3: -

r('p,) = 1.5 ml,  A(%py = 1.13 [pm]

1 _ 4 -1 3 _ 5 -1
A23( D2) = 4x10° [s 1, A23( D2) = 1.2x10° [s ']
r = 23 [GHz]®
1' = 0.105 [m]

For the geometry of this
_4 experiment
o = 10
. . 20 21
yields over the number density range 10 - 10

im~3] values t, which decrease from 2.5 [ns] to
0.19 [ns] for the singlet 1D2 transition and 1.2 [ns]

to 0.12 [ns] for the triplet 3D, transition. Of

2
course these values do not reflect the finite time

(v 10 [ns]) it takes to initially populate the 6s6p 1P1

level over the length of the vapour column. However

*r correponds to the Autler Townes splitting which
which is given by: -

r = | a2

+ Q2
o

where A is the detuning of the laser from the resonace
frequency (v 0 here) and Qo is the Rabi frequency: -

2
Q = [P M F
° 3
87" n
where A,, = (1/8.4)x1092és—1], A= §§35;§8§, F is
m ~]

the laser flux = 1.1x10 [photons s
corresponding to 0.4 [MW cm "] and n is the number
of laser modes = 3.
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they do serve to demonstrate that the ASE mechanism
for populating the lDz and 3D, levels is indeed a
viable explanation, provided the A values given by

Hafner et al (1978) are correct (or too small).

The above amplified spontaneous emission will
even£ually lead to the Barium atom population being
distributed amongst the four levels in the ratio of
their statistical weights. This would lead to 71.4%
of the population being shared equally between the
3D2 and lD2 levels, with the remainder being shared
in the ratio of 1:3 between the 150 and lPl levels.
This of course takes no account of collisional
redistribution amongs%_the 3Dl'2’3'levels resulting
in more population being drawn out of the lSO and
lPl levels in order to maintain the statistical
equilibrium between the lPl and 3D2 levels. It

should be noted that the remaining population in the

6s6p 1P1 level will drop back to the ground state

after the pump laser terminates. Hence the ground
state pépulation, in the abseﬁce of such collisional
redistribution, should quadruple resulting in more
prominent Barium ground state lines in the 250 [ns]
delay experiment compared with the 60 [ns] delay |
experiment. Such an effect ig indeed seeﬂ when
account it taken of the 24 shots in the 60 [ns]
delay experiment where the dye laser did not fire
before the continuum pulse compared with the

corresponding 5 such events in the 250 [ns] delay

experiment.



In conclusion, the Barium level populations
during the excited state absorption experiments will
be distributed predominantly in the 6s5d 1D2 and
635d,3D2. This is due to ASE from the 6s6p lPl
level. The'population in the 6s6p 3P0,l,2 is not
expectéd to be important. Collisional
redistribution amongst the 6s5d 391'23 states could
lead to a significant population in the 6s5d 331,3
levels which might give rise to some of the observed
excited state lines. Finally, the 6sé6p lPl level
does not appear to have gontributed to the observed
spectra since thé spectra taken at delays of 60 [ns]

and 250 [ns] reveal the same new structure.

5.3.2 Comparison of experimental spectra with

theoretical calculations

Theoretical Calculations on ﬁhe 5p absorption
spectrum of Barium from the 6s2 lSO, 6s5d lDz and
655@ 3Dl'2’3 levels have been performed by Dr M.W.D.
Mansfield,* These calculafions were performed
using the Cowan code which is based on the HXR
(Hartree plus exchange with relativistic correction)
Model. This code is thus a hybrid in that it is based on
the non-relativistic Schrodinger equation but with

relativistic corrections added. Such corrections

tpresent Address: Physics Department, University
.College, Cork, Ireland.

N
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are important in Barium since the 5d wavefunction is
"soft" resulting in small effects being greatly
magnified as was described in Chapter 2. The Cowan
code is one of the best available ab initio codes,
second only to the Multi Configurational Dirac Fock
Code of Rose et al (1980) which is based on a full
implementation of the Dirac equation rather than the
'hybrid' approach above and therefore yields more
reliable results (Connerade 1985, Private

Communication).

The most relevant calculations to the present
work evaluated the energies and strengths of the 5p
absorption transitions from the 5p6652 lSO, 5p6635d'
3D2 and 5p6635d 1D2 levels to a limited number of
upper levels. The importance of 6s5d mixing was
acknowledged by representing each level by an array
of configurations constructed from the manifold
(652x6s5dx5d2).’ On an operational level, the Cowan
code uses the same average of configuration 6s or 5d
wavefunction for each level of a given system of
interacting configurations. However these
wavefunctions were constructed to minimise the
energy of the manifold of interacting

2, 6s54, 5d2, where the weighting

configurations, 6s
factors of these were optimised to minimise the
average energy of the system. This approximation is
valid provided the one electron wavefunctions are

insensitive to small perturbations by a given level

to the "average" effective field seen by a
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particular electron. The code then proceeds to
evaluate the total wavéfunction of each desired
level built on the above set of interacting
configurations, although the weighting factors for
each of these would depend on the level. For
example, the level normally labelled 6s5d lDz
contains a small 532 component but no 652 component,
while the nominally 652 lso level contains small
contributions from both 6s5d and 5d2 as was

calculated by Rose et al (1978).

The 5p transitions calculated by Mansfield were
restricted to those terminating on levels built from
a mixture of the three configurations 5p55d652,
5p55d26s and 5p55d3. Calculating these leveis is
an obvious first move in any detailed analysis of
the excited state spectrum. The "complex" region of
the spectrum below 690% is characterized by many
closely spaced lines, while on the other hand, the
"simple" region at higher wavelengths has
comparatively few lines and these are separéted by
relatively large wavélength intervals. It is thus
more fruitful to concentrate on this "simple"
spectral range where the best hopes lie of linking
observed lines to calculated lines. Most of the
lines in this simple region will correspond to
excitations to the levels where the running electron

is either 6s or 5d.

Mansfields calculations were in intermediate
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coupling and his communication states that the
states parameters were scaled as follows; "F and G

down 15%, R down 20%, zdown 5%." According to

Mansfield, "Slater Intergrals of this sort tend to reproduce

the gross effects of interaction with fﬁrther
configurations"._ Configuration mixing was found to
be severe in the presence of the 5p core vacancy, in
agreement with the discussion of Chapter 2. Single
L-S term assignments to given lines had little
meaning with the largest L-S components being well
below 50% and "j-j coupling was even less

appropriate".

An indication of the accuracy of these
calculations was provided by those on the
transitions arising from the 652 lso level. However
these particular calculations suffered a special
pfoblem due to the‘5p55d652 lPl solution being
substantially different from the configurational
average solution. A similar effect was observed by
Connerade et al (1979a) in their Hartree Fock
calculations on the same levels. As a result thg
energies and oscillator strengths of the J=1 levels
were "badly described" by these calculations, but
the Jfl levels are not affected by thié problem
according to Mansfield. A total of thirty nine
transitions from the ground state to J#l levels
built on the 5p>(5d6s2x5d%26sx5d3) manifold of
configurations were predicted, with eleven of these

in the wavelength range 7852 to 680A. The
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corresponding theoretical oscillator strengths for
these eleveh lines were found to range from
n/lxlo-ll to 0.2433, see table 3. Of these eleven
lines. , only seven could in fact be related to
observed lines. The error between the calculated
and observed waveiengths for these seven lines had a
standard deviation of only ~ 0.5%. As for the four
uﬁobserved lines, three had calculated oscillator
strengths much weaker than the weakest observed line
(gf (calculated) = 0.0006). .So the theoretical
calculations of the 5p absorption spectrum from the‘
ground state appear to be in fair agreement with the

observed spectrum at wavelengths above 680A.

Mansfield's calculations predict that the
excitation schemes 6s5d 3D, —= 5p(5d6s2x5d26sx5d3)
“and 6s5d 1p,-=5p5(5d6s2x5d265x5d>) each give rise to
138 transitions. The wavelength distribution and
corresponding oscillator strengths of these two sets
of transitions are conveniently summarized by the
two "stick diagrams" of figures 5D3 and 5D4. Each
vertical line or "stick" corresponds to a predicted
line at that wavelength and its height yields thé
corresponding oscillator strength. From figure 5D3
it can be seen that calculated absorption lines from
the 6s5d 3D, range from ~ 8323 down to ~s 5253, 50%
of them below 676A. A similar distribution is
predicted for the 6s5d 1D, level, figure 5D4, with
lines ranging from ~ 860A to ~ 536A of which 50% are

located below v 695A.
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FIGURE 5D3: STICK DIAGRAM REPRESENTING THE CALCULATED (COWAN CODE) PHOTO-ABSORPTION LINES
CORRESPONDING TO THE EXCITATION SCHEME 6s5d D,—5p>(5d6s2x5d%6sx50°)
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FIGURE 5D4: STICK DIAGRAM REPRESENTING THE CALCULATED (COWAN CODE) PHOTO-ABSORPTION LINES
CORRESPONDING TO THE EXCITATION SCHEME 6s5d D,—5p (5d652X50%65x54°)
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TABLE 3: Theoretical (Cowan Code) 5p transitions
2 1

above 6808 from the 6s S, level of Barium to levels

built on the mixed manifold. 5p° (5d6s°x5d26sx5d°)

compared with observation

Observed Calculated . Calculated
Wavelength : Wavelength gf

(&) [R]

—_— 784 .94 0.0001
784.31 784 .44 0.0047
753.86 748.36 0.0116
734.50 732.02 0.0006
727.40 726.97 0.0025

-— | 717.62 0.0051
715.69 714.26 . 0.0068

— 711.86 0.0001
706.43 703.65 0.0199

- 692.01 1x10” 1
693.66 682.26 0.2433

Data Source

Observed transitions - Connerade et al (1979a)
Calculated trapsitions - Mansfield, M.W.D.; (1985)

Private Communication

Calculations were performed with the Cowan Code.

6s-5d mixing was also incorporated in the initial

level by including mixing with the 5p6655d and

5p65d2 configurations.
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Many of the most intense lines arising from the
two metastable levels are predicted to be at
wavelengths below ~ 620A where in reality very few
excited state lines were in fact resolved. Of
course the spectrum in this region will be
characterized by severe interchanneling coupling of
the type discussed in the MQDT discussion of |
sub-section 2.3.2 (ChapterFZ). As a result the
levels responsible for these absorption lines will
certainly be heavily mixed with other levels where
the "running" electron is nominally in ns,n'd (n>6
n'>5). This interchannel coupling will dilute the -
oscillatér strength of these "calculated" lines
amongst all the.other lines in this region. Such an
effect would probably lead to a quasi continuum in
the 5p absorption spectrum of the metastable levels
at lower wavelengths due to the enormous number of
"interacting" levels. The appéarance of the excited
state spectrum at waveléngths below 6208 would
appear to support this assertion. For example, in
the ground state spectruqﬂ the spectral region below
6203 is incredibly complex with many very strong
lines. Yet there are "clear" segments interspersed
between these strong features where the transmission
is high. By comparison, the excited state spectrum
is not characterized by such clearly defined
transmission windows. It instead gives the

impression of a fairly uniform attenuation onto

which is superimposed features due to the residual
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population in the Barium ground state.

A total of 52 absorption lines from the 6s5d 3D2
level and 72 absorption lines from the 6s5d4 lD2
level are predicted by Mansfields calculations in
the "simple" spectral region at wavelengths above
690A. By comparison, the line list of table 2 1lists
only 53 lines of which six are probably molecular in
origin (see subsection 5.2.3) and another three
probably Barium ground state lines. This leaves
only 44 "atomic" excited state 5p absérption lines
which is a lot less than the 128 predicted by
Mansfield. However Fwo factors have not been taken-
into account. First, many of the predicted lines
- have such small calculated oscillator strengths that
they are unlikely to be séen. Secondly, only ~s35%
of the initial Barium population will be located in
either the 6s5d 3D2 and 6s5d 1D2 levels, assuming
that both these levels are saturated by the ASE
mechanism~of subsection 5.3.1. Now the average
calculated gf value for the six weak but “observed"
5p absorption lines above 6908 (Table 3) originating
from the 6s2 180 level is 0.0077. This result would
suggest that an appropriate criterion, for deciding
which predicted lines are likely to be résolved from
either the 6s5d 3D, (table 4) or 6s5d D, (table 5)
initial levels, would be to ask whether the
calculated gf value exceeded 3x0.0077 (only ~1/3 of
population in each metastable). Applying this

criterion to Mansfields data, leads to the



TABLE 4: Theoretical (Cowan Code) 5p transitions
3

above 690A from the 6s5d D2 level of Barium to

levels built on the mixed manifold 5p° (5d6s°x5d%6s

x5d°)

Calculated | Calculated || Calculated | Calculated

Wavelength gf ‘ Wavelength gf

[A] [A]

831.7 0.0026 748.3 ’ 0.01l6l1
828.7 0.0043 741.6 0.0007
826.7 0.0532 741 .5 0.4905
824.3 0.0005 741.0 0.0126
- 812.1. 0.1067 739.3 0.0220
802.0 0.1801 737.6 0.1143
796.8 0.0001 737.8 0.0142
794.8 0.0605 733.4 0.0096
790.8 0.0016 728.1 0.0003
789.9 0.0092 727.0 -~ 0.0197
786.3 0.0155 720.9 0.0287
785.4 ~0.0269 719.2 0.1434
783.2 0.0013 . 718.1 0.1529
781.2 0.0122 ‘ 717.3 . 0.1049
772.5 - 0.0003 715.9 0.1514
771.5 0.0254 715.8 0.0118
766.9 0.0046 712.6 0.0621
766.5 0.0013 710.6 0.0019
764.3 0.1701 709.1 0.0824
759.9 0.0123 706.5 . 0.2239
757.0 0.0232 704.1 0.0004
756 .5 0.0026 '702.9 0.0464.
755.2 0.0066 700.9 0.0331
753.9 0.0010 699.9 0.0016
752.9 0.0230 695.0 0.0971
752.8 0.0679 694.2 0.0183
750.1 0.0022 693.9 0.0164

749.1 0.0068 - 690.1 0.0019

Data Source

Mansfield, M.W.D.; (1985) Private Communication.
Calculations were performed with the Cowan Code.

6s-5d mixing was also incorporated in the initial

level by including mixing with the 5p6652 and

5p6655d.configurations when deducing the average

of configuration one electron wavefunctions.

N
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TABLE 5: Theoretical (Cowan Code) 5p transitions

above~690ﬁ from the 6s54d 1D2 level of Barium to levels

built on the mixed manifold 5p° (5d6s°x5d%6sx5d°)
Calculated } Calculated : Calculated | Calculated
Wavelength gf Wavelength gf
(3] (3]

860.1 0.0001 748.7 0.0243
856.9 0.0001 742.1 0.0082
854 .7 0.0005 740.4 0.0007
852.2 0.0002 739.1 0.1177
839.2 0.0196 738.4 0.0166
828.4 0.0183 736.9 0.1879
822.8 0.0905 736.8 0.0051
820.8 0.0341 733.3 0.0000
8l6.4 0.0060 731.2 0.0093
815.5 0.0438 729.6 . 0.0715
8l1.7 0.0067 726.9 0.0364
810.7 0.1091 724 .4 0.0217
808.%4 0.0012 723.1 0.0135
806.3 0.0358 720.9 0.0591
797.0 0.0015 719.9 0.0826
791.0 0.0214 714.7 0.9179

- 790.6 0.0709 713.9 0.0012
788.2 0.0008 713.5 0.0220
783.6 0.0240 709.5 0.0000
780.5 0.0043 708.9 . 0.4123
779.9 . 0.0135 708.7 0.0534
778.5 0.0032 707.1 0.0691
777.2 0.0013 705.9 0.0251
776.1 0.0398 703.6 0.0259
776 .0 0.0011 703.4 0.1258
773.2 0.0026 703.2 0.0611
772.1 0.0013 701.1 0.0786
771.3 0.0418 700.9 0.0401
764.1 0.0296 698.9 0.0024
764.0 0.1915 696.5 0.0338
763.5 0.0629 695.7 0.0103
761.6 0.0000 695.4 0.0078
759.9 0.0016 695.2 0.0508
756 .9 0.0011 695.0 0.0259
755.4 : 0.0006 693.1 0.3666
749.8 0.0183 :

Data Source

Mansfield, M.W.D.; (1985) Private Communication.
Calculations were performed with the Cowan Code.

6s-5d mixing was also incorporated in the initial

level by including mixing with the 5p6652 and

5p6655d‘configurations when deducing the average

of configuration one electron wavefunctions.
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conclusion that only about 52 lines in the spectral
region above 690A would in fact on average be
resolved. A result which is reasonably consistent
with the observed line list, bearing in mind the

crudity of the above criterion.

A more definitive test of the worth of
Mansfield's Data, with regard to the excited state
spectrum, is whether they correctly predict the
wavelength distribution and promimence of the
observed spectrum. Careful comparison of the
observed excited state spectrum with the stick
diagrams of figures 5D3 and 5D4 indicate that
Mansfields caiéglations do not even approximately
yieid the correct distribution. Neither can any
reasonable agreement be achieved by simply
translating the entire calculated spectrum up or
down in wavelenth to account for any systematic
errors in the calculations. Configuration interaction
of the upper levels calculated here, with others
where the running electron was in a higher n value
was of course possible. However, if this was the
sole reason for the discrepancy between theory and
experiment, then the theoretical distribution would
have tended to be good at longer wavelength but get
progressively worse aﬁ shorter wavelengths. This is
not the case either, so it would appear that
something more fundamental is occurring (assuming of
course that the discussion in subsection 5.3.1 is

correct regarding which levels are populated).



A recap of the most important points at this
stage is probably worthwhile, before examining the
origin of the poor agréement,between theory and
experiment regarding tﬁe distribution of absorption
lines in the excited state spectrum. Mansfield's
calculations on the ground state spectrum at
wévelengths above 6904 appear broadly correct, the
accuracy of the theoretical wavelength for each |
"identified" line being usually within 0.5% of the
value deduced from thé experimental spectrum. On the

other hand, the distribution of structure predicted

by his excited state calculations appears to be in
disagreement»with experiment. Nevertheless it is
interesting to note that both theory and experiment
are in agreement when it comes to the number of
"observable" lines above 6908. (after due account
is taken of predicted oscillator strengths). This
agreement is interesting for two reasbns. First, it
implies that the basic premise of incorporating 6s5d
mixing in both the initial and final states of the
excited state spectrum is valid (correct number of
lines predicted). Secondly, it provides tentative
evidence that interchannel mixing with higher series
members is unimportant in the "simple" region above
690A. The excited state spectrum would have

contained rather more lines in this region if such

E mixing had been important; These additional liﬁéé would

have corresponded to the higher series members

responsible for the above mixing. Accurate
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calculation of the levels in this spectral range
would then be difficult. This is because the array
of interacting configurati&ns, from which each level
is constructed, would require expansion to include

the perturbing higher series members .

Barium (z=56) occupies a critical position in the

- periodic table in that it preceeds the beginning of the

' £illing of the 5d subshell with Lanthanum (z=57) and the

filling of the 4f subshell with Cerium (z;58). This
critical position is therefore characterized by 4f
and 5d effective potentials which are remarkably
"soft" in the manner described in Chapter 2.
Probably the key to understanding the failure of
Mansfield's theoretical calculations, when applied
to the 6s5d metastable levels of Barium, lies inlthe
"soft" character of the Sd‘potential. In Chapter 2
it was pointed out that the presence of the 5p hole
resulted in the 5d wavefunction being "pulled in"
(the atomic field looks more like lanthanum). The
additional excitation of a 6s electron to a 5d
orbital via laser excitation and subsequent decay
would further increase the effective field seen by
the 54 electrons, and give rise to further
contraction. So the 5d Barium wavefunction is very
sensitive in Barium and this might possibly be
amplified in the case where the initial
configuration is 6s5d rather than 6s2. Consider the
consequence of this effect if it is true. The

"effective potential® seen by a 5d wavefunction is



determined (i) by the total configuration of the
atom and (ii) by centrifugal barrier effects.
Nevertheless different levels of a given
configufation will possess slightly different
effective fields and these very small changes can
occasion significant changes in the radial
wavefunct;on. This can cause problems because of
tﬁe way the Cowén code computes the one electron
wavefunctions from which the total wavefunction is

constucted.

wfhe "average of configuration" approximation used
in the Cowan code may break down for a sufficiently,
§ensitive one electron wavefunction. This would
result in an inaccurate wavefunction, i.e. not the
best solution, being used in the construction of a
given level. Such an effect might lead to the
theory predicting the correct number of lines, which
tentatively appears to be the case, yet incorrectly
predicting the wavelength distribution and oscillator
strengths as is in fadt found. The solution to this
problem, in the event of it occurring, would be to
optimise all of the one electron wavefunctions for
each calculated lével. This is not possible with
the Cowan Code and would in any case consume
enormous quantities of computer time. An
intermediate approximation would be to optimise only
the especially sensitive one electron

wavefunction(s) and use average of configuration

wavefunctions for the rest.
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The pronounced sensitivity of the 54
wavefunction discussed above could also result in
serious errors being generated by the m. D—F*code
used by Rose et al (1980). This code is based on
the Multi-Configurational Dirac Fock (MCDF) theory
and was successfully used by Rose et al (1980) in
tﬁeir studies on the Barium ground state 5p
spectrum. The basic building block of this approach.
is the “configuration state function" (CSF) which
like its counterpart in the Cowan Code, the average
of configuration'wavefunction, is not optimised for.
any given level of an array of interacting
configurations. To quote Rose et al (1980), "each
CSF is constructed from Dirac central field orb{;als
and has total angular momentum numbers J and M, and
.parity P". Each of these CSF's are constructed from
a given configuration and corresponds to a pure j-j
coupled state. Now Mansfield's calculations show
that the upper level accessed by the excitation of a
5p electron from either of the 6s5d 3:1p levels
exhibits intermediate coupling, and thatj65—5d
configuration mixing is important (as expected). So
a real level of the Barium excited atom would be
rebresented by an array of different CSF's which
have not been optimised for the intermediately
coupled level. Thus.a sufficiently sensitive
wavefunction could likewise lead to serious errors

in the predictions of the MCDF based theory.

*
" m. D-F multiconfigurational Dirac-Fock
(acronym used by Rose et al)
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5.3.3 Possible molecular features in the excited

state spectrum at wavelengths above 690A

One of the unusual aspects of the excited staﬁe
spectrum is the presence of a number of weak but
very broad (v1.5-28) features at wavelengths above
690A. Six of these features are listed on the line
list of table 2 ("lines" 23,24,26,39,42 and 47), and
the profiles of three of these-(39,42,47) may be
viewed in figure 5D2b(viii). These profiles are
quite unlike the great majority.of the lines listed
in table 2 which in general are "sharp" by
comparison. The origin of these lines is most
unclear; the& have the kind of profile and width
(equivalent to 1/2 kT)tthat might feasonably be
expected for a molecﬁlar structure at a temperature
of 880°C (kT2x0.1 [eV]), yet iﬁ is not possible to
link them té any obsefved electronic transition of
the atom as will be seen in this subsection. It is
of course possiblé to suggest that these broad
profiles are simply the envelope of an unknown
number of atomic lines which are nearly coincident,
but whose individual features were not resolved.
However this is an unconvincing answer for the
following reasons. First, all of these profiles are

roughly similar in width. Second, the région above

6902 is fairly simple with relatively few lines and
no such profiles are seen at short wavelengths where
the spectrum is complex and coincidences more

likely. Thirdly, similar broad but weak and
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featureless profiles are not seen in the Barium

ground state spectrum.

On the other hand these fgatures may be molecular
in origin, arising from excited Barium dimers of
the type; Ba(6s2)-Ba (6s5d) or Ba (6s5d)-Ba (6s5d).
The formation of such dimers is a natural result
of the Linear éombination of Atomic Orbitals (LCAO)
model of molecular bonding. Each molecular orbital
in this model is constructed from a pair of atomic
orbitals (@i), one for each atom which are then
combined to form either a "bonding" (Y_) or an
"anti-bonding" (?+) molecular orbital: -

Yo = N(3, +3,) 4a

v, = N(®, - 2, - 4b

where N is a normalization constant. The bonding
orbital gives rise to a build—gp of charge between
the two atoms resulting in a bound state, while the
anti-bonding state gives rise to a charge depletion
between the two atoms and thus to a repulsive state.
It follows that both the bonding and the anti-
bonding molecular orbitals are occupied by the four
valence electrons for the Ba(GSZ)—Ba(Gsz) dimer,
since each molecular orbital may only take two
electrons by the Pauli principle. This dimer will
be extremely weakly bound and will probably .
dissociate at temperatures of 880°¢C resulting in

‘Nno observable molecular transitions in the VUV
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spectrum of unexcited Barium. The formation of

more strongly bound dimers built on excited states

* .
- of Barium such as Ba:(6s5d) is much more likely.

This is because the four "valence" electrons can
now in principle be accommodated in a pair of
bonding molecular orbitals. For example, molecular
orbitals built from the two combinations 6s-6s

and 6s-5d could bind the Ba(6s2)-Ba (6s5d) dimer,
while the Ba” (6s5d)-Ba (6s5d) dimer could be bound

by molecular orbitals built from 6s-6s and 6s-5d.

Molecular features in the VUV must involve
transitions between different electronic states
of the dimer, which in the case of Barium would
cérrespond to the excitation of a 5p electron.
Op top of this basic electronic transition will
be superimposed contributions due to both vibrational
and rotational structure. The spacings of the
latter levels will determine the kind of spectral
features which will be seen in an experimental
absorption spectrum. In the absence of centrifugal
effects, the vibrational energy levels are given

approximately by the relationship: -

- _ 2
EgipV) = o (v +1/2) = x_w_ (v + 1/2) 5

where w, is the "Vibrational Constant", v is the
Vibrational Quantum Number and X is the
Anharmonicity Constant :which takes account of

the departure of the molecular potential from a

simple harmonic shape leading to a "closing up" of the
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vibrational levels. The energies of the rotational

levels are by comparison given approximately by the

relationship: -
E_ . (J) = BJ(IT + 1) 6
i
where B is the "rotational constant" (= 2 r2, M

. (]
= the reduced mass of the dimer system and r, is

the separation of the two atoms) and J is the

rotational quantum number.

Unfortunately, neither the vibrational nor the
rotational constants for either the Ba(GSZ)—Ba*(635a)
or the Ba*(655d)-Ba*(655d) dimers are available to
the author. It is however possible to make some
kind of estimate of the vibrational energy level
spacings; based on the kﬁown.vibrational constants
of the Cesium dimer (n40 [cm™ '] |

1

Iodine molecule (V214 [cm '] 12; state) (Huber and

Z; state) and the
Hertzberg (1978).

- A word of caution needs to be inserted here
regarding the effect on a molecule of a high
rotational angular momentum quantum number J. The

spinning of the molecule adds a repulsive centrifugal
J(7 + 1)n° |

" term (= reduced mass) to the molecular

2

2u r

potential . ©® This term reduces the depth of the
molecular well and its width (The centrifugal

Barrier term dominates at sufficiently



small ro); In addition, the shape of the molecular
potential will no longer.be even approximately
Simple Harmonic for sufficiently large J,even for
small vibrational quantum numbers (equation 5-
invalid). Nevertheless the energy spacings of the
lowest vibrational levels will tend to be smaller

than the values expected from equation 5.

The value of the vibrational constant w, for
the Cesium (z=55) Dimer will probably be of the same
order as the excited state Barium Dimer (similar
mass, one 6s valence electron so only a bonding
orbital is filled), while that of the strongly bound
Iodine (2z=53) molecule will act as an upper limit.

These values would yield vibrational spacings in the

VUV at 700A of 0.2A and 1R respectively. Note that

the corresponding spacings of the rotational energy

levels are much smaller.

These estimates indicatevthat the proposed
molecular features do not belong to vibronic
sequences, and each one.must correspond to a
different electronic transition in the dimer system.
It is not possible to calculate the energies of the
"parent" electronic transitions in the Barium atom
from the known wavelength of these profiles. This
would require a knowledge of the molecular
potentials of both the upper and lower state of the
dimer which are not known in the first phase.

Nevertheless it is possible to estimate a plausible
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upper bound on the energy separation between
electronic 5p transitions in the atom and

corresponding 5p transitions in the dimer.

The formation of bound Baf(GsSd) - Ba(6s2) or
Ba*(6s5d) - Ba*(535d) dimers is dependent on the
excitation of a 6s electron to a 5d orbital. This
allows a pair of bonding orbitals to be formed, one
of which utilizes the 5d orbital. Now the 5d
wavefunction is known to collapse significantly in
the presence of a 5p.hole from the calculations of
Rose et al (1978) and Rose (1985) (Table 1). If the
binding energy of the Baf(GsSd) dimers is
predominantly due to the ﬁolecular orbital.built
from 6s5d atomic orbitals, then 5p5635d nl - 6s2
dimer is likely to be weakly bound, since the
cdllapse of the 5d wavefunction will in turn weaken
a molecular bond built form a 5d atomic orbital.

In this case the:. energy shift between an atomic
line and the corresponding dimer band is determined
by the dimer binding energy of the lower state and
cannot exceed the dissociation energy of this state.
This criterion would correspond to the molecular
potential of the dimer being "flat", with
essentially no well, in the presence of a 5p hole.
Again, taking the dissociation energy of the Cesium
dimer (0.394 [eV]) as being roughly comparable to
the Baf aimer and the corresponding dissociation
energy of the I, molecule (1.54 [eV]) as an upper

limit, yield maximum wavelength shifts at 700A of



~152 and AzGli, respectively. (Data source, Huber
and Hertzberg (1979). The above assumptions
correspond to the atomic lines lying to the long
wavelength side of the observed "molecular"
profiles. Inspection of the experimental spectra at
longer wavelengths than these "molecular" profiles
does nqt reveal six particularly intense atomic
(i.e. sharp) lines with which to even tentatively

link these features.

So in conclusion the origin of these broad
profiles remains unknown. It is unlikely that they
are merely the superposition of an unknown number of
unresolved atomic lines for the three reasons given
at the beginning of this subsection. They have a
width of ~ 1/2 kT (~v2A) which is consistent with a
molecular structure, the width being due to
unresolved rotational and vibronic structure.
Consequently‘they-are very tentatively assigned as-
being due to electronic transitions in a Ba* (6s5d)
dimer system. The different features correspond to
different electronic transitiqns in the dimer syétem
since any reésonable value for the vibrational
constant is far too large ﬁo account for the spacing

of the features.
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CHAPTER 6 CONCLUSIONS AND SUGGESTIONS FOR FURTHER

WORK

6.1 Conclusions

The present experimental work demonstrates the
value of probing inner shell excitations in the
- presence of a well defined excited spectator
electron. The scope for such work is vast
especially if one considers the possibility of
measuring the inner shell spectra of selectively
excited ion stages. The apparatus in this thesis
was certainly not ideal for the work and in Appendix
6 its major: deficiencies and suggested improveménts ”
for future expériments of this type are discussed.
Also in Appendix 7, a simple but novel focussing
arrangement for improving the "useful" power output

of the plasma continuum source is described.

In this thesis are presented the first
measurements of the VUV 5p absorption spectrum of
selectively excited Bariﬁm in the 6s5d 1D2 and 3D2
metastable levels. One hundred and seventy four
new features are listed in the line list of table 2.
The»excited state spectrum is extremely complex as
~ expected, the complexity being due to; (i) severe
6s-5d mixing in the atom core in the présence of a
5p core vacancy, and (ii) the very much greater
number of possible excitation schemes (Appendix 1)

from initial levels with J=2 compared with the
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ground state spectrum (J=0). Many of the new lines
are too weak to resolve and/or are so closely spaced

as to give the appearance of quasi-continuous

"absorption. This effect is especially apparent at

wavelengths below ~622A where very few "new" lines
are resolved. This result points to the need of

further work on this spectrum at the highest

'possible resolution (Resolution in this work

+0.1Aa).

At wavelengths above 6902 a number of features
whose profiles are of molecular appearance are seén.
Six of the most clearly observed features are listed
in table 2. These features are believed to be due
to Bazf dimers which will be more strongly bound
than Ba, dimers. The observed profiles do not
belong to vibronic sequences and each one must
correspond to a diffefent electronic upper level.

It has not proVed possible to link them with any of
the observed atomic features in the excited state

spectrum.

No "new" structure was resolved -which could be
attributed to the 5p absorption from the 6s6p lPl
level of Barium. This result was a consequence of
the rapid depopulation (10 [ns]) of this level into
the lower lying 6s5d 1D2 and 3D2 metastable levels
due to Amplified Spontaneous Emission (subsection

5.3.1.).
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Comparison of the experimental excited state
spectrum with the calculations using the Cowan code
reveal a basic disagreement between the two with
regard to the distribution of lines and their
relative.strength. However the iméortance of 6s5d
mixing is very tentatively confirmed by Mansfields
~calculations, since the number of "observable" lines
predicted by the theory is comparable to the number
listed in table 2 (after taking account of the
calculated oscillator strengths). The disagreement
between theory and experiment has been attributed to
the 5d wavefunction being especially sensitive to
differgnt levels of the Barium electronic
configuration incorporating both a 5p core vacancy
and an excited valence electron. This level
dependence of the 5d wavefunction means that ab
initio calculations based on an "average of
manifold" approach are unlikely to give good results
for the Ba(6s5d) 5p absorption spectrum. It is
anticipated that the m. D-F code used by Rose et al
(1980) will likewise give poor results for this
spectrum. The solution to this difficulty would
involve incorporating_a routine in the ab intio
codes which would optimise the sensitive one
electron wavefunction(s) for each level belonging to

a given configuration.
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6.2 Suggestions for further work

Suggestions for further work are as follows: -

(I) Measurement of the 5p absorption spectrum of
Barium while in the excited 6s6p 1P1 level corres-

ponding to the excitation scheme (section 2.4): -

5p6656p 1P + hv -—>{5p5(656px5d6p)}ns,nd J=0,1,2
1 vuv

This spectrum was not observed in the present
experimental work due to the rapid depopulation (<10
[ns]) of the 6s6p 1P1 level into the 6s5d 3’1D2
levels by Amplified Spontaneous Emission (A.S.E.).
The characteristic time tO for this stimulated .

process to become important is given by the formula

(subsection 5.3.1): =

87 1n(1/a)
> :
Q c A A23 B N

2

Values for to in the present experiment varied between

2T m™3]) to 1.2 [ns] (N, 10720

1P1———655d 3D2 transition (the

0.12 [ns] (N2 no10
[m™3]) for the 6s6p
faster of 'the two). These numbers point to the need
to (a) increase to' and (b) probe the excited Barium
column immediately after optical exéitation with a

short (10 [ns] say) continuum pulse with a synchro-

nisation jitter of say ~1 [ns].

Increasing the characterisic time to can be

achieved by (i) usingnavlbnger furnace so that N2
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can be reduced while maintainiﬁg an adequate
Barium column density (ii) increasing the Autler
Townes broadening by increasing the laser flux
per laser mode and (iii) increasing 1ln(1/a) by
reducing the ratio of the diameter to length of

the laser excited Barium vapour column.

Generating a shorter continuum pulse could be
easily achieved by using a Nd:Yag laser. For
example the "HY 750" Nd:Yag laser by J.K. Lasers
Ltd. (U.K.) produces 0.8 [J] pulses of 8 [ns] FWHM
at a repetition rate of 10 [Hz].‘ Achieving reliable
synchronisation between such a laser and another
"indeﬁendent" dye laser of ~ 1 [ns] or better.would
be problematic. A better solutioﬁ would be to
frequency double the Nd:Yag output and use the
doubled radiation (53203) to pump a tuned dye laser,
and to use the unconverted fundamental (450 [mJ] for
the HY 750 laser system) to generate the samarium
plasma. Since the pulse lengths are so short,
synchronisation between the'dye laser and the
continuum source could be accurately controlled by

adjusting the optical delay of the unconverted

infra red beam.

Such an approach has two disadvantages.. (i) The.
pulse length of the dye laser (~5 [ns] typicaily)
will be shorter than the continuum pulse (V8 [ns])
(ii) The pulse length of the dye‘laser is so short
that the propargation time of the laser beam

through the furnace becomes significant. For



example a laser pulse would take 6.7 [ns] to
traverse a 2 [m] long furnace (such a furnace would
allow the reduction of N, by a factor of 10 on the
present work while maintainihg the same column
density). Both of these factors mean that the
Barium vapour would not be excited throughout the

continuum pulse.

A partial solution to this difficulty would
be to'split the dye laser beam into two parts usihg
a Glan Taylor polarizer, optically delay-.one of the
beams by ~ 5 [ns] and then "resplice" the two beams
using a second Glan Taylor polarizer to produce a
ﬁulse of v 10 [ns] length, see figure 6D1. Note
that the output from a Littman type oscillator

amplifier system is highly polarised.

(IT) Investigation of the occurance of Barium

dimers after laser excitation on the 632 180-——

6s6p 1P1 transition by absorption spectroscopy.

- The pulsed background source for such absorption

work might for example be a Nitrogen laser pumped

broad band dye laser.

The absence of additional absorption features
due to the presence of Ba; dimers in the above
experiment,would rule out the dimer suggestion for
the origin of the broad VUV features observed above

690A in the authors experiment, while their

presence would support it.



FIGURE 6D1: SCHEMATIC ARRANGEMENT FOR LENGTHENING A LINEARLY POLARISED LASER PULSE

A

B | £

Explaination

A 5 [ns] long (say) laser pulse linearly polarised at 45° to the plane ABC is split by
the Glan-Taylor Polaiser A into two equal parts. The path ABCD is arranged to be say
1.5 [m] longer than the the path AD (5 [ns] delay) and the two pulses are then "respliced"

by the second Glan-Taylor Polariser D to create a 10 [ns] long pulse.

N
=



The above experiment would also be of value in
cheaking the validity of the corrections proposed
by Jahreiss and Huber (1985) to the absolute
oscillator strengths of a selected number of Barium
transitions. In particular, these workers suggested
that the previous f values for transitions from the

6s6p 1P and 6s5d D., levels should all be scaled

1 2
by a factor of abﬁut 0.49. The experimental method
of Jahreiss et al (1985) involved recording the
"interferometric anomalous dispersion" (or Hooks
method) of Barium vapour at wavelengths close to

atomic transitions from populated Barium levels,

using a pulsed broad band light source. Their

v basic'assumption when deducing the above scaling

factor was that the known column‘density of Barium
atoms before laser excitation én the resonance line
at 5535i, was subsequently shared amongst all the
populated atomic levels (number density Ni) so that
N1, = IN;1,. The formation of Ba; dimers would
however remove some of the Barium atomic population
and thus give rise to a lower N, . This would result
in the calculated oscilator strengths fi being too
large since Nili « A2/fi in the Hook fdrmula,

relating the separation of the Hooks (A) to the

column density Nili'

(ITII) Measurement of the 5p absorption spectrum>

of laser excited 6s6p 1P1 and 6s5d 1D2 Ytterbium

(z = 70). Unlike Barium, 6s5d mixing is unimportant

in unexcited Ytterbium (Connerade et al, 197%9a) and
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will remain so in any excited state. Consequently
the 5p absorption spectrum of Ytterbium is much
simplier than that of Barium and may be regarded
as the hypothetical form of the Barium 5p spectrum
in the absence of.GS—Sd mixing (closed 4f. subshell
screens the nucleus effectively). Hence the
Ytterbium spectrum may be used to assist in the
unravelling of the more complex Barium spectrum

(subsection 2.3.1).

On an practical level, such experiments would
be more difficult than the present work as may be
deduced from the ¥tterbium partial term diagram,

figure 6D2. Populating the 6s6p 1P Yb I level

1
would require radiation at 3989.11A. Generating
this wavelength with a tuned oscillator amplifier
system which was pumped by a broad band coaxial
laser would not be a good approach. This is
because coaxial lasers are not very efficient at
3700-3800A. A better approach would be to pump

the tuned dye laser with the tripled output from

a Nd:Glass laser (v3550R). The unconverted
fundamental would be usea to generate the VUV
continuum as in suggestion (I). This approach
would have the advantage of good- synchronisation
between the dye laser and the continuum source.

Its disadvantage would be the shorter pulse length
of the dye laser output compared with the continuum
output. Nd:Glass has the advantage of producing

longer pulses than Nd:Yag and so the problems
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outlined in suggestion (I) are less severe. A
commercial laser suitable for this work might be a
Q.S.G. Series Nd:Glass Laser by J.K. Lasers Ltd.
(U.K.). This can produce 35 [ns] pulses with

energies up to 10 [J]ﬂ

3

Populating the 6s5d 1D level (or 6s5d “D

2 2

léevel) would require two photon excitation and would

be even more difficult. Resonant two photon excit-

ation of the 6s5d 1D2 level via either the 6s6p 1P1

or 3P1 levels would require high power radiation in

the infra red at 3.832 [um] or 1.032 [pum], respect-—

ively. The generation of tunable high power

radiation at these wavelengths would be very
difficult (Hutchinson, . 1985 Private Communication).

However non resonant two photon excitation of the

6s5d 1D2 level via a "virtual state" located Close

to the 6s6p 3P level is a viable alternative. This

1
is because of the fortuitous near coincidence of the

3 1
P1———635d D2

of a Nd:Glass laser at either 1.05 [um] (phosphate

6s6p transition wavelength to that
glass) or 1.064 [um] (silca glass). This near
coincidence is important since the liféiime of theA
virtuél state (v18 [fs] with 1.064 [um] radiation,,
AEAt ~ ) scales with the recipical of the energy
detuning from the real level. This in turn
decreases the infra red photon flux necessary to
depopulate the virtual state, within its lifetime,

into the 655d.1D excited state.

2



FIGURE 6D2: SIMPLIFIED PARTIAL TERM DIAGRAM FOR YTTERBIUM I

(TS )

ENereY [10%em™h

)

FIRST IONIZATION CONTINUUM [Yb* 65 S,
LLLLLLLL L L LI L L L L L LS

" J=0 J=1 )=2 J=3
6s7p P,
" 6s7p P 6s7p P, 6s7p °P;
6s7s 'S,
6s7s 7S, .

ALL THE LEVELS SHOWN HAVE
A CLOSED 4f SUBSHELL

(&S )

ENERGY [eV]

N

\n

|



296

A scheme for doing this experiment would involve
frequency doubling the output from a Nd:Glass laser.
The doubled output would then be used to pump a dye
laser tuned to 5508.74A (for 1.064 [um] radiation).
The unconverted infra red laser beam would be split
into two beams. One beam being used to generate
the plasma source, the other arranged to propergate
cdaxially and synchronously with the dye laser beam.
These two beams would then be injectéd into the

furnace containing the Ytterbium vapour.

(IV) Finally on the theoretical side, it would be
very fruitful to perform calculations on the
transitions from either the 6s5d 1D2 and 6s5d 3D2
levels to levels built on the mixed manifold
5p5(5d682x5d265x5d3) uging the m. D-F code of Rose
et al (1980). 1In section 5.3.2 it was suggested
that the m. D~-F code like ﬁhe Cowan code would give
poor results. This possibility was attributed to
the breakdown of the "Configuration State Function"
approach in the m. D-F code because of the extreme

sensitivity of the 5d wavefunction to individual

levels of a given configuration.



Appendix 1. List of Possible Transition Manifolds of the upper states

corresponding to the 5p absorption spectrum from the metastable

6ssadrlp) , 3 levels

596655d 102—- 5p5(632x635dx5d2)[2Pl/2’3/21 ns,nd =1
5p>(6s5dx5d?) [2D3,,1 ns =l
5p° (6s5dx5d2) [2D3,, 5,51 nd =1
5p>(6s5dx5d?) [2F5,,] nd ' =1
5pS6s5d 1D, —= 5p>(6s2x655dx5d2) 23,51 ns =2
5p5(652x655dx5a%) (2P /5, 3/5] nd =2
5p>(6s5dx5d2)[2D3 /5 5,51 ns,nd =2
5p5(635ax5d2) [2F5 )51 ns =2
5p° (6s5dx5d%) [2F5 /5 /5] nd Toa=2
5p66s5d 1p,—— 5p5(6s2x6s5dx5d%) (23,1 nd =3
5p3(6s5dx5d2)[2D5 /51 ns - =3
5p5(655dx5d2)[2D3/2'5/2] nd . =3
5p5(6s5d5d2) [2F3,5 7/5] ns,nd =3
5pS6s5d 3Dy —= 5p°(6s2x6s5dx5a%) [Py /5] ns,nd =0
5p° (652x655dx53%) [2P3,] nd =0
5p> (6s5dx5d2) [2D3 /51 nd =0
Sp5<sssd??4pl/21 ns - =0
Sps(GSSd?[4P3/2] nd =0
" 5pS(6s5a)T%Dy /51 ns =0
5p5(655df[4n3/21 nd - =0
5p5(6s5d)(4F3/,1 nd =0

*

erratum - "(6s5d)" should in fact read as “6s5<3x5d2) "

N
N
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spS6s5d 3p) —= 5p3(652x6s5dx5d%) (%P /5 3,51 ns,nd

596655d le—*’

SPGGSSd 302—*—

5p°(652x6s5dx5d2) [2D3 /5] ns,nd

5p3(655dx5d%) [2D5 /)

5p° (655dx5d%) [2F3 ;]

5p>(655dx5d2) [2Fg /, ]
5 ¥4

5p (6s5d) [ Pl/243/2]
5 ¥4

Sp (6s5d) [ P5/2] nd

*

5p3(6s5d) (%D /5 3/51

5p5(6s5d) 4

p s5d)( D5/2] nd
5 ¥4

5p (6s5d) [ F3/2,5/2]

nd
ns,nd
nd

ns,nd

ns,nd

5p°(6s2x655dx5a%) 2Py /51 nd

5p°(6s2x655dx5d%) [2P3 /5 5,51 ns,nd

5p>(655dx5d2) [2D; /,]

nd

5p>(6s5ax5d%) [2D3 /5 5/5] ns,nd

5p3(655dx53%) [2F5 ), ]
5p°(655dx532) [2F4 /,]
*
5p>(6s5a) 4P /5] nd
595(635d§&4P3/2,5/2]
Sp5<655d7ﬁ401/21 nd
5 ¥4y
S5p (6s54) [ D3/2’5/2]
5 ¥4
Sp2(6s54d)[ D7/2] nd
*
s5p°(6s5d)14F3 /5 5,51
5 T 4
5p2(6s5d) [ F7/2] nd

ns,nd

nd

ns,nd

ns ,nd

ns,nd

5p° (6s%x655ax5a2) [2Py/, 3,51 ns,nd

5p5(652x655dx5d2)[2b3/2] ns,nd

5p°(6s°x655dx5d%) [%D5 /,]1 nd

5p° (655dx532) [2F; /]
5p(6s5dx5d2) [2Fs5 /]

5p5

*
(655a) 1Py /5 3/5]
5 * 4
5p2(6s5d) ! P5/2] nd
*
*
5p°(6s5d) [ D5 /51 nd

W
5p°(655d)[*F3 /5 5,1

ns,nd
nd

ns ,nd

ns,nd

J=1
J=1
=1

J=1

J=2

=1

=1
=1

=1
=1
=1



5p®6s5d 3D, —=-

5p° (652x655dx5d%) [Py /5] nd

SPS(GSZXGSSdXSdz) [2P3/2 ,5/2] ns,nd

5p(6s5dx5d’ 2Dy /5] nd
5p° (655dx5d%)[2D3 /5 5,51 ns,nd

- 5p5(655dx5d%) [2F5 /5] ns,nd

Sp5(655dx5d2)[2F7/2] nd
5p5(5s5d?‘[4pl/21 nd
SpS(SSSd}‘[‘tP:;/z'S/z] ns,nd
Sps(ssSdﬁ“Dl/zl nd

5 %4
. 5p2(6s5di( D3/2,5/2] ns,nd

5p®6s5d 3D, —=—

*

*x
595<sssd)r4o7/21 nd

*®
SPS(GSSd)[4F3/2'5/2] ns,nd
5p5(655a)(4F; /51 nd

7/2
5p°(6s2x655dx5a2) [ %P3 /,] nd
5p>(655dx5a2) [2Dg /5] ns
5p°(6s5dx5d2) [2D3/5,5,,] ns
5p°(6s5dx5d2) [2F5 /5 7,51 ns,nd
5 ¥4

Sp (6s5d) [ P3/2] nd

*
Sps(GSSd)[4P5/2] ns,nd

*
5p5(655d) [ 4D /31 nd

*
595(655(1){405/2'7/2] ns,nd

*
5p5(6s5d) (*F3 /51 nd

~*
5p°(6s5d) (*F5 /5 7,51 ns,nd

5 N

5p°(6s5d) [*Fg /51 nd

=2

=2

=2

=2

=2

=2
=2

J=2

=3

=3

=3

=3
=3
=3

erratum - "(6s5d)" should in fact read as "655dx5d2) "

N
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APPENDIX 2 The Optimum Optical Arrangement for the

Osmium Coated Condenser Mirror

The optimum condenser mirror configuration
corresponded to that which maximized the fiux
density at the spectrographs film plane subject to
certain practical constraints described later. Note
that it does not necessarily follow that the
configuration satisfying the above requirement
simultaneously maximizes the flux density at the
slit. This observation will become clearer léter on
but essentially is a consequence of the astigmatism

of the grating.

Two schematic diagrams of the optical
arrangement are given below in figure 3D8 (i) and
(ii), in which (i) represents a magnification of the
source imaée on the spectrograph slit and (ii) a
demagnification. The source of brightness Ig [Wm'2
srad™1] was assumed to be circular with a radius
ng for the purposes of this analysis. The osmium
coated mirror of reflectivity R,y subtended a solid
angle @_ at the source and formed an image at the
spectrograph slit plane of width s[m]. Qi , the
solid angle of the cone of light subtended at the
slit, was related to QS by the equation =
MTZQi, where My is the transverse magnification of
the system. The limiting apperture of the system

was defined by the diameter of the laser excited

column of barium vapour. The Furnace as result of
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FIGURES 3D8(i) &(ii): SCHEMATIC DIAGRAMS OF TWO CONFIGUARATIONS
FOR FOCUSING THE SOURCE ONTO THE SPECTROGRAPH SLIT VIA THE
FURNACE

FIGURE 3D8(i) : MAGNIFYING CONFIGURATION

CONDENSER
MIRROR

SOURCE

FIGURE 3D8(ii) : DEMAGNIFYING CONFIGURATION

CONDENSER
MIRROR

FURNACE
___________ ] GRATING FILM

SOURCE



\N
N

the small diameter of this column should always have
been located in the longer ‘arm of the optical system
which corresponded to the smaller divergence cone of

light, as shown in figure 3DS8.

Experimental constraints on the condenser mirror

magnification

A knowledge of these constraints was important
for the assessment of the magnifying or demagnifying
arrangements. The maximum useful magnification for
the experimental system in a magnifyiné
configuration was x2. This value arose from the need
to separate the condenser mirror gnd the target by
at least 2.5 [m] for reasons previously explained in
subsection 3.3.1. Lack of laboratory space
precluded larger magnifications. If laboratory
space had not been important, the ultimate
limitation on the magnification would have been ~x12
at which point the diameter of the source's image
would have equalled\the furnace apperture (3.6
[mm]). The minimum useful magnification for the
demagnifying arrangement was ~ x1/5. This
represented, for the solid angle of 1light
transmitted by the furnace the point at which light
condensed onto the slit started to miss the edge of

the grating.
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Experimental constraints on the solid angles

transmitted by the furnace

In the demagnifying case, the furnace centre was
located 750 [mm] away from the source and a solid
angle of v 2 x 10“5 stéradians was transmitted; For
the magnifying case, the separation between the
furnace centre and the séectrograph slit needed to
be 1090 [mm] for a practical arrangement. This
distance being set by the necessity of reflecting
the dye laser beam off a small mirror located near
the spectrograph slit, whilst maintaining an adequate
overlap between the laser and the continuum beams in
the furnace core. The solid angle which could have4
. been transmittedin this case was smaller at ~ 1 x

10_5 steradians.

The analysis

The flux F falling on the spectrograph slit

plane would be given by the equation: -

_ 2
F = Io ™My Qs Ros (W]

| =

Brightnessj ZMirror reflectivity

Source area Solid angle effectively

collected by mirror
In the absence of any optical abberations this
flux would form a circular image of the source of
area ﬂni. Hence the flux density S at the slit

would be given by: -
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In.a situation where ni>s, the slit width, the
light throughput T into the'spectrograph,Would be: -

T ~ 2 351N, s

1 2

n 2I_R @ Ng5
O ©0Os s

[W] 3

Ny

The light throughput given by equation 3 is still
valid even if the condenser mirror exhibits astigmatism,
since the ideal image at the slit plane would just be
sﬁretched into a vertical elipse of the same width.
This light throughput T would then fall onto the
spectrographs grating and part of it would be diffracted
into first order. The final flux density at the fiim
would be proportional to the light throughput T divided |

by the spectrum height of the illuminated slit and on

the gratings astigmétism.

The image height at the spectrograph's slit was a

function of both the magification M, of the condensing

T
mirror and its astigmatism. The contribution due to
astigmatism would give rise to an image height x which
could be evaluated from the formula (Samson (1967),

p.14): - -

X = 2L v sin I tan I [m] - 4
R . PX pr | .-

where, L was the height of the mirror which was
illuminated, v the separation between the mirror and

the slit, R was the radius of curvature of the mirror



mirror and I.pr the angle of incidence. This formula _
may be derived easily form the formulae describing
the locations of the mirrors "Saggital" and
"Tangential" focii which are given in Longhurst

(1968) on page 370.

The height z of the contribution towards the’
final height h of thé spectrum due to the gratings
astigmatism is given by the formula (Samson, (1967)

page 14).
z = {sinZB + sin o tan o cos B} 1 [m] 5

where ¢ is fhe angle 6f incidence of light onto the
,grating, B is the angle of diffraction and 1 is the
height of the illuminated grating; Note that this
formula is only strictly correct when the image at
the slit exhibits no astigmatism. However, this
formula would remain approximately correct if the
astigmatisﬁ of the mirror was small compared with
"the grating. This assertion was checked in practice
'using ray tracing programs (see later). At this
point the analysis can conveniently be divided into
two parts. The first part refers to Figure 3D8 (ii)

and the second to Figure 3D8 (i).

Case 1 - A demagnifying arrangement

The {!_in equation 3 for T is a constant here and

using n,= MTns yields the following expression for the

wA
\n

|
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the light transmission: -

T(case 1) = 2 I_ R 0 Ng (W]

=)

Inspection of equation 6 shows that T is
maximi.ed by making My (the only variable here) as
small as possible, i.e. Mp = 1/5. However there is
little overall gain in the flux density at the film
because the height of the spectrum (~ x+2z) also
scales with ~v l/MT. This result follows since z,
the dominant contribution to the height of the
spectrum as is demonstrated in the numerical example
below, scales with the illuminated height of the

grating 1 (equation 5) which in turn scales with

1/Mg.

Numerical Example

Taking Mqp = 1/5 (the smallest practical)

let R = 1 [m] - A standard mirror
' substrate
I = 15° - The angle used in
pr X
practice
QS =2 x 10°° [srad] - Due to the furnace
and o = 12° ' - For the Jobin Yvon
i spectrograph
8 = 20.5° - At 600R for a 2400
) [lines/mm] grating
implies that . v = 580 [mm]
L = 14.6 [mm]
1l 25.6 [mm]



It therefore follows that x = 1.2 [mm] due to mirror

and that z = 4.2 [mm] due to spectrograph.

In conclusion, the optimum demagnifying
arrangement would be that with the highest possible
demagnification. This is because although the flux
density at the film is insensitive to magnification,
the height of the spectrum is maximized. The flux
density at the film of the numerical examplevgiven
would be:-

_2l

—-KT(case 1) _ . =10, » W m
FFilm(qase 1)= x + 3 1.4x10 KIO os'[ _

where K is a constant depending on the dispersion
and effiéiency of the grating and is therefore
constant for all configurations. Also the slit

width has been taken as 25 [umJ which was the

experimental value, and the source radius ng has been

taken as ~ 1.5 x 104 [m].

Case 2 - A magnifying arrangement

Here the S?sin equation 3 for the light
throughput is no longer a constant. It depends on
both My and Q. where i, represents the solid

angle of light which can fall on the slit via the

furnace. Qp is equal to ~1 x 1072 [srad] and
the relationship between QF and QS is

. _ 2 . _
summarized by QS = Mg ,QF. Again . n, = MT ng

and equation 3 for the light transmission past the

1

\N
o
\l

|
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slit reduces to: -
T(case 1) = 2IR_§.n_s M (Wl .8

This ﬁime f is maximized by making Mg as large as
possible (i.e. MT = 2). The spectrum height is now given
by v (x + 2 + Zni). Zni, which scales as MT’ is now
included because the image height at the slit (excluding
astigmatism) is no longer negligible. =z is now independent
of MT since the illuminated height of the grating is now
fixed by the solid angle QF subtended by the furnace

aperture. It can be shown that:-

2 ‘
L(MT + 1)Sin Ipr [m] 9a

"

X

. 2
o« MT(MT + 1)8in Ipr [m] 9b

L scales as M_, because the source-mirror distance should

T
not be reduced below 2.5 [m]. Hence for non zero Ipr,
th flux density FF,l scales as 1/MT (for large values
ilm

of MT) and is therefore maximized by taking MT as small
as possible (i.e. MT =1).

It is possible with a magnifying arrangement to "fold"
the source-condenser mirror axis almost on top of the
condenser mirror-spectrograph slit axis such that IprCiOO.
This is because the furnace is no longer in the way for
sufficiently large magnification. Therefore x (equation
9a) will no longer be significant and can be ignored.

So that the flux density F is relatively insensitive

Film
to MT' but is nevertheless maximized by taking MT as
large as possible (i.e. M_ = x2).

T
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Numerical Example

Taking MT = X2 (the largest practical)
Let R = 3.33 [m] . -Gives x2 magnification
2.5 [m] and 5[m] conjucates
I . 0°
pr —
Q, =1x 102 [srad] -Due to the furnace
and o = 12° -For the Jobin ¥Yvon
spectrograph
8 = 20.5° -At 600A for a 2400

[lines/mm] grating

which implies that: -

v = 5000 [mm]
L = 17.8 [mm]
1 = 3.5 [mm]

It therefore follows from equations 4 and 5 that

x>0 [mm]
z = 0.6 [mm]

and 2= 0.6 [mm]

The flux density at the film is given by:-

- KT (case 2) 1.25 x 10-10](1 R (W m—2] 10

F (case 2) (x+z+2ni) = oBss 10

Film
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Conclusions

The results summarized in equations 7 and 10 indicate

- that the best practical demagnifying arrangement is

marginally better (A/1.12.times) than the corresponding
magnifying arrangement, with regard to f£lux densities at
the film. This demagnifying arrangement also yields a
much larger spectrum height (x + z + Zqi) compared with

the "best" practical magnifying arrangement.

In practice, a demagnification of x 0.317
(1/3.15) was used for reasons given in subsection
3.3.1. No significant increase in the exposure time
would have resulted however since the flux density
at the film was relatively insensitive to
demagnification. Also this lower demagnification
reduced the angular precision to which the condenser
mirror needed to be aligned to just "~ 10 seconds of
arc (image diameter of source V95 [um]). The
manufacturers quoted values for the ultimate angular
resolution and angular setability for the ﬁirror

gimbol mount were 1 second of arc and 30 seconds of

arc respectively using manual micrometer screws. It

was anticipated that the resolution of the mount
with electrically driven micrometer screws would not
be so good. This was because these motors have a
minimum turning speed before they stall. In the

actual experiment it was found that these screws

were just capable of aligning the condenser mirror
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to the required 10 seconds of arc.

Ray tracing in this work

Extensive use was made of a ray tracing
programme written by Dr. M.Crisp, formally of this
laboratory, during the early design work on the.
optical system. This programme, called "PROCRT" was
written by Crisp as part of his postgraduate
research programme on the design of spectrograph
optics. As such, the programme turned out to be
nearly ideal for generating ray traces of given
optical layouts of the type discussed 'in this text:
These ray traces were used first, as a check to seé
if other optical aberrations such as coma besides |
astigmatism were significant or not. Second, they
were used as independent checks on the analysis
presented above with regard to the height of the
images to be expected at the slit and the film
plane. It was found that only astigmatism was
important in this work and that the heights of the
images due to astigmaﬂism, as predicted by the
preceding analysis were approximately correct.
Figures 3D9, 3D10 and 3D1ll shows a typical output
for a x1/3 demagnifying arrangement using a 1.5 [m]
radius of curvature mirror at 15° angle of
incidence, the experimental spectrograph and a solid
angle of only 3.8 x 10-6 [srad] transmitted by a

square apperture in the furnace. Figure 3D9 shows

the image at the slit due to the mirrors



FIGURE 3D9: IMAGE ABBERATIONS AT THE SPECTROGRAPH SLIT

DUE TO THE CONDENSER MIRROR

xx X x 0 &300 x X *
Xx X x x % x x
XX X X x h_J x x
xx X x x x x %
XX X x x x x | *
xx X x x x x x
XX X x '- x x X
——— P —————— 22 -— - -—
‘O°001xx x x x p x Q:OOI
xx X x x x x x
XX X x x X x x
XX X x x x x x
xX X X » x x x
xx X %X x x % X
xx X @ x —0‘300)' 2 .
SCALE IN MM.

Calculated abberations for a x 1/3 demagnifying arrangement using a
1.5 [m] radius of curvature mirror at 15° angle of incidence and a
3.8 x 10 °[srad] solid angle (square apperture) pencil of rays.
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astigmatism. Figure 3D10 shows the image at the
film plane for 6004 rays due to thé gratings
astigmatism alone. Lastly, figure 3Dll shows the -
image at the film plane for 6002 rays due to the
combined astigmatism of both the mirror and the
grating. The values of x, z and x+z as deduced from
formulae 7 and 9 were 0.6 mm, 1.12 mm and of course
1;72 respectively. These values are in good
agfeement with the ray traces for x and z, but the
real x+z is in fact ~ 13% larger than the height of
image at the film as predicted by the ray trace

programme.
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FIGURE 3D10: IMAGE ABBERATIONS AT THE SPECTROGRAPH FILM:

PLANE (600A) DUE TO THE GRATING ONLY

1.000

~-0.001 x 0.001

-1.000

SCALE IN MM.

Calculated akberations at the film plane of the experimental spectro-
graph (Chapter 3) arising from its grating only for a pencill,of
radiation (at 6008) of 3.42 x 10 ° [srad] (=(1/3)% 3.8 x 10 [srad])

solid angle.
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FIGURE 3D11: IMAGE ABBERATIONS AT THE SPECTROGRAPH FILM
PLANE (600A) DUE TO BOTH THE CONDENSER MIRROR AND THE
GRATING

1.000

¢ x ®OX M X
T ® x o X X
» » = xRk X
x x x X X XX
.>« = x x X XM

x X XX

2dbs.

x x xx 0.002

x X XM

-0.002 »® x

4
¥
“l’i

b *x x X OX X

b3 x 3 x X X x

» x x X X xx

-1.000

SCALE IN M.M.

Calculated Image abberations at the film plane arising from both the
condenser mirror (1/3 demagnified image, 1.5 [m] radius of curvature,
15° angle of incidence) and the grating of the experimental spectro-
graph (Chapter 3). The spot diagram corresponds to the point spread
function for a 3.8 x 10 ®[srad] (square apperture) solid angle
pencil of rays (6008) collected by the condenser mirror.
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APPENDIX 3 Summary of Pipe Conductances in the

Molecular Regieme

The following information was obtained from the
reference by Turnbull et al (1962). The original
formulae were published with lengths measured in
imperial inches. Those quoted below have been

converted to metric.

Nomenclature

D = Pipe diameter [cm]

L Duct length [cml]
A = Crossectional area [cm2]
Conductance in parallel Cqp = C; + Cp [L/s]

Conductance in series 1/CT = l/Cl + l/C2 [L/s] .

Long circular pipe C =12.25 D3/L [L/s]

Short circular pipe C=12.25 D3/(L + 1.33D) [L/s}
(approx)

Orifice of Area A C =11.63A [L/s]

Orifice of Area A in C=11.63 A Ao/(Ao + A) [L/s]

plate blocking the end

of a pipe of area Ao

Bend or. elbow - The conductance of a beqﬁ of
circular crossection is the same as
that of a short circular pipe of
equal diameter and of length equal
to the length of the bend measured

along its centre line.
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Appendix 4 Preparation of a line list from optical

comparator measurements

Preparation of a line list from these
measurements involved three basic operations similar
to those discussed in Chapter 4: First, the
positions of lines observed in the excited state
spectrum were measured and absorptién/emission lines
from the continuum source were identified. . Second,
a set of wavelength standards were selected from the
source lines together with a few ground state Barium
abéorption lines. The wavelengths of these lines
were known from the work of Connerade et al (l979a{.
From these lines a disPefsioﬁ curve could be
generated in the manner described léter in this
appendix. Thirdly, the measured positions of the
lines on the photographic plate were converted into

wavelengths.

A Carl Zeiss Jena (East Germany) Optical
Comparator with a resolution of 1 [ Pml was used to
. measure the positions of the spectral lines. The‘
instrument as fitted with a pair of microscopes, one
to look at the spectrum and the othér at a )
millimetef scale. Setting up the instrument
invdlved first adjusting the microscope looking at
the film until the image generated by its objective
lens lay in the plane of the microscope's

"crosshair" graticule. This focussing condition was

confirmed by the lack of parallax between the image
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of the film and the graticule as observed through

the microscope eye piece. The photographic film was
then rotated until the "crogshair" of the graticﬁle
ran perpendicular to the spectral lines as the plate

was scanned in wavelength.

It was found that weak Spectral lines in the
spectrum could not be resolved with a high
magnification eye piece (x6.3) due to the lack of
contrast in‘the magnified images. The best results
were achieved with a low magnifying'EYe piece (~x3)
with which the "crosshair" could be set onto the
centre of a typical spectral line with ;n accyracy -
of ~10 [Pm]. This value was however dependent on
the contrast of the line with respect to the

background and was therefore dependent on both the

- intensity and width of the line. A figure'for the

accuracy to which lines were measured was gained by
measuring the spectrum twice, first going from long
wavelength to short and then vice versa. Enlarged
photographic prints of the three spectra recorded on
a single film during an experiﬁental run were used
to tentatively identify spectral lines arising froﬁ
a residuél Barium ground state populatién in the
excited state spectrum. They were used as an aid
for picking out the two sharp impurity lines in the
continuum source at 555.9A and 554.4A. These two
lines as well as the two emission lines at 790.0A
and 787.6A were vital for accurately generating the

wavelength dispersion curve of the excited state
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spectrum and thus calibrating the spectrum in

wavelengths as will be now seen.

To avoid any inaccuracies arising from chanée
co-incidences between ground state and excited state
absorption lines, the dispersion curve was
constructed purely from the ground state spectrum on
the same plate and was applied to the excited state
spectrum by using the above four source
aBsorption/emission lines as transfer standards. It
sﬁoula'be noted that these lines lay in regions
where there are very few (or no) 5p absorption lines
due to the Barium metastable D states. This
technique of course assumes that any irregularities

along the film will be the same for‘both spectra.

The dispersion curve representing the functional
relationship between the line positions on the film
and their corresponding wavelength was generated
using a Chebyshev Polynomial fit routine (Connerade
and Baig, 1984, Private Communication), with the
coefficients being chosen by the method of least
squares using the calibraton lines decribed above.
The errors between the fitted curve and the
calibration lines used to genérate it were outputted
by Connerade's program permitting the identification
of any incorrect calibration lines. The fitting
routine was then re-run using only the "correct"

calibration lines and the wavelengths for all the

other observed lines were outputted by merely
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entering their spatial positions on the "plate".

Wavelength errors arose from inaccuracies in the

measured positions of the lines (approximately

deduced by measuring each line twice). Thus a
knowledge of the recipical linear dispersion-(3.95
[i/mm]) permitted an assessment of the wavelength

error on each line.



Appendix 5 Derivation of the time t_ taken for the

stimulated rate to equal the spontaneous rate for

the transitions 6s6p 1P; - 6s5d 3p, and lp,

Saturation of the 6s2 lSO - 6s6p lPl transitions
by a high power dye laser gives rise to a population
inversion between the 6s6p lPl and the 6s5d 3D2 or
lD2 levels. This gives rise éo the possibility of
stimulated emission, the importance of which may be
assessed by deducing the time t, for the stimulated
rate to equal the spontaneous rate. The following
derivation follows that given by Bowen and Thorne

(1985).

Let 1 and 2 be the lSO and lPl lévels, locked in

equilibrium by the laser, while level 3 designates
either lD2 or 3D2. The 3P levels can be ignored |
because they'are populated collisionally, much more
slowly. The spontaneous emission rate for the

transition 2-=3 is NyA,3 [photons s~1

em™31, of
which a fraction o travel along the vapour column
while the remainder were lost. Like Carlsten, we
assume a rectangular line shape of width [ (Hz) for

this transition. Then if p is the photon density,

the stimulated emission rate is: -

(N2323 - N3B32)FHD/P [S-l C'm-3]

N
N
[



where the Einstein coefficients are defined for
energy density per Hz. Initially N3é0 and N, is
maintained at a constant value g,/(g;+g,)N by the
laser. The early stages of the process are

therefore described by the equation: -

dp N2C )\ZA'23 P
= B( + aN, A

)
at 8 m T 2 723

|~

where we have used the Einstein relation between By,
and‘A23 and introduced the factor P to allow for
photons escaping along the length of the column. 1In
terms of the absorption coefficient k, over the

rectangular line: -

B = 1 - exp(—kol )

3
1
where 1 is a 'typical' length (say half the column
length) and (since N3X0)
- - 2
koI = N, Byy hv /e = N, A A,5/8m 4
The solution to equation (2) is
81 T'a
p = ——— ( exp(KB Nyt) - 1) 5
c A - -
where
2
c ATA _
K:—-————2—3 . é
8t T

The time to taken for the stimulated‘rate to equal
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the spontaneous rate will determine whether

stimulated emission is significant. For equal rates

In(1/0 ) g1 1n(1/a )

tO = = 2 _7.
KB N, c A A23B N,

using equation (5), exp (KpNZto) = 1/ +1™ 1/, since

A <<1l, therefore
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Appendix 6 Identification of the main limitations

of the apparatus and suggested improvements

The experimental technique of probing inner —
shell excitations with a VUV continuum SOurée after
prior excitation of a valence electron to a
selectively excited state is an important new
development. Its value lies in the ability to probe
different excitation channels of the atomic inner
shells not normally accessible from the ground
state. The results of these studies may then be
compared with theory and thus assist in the
refinement of the latter. Consequently it is likely
that such work will be done again in the future. It
is therefore useful to identify the weaknesses of
the present apparatus and to suggest improvements in

anticipation of such future work.

Tﬁe‘spectral resolution achieved in this
experiment was not particularly high at O.lﬁ, but
higher resolution work would have been impractical
with the present apparatus due to the limitations of
the pump dye laser as will be seen later.
Nevertheless, this experiment demonstrates the need
for higher resolution work since only the most |
prominent features of the complex spectrum were
resolved. The suggested improvements to be
incorporated in any future work, are made with a
view to matching the resolution of 0.005A achieved

by Baig et al (1984) on the Barium ground state spectrum.
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The Dye Laser

(i) Limitations

Without any doubt the weakest link in the
apparatus was the dye laser system. The chief
problem being the extremely poor repetition rate of
2 [shots/minute]. .This was governed by the
relaxation time of the thermal turbulence generated
in the oscillator and amplifier dye cells by the
pump laser. The obvious answer would have been to
flow dye in both of these cells using a pair of
circulation units. However each unit would have
required about a quarter of a litre of dye solutioﬁ
which would have cost £100 a refill at 1984 prices
(For Coumarin 540A). This was prohibitively
expehsive bearing‘in mind the very limited resources
available for this work. Nevertheless, from én
experiméntal point of view it was thé only viable
solution. Had the dye been flowed, the repetition
rate of the dye laser system would have been
limited by the repetition rate of,the_cbaxial laser
to about 6 [shots/minute]. Keeping in mind time
wasting factors succh as for example, the time taken
to record the delay between the dye and ruby laser,
two of three spectra could have been recorded in the

time taken for just one in practice.

The other major limitation of the dye laser

system was the relatively low output power of only
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70 [kW]. This restricted the column density and
area of the Barium vapour column which could be
optically excited to the values given in section
3.4. Higher column densities would have been
desirable in order to bring out the weak features of
the Ba(6s5d) 5p absorption, while pumping a larger
area of the vapour column would have cut the number
6f shots required for a spectrum. Achieving these
two aims would have required a more powerfui pump
source for the oscillator-amplifier. The peak power
from the experimental Co-axial laser was about 1
[MW] but it was a very inefficient pump with a pulse
length (FWHM) of over five times that of the tuned.
output (section 3.4). Particularly bad was the fact .
that Ehe tuned output envelope fell within the

rising edge of the pump laser.

(ii) Suggested improvements

For this experiment a more powerful (MW) but
shorter pulse length pump source would have been
more appropriate. The "SLL 500M" Co-axial flashlamp
dye laser marketed by Candela Corporation (US) fits
both of these requirements. This system produces 15
[MW] (3.8 [J] in 250 [ns] FWHM) of broad band
emission centered at 49003. Other characteristics
of the system are synchronisation' reproducibility -
of up to 45 [ns] and its maximum repetition rate of

0.5 [Hz] at 3.8 [J]. An additional pair of

amplifying cells for the tuned laser would have been
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necessary to efficiently utilize the additional
power available from this source. Tuned outputs in
excess of 140 [mJ] for the same pulse length of
~100 [ns] FWHM (31.4 [MW]) would have been expected

compared with the present 7 [mJ] maximum.”

The cost of the Candela SLL 500M system is not
cheap at £26,400 (1985 prices). Nevertheless the
twenty lines (plus) improvement in tuned‘output
would have been invaluable for work at higher column
densities and/or higher spectralAresolution.
Consider for example the recent experimental work of
Baig et al (1984) mentioned earlier. They used a 3
[m] vacuum spectrograph with a recipical dispersion
of 0.27 [A/mm] at a slit width of 10 [pm] to give
them a resolution of 0.005&.% -a spectrum at their
resolution would have required around 6000 shots for
the same. optical arrangement, spectrum height,
grating efficiency and furnace éonditiohs of this
work. (They don't quantify either the astigmatism
or grating efficiency of their spectrograph.) This
is clearly out of the question for the laser used in
this work. However this enormous figure could have
been cut by a factor of twenty (plus) to a more
manageable 300 shots or less by pumping a larger
diameter of Barium vapour using the laser specified

above.

*The figure of 140 [mJ] is based on the additional
amplifiers having the same efficiency as the
experimental amplifier. As such the figure is
probably very conservative since in practice passive
amplifiers tend to be more efficient as the number

of stages increase (Loth and Meyer (1976)).

+Resolution was limited by number of illuminatedgratings.



The Furnace

(i) Limitations

In_section 3.7 a method for maintaihing high
column densities of Barium vapour in the furnace
optical axis without using a buffer gas was
described. However the furnace was not at all
suitable for the installation of such a "dynamic
containment system" because of the ovens side ports.
The necessary isolation between the interior of the
containment system and these side ports was achieved
by a pair of concentric rolled sheets of stainless
steel. Thiélapproach was obviously unsatisfactoryu
but was used because of the urgent need to quickly
fabricate a workable system in the shortest possible
time (i.e. days). The urgency arose from the lack
of remaining time for further experiment work. 1In
the event successful spectra were recorded but the
vapour containment of the device was inefficient.

As a result, a great deal of time was wasted
stripping the furnace and reloading with fresh
Barium between experimental runs. - Another
consequence of the inefficiency of the experimental
containment system was that higher column densities
could not be maintained for sufficient lengths of

time to record a spectrum.
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(ii) Suggested Improvements

Future work should be done using a furnace_
consisting of a simple tubular jacket with no side
ports. The central region of the heaﬁed section
would be enclosed by a pair of tight fitting stops.
A long tube of inner diameter equal to the
" excitation laser beam would confine the escaping
vapour to the laser axis as usual. The tight
fitting stops would be made out of thin metal sheet
to enable the core to be knocked out after use as

recommended by Tracy (1975).

A dynamic containment system of the type
described by Tracy (1975) is recommended whenever
VUV absorption work is being performed on metal
vapours, since they require no buffer gas. Hence
the entire vacuum system may be pumped continuously
without the difficulties of maintaining a static
column of buffer Qas within the furnace using a

differential pumping system.



N
]

Appendix 7 Novel focussing arrangement for

improving the "useful" power output of the plasma

continuum source

In this appendix a novel focussing arrangement
which could be used to decrease the number of shots
required for recording a photographic spectrum will

be described.

The intensity of the continuum emitted by the
laser generated plasma has been found to be weakly
dependent on laser energies above about one Joule
(O'Sullivan, 1982). O'Sullivan does not advance any
specific opinion on the reason for this results, bet
it must be connected to the reflection of incoming
radiation by the-plasma's free electrons. This
occurs when the plasma and laser frequencies become
equal, and further energy ;s only absorbed to
maintain the electron density of the expanding
plaema such that the plasma frequency remains
unchanged. The net result is that further increases
in the laser energy above one Joule are not very
effective if a spherical lens is used for focussing

the laser beam onto the metal target.

This is no longer the case if a cylindrical lens
is used to produce a line image on the metal target.
The ideal would be to exploit the basic astigmatism
of the spectrograph. That is the property where

every point on the slit is focussed onto a line
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image of height equal to the "point spread function"
of the grating. The height of the point spread
function will approximately equal the height of the
spectrum provided the illuminated length of the slit
is small by comparison. It therefore follows that

the flux density at the film will scale with the

length of the "plasma line" in this case, since the
brightness of the plasma is restricted by the plasma

frequency.

The approach for setting up such a focussing
arrangement for best results might be as follows.
The output of say a 10 Joule Q switched laser would
~be focussed onto the target using a cylindrical and
spherical lens to produce a line image. The laser
output would then be increased until the "turnéver
energy" was reached where the continuum intensity
becomes weakly dependent on laser energy. The
length of the "plasma line" would then be changed by |
moving the cylindrical lens with respect to the
spherical lens until the turnover energy occurred at

10 Joules. -

The maximum useful height of the plasma line,
with regard to minimizing the number of shots
requi?ed for a spectrum, would be determined by
equating the height of the continuum image at the
spectrograph slit to that of the spectrographs point
spread function. Consider for example the

instrumentation used for this experiment. The



height of the spectrum due to the astigmatism was about
5.4 [mm] (For completly filled grating corresponding to
1/5 demagnifying arrangement). Thus the maximum-useful
plasma.length,would have been 13 [mm] bearing in mind
the demagnification of 2.4 of the osmium coated mirror.
Note that in practice the diameter of the optically
pumped column of Barium at 3.6 [mm] would have been

the true limiting value on the useful height of the

plasma.
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