oLA

'(J“’.)"a:Ls;)u)r )J

\..u“"‘ v__)r*__,_uo’)ubs,)b/
'JUl ))L»)( ) JJ} )9
ERE S SR RU AR ,ft 2 19

B HY

Hew out a way of your own with your own axe

It is downright damnation to tread the beaten track.
If you do something really unique, it becomes a virtue
even if it is a sin.

IQBAL



SPECTROSCOPIC- - STUDIES OF ATOMS AND MOLECULES

USING SYNCHROTRON RADIATION

by

MOHAMMAD ASLAM BAIG
M.Sc., M.PRIT.—

A Thesis submitted for the degree of
Doctor of Philosophy
in the

University of London

Department of Physics

Blackett Laboratory

Imperial College of Science and Technology
London S.W.7.

October 1979,



SPECTROSCOPIC STUDIES OF ATOMS AND MOLECULES

USING SYNCHROTRON RADIATION

by

MOHAMMAD ASLAM BAIG
M.Sc., M.Phil,

A Thesis submitted for the

Diploma of Imperial College

Department of Physics
Blackett Laboratory

Imperial College of Science and Technology
London S.W.7.

October 1979



ABSTRACT

The absorption spectra of several atoms and molecules have been
investigated in the region 700-2000 R in the first order of a 1m normal
incidence vacuum spectrograph equipped with a 1200 €¢/mm grating, using
synchrotron radiétion as the background contﬁnuum source, In atoms,
the spectra of Mg I, Ca I and Sr I due to simultaneous excitation of

both the valence electrons have been recorded. Rydberg series converg-
ing on the 3p 2P-|/2 3/2 in Mg I, 4p ZPV2 3/2 in Ca I and 5p 2P-|/2 3/2

1imits in Sr I have been observed. Single excitation spectra above

the first ionization potential, 3d-subshell excitation in Mn I, 4d-subshell
excitation in Ag I and 5d-subshell excitation of Au I have been observed
for the first time and the experimental results are compared with

ab initio Hartree-Fock calculations.

The molecular spectra of Si 0, Ge 0, A& F, P2 and PN have been
observed, In the spectrum of Si 0, Rydberg series converging on the
ground state of the ion have been found yielding a more accurate value
of the first ionization potential. Another Rydberg series has been
detected, above the first ionization threshold converging on the Bz'z:+
state of Si 0%. 1In the spectrum of the Ge 0 molecule we have identified
Rydberg series converging on the X241:# state of Ge 0% which gives a
more reliable Qalue for the first ionization potential of Ge O, The
spectra of A £ F have been generated using different techniques than
employed by previous investigators and numerous new bands have been
found. There is a clear evidence of the existence of the Rydberg series
but a detailed analysis was not performed because of the low resolution
available to us. The spectra of the PN and P2 molecule have been record-
ed by the thermal decomposition of P3N5 and weak features arrangeable
into Rydberg series are attributed to the PN molecule. It is suggested

that such observations could be extended into the X-ray region in order

to observe inner shell excitation, if absorption columns of adequate

vapour density can be produced.
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CHAPTER -I

GENERAL INTRODUCTION

1.1 Introduction

Currently, vacuum ultraviolet spectroscopy of atoms and
molecules is attracting much interest because significant departures
from the Independent Particle model have been found. In addition,
certain phenomena occur in this part of the spectrum which can be
understood within the broad framework of the Independent Particle
modé] but which, nevertheless, reveal the importance of electron-
electron correlations, viz. autoionization, predissociation and
simultaneous excitation and/or 1oniiation of two or more electrons.

With a photon of energy 10-100 eV, one breaks into the sub-
valence shells of the atom. The excitation of the valence electron,
in the visible ultraviolet region, and the excitation of the inner
shell electrons, in the X-ray region, can be very well rebresented
by the independent/quasi particle model. It has been realised that
new models are needed to describe photoexcitation at wavelengths which
correspond to the binding energies of the inner valence shell,

Beutler (1933) carried out pioneer work on the vacuum ultra-
violet absorption spectra of many elements and noble gases in the
region 600-1200 R, observing many well developed Rydberg series
belonging to the normal arc spectrum converging on the ground state
of the jon together with Rydberg series converging on the excited
states of the ion. Beutler (1935) discovered several autoionizing

2P0 ground state of the ion

Rydberg series between the levels of the
in the noble gases. The spéctra of noble gases have been extensively
studied by Madden and Codling (1965) using synchrotron radiation as
the background continuum., Madden and Codling (1965) observed not

only the single excitation from the inner shell but also the double



excitation involving one electron from the inner shell and one from
the outer shell, or both electrons from the same shell, The
absorption spectrum of a neutral atom contains numerous Rydberg
series of lines whose convergence limits correspond to the various
excited states of the residual positive ion. All the lines of these
series 1ie above the lowest ionization limit,. therefore they correspond
to transitions of the atom from its ground state to discrete excited
states which are stationary only in an independent electron approxi-
mation, The configuration mixing or interchannel interaction cause
“these discrete states to autoionize into the continuum. Some of
these excited states differ from the ground state of the jon by
having a vacancy in an inner shell or subshell rather than in the
outer subshell; they represent the thresholds for photoionization

of an inner electron,

1.2 Independent Particle Model

To describe the electron states in an atom, one proceeds from
the assumption, (central field approximation) that each of the atomic
electrons moves in a spherically symmetric potential energy U(r)
that is produced by the nucleus and all the other electrons. The
potential energy, U(r) for a neutral atom has the Coulomb form -e2/r
at a greater distance r from the nucleus, since the removal of the
electron whose potential is being measured leaves a singly charged
positive ion. The Schrodinger equation for én electron in an

arbitrary centrally symmetric field U(r) has the form

vy +%2[E— v | Y =o
This eqﬁation differs from the Schrodinger equation for the hydrogen
atom only in that the arbitrary potential U(r) appears here instead
of the Coulomb potential -e2/r° The angular momentum is conserved

during motion in an arbitrary centrally symmetric field, therefore



each stationary state can be characterized by the assignment of the
quantum numbers € and m. The wavefunctions for stationary states

have the form
Y = R(r)Yga(ed)

where 7’26(943) are spherical functions and the radial part of the
function R(r) is defined>by the equation

id 2dR m - =
L & (r'9®) - ccar+z1)g+gﬁz{e V(D | R=0

This equation has finite and continuous solution only for definite
values of E. The set of these values determines those possible
energy values which a particle may have for motion in the given field
The effective potential energy in the above equation:

ULr) = U(T)+—’§‘; Q_(f'-_:_%)_
contains € , but does not depend on m. ‘Thus the levels are
degenerate with respect to m. The character of the motion of a
particle in a centrally symmetric field is completely determined by
the values of E, £ and m. There do not exist two different
wavefunctions \ corresponding to one and the same set of numbers
E, ¢ and m. (excluding spin).

In the independent particle model, it is assumed that the photon
is absorbed by one electron in the n{ th su55he11 of the atom. This
electron is then excited into the discrete state (photoabsorption)
and into the continuum state (photoionization). The relaxation of
the remaining electrons is neglected and consequently the photoionizat-
ion process reduces to a one electron problem. This model has been
extensively used by Manson and Cooper (1963), Combet Farnoux (1967),
McGuire (1967) who chose Herman and Skillman (1963) potential as U(r).
Their calculations allowed them to point out the existence of important

features in the spectra over a large scale of elements and a relatively



broad energy range: (i) existence of a Cooper minimum in the cross
section when an electron is ionized from a subshell with at least one
node, (ii) the cross section relative to an np subshell often

shows a decreasing behaviour from the threshold up to the Cooper
minimum because of a potential barrier which keeps far out the low
energy continuum states.

Hartree (1957) developed the self-consistent field method and
it was assumed that each electron in a multi-electron atom is
described by its own single electron wavefunction. The potential
experienced by a particular electron is due to the nucleus and the
remaining (n-1) e]ectrdns,' The part of the potential due to the
remaining electrons is expressed in terms of their radial wavefunctions.
Similar equations can be set up for each of the n-electrons. The
radial wavefunctions generated by the solutions of these equations
are used to produce a better approximation to the potential, which
in turn is used to produce better wavefunctions. This process is
continued until self-consistency is obtained,

This simple one electron model is expected to breakdown in the
soft X-ray region for the following reason. It assumes that electrons
in the various subshells of an atom can be adequately described as
moving in a screened Coulomb field. This assumption is expected to
be valid only for the-innermost subshell. At photon energies -large
compared to the binding energy of a single electron in the subshell,
two electron processes make a contribution to the total absorption
which suggests that electron-electron correlation should also be
considered.

1.3 'Delayed Onset Effect

It was discovered that the continuous absorption cross section,

which had always been thought of as decreasing uniformly with increasing



photoq energy after the initial rise just above the threshold, can
exhibit peaks many eV higher than threshold, while the absorption
just above the threshold is very small. This effect was described
as the ‘'delayed onset' of continuous absorption. An explanation,
in terms of the independent particle model, was provided by Cooper
(1964) who pointed out the importance of the angular momentum
potential barrier for the outgoing (& =3) electron. The effect of
the £ (€+1) V‘?Zmif’cem in the Schrodinger equation, which is the
analogue of the centrifual potential in classical mechanics, tends
to keep electrons away from the core. At threéhold, the continuum
funcfion hardly penetrates the core, and the spatial overlap between
the initial and final state function is very small. As the kinetic
energy of the outgoing electron increases, its ability to penetrate
the barrier 1ncre§ses also and the overlap becomes larger. This
continues until the negative part of the continuum function overlaps
the core function, when phase cancellation sets in and the overlap
integral falls off. Since the photoionization cross section is
proportional to the square of the overlap integral, we have a simple
explanation of the delayed onset effect within the independent particle
model.

In the case of heavy elements, two absorption maxima can occur,
Cbmbet Farnoux (1969), Connerade et al. (1973,1975,1976) owing to
superposition of the 4f —»d and 4f—s g channels, both of
which exhibit delayed onset, peaking at different energies above
threshold.

1.4 Wavefunction Collapse

Wavefunction collapse is a term used to describe the sudden
transfer of a wavefunction from the outer valley to the inner valley
of a double valley potential when a relatively small change in the

potential occurs.,



The effective potential

2
¢+1)h
veff(r) - Vcou]omb(r) + géi__%_l“_

mpr
e

for a given atom must be established by a calculation and it may
differ significantly for different configurations of the same atom.
Supposing that Veff(r) has a double valley, we may interpret this
as follows. Starting from large r and moving inwards towards the
nucleus, the outer valley, where the potential is dominated by the
Coulomb term for the (z-1) electrons in the field of which an outer
electron moves. As we proceed further inwards, the repulsive

centrifugal term € (& +1)2/2mer2

takes over and Veff rises quite
steeply. We then begin to penetrate the atom and screening drops
sharply, so that the electron is exposed to a much stronger nuclear
field. However, because of the fast increase of the 'l/r'2 dependence
at small r, the repulsive term takes over again and dominates Veff(r).
If we now produce a core hole inside the atom, the situation
becomes even more interesting, because the atom tends to resemble
the next adjacent element in the periodic table. Wavefunction
collapse may not occur in the groundstate but it may occur in the

core excited state because the radial potential is different.

1.5 Configuration Mixing

According to the independent particle approximation, the
electronic states of atoms and molecules are usually classified as
belonging to various configurations. The energy levels of the same
parity and J-value arising from two (or more) close or overlapping
configurations appear to exert influences on each other. These
influences are generally termed perturbations and are usually revealed
by energy level shifts from the expected positions and line intensity

and shape anomalies. An explanation of these effects may be



formulated in terms of configuration mixing: the wavefunction of an
atomic state is considered as a 1inear combination of the wavefunctions
of states of idealised configurations. The apparent breakdown of

the simple selection rules and the asymmetric broadening of certain
absorption Tines may be attributed to the mixing of different config-
urations. Garton and Codling (1960) reported the absorption spectra
of alkaline earths, observing Rydberg series due to simultaneous
excitation of both valence electrons, which are due to the configur-
ation mixing in the ground state.

1.6 Autoionization

The interaction of a photon having energy‘greater than the
first ionization potential of an atom or molecule causes photoionizat-
ion.when the energy of the incoming photon is sufficient to excite a
high lying discrete state (due either to the excitation of an inner
electron or to the simultaneous excitation of two electrons), the
atom or molecule 1is promoted into a quasi-stable state 1ying above
the first ionization threshold and this excited state undergoes’
radiationless decay into the adjacent continuum leaving a free electron
and a positive ion. This phenomenon is termed autoionization and

the excitation process can be represented as
k% 4 -
A +h—» A ——> A +e +K-E.

where A 1is the target atom in the ground state, hY is the
incident photon energy, A** is the excited state of the ion, AT s
the resultant fon in the ground state, e  is the ejected electron
and K-E is the kinetic energy of the electron.

Autoionization may occur when the wavefunction of a discrete
energy level mixes with that of a continuum of states arising from
a configuration of the same parity and J-value and of equal energy.

Absorption transitions to this mixed state exhibit properties of
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both the discrete level and the continuum in that resulting broadened
absorption lines are found. A detailed consideration of the inter-
action of a discrete level with a continuum has been given by Fano
(1961) who was able to explain why such absorption lines are often
asymmetric. It was pointed out that autoionized levels manifest
themselves in continuous absorption spectra as very asymmetric peaks
because, in the mixing of configurations to form a stationary state
of energy E, the coefficients vary sharply when E passes through
an autoionized level. This remark accounted qualitatively for the
character of rare gas specfra in the range betﬁeen the two ionization
thresholds corresponding to the doubled ZP.I/2 and 2P3/2 ground'
state of rare gas ions,

When an atom is in an autoiénizing state it is energetically
possible for it to decay spontaneously into an ion plus a free electron.
The probability of this process depends on the strength of the inter-
action between the configurations involved. Autoionizing levels

usually have much. shorter 1ifetimes than other levels of comparable

13 . -14

excitations. As a result of this short lifetime, typically 10 °-10" ",
the intensity of emission lines arising from the autoionizing level
become so low as to become practica11y unobservable, This weakening
does not arise in observing optical absorption spectra since the
absorption intensity depends only on the population of the lower level
and the oscillator strengfh. Autoionizing resonances occur in
absorption measurements as discrete structure superimposed on the
direct photoionization continuum. In the autoionization region, the
absorption 1ines have a sharp ‘edge' in the centre, and degrade slowly
on both sides. Fano's theory (1961) indicates that in the case of

an absorption line having an upper level which can find only one

continuum for autoionization, the absorption cross section should

actually vanish locally on one or other side of the line.
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In the simplest of the configuration interactions involving
a discrete state and a single continuum, the absorption cross section
in the region of a resonance varies according to the relationship;

Fano and Cooper (1965)
o

\

2
ga(q*E)_+0§
|—g?

where
E -Er

5 T

Er is the resonance energy, 1' 1is the resonance width, 9 is the

line profile index and defines the line shape and oy and: 05 represent

€ =

two portions of the cross section corresponding to transitions to
states of the continuum that do and do not interact with the discrete
~autoionizing state. Fano and Cooper (1965) introduced another para-
méter *'P', the so-called autoionization to dipole correlation
coefficient or overlap integral, relating to Oa and %5 in the

relationship
2

PP _om

Op 2 0g
. The overlap involved is that between the final state continuum wave-

function reached via the autoionization process and that reached by
the direct photoionization process. An alternative parametrization
has been given by Shore (1967). Further extensions to the analysis
have been made by Mies (1968) in which interaction between adjacent
discrete terms via their underlying continua have added to the under-
standing of the éross section variation through complex autoionization
features. The example of resonances are found in the pioneering work
-of Madden and Codling (1963) on He where the Rydberg resonance series
converging onto the n=2 He+ threshold were found.

1.7 Double Excitation Process

The simultaneous excitation or ionization of two or more electrons

is a direct consequence of electron correlation. The effects which
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made the main contribution to double excitation/ionization are:
core relaxation, ground state correlation and virtual Auger processes.

In a simple model, when a high energy photon interacts with
an atom, all the energy is converted into ejection of a single electron.
After the removal of this single electron from one of the shells of
the atom, there is a change in the effective charge experienced by
all the other electrons wh{ch can lead to the simultaneous excitation
or ejection of another electron. On this basis the two electron
process can be decomposed into two sequential one-electron steps:
first, ionization of one electron, followed by ejther excitation
(shake-up) or ionization (shake-off) of another. It has been agrued
thaf the 'shake-up' and 'shake-off' picture is entirely equivalent to
configuration mixing in the ground and excited states. The shake-up
and shake-off model is more commonly used in connection with X-ray
and photoelectron spectroscopy, while the configuration mixing approach
is more familiar to optical spectroscopists. The shake theory is
based on the sudden approximation which assumes that if there is an
instantaneous change in the Hamiltonian of the atom from the initial
state to the final state, the time dependent wavefunction describing
the electron in the atom is made up of the overlap integral of wave-
function for the initial state and wavefunction for the various possible
final stationary states.

When an inner shell electron is excited, the Auger process is
also important:  in Auger emission, the incident photon ejects an
electron from the inner shell, an outer electron then fills this
vacancy and a second electron is ejected to conserve energy. The
kinetic energies of the two ejected electrons can be measured by photo-
electron spectroscopy. It is important to distinguish between double

ionization caused by the core-relaxation and Auger process, because



the final result of both processes is a doubly charged ion, in a
particular state, and two free electrons. In core-relaxation, the
excess energy following double ionization is distributed randomly
between the two electrons. Therefore, even if the incoming photon
energy and final ionic state are known, one cannot calculate the
kinetic energy with which each electron will be ejected. However, in
the case of Auger decay, the knowledge of the intermediate and final
ionic states and‘the incoming photon energy allows exact calculation
of the kinetic energy of each ejected electron,

Double excitations have been observed in the photoabsorption
spectra of noble gases and of the alkaline earths, Most of the
observations concern excitation of two valence electrons but some of
them also involve inner shell electrons. These double excitations
result from configuration mixing in the ground state. Ground state
correlation is an important mechanism when the excitation involves
electrons of the same shell and when that shell is a closed shell.
Double éxcitation may occur due to configuration mixing in the excited
state as has been described by Connerade (1978). Siizer et al. (1976)
have observed the correlation sate]liteé in atomic photoelectron
spectra and have suggested that they could arise'through initial
state configuration interaction, final ionic state configuration inter-
action, continuum state configuration interaction or interchannel
coupling.,  Connerade (1978) described two types of double excitations:
Type 1 arises through mixing between parent ion configurations and
the double excitations within these channels can be ordered into
Rydberg series. Type 2, which arises through mixing after the
Rydberg electron has been coupled to the ionic core, Since the
excitation mechanism is not dependent on the mixing of a parent ion

configuration, there can be two running electrons within a given

13
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system, The ordering of double excitation into Rydberg series is

therefore more complicated.

1.8 Aim of the Present Investigation

‘ The purpose of the present work was to use the continuous
radiation emitted by the 500 MeV electron accelerator in Bonn, to

study double excitations in Mg I, Ca I and Sr I and inner shell
excitations from the d-subshells in Ag I, Au I and Mn I - and also to
observe the spectra of simple diatomic.mo1ecu1es in the VUV region.
These molecules, Si 0, Ge 0, AL F and PN have been obéerved in

the ultraviolet but the most important region where Rydberg transitions
were expected to occur was formerly unexploited. The Rydberg series

yield an accurate and more reliable determination of the ionization

potential.
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CHAPTER II

EXPERIMENTAL PROCEDURE

2.1 Summary

The present investigation was carried out on the equipment
installed at the 500 MeV electron accelerator at the Physikalisches
Institut University of Bonn (F.R. Germany). This synchrotron radiation
facility has been described by Connerade, Mansfield, Thimm and Tracy
(1974) and, in this section, the various instruments and experimental
techniques employed in photoabsorption studies are presented.

2.2 Historical Background

The absorption spectroscopy of atoms and molecules in the ultra-

violet regidn waé greatly stimulated by the development of emission
~vcontinua of the rare gases, (Hopfield (1930), Tanaka et al. (1958),
Huffmann et al, (1965)). A1l the rare gases emit continuous spectra
with no structure except for a few emission lines which prove useful

as internal wavelength standards. To excite the continua with useful
intensity either a condensed or microwave discharge may be used. The
main vacuum ultraviolet emission continua excited by condensed discharge
are: the Hopfield emission continuum (Hopfield, 1930) extending from
600-1100 R which is due to the transition from an upper stable molecular
state of He2 to the uhstab1e ground state; Ne 744-1000 R, Ar 71070-
1650 R; Kr 1250-1850 R and Xe 1470-2250 R which have a similar
origin. When Argon, Krypton and Xenon are excited with a microwave
discharge (2450 mc/sec) the continuum is more restricted in wavelength
ranges: Ar 1060-1500 R, Kr 1260-1700 8 and Xe 1500-2000 R. One
advantage of these microwave discharges is that they can be used in

high orders of a long focal length concave grating spectrograph without
any predisperser for order separation,

The molecular hydrogen continuum excited in a positive column



discharge extends from 1600 R to 5000 R, Below 1600 R the "many 1ine"
molecular spectrum of hydrogen appears. The Lyman continuum (Lyman,
1924) is the only usable continuous emission which extends throughout
the vacuum ultraviolét region with usable intensity in the region

900 f to 7000 R. The radiation is created by discharging a capacitor
of about 0.5 uF through a low pressure gas en¢1osed in a glass
capillary., This design had the disadvantages that the capillary was
eroded rather rahidIy and the continuous spectrum was overlaid by
impurity emission 1ines.. Garton (1954) eliminated these disadvantages
by designing the so-called 'Garton flash tube' using wider bore tube
to achieve the higher current density and reducing the duration of

the flash to a microsecond by keeping the inductance of the circuit
very Tow. A discharge of a few microfarads at 10 kV produces a
’continuum down to 300 R, At still shorter wavelength the flash-tube
continuum becomes a line spectrum which is very successfully used as a
calibration source in the grazing incidence region (Radtke, 1979),

The most useful pulsed continuum source below 600 R is the BRV
source (Balloffet, Romand and Vodar, 1961) which covers the range from
ultraviolet to soft X-rays. This source is designed with very Tow
inductance to discharge the energy from a 0.1 uF capacitor charged to‘
25 kV in a very short.time. The anode material is an element of high
atomic number, the most successful being uranium or tungsten. Garton
et al. (1969) modified this design .and observed the absorption spectra
of rare gases and metal vapours in the 100-600 R wavelength range.

There are several disadvantages when the above mentioned
continuum sources are used for photoabsorption experiments. Their
spectral range is rather 1imited, emission lines can obscure weak
features and reproducibility is poor, especially when they must be

operated close to a furnace containing metal vapour.

16
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The unique properties of synchrotron radiaton are: continuous
spectral distribution ranging from the radiowave up to the X-ray
region, high intensity, superior to any other source in the vacuum
ultraviolet and soft X-ray region i.e. from =~ 10 eV to =< 1000 eV,
high angular collimation confined to near the orbital plane and high
degree of polarization.

2.3 Synchrotron Radiation

Electron synchrotron may be viewed as a human attempt to make
an atom of very large size. According to c]assicai theory of electro-
magnetism an electron on a circular orbit must radiate part of its
energy and because of this radiated energy classical physics has failed
in its description of the atom. The complete theory of orbital
radiation was developed by Schott (1912) and Schwinger (1949) worked
out the spectral distribution of the radiated power. The app1iéations
of synchrotron radiation have been reviewed by Codling (1973) and
Marr (1976).

In the electron accelerator the electrons travel at relativistic
velocities and the emitted radiation péttern is compressed into a
narrow cone of half angle (formed by the axis tangent to the electron

orbit and the side of the cone)-

c ,
8 = L. o 0.51 ~ Typically milliradians.
Y E E(Mev)
: \
Here o= = & _
A e )

where m, is the electron rest mass, v 1is the electron velocity

and E 1is the electron energy.

From the above expression it is apparent that the angular

divergence is a enevgy ' . dependent parameter.



“For an electron moving in a circular orbit the total energy

lost to synchrotron radiation is
L
_ Ym(e
be- (&)Y

thus SE - egs ENGV) o 1 gev = 10 v,
R(metres)

which implies that the radiation losses increase as the fourth power

of the electron energy.

The instantaneous power. radiated into all angles at a given

‘wave1ength is given by

5 ?
1(M)- (mr <5 ) (mae2) 6CY)

. 0751 Lecewd’ L6() ey e (7
iR (metres)

where G(‘a/)= a? f Ksls({v\) d’Y\_

and k5/3(ql) is a mod1f1ed Besse1 function of order 5/3.
LHTR ('W‘OC )

Tomboulian and Hartman (1956) have shown that the critical wavelengh:

is given by

. ' 13
A= Hg‘R(wl:c )

M s called the critical wavelength.

A more meaningful quantity is the wavelength at maximum intensity

(%m) which is related to ;\c by the formula )‘m = 0.42 \ c*
A simple formula for )\ . and A o 1s given by:

A () 235 R(‘me'rres)
{E (Qev) }
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FIGURE 2.1 - Intensity distribution curve for the Bonn 500 MeV
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ACA )= B:59 Rlmetres)
/CQ ) {ECGQU)}B

This wave1engtﬁ is inversely proportional to the cube of the electron
energy, the peak of the radiation shifts to shorter wavelength as E
is increased,

2.4 Bonn Synchrotron Radiation-Facility

In the Physikalisches Institut Der Universitat Bonn, there are
two electron accelerators:

(i) 2.5 GeV having 7.65m radius;

(ii) 500 MeV having 1.7m radius.

The calculated values for the peak intensity wavelength and
critical wavelength are ?\m =1.15 ] and ?\C = 2.7 R for 2.5 Gev
electron accelerator, which is a good soft X-ray source, The values
for 500 MeV electron ac;e]erator are: ;\C =76 R and ;\ln =32 R,
which is a very good VUV source of radiation.

The present experiments were performed with the 500 MeV electron
accelerator and Fig.(2.1) shows the intensity distribution curve at
different energies. The peak intensity shifts towards shorter wave-
length with increasing electronenergies. This is most critical when
working . in the’short wavelength region on the grazing incidence spectro-
graph, however it does not change much in the VUV region where our
interest lies. |

Fig.(2.2) shows a layout of the experiments designed for this
facility. There are two main beams and one of them can be further
used with the help of gold coated mirrors for three different beam
lines I, II and III. On beam 1ine I, a 1-m normal incidence spectro-
graph equipped witha 1200 & /mm grating is installed, on beam 1ine II
a 2m grazing incidence spectrograph, equipped with a 1200 L /mm grating

and on beam line III a 1m Seya-Namioka spectrometer is installed,



BEAM1
- 1ess
e ——— ] —_ 3200
BEAME =% !
» \ TM NORMAL MCIOENCE
§ SPECTROGRAPH
M GRAZNG- N - PLANE /
wee  \\ 3 EAGLE MOUNT
DETECTOR SPECTROGRAP! el /
1 METRE 1GABREL-HOUNTA\ | g | nwouon
SEYA: FOR PHOTD- F lean /
SPECTRO - GRAPHIC
VETER Axa w GATE- v !
PHOTOELECT o100 —a
DETECTION B
FLASH TUBE PUL,8 % MoLLOw CaTHODE
; FOR CALIBRATION - \ POR CALBRATION
] (L. 3 INOUCTION- o rae
LOW )
CATHODE FOR TN e Toucimon// ..
CALIBRATION 3 - €A 2200 M) SO, DeioeNce
CA 2200MM) / Seo
RESISTANCE ; e
FURNACE WITH / ;
VAPOUR CONTAINMI 10 .
PUMP & S
VPP GATE- ~ /
MANUAL S ’
MOMITOR GATE-VALVE ATE - VALYE 1L, T BN
N S 7 | had
& -
\— /= |
- ‘ l P M- 1810
BEAM-ORECTION fzm 7 /A \ 7.. /
el 7A A
FOR DETALS, SEE DETARED SHETCH BELOW ~~ TPiLAR

;

N[

AND O ITS DEFLECTION
INTQ THE BEAMLINES
IORR.

- - 2000

Fi3(2-2)

SITE OF SYNCHROTRON-RADIATON EXPERIMENTS
AT THE 0,5 GEV ELECTRON SYNCHROTRON

OF THE PHYSIKALISCHES INSTITUT, BONN
{BONN-IMPERIAL COLLEGE COLLABORATION)

05 GEV ELECTRON- SYNOGTRON 5

FURNACE
SYSTEM

- - 2700

21



22

On the second beam line, a 3m-normal incidence spectrograph,
equipped with a 5000 Q/mm holographic grating has been installed
which will be used to study the high resolution spectra of atoms.and
molecules.

2.5 Vapour: Containment System

This system consists of two Tantalum tubes about 40 cm long.
The outer tube is 0.3 mm thick and 15 mm inner diameter. The inner
tube has 1 mm thickness and 4 mm inner diameter and contains holes in
the middle which have a total area equal to the area of both ends of
the tube. This tube is supported on six Tantalum baffles and the
material is added in a small boat made of Tantalum or Tungsten which
is kept in the middle of the tube. A typical layout of the system
is shown below,

Quter Tantalum Tube

\
oS0 02050 ™ Baffle
Material ___ '\
Boat \
Inner Tube

With this system a small amount of material is sufficient for several
hours of experimentation, Before loading the material into the tube, .-
the full system is inserted in the induction furnace and is heated to

a temperature a 1ittle above the melting point of the material to be
studied. This procedure served to remove:practically all the
impurities from the furnace tube.

This system has been very successfully used to study atomic
photoabsorption spectra. We have also utilized this system to produce
the column of molecular vapour., To study the Si 0 molecule, we mixed
Si 0, and 51 0 and heated it to a temperature of 1300°%C, To check

whether we were obtaining only Si 0 absorption we have photographed



the known band system of Si 0 in the u.v. region, Barrow and Rowlinson
(1954)., Secondly, heating Si 02 to a higher temperature also gives
the same band system which suggests that Si 02 dissociates at higher
temperatures and forms the Si 0 'molecule,

To produce the vapour column of the Al F molecule, we have used
a different method to that employed by previous investigators. We
mixed Al + Mg F2 and heated it to a temperature of 1200°C in the above
mentioned vapour containment system. A chemical reaction takes place
forming Al F + Mg. ‘ To check this reaction, we have rephotographed
thé well-known band systems of Al F and we have also found the principal
series of the Mg atom |

G2 6 \ o
3P up 'so > 3pusmp P

which suggests that the reaction indeed takes place as expected,

The spectra of the Ge 0 molecule was recorded by mixiﬁg Ge + GeO2
and heating it to a temperature of about 1100°%. In a similar way,
we have detected some features of the PN molecule by the thermal
decomposition of P3N5 into PN + P2 + N2.

The P2 and N2 molecular spectra are well known in this energy
range and we have identified all the known band systems. The weak
features are attributed to the PN molecule which has not been studied
in this region before.

2.6 Clamshell Furnace

Two types of furnace were used to generate the atomic and
molecular vapours. For low melting point elements a stainless stell
tube was externally heated. The heating element was of Kantal wire
mounted in a clamshell arrangement and insulated with ceramic and
fibre glass wool. The maximum temperature achieved was up to 1000°C,
which was estimated from the tube expansion (approximately Tmm for

100°C)° The schematic drawing of the furnace is shown in Fig.(2.3).

23



baffles

stainless steel tube heated by the
eater mounted u'x clamshell

synchrotron o g ﬁE \p \?a '
diat O 1 — .
mdietion 5 ¥ Z ﬁnteriaiw — pectrograph
~ \--Tﬁl P IR |
l inner tube tantalum boat
X stainless
g]au steel
viewing 4mm
window
He gas inlet -
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used in the present experiments.
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The outer tube was 50 cm long with 2 mm wall thickness and
§ cm outer diameter. This furnace was equipped with the dynamic
‘containment system described by Tracy (1975), and it was supported
on six baffles, The inner tube was 40 cm long and 3 mm outer diameter
with holes in the centre. About ten grams of spectroscopica11y'pure
sample, loaded in a boat, were sufficient for several hours.of
experimentation.

The furnace was heated using separate circuits for the centre
and ends. The temperature at the ends of the furnace was kept higher'
than the middle to avoid the blockage of the inner tube. This
windowless containment system was directly coupled to the vacuum of
the accelerator. Water cooled baffles were used on both ends of the
}furnace with 8 mm inner diameter and 10 cm long fitted with NW40
Leybold flanges to couple with the furnace tube. The condensation
of the metal vapour occurs on the outer portion of these water cooled
baffles. A stable temperature was achieved by heating the furnace
gradually over a period of one hour depending on the temperature desired.

2.7 Induction Furnace

For higher temperéture e]ements,.an induction furnace was used
to record the spectra. The furnace design was based on the technique
developed by Tomkins and Ercoli (1967) with slight modifications.
Instead of only one current concentrator two aluminium water cooled
current concentrators were employed with a single furnace tube 30 cm
long. This arrangement, shown in Fig.(2.4), holds the centre of the
furnace at an even temperature with two slightly hotter zones & 5 em
from each end. The exact temperature profile is strongly dependent
on the wall thickness of the Tantalum furnace tube. This furnace
tube is supported on two Zirconia rings to isolate it from the radiation
shields. Inside the furnace tube an inner liner Tantalum tube 30 cm

long, 4 mm inner diameter supported on six Tantalum baffles was used,
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The sample material was loaded in a tantalum boat and was kept at
the centre of the double wall furnace insert, and a slightly higher
temperature was maintained on each side to improve the containment
of the vapour. -

Furnace tubes of tantalum or molybdenum of 0.1 and 0.3 mm
wall thickness were used with a 500 kHz 10 kW oscillator (Radtke,
1975), and temperatures up to 2000°C were easily achieved.

The outer wall of the vacuum system is made of quartz and
visible deposits of the material served as a useful indication that
the central tube of the double wall containment system was filled
with vapour.

An advantage of the R.F. induction heating is that the furnace
tube is heated directly and has low thermal capacity. Thé temperature
‘can be raised to the maximum value within one minute, and can also
be lowered rapidly if the measurements are interrupted.

2.8 Spectrograph

The spectra were photographed in the first order of a 1 m
normal incidence Eagle mounting vacuum spectrograph. The spectrograph
was equipped with an Al F/Mg coated Bausch & Lomb grating with
1200 Tines/mm blazed at 1500 R.

The spectra were recorded using ITford Q2 plates with exposure
times ranging between 20-40 minutes. The plates were developed in
D-19 developer for about 2 minutes.

2.9 Wavelength Standards

A hollow cathode type discharge tube 10 cm long and 8 mm inner
diameter was used to ca1ibréte the absorption spectra. The hollow
cathode was placed on the axis between the synchrotron and the furnace
system to avoid any line shift due to different illumination of the
grating. After the hollow cathode another copper tube 10 cm long

and+*6 cm inner diameter was fixed in a stop in order to maintain a
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relatively higher pressure in the hollow cathode section than the
furnace system.

| At a pressure of 300 microns of Ar/N2 and 240 volts across
the tube, the steady current was usually oz 300 mAmps yielding
emission lines of Ar I, Ar II, NI, N II, C I, Ly, and |.3&
These are well known wavelength standards in the vacuum ultraviolet
region (Elden, 1973). Typical exposure times required were about
2-3 minutes to superimpose the standards.

If the emission and absorption spectra illuminates different
portions of the grating, one observes a small wavelength shift
between these two spectra. To minimize this source of error, we
have connected the hollow cathode discharge tube in front of the
furnace system. Our furnace system has only 4 mm inner diameter.
Light from the synchrotron must first pass through this hollow
cathode (6 mm inner diameter), go through the furnace system and
then fall on the slit of the spectrograph. This is possible only
if the whole system is on the same axis and the 1ight coming from
the synchrotron and hollow cathode illuminates the same part of
the grating.

A further check of the wavelength shift can be accomplished
with our furnace system. Lyy at 1215 R is a]ways present in
absorption spectra., It originates from atomic hydrogen produced
when residual water vapour is reduced by the hot metal. As the
intensity of this 1ine is low, it is a very useful internal wave-
length standard to check that emission and absorption spectra have

been accurately superimposed.
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CHAPTER III

DOUBLE EXCITATION IN Mg I, Ca I and Sr I

3.1 Summary

Absorption spectra of Mg I, Ca I and Sr I have been observed
in the spectral region 700-2000 R using synchrotroﬁ radiation as the
background source. New data have been recorded due to simultaneous
excitation of both the valence electrons: 3pns,nd in Mg I, 4pns,nd
in Ca I and 5pns,nd in Sr I, About 30 new levels in Mg I, 45 in
Ca I and 60 in Sr I are reported.

3.1.1 Introduction

The.alkaline earths have ground state configurations ms2 1SO
with two valence electrons which move outside a closed shell surround-
ing the nucleus. The binding energy of these electrons is very low,
therefore the jonization potentials are much lower than for the noble
gases which have completely filled outer electronic shells. The
ground state configuration ms2 strongly mixes with the configuration
mp2 because the energy required for excitation within the same shell
is very low. Therefore, a transition from the ground state to a state
mplls- or mpnd may be regarded as single electron transition from
the mp2 component of the ground state. The configuration mixing
with (m-l)d2 is also very important. Therefore, double excitation
in the alkaline earths can be attributed to a ground state interaction
involving exchange of angular momentum between electrons.

Due to the configuration interaction between singly excited
states and states where both valence electrons are excited, the spectra
of these atoms are very complex. The breakdown of Russel-Saunders

coupling due to spin-orbit interaction further complicates the spectrum.

Considering first the excitation of a single electron from the



outer shell due to photoabsorption

21 1,0
ms 56——> ms np P-l

one observes transitions to the odd parity J=1 levels from the even
parity ground state. These transitions correspond to the principal
series which converges on the ground level 251/2 of the ion. These
Rydberg series have been extensively studied, Brown et al, (1973),
Garton and Codling (1960, 1965, 1968) and Esherick (1977). The spin
forbidden transitions from the ms2 1So ground state even parity Uo
J=0 and 2 Tevels have béen studied by multiphoton ionization spectros-
copy, Armstrong (1977, 1979) and Esherick (1977), which gave long
Rydberg series converging on the 251/2 limit, These series were
strongly perturbed particularly in Ba I due to the interaction of

(m-])d2 np ]’BPO dodb]y excited configurations, The double excitat-

1
ions in alkaline earths were revealed by the excitation of the outer
electron of the jon from the ms orbital to the (m-1)d, which produce

_— 2 2
a second ionic core (m-1)d 03/2,5/2 above the ms 51/2 state. The

transitions
ms? 1s o (m-1)d (% ynp 123p°
0 3/2,5/2 P 1
2 1,30 30

are allowed by the AJ= +1 selection rule which permits six Rydberg

series converging on the 203/2 5/2 limits. A1l these Tevels Tie
3

30

above the first jonization threshold and exhibit autoionization effects.

This autoionization results from the configuration interaction between

1,3,0
. P1
asymmetric resonances with high absorption followed by Tow absorption

the discrete levels and ms ¢ p continua. These levels show

in the direction of increasing energy. The profile may be due to

. . o .
interaction w® several continua. The Tevel (m-1)d np 3P1 T

1,0

interacts not only with the continua ms ep P] but also with the
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0

1
This Rydberg series has been studied by Garton and Godling (1965,1968),

0
nearby levels (m=1)d np P1, howevey: among all the observed Rydberg

series, the (m-1)d np 1'P transition will be most diffuse and strong.
Ditchburn and Hudson (1960), Kaiser (1960), Garton et al. (1968),
Garton and Tomkins (1969) and Brown et al. (1977), and Brown and
Ginter (1978).

Considering now the double excitation due to the ground state
configuration ms2 mixing with the mp2 configuration, the absorption

spectrum here consists of transitions

21 2 1,3 3
ms S°—>mp( P1/2’3/2)ns,nd Pl»’ D1

forming odd parity channels with J=1 which are based on the mp 2%/2 3/2
]

term of the ion. There are five such channels with addition of an

's! or 'd* electron to the mp 2P core: two belonging to the 2%/2
Tower ionic core Tevel and three to the zPé/Z upper {ionic core level,
The term 2P Ties above the ms 2S and (m-1)d 2D terms of

the ion, therefore continuum of all J=1 channels associated with 2S

and 2D cores will be present in this energy region, There are eight

.
s P
]

which will interact with the levels based on the mp ZPV2 372 core

0
)

o
, 301) and (m-1)d ef(1’3p1

ms ¢ p('%), (m)d e

to produce autoionization. Therefore all the features will autoionize
strongly. Garton et al. (1974) observed these transitions in Ba I |
and Esteva et al. (1972) observed them in Mg. We have extended the
observations in Mg I and report the analogous transitions in Ca I and
Sr I for the first time. The detailed analysis of these spectra are
presented in the next sections.

We have found that the mp(2P1/2,3/2)ns,nd configuration changes

coupling from LS to jj with increasing n. Therefore, we present
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below the coupling schemes,

The energy of an atom is determined by the assignment of the
values of 7 and 0 for all the electrons. The corresponding
states of each electron configuration differ by the mutual orientation
of the orbital angular momenta and spins of the electrons. For
two electrons in LS coupling Q,] and Q'z form a vector resultant L
about which they are considered to be precessing rapidly; similarly
$1 and S, precess rapidly about S. The precession of L and S aboqt
their resultant J is much slower, corresponding to the assumption that
the spin-orbit energy splitting is much smaller than the splitting due
to electrostatic interaction. For the ground and Tow excited config-
urations, the coupiing of the four angular momentum vectors Q], S
82’ S5 is usually described by LS coupling for elements of lower

atomic number.
LRI, (540917

If the residual electrostatic interaction between electrons is
neglected, the electrons move quite independently of each other in

a central field, each electron separately being subject to a spin-
orbit interaction. Thus the vector model pictures a rapid precession
of each Q.i and Sy about- their resultant Jy- The residual
-electrostatic interaction applied afterwards as a small perturbation
causes a much slower precession of the ji about their resultant J
which is a constant of the motion in both LS and jj-coupling schemes.
Therefore for high-z elements it is the magnetic interaction between

the spins of each electron and its own orbital motion which predominates.

[ CQ\/gl)‘jx ) (QI"’?—) 3;] J
Racah (1942) described a new type of vector coupling in complex spectra.

The jk coupling which takes place when the electrostatic interaction
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is weak compared to the spin-orbit interaction of the parent ion,

but is sfrong compared to the spin coupling of the external electron.
In this case the total angular moment J of the parent ion and the
orbital moment Q, of the external electron are coupled together and
have a resultant k; then k 1is coupled with the spin of this

electron, and their resultant is J.

LC8A3,,80x, 4 13
Since the exchange forces act on the spins, it is not sufficient for
this coupling that the spin-orbit interaction of the external electron
is weak, but also the exﬁhange integrals G, must be small compared
to F2. The general structure of a configuration in Jk coupling
is a pair structure. We present below the ps and pd terms built

2

o A
on the 5/2 3/2 Timit in the three above mentioned coupling schemes.

(1) LS Coupling

Ion state Added Electron
5 . T 4
2 \ 3,0 3.0 3.0 1.0 3.0 3.0
P Py Pos Py Dy Dy Dy, D3
2 1,0 3,0 3,0 1,0 3,0 3,0 3.0 3.0 1.0 3.0
P32 P10 P Fo s ProPrs PpsFps F3s T3 Thy

(ii) Jk Coupling
s( € =0) d(& =2)

. 0 : 0]

p_ 172 [% :.I [%]]2 [%]23
0] 0] .0

e [%]12 [%]01 [%—7‘12
0] 0]

1, [2l,

(i1i) JJj Coupling

- s(Jd=1/2) d(J=3/2,5/2)
1 11° 1 31° 1 510
b 1/2 [E 3o [7 ?]12 [? 5] 53
3 11° 3 31° 3 50

32 [E 5]12 [E 5]0123[5 '2‘]1234

In absorption only A J=1 upper states are accessible.
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3.2 Magnesium
3.2.1 Summary

The absorption spectra of magnesium vapour have been reinvesti-
gated in the region 700 to 2000 R using synchrotron radiation as the
background source. Extensions to the double excitation spectrum of
the valence shell have resulted and are compared with recent data
obtained by e1ectroh impact spectroscopy.

3.2.2 Introduction

The absorption spectrum of Mg I in the ultraviolet region due
to the excitation of a single electron from the 3s shell was reported
by Codling (1961). This principal series was extended to higher n
values by Brown et al. (1973) who give a more accurate value of the
first ionization potential of Mg I. Rydberg series due to the inner
shell éxcitation of a single electron from 2p subshell were recorded
by Newsom (1971) and more recently Ederer et al. (1979) extended
these observations and found transitions due to simultaneous excitation
of two electrons, one from the 2p and the other from the 3s shell, and
also both electrons from the 2p-subshell, in the region 226-170 R.

The spectra due to simultaneous excitation of two valence
shell electrons were observed by Mehiman and Esteva (1969), Esteva,
Mehlman and Romand (1972). The levels which were not-accessible
‘under optical selection rules have been reported by Trajmar and
Nii]iams (1976), Breuckman et al., (1976), Pejcev et al. (1977) and
Rassi et al. (1977) using electron impact spectroscopy.

The ab initio calculations of inner shell and doubly excited
states in Mg I have been reported by Mansfield and Connerade (1972),
Hansen (1975), McGuire (1976), and for outer shell photoionization
and double excitation by Burke and Moores (1968), Kulander and Dehler
(1972), Laughlin and Victor (1972), Bates and Altick (1973), Dubau
and Wells (1974) and'Thompson et al. (1974).
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The absolute photoionization cross section measurements have
been reported by Bradley et al. (1973) and previously unobserved

transitions, 3s3p ]P.l - 3p2 1

So’ have been detected by Bradley et al.
(1976) by the technique of selective excitation using tunable dye
lasers.,

Rassi et al. (1977) pointed out the uncertainties of classi-
fication among the doubly excited states because the analysis of
electron impact spectra relies on comparisons with optical spectra
in order to separate the dipole transitions from the "non-optical”
excitations. It therefore seemed usefu1 to repeat the experiment of
Esteva et al., (1972) at higher spectral dispersion, using the window-
less furnace technique and the clean continuum emitted by the 500 MeV
Bonn Synchrotron. Extensions of the double excitation spectrum have
resulted and transitions have been detected which were suspected by
Rassi et al. (1977).

3.2.3 Results

The present investigation covered the wavelength range 700-2000 R.
Absorption spectra were obtained using a windowless clammshell furnace,
equipped with a dynamic containment insert and heated to about 800°C
temperature. Densitometer traces of the Mg I absorption spectrum
iﬁ three regions where discrete structure occurs, are reproduced in
Figures (3.2.1, 3.2.2, 3.2.3), The most striking feature of the
spectrum is the onset of the continuous absorption above the first
jonization threshold. Transitions due to excitation of a single
electron from the 3s shell and simultaneous excitation of both valence
electrons have been observed and a new Rydberg series converging on

2

3p “P 1imit has been detected in accordance with the electron impact

studies.



3s 7p'P, 3s 6p'R
3s 8p'R,
3s 9p'R,
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]So__>35np ]P? in Mg I,

showing the sudden onset and unfirom decrease of continuous absorption
above the first ionization threshold.

FIGURE (3.2,1) - The principal series due to excitation of 3s2

9€
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3.2.4 Analysis

3.2.4a 3s np Configuration

The ground state configuration of Mg I s 2p6 352 ]SO
and excitation of a single electron from the 3s shell results in
a Rydberg series converging on the ground state of the ion. The

excitation scheme 1is

21 1

o
P

3s 1

SO——>35 np

This configuration have been extensively studied by Codling (1961)
and Brown et al. (1973). Neither of the previous authors givé
data on the onset of continuous absotption above the first ionization
threshold. Our data confirm that the onset is fairly rapid, i.e,
that the continuous absorption rises in a small wavelength interval
until the double excitation spectrum is reachéd. This is the
behaviour expected within a photoionization channel in which potential
barrier effects are small and is in quite good agreement with early
Tow resolution measurements of the variation in photoabsorption cross
section with wavelength by Ditchburn and Marr (1953).

We have covered the spectral range to 2000 R and did not
detect Tlines due to the forbidden transitions

3

352 1

]
36———+>35np P1

which were reported by Codling (1961). Likewise, Brown et al. (1973)
observed the principal series with much higher path length than in
either Codiing's (1961) experiment or the present work and did not
detect any forbidden transitions.

3.2.4b 3pns,nd Configuration

The transitions correspond to the simultaneous excitation of

both the valence electrons due to configuration mixing in the ground

state. The ground state configuration 352 strongly mixes with 3p2
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FIGURE (3.2.2) - The double excitation series - 352']

to the 3p Timit of Mg I.

So—> 3pns,nd ]P], 3P] converging
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because of the small energy interval. The excitation scheme is

0
3s2 1Sd—————j>3p ns']’SP]
1,3,2 3
3p nd P,l » D-l
A11 the members of these series lie above the first ionization
o}
‘threshold and therefore autoionize due to mixing with the 3s €p 1P_l

continuum, The double excitation series converging on the 3p limit
is reproduced in Fﬁg.(3.2.2), which were previously observed by
Esteva et al. (1972). We have extended both of the series they
reported to higher n-values and the profiles reported here are more
reliable than previous data. As a result of higher spectral dispersion "
and a more uniform continuum source in the present experiment, we
detect a third series which is not listed by Esteva (1972). The
1oﬁer member of this series is blended with the 3p ns ]P$ profiles
but it stands out more clearly around n=6 to n=10,

Rassi et al. (1977) have studied the doubly excited levels in
Mg I in low energy electron impact experiments with excitation energy
ranging from 27-500 eV. They observed five transitions which were
arranged into series converging on the 3p limit. Rassi et al. (1977)
suggested that these are non-optical transitions from 3p ns 3P$ with
n=4 to n=8 in rough agreement with the energies calculated by Burke
and Moores (1968)., The energies given by Rassi et al. (1977) agree

within X0.01 eV with our measurements, therefore the series can be

attributed to the double excitations

o
3p

3s2 1So——>3p ns P,

which violates the As =0 seiection rule of strict LS coupling,
0
We observe the series up to n=10 after which it merges with the 3p nd1P]

series,
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To see the variation in coupling with increasing n 1in the
3p ns configuration, Connerade (private communication) recomputed
the lowest doubly excited configurations and extended the ab initio
treatment to all relevant configurations with n 10 using the MCHF 72
Hartree-Fock code of Froese Fischer (1972, 74, 77) in single configurat-
jon unrestricted mode, @ The calculations show that the configurations
3p ns vary from near LS coupling (2¢= 0.0396) at lower n to %nter-
mediate jj coupling ( 5¢= 2.5179) at high n. The tendency towards
jJ coupling with increasing n, readily understood since the mean radius
of the 3p wavefunction changes little as n 1increases, $3p remains
nearly constant, whereas GT(3p,ns) which depends on the overlap between

the 3p and ns wavefunctions decreases from 2498 to 42 cm'] from n=4

to n=10,
]
The 3p ns 3P] levels are more stable under autoionization into
]
the 3s Q[J]P? continuum than 3p ns ]P], therefore the transitions

to 3P] appear as sharp lines with the 1

P] profiles which are
reproduced in Fig.(3.2.2).

3.2.4c  4snp Configuration

Esteva et al. (1972) observed four members of this series
which is again due to the simultaneous excitation of two valence

electrons.

2 1,°

21
S So——>-4s 51/2 np P]

3

We have extended this series to n=10 and the densitometer trace is
reproduced in Fig.(3.2.3). This series exhibits Beutler-Fano profiles

very similar in appearance to those of the 3pns ]P] series whereas

the 4snp1P] series is much weaker. The first member of the 3pns]P]
series is 3p4s]P], which is a very broad and intense transition.
This can also be regarded as the first member of the 4snp]P] series,

The wavelengths and identifications are given in Tables()2,3U),



TABLE 3.2.1

‘Doubly Excited Series in' Mg I

352 1Sg—->3p ns ]P1

Present Experiments Previous Experiments 7eV
A/R Y/ev M E R
..n. ...n# .....peak...... peak. ... ... peak. ....edge. . . . peak.
4 2.42 1271.34 9.75 9.86 9.52 9,81
5 3.42  1135.58  10.92 10.93  10.86 - 10.97
6 4,43 1088.90 11.35 . 11,38 11.36 11.41
7 5.41 1067.44 11.61 11,62 11.60 11.64
8 6.43 1055.18 11.75 11.75 11,73 11.76
9 7.43 1047.77 11.83 11.82 11.82 11.84
10 - 8.46 1042.81 11.89 - 11.89 11.89
11 9.45 1039.50 11.93 - 11,92 11,93
12 10,51 1036.96 11.96 S - 11.94 -
13 11.58 1035.09 11.98 - 11.97 -

14 12.48 1033.86 11.99 - - -
15  13.61 1032.66 12,01 - - -
16 14.72 1031.75 12.02 - - -
17 15,97 1030.94 12.03 S - - -

—
N
°
o
w
*
1
L}
L]

18 16.82 1030.49

Series Limit = 97430.1 cm'1

M - Mehiman and Esteva (1969).
E - Esteva et al. (1972).
R - Rassi et al., (1977).



TABLE 3.2.2

21 1.0
3s SO—>3pnd P

Present Experiments Previous Experiments 7/7eV

MR Viev M E R

n n* peak ‘peak ~ peak = peak ‘peak

3 3.09 1163.80 10.65 10.65 10.65 10.64

4 4.08 1101.60 11.26 11.26 11.26 11.26

5 5.07 1073.51 11.55 11.55 11.55 -

6 6.04 1059.10 11.71 11.71 11.70 -

7 7.05 1050.17 11.80 - 11.80 -

8 8.05 1044.54 11.87 - - -

9 9.05 1040.70 11.91 - - -

10 10.07  1037.92  11.94 - - -

1 11.03 1035,97 11.97 - - -

The 1imit assumed is 97430.1 cm'1

TABLE 3.2.3

0
352 ]SO —>3pns 3P]
Present Experiments Rassi et al.
(1977)
AR H eV \
*
n n peak peak ~ peak, Y /eV
4 2.31 1299.75 9.54 9.54
5 3.34 1141.85 10.86 10.85
6 4,34 1091.51 11.36 11.35
7 5.31 1069.11 11.60 11.60
8 6.28 1056.53 11.73 11.74
9 7.27 1048.74 11.82 -
10 8.20 1043.87 11.88 -
11 9.20 1040.25 11.92 -
12 10.30 1037.30 11.95 -

This series exhibit an anomalous intensity variation which corresponds
to the fact that it arises by breakdown of LS characterization, which
increases towards the high series members.



TABLE 3.2.4

21 1.0
357 S,—>4snp P, .series

Present Experiments Frevious Experiments 27eV
AR

n n* -peak eV M.. E

3 1.44 1271.34 9.75 9,86 9,52

4 2,53 874.46 14,18 14,17 14.18

5v 2.59 813.38 15.24 15,27 15.26

6 4.49 794,10 15.61 15.65 15,62

7 5.41 782.94 15.83 - 15.83

8 6.56 775.65 15,98 - -

9 7.58 771.81 16.06 - -
10 8.45 769.61 16.11 - -
1 9.42 767.82 16.15 - -
12 10.41 766.51 . 16.17 - -

M. Mehiman and Esteva (1969); E. Esteva et al. (1972). The first

member of this series is common to the series of Table (3.2.1),
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3.3 Calcium

3.3.1. Summary

Absorption spectra of Ca I have been recorded in the energy
range 800-2000 R. In addition to the known transitions

4p6 4S2 1 1

452 ]Sd———4>4$ np,nf

4]
So——> 4s np P]

o 3

1,3
P] ] D]

we have observed about 60 new transitions which are due to simultaneous

excitation of both the valence electrons.

21 1

4s” 'Ss—> 4p ns,nd ’3P1

These Rydberg series are  converging onto the 4p 2P1/2 3/2 Tevel
of Ca II. '
3.3.2 Introduction

Calcium is an important element of the alkaline earth group,
being the first member with an empty inner d shell. The ground

state configuration 452 L 2 and 3d2

S0 strongly mixes with the 4p
configurations., Therefore, in addition to the spectra due to
excitation of a single valence electron, one observes structure due

to the simultaneous excitation of both valence electrons. The
absorption spectra, corresponding to transitions from the even parity
452 1So ground state to odd-parity J=1 excited states, have been
extensively studied, Kaiser (1960), Ditchburn and Hudson (1960),
Garton and Codling (1965) and Brown and Ginter (1973). The even
parity states J=0 and 2 were observed by Armstrong et al. (1977) using
multiphoton jonization spectroscopy. The data was analysed by multi-
channel quantum defect theory, Fano (1970, 77),.and some of the

previous assignments were revised. More recently, Armstrong et al.

(1979) have observed the odd-parity J=1 spin forbidden transitions
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from the 452 ]So ground state to 4s np 3P: excited states yielding
triplet Rydberg series.

THe absorption cross section in the vacuum ultraviolet region
has been measured by Ditchburn and Hudson (1960), Newsom (1966) and
Carter et al, (1971). The oscillator strength and photoionization
cross section, in the two channel approximation, have been calculated
by Moores (1968), Burke and Moores (1968), applying multichannel
quantum defect theory. The ejected electron spectra was reported by
Schmitz (1976) aﬁd recently Pejcev et al. (1977) reported the high
resolution ejected electron spectrum in the range 12 to 28 eV,

The inner shell excitation %nvo]ving the 2p subshell (Mansfield
(1976)) and the 3p subshell (Mansfield and Newsom (1977)) have been
observed. Some features were attributed to simultaneous excitation
of two electrons, one from the 3p subshell and one from the 4s shell
and identification was supported by Hartree-Fock calculation. Wilson
(1969) performed the H.F, (Eav) calculations for 3d 4s and 4p2 config-
urations and Hansen (1975) reported the multi-configuration H.F,
calculations including nd(n+1)s 1D and (n+'l)p2 ]D terms,

Rydberg series due to excitation of both valence electrons
converging on mp 2P1/2’3/2 core Tevel have been observed in Ba I and
Mg I. The purpose of the present investigation was to record the
ané10gous transitions in calcium.

3.3.3 Results

In the present investigation we have recorded the spectral
region between 700 to 2000 R using synchrotron radiation as the back-
ground source. The calcium vapour was obtained by heating the metal
in an induction furnace at temperatures ranging from 700 to 1000°C,
The spectra were recorded in the first order of a 1 metre normal
incidence spectrograph equipped with a 1200 1ines/mm grating. In

addition to the known levels in the ultraviolet region, about 60 new
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levels have been observed. All these levels are broad and diffuse

due to autoionization and are arranged in Rydberg series converging

on 2P1/2’3/2 Tevels of ion.

3.3.4  Analysis

3.3.4a 4s np Configuration

The principal series arise from the excitation of single

21 1

0
valence electron 4s P] J=1 and have been observed

Sd——+-4s np
by Garton and Codling (1965), and Shahanova (1960) to n=33. Brown

et al. (1973) have extended this series to n=79 yielding a more

accurate value of the first ionization potential 49305.99 ¥ 0.02 emV,

The higher members of this series are regular whereas some of the
lower members are perturbed, which led to several differing assign-

ments of the interlopers. _Garton and Codling (1965) made the

]P? based on the extrapolaticn

of the 3d np 1P? series whereas revisions by Friedrick and Trefftz

assignment for the perturber-as 3d 4p

(1969) based on configuration mixing calculations,

3.3.4b  3d np,nf Configuration

2 ]So simply

mixes with the 3d2 configuration and results in strong double excitat-

The ground state configuration of Ca I 4s

ion in the absorption spectra. The excitation scheme is

21 1,3P° 3

4s So—-—>-3d np 1° D1
1,3.9 3
3d nf P.l s D-l

which form six Rydberg series converging on 3d 2D3/2’5/2 level of
Cé II. The series were observed by Garton and Codling (1965) and
have been extended to high n values by Brown et al. (1973). All
the transitions are optically allowed from the ground state with

A J=+1 selection rule and T1ie above the first ionization threshold.
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Most of the lines are autoionized which may be explained by configurat-

1Po

jon interaction between the discrete levels and the continua 4s €p 1°

]P$ of the series lies below the first

The leading member 3d 4p
jonization 1imit and causes a perturbation in the principal series
(Garton and Codling (1965)). A detailed analysis of this configurat-
ion is given by Brown et al. (1973). Perturbations in this configurat-
ion were also detected due to the 4p 5s levels at 1740 R. This
conjecture is confirmed by the observation of this series up to n=16

in the present work.

3.3.4c 4p ns,nd Configuration

The Rydberg series due to simu]faneous excitation of both
valence electrons are reproduced in Fig.(3.4 ). All these

transitions are observed for the first time and are arranged into

2

Rydberg series converging on the 4p P]/2 3/2 level of the ion.
]

The excitation scheme is

21

2 -

Five Rydberg series of two electron transitions are expected,

according to JK coupling (Racah (1942), Cowan and Andrew (1965)

21 2

.
4s P”2 ns [EZ

a[3]°
P n [-
1/2 211

So——> 3p6 4p

]

3p6 4p 2

2 70
3p6 4p P3/2 ns [g-

6 2

3
3p- 4p P3/2 nd [E-

6 2
3p° 4p P3/2 nd [5-1

We have used the JK symbolism, Racah (1942), Cowan and Andrew (1965),

because the main contribution to the energies of the series levels is



2 l 1 3]o ] = = = = .
4p(“P l__ l 0 9 n=8 n=7 n=6 n=5 .
( %)nd 2°9 . ‘ 1

1354 R FIGURE 3.3.1 - Double excitation series converging on the 4p ZPV2 3/2 limit 1694 R
of Ca II. ' @

6
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due to the spin-orbit interaction in the 4p-core. The assignments
to ns,nd have been made from consideration of the effective quantum
numbers.

We have arranged all the observed lines into three Rydberg
series, one converging on the lower 2P1/2 level of the core and two
on the higher 2P3/2 level of the core. All the lines are very broad

and are very different in appearance from the corresponding transitions

0
1

appear very sharp (see Fig.3.2) and all the members of this series

in Mg I, particularly 3p nd 1P series. In Mg I all the lines

lie above the first ionization threshold, whereas the situation in Ca I
and Sr I is quite different. This difference may be attributed to

the influence of the centrifugal barrier on the properties of the
nd-wavefunction. The nd-wavefunctions are well behaved in Mg I,
whereas for Ca I and Sr I the 3d and 4d wavefunctions collapse,
-Connerade et al. (1979), due to the influence of the centrifugal term.

The most prominent series are 1?? » whereas the 3P$ series
has an anomalous course of intensity which is due to transition from
LS to jj coupling with increasing n. The value of n* for the 4pns
series also agrees with those of Mg I as one would expect since there
is no potential barrier in the ns channel.

We have measured the wavelengths at maximum absorption, which
is satisfactory for the 4pnd series because the 1ine profiles are
fairly sharp and symmetric. For the 4pns series we have determined
the wavelength from the densitometer traces because the profiles were
broad and overlapped. A1l the observed levels with wavelengths and
identifications are collected in tables.

Considering now all the series separately.
17° :
P]/Z)"S [EJ] series

This series consists of broad resonances and in pure LS coupling

may be assigned as 3P0 which converge at a series limit 74494.34 cm’1.

1

4p(2
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The Tevel at 1740 R is assigned as 4p 5s by Brown et al. (1973) aﬁd
the singly excited Tevel 45 4p 3P? at 15210 cm'1 can also be

regarded as the first member of this series yielding n*= 1.36. This
series has been observed up to n=16 for the first time and wavelengths
and wavenumbers are collected in Table (3.3.1).

9 o

3 .
P3/2)ns [§]1 serjes

4p(

In LS coupling this series may be assigned 1P? and the singly

L may be regarded as the first

excited Tevel 4s 4p 'P¢ at 23652 cn”
member yielding n* = 1.47. The n=5 member of the series is responsible
for perturbation in the 3d np,nf series. Ditchburn and Hudson (1960)
identified the perturber as 4p4d.but Garton and Codling (1965)
reassigned it as 5s 4p. Borwn et al. (1973) also support this assign-
ment and thus we have adopted it in the table. This series has been

observed up to n=15 and wavelength and wavenumbers are Tisted in

Table (3.3.2).

0
4p(2P3/2)nd [‘%‘ ’ %] : series

In LS coupling this is a ]P? series and the leading member

1, which is outside our spectral

of this series is 3d4p at 36732 cm
range. This value is taken from AEL (1958) yielding n* = 1,70,

The n=4 level is missing. However, Borwn et al. (1973) identified
three weak lines and attributed them to this configuration. Connerade
et al. (1979) performed single configuration Hartree-Fock calculations

and obtained the splitting between the three terms 3D1 s 3P1 ,1P

1°
Connerade (1979) argued that the calculated splitting obtained from
quasi-LS coupling formula is much 1argér than observed by Brown et al.
(1973) and, secondly, that the Tines observed by Brown et al. (1973)
are comparatively sharp although they occur above the first jonization
threshold whereas the higher members of this series are broad, which

casts doubt on the assignment given by Brown et al. (1973).
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"TABLE 3.3.1

S'pectrum’ of Cal

o

21 2
50-—>- 4p( P]/Z)ns [1/2]]

4s

Series 1imit = 74494.341 cm™ !

n A R v em”! n'

5 # 1740 | 57462 | 2,54
6 1539 64977 3.40
7 1551.1 68913 4.43
8 1412.69 70787 5.44
9 1391.44 71868 6.46
10 - 1381.01 72411 7.25
1 1372.29 72871 822
12 1365.22 73248 9.38
13 1361.58 73444 10.21
14 1358.29 73622 11.20
15 . 1356.08 73742 12,06
16 1354.06 73852 13.05

]
In LS coupling, this is a 3P., series.

3

The singly excited level 4sdp “P, at 15210 en”!

can also

be regarded as the first member.of this series, yielding n* = 1.36.

<* Value reported by Brown et al. (1973).



TABLE 3.3.2

~ Spectrum of Ca I

s2 1

, 0
4 So-—>4p(2P3/2)ns [3/2]]

Series 1imit = 74719.23 cm” |

n AR vem ! n
5 1740 57461 2.52
6 1528 65445 3.44
7 14441 69247 4.48
8 1308.43 71001 5.43
9 1388.75 72007 6.36
10 - 1376.36 72655 7.29
1 1367.79 73111 8.26
12 1361.58 73444 9.28
13 1356.99 73693 10.34
14 1354.06 73852 11.25
15 1351.92 73969 12.09

1,0 .
P] series.

0 -
The singly excited level 4s4p 1P1 at 23652 cm

In LS coupling, this is a
! can also be
regarded as the first member of this series, yielding n" = 1.47.
The n=5 member of the series is probably responsible for a series
perturbation discussed by Ditchburn & Hudson (1960) who identified
the perturber as 4pdd, but the perturbing level was reassigned by
Garton & Codling (1965) as 5s4p, and is thus included in the

present table.

X
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TABLE 3.3.3

Spectrum of Ca I

0
21 2
45° 15— 4p(Py 5 )nd [1/2,372] 4

Series limit = 74719.23 em |

n A R) ven | n
3 2722 36732 1.70
5 1502 66578 3.67
6 1435.9 69643 4.65
7 1403.76 71237 5.61
8 1383.34 72289 6.72
9 1372.29 72871 7.71
10 1365.22 73248 8.64
1 1360.23 73517 9.56
12 1356.08 73742 10.60

0
In LS coupling, this is a ]P]_ series.

# The n=4 member has been tentatively identified by Brown et al. (1973)

and is discussed in the text.
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This series has been followed up to n=12 yielding consistent
quantum defect, wave1engths}and wavenumbers of the observed lines
are collected in Table (3.3.3). |
3.4 Strontium

3.4.1 Introduction

The absorption spectrum of strontium vapour in the ultraviolet
region due to the excitation of a single electron from the outer
shell and simultaneous excitation of both valence electrons was
observed by Garton and Codling (1968) and Esterick (1977). The
double excitation series shows autoionization features and Garton
et al. (1968) derived the 1ine shape parameters according to the
theory developed by Fano (1961) and Fano and Cooper (1965).

A two-channel quantum defect model, describing the interaction
between the principa] channel 5s € p ]P? and the doubly excited
channel 4d np 1P? » was applied by Lu_(1977) to analyse the strongly
perturbed principal series. Armstrong et al. (1977) observed the
even parity J=0 and 2 levels using multiphoton ionizationtechniques
and the data was analysed by applying multichannel quantum defect
theory developed by Fano (1970, 1977). More recently, Armstrong et al.
(1979) have observed the odd parity J=1 spin forbidden transitions
using the technique of multiphoton ionization via intermediate
selective excitation. Long triplet Rydberg series were found wh1ch
suggest some revision of the previous assignments.

Photoionization cross section measurements in the autoionizat-
ion region was reported by Hudson et al. (1969) and recently Newsom
(1973) has re-examined the spectrum just above the first ionization
threshold.

High lying autoionizing states of strontium due to inner shell

excitation from 3p and 3d subshells have been reported by Mansfield
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and Connerade (1975). The absorption spectrum due to 4p subshell
excitation has also been observed by Mansfield and Newsom'(1979) and
interpretation is supported by Hartree-Fock calculations.

Schmitz et al. (1976) studied the electron impact excitation
at incident electron energy of 2 KeV and observed 34 Tines in the
ejected electron spectrum. In order to excite both dipole allowed
and dipole forbidden transitions White et al. (1979) recorded the
ejected electron spectrum in the range 10-22 eV at much lower incident
electron energies.

We report new observations in the absorption épectrum of Sr I
which are arranged into Rydberg series converging on the 5p 2P(1/2,3/2)

levels of the ion,

4.3.2 - Results

The absorptioﬁ spectrum of strontium vapour has been observed
in the range 700-2100 R using synchrotron radiation as the background
source. Rydberg series due to single valence electron excitation

and due also to simultaneous excitation of both valence electrons

2 2
D3/2,5/2 and 5P “Py 5 345

levels of the ion. About 60 new levels have been observed for the

have been observed converging on 251/2, 4d

first time which are classified into Rydberg series converging to the

2

5p Pi/2’3/2 level of the ion.

4.3.3 Analysis

4.3.3a 5s np 1P? Configuration

The transitions correspond to the principal series of Sr I

according to the excitatioﬁ scheme

552 1So—>5$ np 1P?

converging on the 2S level of Sr II. Garton and Codling (1968)
1/2

observed this series using a 3m normal incidence spectrograph equipped
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with 1200 Tines/mm grating and a hydrogen continuum discharge tube
as the backgrouﬁ& source. Garton and Codling (1968) reported this
series up4to n=33 and calculated the accurate value of the first
jonization potential of Sr I 45932.0 * 0.2 cm™!. Esherick (1977)
extended this series up to n=60 while he observed even parity states
using multiphoton ionization spectroscopy. A perturbation was also
detected in this series at n=8 and was attributed due to the existence

of a level 4d5p 1

P? originating due to double excitation of both
the valence electrons., This assignment was -consistent with the

higher members of this series observed by Garton and Codling (1968).

4,3.4b 4d(203/2 5/2)np,nf Configurations

The absorption spectrum of Sr I consists of strong and
broad features above the first ionization’threshQId. These transitions
are attributed to simultaneous excitation of both the valence elecrons

according to the excitation scheme

21 ,3P 3

1> D

5s

2 1
Sg—>4d("D3,5 5,2)NP 1

(J=1)

2 1,3, 3
4d("D3/5 5/2Inf TPy 7D

. . . . 2
which form six Rydbgrg series converging on the 4d D3/2’5/2 term

of Sr II. Garton and Codling observed 94 absorption lines and

88 of them were classified into six series. The extrapolated 4dnp ]P?

series also confirm the assignment of the perturber in the principal

series yielding consistent quantum defect. The first member of the

1 1.0

series 4dnp P? above the first jonization potentiaI i.e. 4dép Py

has a very large width and the next two members exhibit pronounced
intensity and width perturbations. Garton and Codling (1968)

attributed this perturbation to the presence of a diffuse feature and
1,3,0

P'I.
this assignment by observing the higher members of the series, which

a Fano-.. . resonance which was assigned as 6s5p We confirm

is discussed overleaf.
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4.3.4c ,.5p(?P]/2;3/2)ns,nd. Configuration

Rydberg series due to simultaneous excitation of both
valence electrons have been observed converging on the second

excited state of the ion 5p ZPV2 372.

Strontium is a heavier atom than calcium and shows stronger
spin-orbit interaction, therefore jk coupling is a more realistic
coupling scheme to describe this excitation which gives five

Rydberg series.
4p° 5% s — > ap° 5p %P, P B-F

4|36 5p 2|>1/2 nd [%] °

4p6 5p 2P3/2 ns [

4p6 5p 2P3/2 nd [

3/2 nd [

Two of the series will converge on 5p ZPU2 core level and three

6 2

4p” 5p P

on the 2P3/2 core level. We have arranged all the observed

transitions into three Rydberg series, one converging on the -2P1/2

2

level and two converging on the P3/2 level. All the transitions

are very broad and diffuse, which is due to the interaction with

eight available continua, namely

55 ep(13 °) 4d €p(] 232, 30%) and 4d €r(12%0°%)

The appearance of the levels is very similar to that of calcium,
with slightly better developed structure, but remarkably different
from that of Mg I, particularly for 5pnd ]P? series. The same
explanation also applies here as has been given in Ca (Section 4.2)

i.e. it is due to the influence of the centrifugal term € §€+1)h2
2my 2



DOUBLE EXCITATION IN STRONTIUM

2 170
Sp(PyInsl- 13 1

1

n=11 n=9 5p8SI3]° 5p 7S°P

I

2
S5p(P)nsI31°
27 13
5p('P, )nd [£ 21°

13 n=10 SDBS[—%]O 5P7S1R°
2271

2 74 =t n=9 Sp7d[L2]° 5p 6d' R° ]
1439 A° 1642 A°

F\%. 3.4,
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on the nd wavefunction. This phenomena has been discussed in
detail by Connerade et al. (1979). We will consider all the
series separately.

2 1]° .
5p( P]/z)ns [E]] Series

This series is the strongest among the observed new transitions

and has been detected up to n=26. In LS-coupling this is a- 3

1

Py
series and a singly excited level 5s5p 3P$ at 14504 cm ' can also
be regarded as the first member yielding n*= 1.41, which is
consistent with the higher members. ,

Garton and Codling. (1968) reported a level at 1891 R which
{s a perturber of the 4dnp,nf configuration and was assigned as
5pbs 3P? . We confirm this assignment by extrapolating the higher .
members of this series. The wavelengths, wavenumbers and identifi-
cations are presented in Table (4.3,1) whereas the spectrUm arranged

into Rydberg series is reproduced‘in Fig.(4.3.1).

0
_5p(2P3/2)ns. [%]] Series

This is also a strong and broad series. This series has
been observed up to n=27 converging on the 70442.25 cm'] Timit. In
LS-coupling this series can be designated 1P? » and the singly excited
199 at 21698 cn”]

level 5s5p can also be regarded as the first

member yielding n*=1.50. Garton and Codling (1968) assigned a
perturber of the 4dnp,nf configuration at 1862 R as 5pbs ]P?,
which fits very well with our présent interpretation. The wavelengths

and identifications are presented in Table (4.3.2).

0
5p(2P3/2) nd [%-, %J1 Series

This is a very diffuse series and has been observed up to

0
n=18 after which it merges with the 5p(2P3/2)ns [g]] series.

The Teading member of this series is 4d5p ]P? s given by Garton and



TABLE 3.4.1

Spectrum of Sr I

0
5215, —>5p(zp1/2)ns [1/2];

Series limit = 69640.79 cm™)

n 2Q) V(cm-]) n
6 F 1891 52882 2.56
7 1642 60899 3.54
8 1552.,08 64430 4.59
9 1512.84 66101 5.57
10 1490.36 67098 6.57
1 1476.61 67723 7.56
12 1468.80 68083 8.39
13 1461.10 68442 9.57
14 1457.07 68631 10.42
15 1453,07 68820 11.56
16 1450.72 68931 12.44
17 1448.50 69037 13.48
18 1446.81 69118 14.49
19 1445.38 69186 15.53
20 1444.42 69232 16.39
21 1443.47 69278 17.38
22 1442.71 69314 18.32
23 1442.05 69346 | 19.28
24 1441.50 69372 20.21
25 - - -

26 1440, 59 69416 | 22.09

# Value reported by Garton and Codling (1968).
In LS coupling, this is a 3P$ series. The singly excited level
55 5p P at 14504 cm! can also be regarded as the first
member, yielding n* =1.41.



TABLE 3.4.2

Spectrum of Sr I

21

2 o1
55° 's —> 5p(°Py o )ns [3/2]9 TP,

Series Timit = 70442.25 cm” |

n AR) ))(bm-]) n

6 1862 53706 2.56
7 1626 | 61486 3.50
8 1537.16 65055 4.51
9 1495.89 66850 - 5,53
10 1473.78 67853 6.51
1 1459.86 68500 7.52
12 1450.72 68931 . 8.52
13 1442.42 69328 9.52
14 1439.92 69448 10.51
15 1436.51 69613 11.50
16 143387 69741 12.51
17 1431.88 69838 13.48
18 1430.23 69919 14.48
19 1428.89 69984 15.48
20 1427.83 70036 16.45
21 1426.88 70083 17.47
22 1426.10 70121 18.49
23 1425.51 70150 19.39
24 1424.91 70180 20,45.
25 1424.39 70205 21,53
26 142407 70221 22.29
27 1423.80 70235 22.99

~*  Value reported by Garton and Codling (1968). In LS coupling, this is

a ]P? series, The singly excited level 65s5p ]P? at 21698 cm'.l can

also be regarded as the first member, yielding n* = 1,50,



Codling (1968) as the peffurber of the principal series. This
assignment was proposed as long ago as 1932 by Shenstone. The
second member is missing 'due to the collapse of the 5d-wavefunction
as discussed by Conneradg et al. (1979). Assignments to ns, and
nd series have been made by considering the residual part of the

effective quantum numbers. Wavelengths, wavenumbers and identifi-

cations given bel 6#). ' ,
TABLE 3.4.3

Spectrum of Sr I

21

(¢]
55?2 So-—%>-5p(2P3/2)nd [1/2,3/2],

Series 1imit = 70442.25 cm™)

n AQR) Wen™ 1) n

4 2429 41172 1.94
5 - - -

6 1587 - 63012 3.8
7 1516 65963 4,95
8 1486 67294 5.90
9 1468.8 . 68083 6.82
10 1455,25 68717 7.97
11 1448.50 69037 8.84
12 1443.47 69278 9.71
13 1438.89 69498 10.78
14 1435.66 69654 11.80
15 1433.19 69774 12.82
16 1431.04 69879 13.96
17 1429,52 69954 14.99
18 1428.30 70013 15.99
In LS coupling, this would be the ]Pq series,

63



CHAPTER IV

INNER . SHELL EXCITATION IN Ag I, Au I and Mn I

4,1  Introduction

The simplest inner shell excitation spectra are those of
elements which have closed subshells in the ground state. In noble
gases, with ground state configurations ms2 mp6 1SO, optically
allowed transitions are due to the promotion of the s-subshell electron

to the p-orbitals:

2 61 2 6 1,0
ms~ mp Sd-——-e»ms( S]/z)mp np Py

which give Rydberg series converging on the ms 251/2 level of the
jon., These states lie above'the first ionization threshold and
therefore autojonize due to the interaction with the continua
mp5 2P € s or €d, and these resonances exhibit characteristic
Beutler-Fano profiles.

At higher energy, another one electron transition is possible
due to the promotion of an inner d-shell electron to the outer p and
f orbitals, e.q.

1 2 61 9 ,2 2 6 1
(m=-1)d 0 ms~ mp Sd——-;»(m-l)d ( 03/2,5/2)ms mp - np | P?

In this case there are many continua available for interaction with
the high lying discrete state and the resultant spectrum becomes more
complicated.

The complexity of atomic spectra further increases for elements
with single outermost 's' electrons in the ground state, such as
alkali, mp6 ms 251/2. The excitation of a single electron from the
mp-subshell gives a mixture of overlapping p—»s and p—d
transitions. Connerade (1970) pointed out that the configurations

3p°3d, 3p%s of K II; 4p°4d, 4p°5s of Rb II and 5p°5d, 5p°6s

64
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of Cs II tend to overlap in energy, so that strong mixing between
the configurationé with (m+1)s and md electrons takes place. Thé
Rydberg electron is incapabl.e of disting_uish'ing between the two
configurations of the core so that instead of obserﬁng the single
electron excitations |

2

mp6(m+1)s 51/2—-> mp5 (m+1)s (]’3P)ns,nd

which obey the A= 11 selection rules of the Rydberg electron,

one observes a much more complex structure which can be described as
6 2 5
mp (m+1)s 51/2——>- mp~  (m+l1)sx(md) ns,nd

where {(m+1)sx md} is taken to signify all the mp®(m+1)s and
mpsmd levels which contain any mps(m+1)s character.

The complexity arises from the transitions obeying the usual
AL = ¥1 selection rule for the Rydberg electron but with the
additional possib'ih'ty of AQ = +2 for a core electron. In inner
shell excitation, these transitions may be regarded as double excitat-
ions, as have been for alkali metals. Connerade (1978) has discussed
two types of double excitations, namely,
Type 1 - Double excitation which arises through mixing between two
configurations of the same parity in the parent ion. This mixing is
independent of the Rydberg electron and therefore gives rise to
complete supernumerary Rydberg series.
Type 2 - Double excitation which arises through mixing after the
Rydberg electron has been coupled to thé ionic core. Since the mixing
depends very much on what other configurations may occur close to the
energy of a specific Rydberg state, double excitations produced in
this way are strongly affected by the proximity in energy of single
excitations. This process which may be described as the final |

excited staté configuration interaction can perturb Rydberg series,
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The best example was found in the absorption spectrum of Zn I by
vMansfield and Connerade (1978) where a Rydberg series due to double
excitation overlapped with terms.of innershell excitation.

Excitations of type 2 are also observed in the inner shell
spectra of the alkaline-earths and in particular Ba I. Instead of
series converging on just two series limits, according to one electron

excitation scheme

5p6 652 ]Sd-—->-5p5(2P]/2,3/2)652 ns,nd

The 5p spectrum of Ba I is found to consist of 14 Rydberg series
converging on 12 Timits, Connerade et al. (1979). The complexity
of the resulting structure is attributed to strong sd mixing,
Connerade (1978). .

The SbeCtra of Noble Metals

The d-subshell excitation spectra of the noble metals are of
considerable interest from the standpoint of atomic spectroscopy
because they are among the simplest alkali-type subvalence excitation
spectra in the Periodic Table. Complexities may arise due to s-d
mixing as was observed in alkali metals which result in final jonic
state configuration interaction but are 1ikely to be less pronounced
in the noble metals, where the 'd' subshell has a much higher binding
energy than the outermost 's® electron, so that s-d mixing becomes
unlikely. |

The absorption spectra due to excitation of a single electron
from the 3d subshell in Cu I, 4d subshell in Ag I and the 5d subsehll
in Au I enable one to study the coupling of a single s electron to
configurations with a single vacancy in the d-subshell, The spectra
of 3d-excitation in Cu I has been reported by Tondello (1973) and in

the present investigation we have observed the absorption due to
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4d-excitation in Ag I and 5d-excitation in Au I, which completes
this interesting family of spectra.

4.2 4d-excitation in Ag I

4,2.1 Summary

The absorption spectrum of Ag I in the range 700-2000 R has
been investigated. More than 60 new transitions have been found
which are attributed to excitation of a single electron from
the 4d-subshell.

10 2

4" 55 °5; > 4d° 55 np,nf

A detailed identification of 4d9555p configuration is compared with
ab initio Hartree-Fock calculations.

4.2.2 Introduction

The sj]ver atom has a single 's' electron outside the completely
filled d shell in the ground state; therefore it is easily excited
due to its lower binding energy. The spectrum is therefore expected
to be very simple, as for alkali elements. The emission spectra
were ffrst studied by Blair (1930) and Rasmussen (1940) who classify
most of the intense lines down to 2000 .  Shenstone (1940) made a
detailed investigation of the arc spectra of Ag I down to 1500 R and
identified all the lines. The absorption studies were initiated by
Paul (1937) in the region 800 to 1430 R using a resistively heated
tungsten furnace and the Lyman continuum as the background source.
Paul (1937) observed three very intense 1ines at 1507 R, 1515 & and
1550 & and also proposed a series due to the 2S-2P transition.
Shenstone (1940) pointed out that Paul's observations include impurity
lines and the proposed Rydberg series is also not real. Recently,
high resolution absorption spectra of Ag I in the u-v region have
been obtained by Brown and Ginter (1977) on a 6.6m spectrograph in

the 3rd and 4th order using microwave excited Ar I as background
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continuum and extended the principal series to n=71 yielding a more
accurate value of the first ionization potential,

The relative photoionization cross section iﬁ the region
1600-1200 R has been measured by Tegeder and Lincke (1971). The
photoelectron spectroscopy and angle resolved u.v. photoemission
spectroscopy of Ag I, in which excitation from the 4d bands is
involved, have been studied by Norris and Williams (1976), Batlye
and Huffner (1977) and Hansson and Foldstrom (1977). Semi-empirical
calculations have also been reported by Martin and Sugar{1969) who
analysed the 4d9 5s5p configuration using Shenstone's (1940) data.

Johansen and Lincke (1975) re-examined the arc spectrum of

Ag I and remarked that the 4d°

5s5p configuration is now fully
analysed,

 The purpose of the present work was to extend the absorption
spectra of Ag I above the first ionization threshold where numerous
Rydberg series were expected, due to excitation of a single electron
from the 4d subshell and also to compare our results with ab initio
calculations by Connerade and Mansfield (1978, private communication).
4,2.3 Results

In the present studies we have covered the region 750-1800 R

using synchrotron radiation as the background continuum, A windowless
containment system was used as the absorption cell. About 5 grams
of spectroscopically pure silver wire was loaded into a tantalum boat
and a molybdenum tube 0.3m thick and 40 cm 1ong was used to contain
the vapour. The sample was heated with induction furnace at a
temperature of about 1400°C corresponding to an Ag vapaur pressure

around 2 Torr. Spectra were recorded in the first order of a 1m

normal incidence spectrograph equipped with a 1200 lines/mm grating.
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4.2.4 Analysis

The absorption spectrum of Ag I betwen 900-1700 & is shown
in Figure (4.2.3) densitometer traces of this region are aiso.
reproduced in Figure(d.2.,1) which shows the variation of line profiles
with changing vapour pressures. We have recorded the low vapour
pressure spectra to get the profiles of the broad features which
tends to saturate at higher vapour pressures. - The advantage of
higher vapour pressure spectra is to get more series members near the
series limit,

The ground state .of silver is 4d]055 251/2. Excitation of

a 5s electron to 'p' orbitals

4d]0 10

2 2
5s 51/2-——%>4d np P1/2’3/2

This is the principal series which converge on the ground level of

Ag II. Brown and Ginter (1977) have extended this series up to n=71
and determined a-more accurate value of the first jonization potential
of silver 61106.56 * 0.06 cm-1° In the present investigation, we
do observe these transitions but they are very weak (see Fig.4.2.1)
‘and our measurements are in quite good agreement with those of Brown
and Ginter (1977).

9

4.2.4a 4d° 5snp,nf Configurations

The excitation of a single electron from the d-subshell
corresponds to the transition which lies above the first ionization
threshold. Al1 the levels are autoionized due to the interaction
with the 4d]oe.p continuum. Thus, the configurations arising from
the excitation of the inner 4d electron to a ‘'p' orbital in Ag I is

9. 3 40 40 &
Dy,p,3000 P, DY,

4d955(102)np 2p s 2p R 2

10, 2. 0

Similar configurations will arise when an electron from the
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4d shell is promoted to -the 'f' orbitals. These configurations
converge on the excited states 4d955(3D) and 4d955(]D) of Ag II.

The 303 is at 100270.46 cn”!, 3p, at 101847.56, 301 at 104845, 26

1

2
above the ground state 251/2 of Ag I.

Various transitions are expected from the ground state 4d1055 ZS]/Z

and 102 at 107152.26 cm”

to the final bound states according to the dipole selection rules.

The 4d955np configuration gives rise to terms
. ,
4a%s |30 | +p [4P, e, b, B, ZP]

J = 1 or =
2 2

.
4d%s |0 | +p [ZP, ZDJ

— o

We have written all the terms in order of increasing energy. We
Tist only J=1/2 or 3/2 levels omitting (3D)2F and '4d955(]D)2F.

955 nl fall above

_A]T the states from the configurations 4d
the ffrst ionization limit and can interact with the adjacent continuum.
As a result, lines will éppear broadened by autoionization and the
broadening will be larger the nearer the upper states are to the

first ionization limit.

4,2.4b 4d75s5p Configuration

Considering first only the 4d9555p configuration, this will

4.0 4 4 2 2
Prs2,3/2> Fajzs Dyja,3720 D32 and "Pyjp 545

2

give terms

built on the 4d955(3D) ‘core and P]/z 3/2 and 203/2 built on
b

the 4d955(102) core, All the Tevels of this configuration lie above
the first fonization limit except 4d955(3D3)4P1/2,3/2,5/2. We have
observed all the levels corresponding to this configuration which are
marked in Fig(4.2.1) which shows the overall spectrum due to 5d-subshell
excitation (930-1720 R), The principal series, which is very weak,
has also been marked.

Calculations of level structure in intermediate coupling for

the 4d95$5p configuration were reported by Martin and Sugar (1969),
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who used a semi-empirical average of configuration approach. In
such an approach the magnitude of the Slater-Condon integrals are
treated as adjustable parameters and are obtained by comparison with
experiment. Discrepancies were found among the (5s5p 1P) based
levels and were attributed to perturbation by the configuration 4d85525p.

Connerade and Mansfield (1978) performed ab initio calculations
of the 4d95$5p configuration in both average of configuration and
LS-dependent Hartree-Fock schemes using the MCHF-72 code of Froese-
Fischer (1972); without including Eonfiguration mixing with double
d-vacancy configurations. The Slater-Condon parameters were then
used to diagonalise the dgsp energy matrix in jntermediate coupling.
Connerade and Mansfield (1978) discovered that to obtain the realistic
estimates of the Slater-Condon integrals, the 5s5p ]P based terms must
be calculated independently in the Hartree-Fock routine.
| Every allowed transition to 4d95$5p has been found in the
present investigation and is here compared with intermediate coupling
level structure calculations, Connerade and Mansfield (1978), using
unscaled LS-dependent Hartree-Fock estimates of the Slater-Condon
integrals. In Fig{8,2.3)we reproduce the low magnification densito-
meter trace of Ag I absorption spectrum showing the broad structure
attributed to 4d-5p excitation and comparison with calculations by
Conneradé and Mansfield (1978).

The intensities of the transitions were estimated by Connerade
and Mansfield (1978) from the 2P content of the upper levels in inter-
mediate coupling and are also in quite good aQreement with observations.

9Ss5p configuration is smaller

The energy spanned by the 4d
than calculated even on the basis of LS-dependent Hartree-Fock para-
meters (Fig.4.2.3). This discrepancy is not large but suggests a

systematic depression of the (5s5p ]P) based levels.
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The observed levels in 4d9555p configuration are compared

below with the intermediate coupling calculations by Connerade and

Mansfield (1978) using unscaled LS-dependent Hartree-Fock parameters.

MA

1709.27
1652,01
1632.86
1574.05
1548.60

1515.60

1507.37
1388.22
"1306.52

1283.11

Exgt.
Y/cm

58505
60529
61242

63531

-1

64574

65980

66341

72035

76539

77935

Calc.

)ch']

58285
60110
61183
63684
64180

65725 )
)
65814 )

66453
76171
80308

81981

Identification

9 4 0
3/2

9 4 0
P12

(5s5p P) 4d

(5s5p) P) 4d

9 40
(5s5p °P) 4d F3/2

9 2
(5s5p P) 4d 3/2

9 2
(5s5p P) 4d ]/2
9 2 o

(5s5p P) 4d 3/2

4n0

9
(5s5p P) 4d D3/

(5s5p 'P) 4d° 3/2

9 2 0
1/2

2,0
3/2

(5s5p 'P) 4d

(5s5p 1P) 4d° 2D

and 4

We have arranged all the observed transitions into Rydberg

series, one intense series converging on the 4d955(3D3) Timit, two

series converging to 4d955(302), one strong series converging on

(301) which shows 'Beutler-Fano' resonances above the (302) Timit

and two strong series converging on the (]DZ) Timit.

The

4d955(3D3 2.1 ,]Dz)nf series have also been found.

1/2
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4.2.4c 4d%s(%Dy)np. series

This is the most intense of the observed series° The

Tine at 1548.60 R acts as an apparent first member yielding n —1 75,
but is, in fact, a transition to ( P) P1/2' With Martin and
Sugar's (1969) values for the parameters, this transition should be
assigned 401£2. Connerade's (1978) calculations suggest that a
ZPU2 assignment is marginally better.

| Shenstone (]9401 has made an accurate measurement for this 1ine,_
in emission, and the reversal width was measured as 4 R. The second
members of this series at 1148.84 R has also been observed by Paul
(1937) and is listed by Johannsen and Lincke (1975) as a transition
to 4d95$6p,_which is in consistent agreement with our present identifi-

cation. According to Jk coupling only one np series to 303 is

accessible

4d%s (%, )np [2]3/2

which seems a more-appropriate coupling scheme for silver.

This series has been observed up to n=22 haveing a smooth course
of quantum defects. The wavelengths in R, the value of the level
in cm'] and the Rydberg denominator n* = (R/T)]/2 are reported

in Table (4.2.1).

4.2.4d 4d955(302)np; Series

" This is.a strong and broad series having two components up
to n=11, afterwards the two components merge together. The leading
members of this series are 1515.60 R and 1507.37 R.

The line at 1515.60 R was measured by Shenstone (1977) in
emission and the reversal width was measured as 17 R.  The second
member at 1132,09 ] is listed by Paul (1937) and Johannsen and Lincke

(1975) as a transition to 4d95s5p, which is in agreement with our
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interpretation. The assignment in Ls coupling for the leading

92
P3/2-

In Jk coupling (Racah (1942) and Cowan and Andrew (1965)) the

members is 5s5p(3P)4d

accessible series are

9,3
4d75s("D,)np [2] 3/2 ° [1] 3/2,1/2
Assuming the [1]3/2’1/2 series are merged, the Racah (1942)

formula yields

@L«j"& ’(1/ o Cogm [2] £, = 0.175
(0, )np [1] £, = 0.175

Thus the longer wavelength series is (3D2)np [ﬁ] 1/2,3/2° while the
shqrter wavelength series is (3D2)np l?] 3/2° This interpretation
is consistent with the interpretation of the 1515.60 R 1line as
merged transitions to J= 1/2 and J= 3/2 upper levels, This line
is explained as a mixture of 4D]/2 and 2P3/2 terms. The line at
1507.37 R is explained as 4D]/2{

These series have been observed up to n=20 and the wavelength in

R, the value of the level in cm'] and the Rydberg denominator n* =;/$T
are reported in Table (4.2.2).

4.2.4e 4d955(3D])np Series

The leading member of this series is a broad feature at
1388,22 R and is described as 555p(]P)4dg 2P3/2 according to
‘calculations by Connerade et al. (1978). The n=6 member is split
into three components rather than two components. According to

Jk coupling the following series are accessible :

9.3 =
5.3 _

4d”5s( D])np [2] 3/2 f2 = -0,025
Be./3 =



T

(5s 5p 'P)4d’
:p,  LS-dependent Hartree-Fock
T° intermediate coupling
calculations
| (55 5p"P)4d’
.ZP;
A 4D1 T
P, P,
relative intensities 'D, P
g 2 4 4
(ZP content of the [ QD;« ( “)D_« 4F4 Pﬁ ],
upper levels) £ ? S P B [
\\ |\ \\\ : ; i
| |\ \\ : I |I | "
lt ‘\‘ \\ Il : : : : I i
1k \ ! i
\ \ \ ol ] | !
1028 & ik ||" w b
| L 1
Vo " | ; |
J |\ . [ | | |
M&MMMWN“\uU _'LA* \. \‘ II | | ‘ | | [
(a) N ok [ | - |
3 : .. i \ 'I | I| | I| | | f/ﬁ,bg A
‘D, series limit ) A || [ ] Yk (weak
\ 1 | | LS wea
s Ll SNDye 4 ) ) line)
(b) HM'JJi ﬂ ﬁjpbfll'-Jlul || |l \"\\.‘_’JU]{ l\l\--ﬂf"llll Il:\"“,..,.-m—-"‘fj |I II|| || ||
| | || I II [ a .-||
o \ulrll |-'“ I|| I| f 1 ||I |' II I'|,,|| |'|II
(C) M{WJ ’J J"L,Jl u ”Il'-d | H |||I| .lII II I] I' |||| I' Il Jln-. =
Ml |1 Ak .'l"-. | \ || ||I'. / |I ||\ | II ‘ e
Ju ) |



78

which accounts for the observation of three members at n=6., The
higher members are easy to pick out even in the overlapped region

9

and show Fano-type resonance above the 4d 55(3D2) limit. This

series has been observed up to n=18 and wavelengths are collected

in Table (4.2.3).

4.2.4f  4d°5s('D,)np Series

This series shows doublet components which are resolved up
to n=11, The leading members are at 1306.52 ] described as
(5s5p 'P)ad’ ZP$/2
According fo Jk coupling the accessible serijes are

4d955(102)np D] 1/2,3/2 f2

and at 1283,11 R assigned as (555.§>1P)4d9 zDg/Z.

-0,175

1¢%s("o,)mp  [2] 3/ f, = 40,175

in order of increasing energy. This is consistent with thg inter-
pretation of the Tine at 1283 R as a transition to a level with
J=3/2. The transition at 1388 R together with one at 1306 R can
be considered as the leading members of the series which merge into

4d955(]Dz)np [1] 1/2,3/2 for n> 6.

. . . 3
This series also shows asymmetric resonances above the (

Dy)
1imit and it is observed up to n=17. The identifications and wave-
lengths are presented in Table (4.2.4).

In addition to the np series we have also identified the nf
series converging on 4d955(3D3), 4d955(302) and 4d955(301) levels
of the jon. The assignment was based on the residual quantum defect

as has been reportéd in the d-subshell excitation of Zn, Cd and Hg

by Garton and Connerade (1969).

4,2,5 Double Excitation Series

At higher energy than the 4d955 threshold we observe many

transmission windows which are mostly too weak for accurate measurement



TABLE  4.2.1

4d Excitation Spectra of Ag I

44'%s %5, , —»4d%s(30,)np %32+ %P1 s
Limit = 100270.46 cm” |

n /R w.‘/cm'.']. .......... Nt
5 1548.60 64574 1.75
6 1148.84 87044 2.87
7 1072.80 93214 3.94
8 104405 95781 4.94
9 1028.93 97188 5.97
10 1020.33 98008 6.96
11 1014.80 98541 7.97
12 1010.93 98919 9,01
13 1008.32 99175 10.01
14 1006.26 99378 11.09
15 1004.92 99510 12.02
16 1003.82 99619 12,98
17 1002.92 99709 13.98
18 1002.15 99786 15.05
19 1001.53 99847 16.09
20 1001.01 99900 17.20
21 1000.59 99941 18.25
22 1000.26 99974 19.25

79



'TABLE '4.2.2

4d'%s. 251/2——9 4d95$ (?Dz)np
Limit = 101847.56 cm”|
n AR wem V. N
5 1515.60 ) 65980 1.75
1507.37% 66341 1.76
6 1132.09 ) 88332 2.85
1130.63 % 88446 2.87
7 1057.76 ) 94539 3.88
1056.84;' 94621 3.90
8 1028.93 ) 97188 4,85
1028.25% 97253 4.89
9 1013.45 ) 98673 5.88
1013.10) 98707 5.91
10 1004.57 ) 99545 6.90
1004.21; 99581 6.96
1 999.11) 100089 7.90
998.85% 100115 7.96
12 995.19 100483 8.97
13 992.57 100749 9.99
14 990.69 100939 10.99
15 989,22 101090 12.03
16 988.10 101205 13.06
17 987.26 101291 14.04
18 986.64 101354 14.91
19 986.02 101418 15,98
20 985.54 101467 16.99
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TABLE 4.2.3

44056 251/2-———+>4d955(301)np
Limit = 104845.26 cm '

n }\/ﬂ V/cm-] | _n*_
5 1388, 22 72035 1.83
6 1101.07 ) 90821 2.80
1099.99 3 90910 2.81
1093.70 % 91433 2,86
7 1024.61 97598 3.89
8 997,25 100276 4,90
9 983.30 101698 5.91
10 974,86 102579 6.96
3 969.84 103110 7,95
12 966.32 103486 8.99
13 963,92 103744 9,98
14 961.90 103961 11.14
15 960,72 104088 12,04
16 959,69 104200 13.04
17 958.90 104286 14.01
18 958,13 104370 15.19
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‘"TABLE  °4.2.4°

_4d1055‘2$]/2 ——=4d%5s('D,)np
Limit = 107152.26 cm |
AR Wem ..

5 1306.52 ) 76539 1.89
1283,11 % 77935 1.94
6 1067.09 ) 93713 2.86
1058. 76 ; 94450 2.94
7 1003.12 ) 99689 3.83
999.11 % 100089 3.94
8 975.75 ) 102485 4.85
973.77 ; 102694 4.96
9 961,90 ) 103961 5.86
960.90 3 104069 5,97
10 953.86 ) 104837 6.88
953,41 % 104887 6.96
1 949,00 ) 105374 7.86
o1g.61 " 105417 7.95
12 945, 46 105769 8,91
13 943,08 106035 9,91
14 941.26 106240 10.97
15 939.95 106388 11.99
16 939,05 106491 12.88
17 938,25 106582 13.87




TABLE 4.2.5

10

2 9..,3

1

‘Limit = 100270.46 cm_

n .. ;\/R . . )"/cm-.']. ......... n?A .
4 1071.83 93299 3.97
5 1043.58 95824 4,97
6 1028.93 , 97111 5.97
" "TABLE "4.2.6
10, 2 9. ,3
4d""5s . .s.‘/2 —>4d”5s ("D, )Inf
Limit = 101847.56 cm”)
n a/R Wen™ n
4 1053.99 94878 3.97
5 1026.57 97412 - 4.97
6 1012.42 98774 5.98
"TABLE™ 4.2.7
10, 2 9_ .3
4d “5s 51/2 -—->.4d.55(.D.|)m"..2.3/2
Limit = 104845.26 cm™ )
- - *

n : ;\/R : y/cm ! n
i 1021.58 97887 3.97
5 996,00 100402 4,97
6

982.70 101760 5.96
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and are similar in appearance to transmission windows above the

3¢?

5s threshold in Rb I (Connerade and Mahsfie]d, 1978)., These
transmission windowsdybieﬁ/have the weak and diffuse appearance
characteristic of simultaneous excitation of two electron from
different subshells., Thus this structure can be attributed to

simultaneous excitation of one 4d and one 5s electron.

4,3 5d-Excitation .in Gold

4,3.1 Introduction

Gold has a single valence electron outside the filled 5d
shell, therefore the excited states of the s electron correspond
to systems of terms of the same type as in the case of atoms of the
alkali metals. As the binding energy of 's' and 'd' electrons are
approximately the same, new states are possible due to the excitation
of a 'd' election. |

Early classifications in the arc spectrum of Gold were made
by Thorsen (1923), who found the sharp and diffuse series and
McLennen and MclLay (1931), who studied extensively the 5d965 nx
configuration. Platt and Sawyer (1941) observed the spectrum in
the region 600-10,000 R and reported 2000 new 1ines. Ehrhardt and
Davis (1971) reinvestigated the spectra of Au I in the region 400-9600 R
and report an accurate line 1ist along with information on the hyper-
fine structure of lines in Au I,

Absorption spectra were first observed by Garton (1962), who
found some auotionization resonances in the ultraviolet region but
neither wavelengths nor assignments are given. Tegeder and Lincke
(1971) determined the relative photoionization cross section in the
spectral region 1200 to 1600 R using crossed beam photoelectric technique.
However, no identification was proposed by Tegeder and Lincke (1971)

who simply give a line 1ist,
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More recently Brown and Ginter (1978) have observed the high
resolution absorption spectrum in the region 1300-1900 R using third
and fourth orders of a 6.6m vacuum spectrograph and microwave
excited Xenon and Krypton lamps as background continuum. Apart
from the extension of the principal series, they also observed 5d —6p
transitions and made tentative assignments based on a comparison with
parametric calculations by Martin and Sugar (unpublished).

Apart from the above mentioned investigations, there do not
appear to have béen any absorption studies below 1300 R where the
bulk of the discrete structure due to 5d —»np,nf excitation is
expected to occur.

The 3d excitation spectrum in Cu I has been studied by Tondello
(1973), and the 4d excitation spectrum in Ag I has been the subject
of the previous sections, and the 5d-excitation in Au I completes
this family of spectra, which provide useful data to compare d-subshells
in Atoms and Solids. The properties of the d-subshells are more
easily studied in the atom than in the solid because the different
excitation processes are more easily separated from each other in
energy.

4,3.2 Results

We have observed the absorption spectra of Au I between
950-1350 R~finding 57 new transitions corresponding.to the excitation
of a single electron from the 5d-subshell. The spectra were recorded
in the first order of a 1m normal incidence spectrograph equipped
with a 1200 Tines/mm grating. Approximately ten‘grams of pure gold
metal was placed in a tungsten boat. The furnace tube was of molyb-
denum 0.3mm thick and 30cm long and was heated to temperatures
ranging from 1300 to 1700°C.

It was discovered on opening the furnace system that the

molybdenum tube and the tantalum liner had been attacked by the metal,
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a difficulty which was not encountered for Ag I but which also occurs

for Cu I,

4.3.3 Ana]zsis

The absorption spectrum of Au I in the region 930-1310 R is

9,13
(

reproduced in Fig.(4.3) showing the 5d”6s D)np and nf series.

10

The ground state configuration of Au I is 5d “6s 251/2' and excitation

of the outermost 's' electron to 'p' orbitals yield principal series

1

converging on the ground state SO of the jon Au II. Absorption

spectra in the region 1300-1900 ] have been studied by Brown and

Ginter (1978) and their observations include Sd]0 6s 251/2——>5d10np

2"3/2,1/2 transitions for n=7 through to n=40, 5d965 '205/2—>np 2p3°/2
2

9

for n=8 through to n=12 and transitions from 6s 51/2 to levels

associated with the interloper configurations 5d 6s6p and 5d86526p.

Brown and Ginter (1978) determined the accurate value of the ionization

V40,17 en™! from the np %p serijes,

Perturbation was also detected in both of the 2PO series at n=7

potential of Au I 74408.88 cm

and n=8 and again between n=10 and n=11.

In the present experiment, we also found the principal series
but with very Tow intensity because of shorf path lengths =~ 40 cm
use by us, and our measured wavelengths are in good agreement with
those of Brown and Ginter (1978),

4.3.4a 5d965np,nf Configurations

The excitation of a single electron from the d-subshell
corresponds to the transition which lies above the first ionization

9Gsn] fall above

Timit. A1l the states from the configuration 3d
the first ionization 1imit and can interact with the accompanying

continua, 5d106 p 2P°. As a result, Tines will appear broadened
due to autoionization and the broadening will be larger the nearer

the upper states are to the first ionization 1limit.,



5465 (°D,)nf
5d%s(°D,)np  n=10 n=9 8 n7 T

5d%6s("Dy)np 12 n=10 n=9 n=8

5d86527p

/\

983

[ ]

9 3 .|

5d76s( D, )n
. (3 3" n={10  p=9 n=8 n=7

54765 ("Dg)nf n=7  n=6 n=5

n=10  n=9 n=8 n=7
5065 (D, )np
FIGURE;4.3.1 - The absorption spectrum of Ag .1 in the vacuum ultraviolet, éhOwing

the 5&965(1’3D)np and nf serieé.

L8
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Thus the configuration arising from the excitation of the inner
5d-electron to a 'p' orbital in Au I s

10. 2 40 40 4.0

9..,3

2P°, 200, 2Fo

10

54! %6 251/2—>5c1955(102)np P, °D, °F

Similar configurations will arise by promoting an electron from
the 5d-shell to the 'f' orbitals. These configufations converge

onto the excited states 5d965(3D) and 5d965(]D) of Au I. The

%, isat 89447.88 cn”!, 30, at 92048.28 cn”!, 3
and D, 1is at 104024.68 cm”

D at 102173.38 cm”

2
1

1

above the ground state 251/2 of Au I.
Various transitions are expected from the ground state
5d]065 251/2 to the final bound states according to the dipole

selection rules; thus the 5d965np configuration gives the terms
sa%s [0 | +p [4P, %, %o, %, 2&3‘)
5d%6s Dn] +p [ZP, 2]
. _ e 3.2 9. 1.2
We have listed only J=1/2 or 3/2 levels omitting ("D)F and 5d”6s( D)"F.

4.3.4b 5d%6s6p Configuration

This configuration will give terms Py, 5, %, 00 0, 12.3/2
! ’ ’

2 2

. 9..,3 2 2
P1/2,3/2, 03/2 built on the 5d”6s("D) core.and 03/2 and P.|/2,3/2

built on the 5d965(]D) core; A11 the levels of this configuration
lie below the first ionization 1imit in contrast to the situation
in Ag I where all the levels due to 4d9*5p configuration 1ie above
the first ionization Timit except the P1/2’3/2 levels.,

Brown and Ginter (1978) attribute seven lines to the

transitions

5d1%s 251 — 5d%6s6p *

4

0 -1
P.l/.2 53196 cm

93/2 56106 "



10, 2 9. 2 -1

2 u
Prjp 60979

) 61564
3/2

2
P, 62569 "

2p 63006
3/2

in order of increasing energy. Platt and Sawyer (1941) observed
levels which were tentatively corre]ated w{th 5d9656p (d=1/2 and
J=3/2) configuration.

The analysis given by Brown and Ginter (197 ) is based on
intermediate coupling calculations of the Jd=1/2 and J=3/2 levels by
Martin and Sugar (unpublished) who have apparently treated the
Slater-Condon integrals as adjustable parameters, fitting them as
well as possible to the best possible data.

Connerade (private communication) performed single configurat-
ion Hartree-Fock calculations pf the configuration 5d965np paying
special attention to the possible LS dependence of Slater-Condon
parameters for (6snp ]’3P)5d9 and pointed out thaf there is a
significant change in the magnitude of the Slater-Condon parameters
between the configuration average and (6snp 1P}) based levels. The
effect of the LS dependence on calculations of 5d9656p structure in
Au I appears to be much less pronounced than for the 4d9555p
configuration of Ag I.

Mansfield (private communication) performed calculations with
full configuration mixing in a Hartree-Slater scheme using the 'Zealot'
suite of programmes (Cowan, 1978) with the following combinations.

(1) 5d9656p X 6s7p x 6s8p x 6s5f

(2) 5d%s6p x 6p6d x 5d%6s26p

(3) 5d%6s6p x 6s7s x 5d265%6p

89
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A large change in energies and intensities is produced by

86526p configuration in the calculations,

the introduction of 5d
Mansfield (private communication) also performed calculations with
the same scheme for the corresponding configuration in Ag I and these
indicate that the influence of 5d86526p on 5d9656p is much larger
than for the corresponding configurations in Ag I, because the
Aconfigurations with two vacancies in the 4d subshell 1ie relatively
much higher in energy for Ag I than configurations with two vacancies
in the 5d-subshell of Au I. A1l the ébserved'1ines were arranged
into Rydberg series except two strong lines at 1250 8 and 12281,
These Tlines were also observed by Tegeder and Lincke (1971).
According to the calculations, these can be clearly regarded as a
transition involving double vacancy production, 5d86526p.

In Tables (4.3.1) and (4.3.2) we give a comparison between
the results of Mansfield's calculations and experiment for n=6 and
n=7 levels. For comparison we also include the parametric results
of Martin and Sugar (1978), which are somewhat different.

9656p,

We have used jj coupling for the whole configuration 5d
which is more appropriate than LS coupling.

In Fig.(4.3.2) we show a comparison between our data and
the measurements of Tegeder and Lincke (1971) in the wavelength region

1200-1350 R which corresponds to the 5d°6s7p configuration.

The 5d°6s(°Dg)np Series

This is the most strong and well defined series observed in
the spectrum of Au I. The level at 1303 R, observed by Tegeder and
Lincke (1971) and Brown and Ginter (1978) has been assigned as the
second member of this series yielding n*=2.78. According to the Jk

coupling only one series to (303) is accessible

5¢%s (%0, )np [2] 3/2
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FIGURE 4.3.2 - Comparison between (a) photoionization measurements on an Au atomic beam
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and an inductively heated furnace (present experiments) showing the Towest
energy Sd excitation lines recorded in the present experiments.
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This series has been observed up to n=17 yielding a smooth course

of quantum defects. The wavelength in R, the value of the level
-1 * .

in cm L and the Rydberg denominator n =(R/T).|/2 are reported in

Table (4.3.2).

The 5d965(302)np Series

This strong and broad series consists of doublet components
of comparable intensity., After n>11 the two components merge.
The Tines at 1303 R and 1284.5 R which were previously identified by
Tegeder and Lincke (1971) are assigned as the second member of this
series. In Jk coupling,Racah (1942) and Cowan and Andrew (1965),

the accessible series are

9. ,3 »
5d”6s ("D, )np [2]3/2 , [‘]1/2,3/2
The transitions to the [ﬁ]1/2 levels appear to be very weak.,
. . 9. .,3
Therefore, the 1ine at 1303 R can be assigned 5d76s( D2)7p [{]3/2
and the line at 1284,52 R can be assigned as

54°6s(°D,)7p [2] 5,

This series has been observed up to n=17 and wavelengths in R,

]

- *
terms in cm ° and the Rydberg denominator n =vﬂ?- are reported

in Table (4.3.3).

4.3.4c 5d965(3D1)np Series

Observed transitions consist of doublet components resolved

up to n=11. According to Jk coupling, the accessible series are
5d965(3D1)np [b]1/2
5d965(3D1)np [2] 3/2
s¢%s(%0y ) [1] 1/2,3/2

We observe only two series. The line at 1158 R is identified as

9,3 i 653D, )
5%s(0;)7p [0],,, and the 1148.95 R Tine as 5d%s(%D;)7p [1]3/2 .
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TABLE 4.3.1

Comparison between experimental energies and theory for the
5d9 8

6s6p x 5d Gszsp configurations of Au I

(a) J = 1/2 levels

Paramegyic Ab ini}io _Experim$pt o | Identification. .

cm cm cm™ (largest compositions)
52464 52793 53196 69% (373
59505 60148 60979" - 55% (: 2+ G 2 3
68739" 61142 61564" 515 (3 5 5+ 24%(3 1 3)
72077 74413 73396 532 (g ; g) zzz(g ‘2 ;

(b) J = 3/2 levels

Parametric Ab initio Experiment Identifications
el cm1 _em=l" " (largest compositions)
46823 4673 47007 23% (5 g)+ 62% (31 %
51065 50958 51231 # 68% (3 5 3+ 105 (3% 7)

* 513 313
56085 55984 56106 55% (23 )+ 374 (35 3)
* 311 513
58847 60649 58846 401 G2+ 12 13
64536% 61965 62569" 5% (3 23
71870" 64623 63006 555 (21 3)+ 18% (-ll)
272 2722
73701% 79286 80004 20% (3 5 39+ 35% (25)
- - 81965 81415 70% (1-5)+ 16% (z-g-)

96s6p by Borwn & Ginter (1978).

* Already attributed to 5d
7b Platt and Sawyer (1941).

+  Tentative correlations with other experimental levels are given by Brown
and Ginter (1978)
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TABLE 4.3.2

Comparison between experimental energies and calculated

structure for the 5d9657p configuration of Au I

...Ab.init§o : Experime?t.. No Identification
oyiemTho o s e eme) o
9. 3
75275 75292 1 (5d”6s “Dy) 7p \'_2]3/2
77111 )
| 9. 3
2729 ; 76739 2 (5d°6s °p,) 7p {1] 3/2
9, 3
78450 77850 3 (54°6s “D,) 7p [ 2] 3/2
85974 )
) 86346 - (54%s 3p;) 7p {0]
86450 ) 1 172
87011 )
9. 3
47301 g 87036 - (54°6s °D;) 7p {1]3 /2
9. 1
90244 89619 - (54”65 'D,) 7p D]3/2
91602 91980
92059 - 92926

The ab initio calculations are obtained from a four-configuration treatment
(set (1) in text) and have been raised in energy by 7000 cm']. The numbers
for the first three peaks refer to Fig.2. The identification given refers
to the most intense component. Peak 2 has a very weak line on the long

- wavelength side which may be the [1]]/2 transition.



10, 2 R
5d76s °sy,,  —>. 5d76s. (“Dy)np L2, ,

1

Series Limit: 89447.88 cm

n AR B S
7 1328,16 75292 2,78
8 1213,33 82418 3.95
9 1176.93 84967 4,95
10 1158.49 86319 5,92
n 1147.18 87170 6.94
12 . 1140.16 87707 7.94
13 1135.39 88075 8,94
14 1131.87" 88349 9,99
15 1129.65 88523 10.89
16 1127.96 88656 1.77
17 1126.39 88779 12.81

* Blended 1ine.

This series consists of broad and intense transitions.
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TABLE 4.3.4

5d ‘excitation spectrum of ‘Au I

10, 2 29,3
54'°6s “S;,, —> 54765 nz)np{;l,i]3/2

Series Limit: 92048.28 cm™)

n f\ (R) . A chfl o . n*
7 1303.11 76739 2.68

1284.52 77850 2.78
8 1185.40 84360 3.78

1178.34 84865 3.01
9 1143.29 87467 4.89

1141.94 87570 4.95
10 1124.32 88943 5.94
11 1114.27 89745  6.90

1113.81 89782 6.96
12 1107.49 90294 7.91
13 1102.92 90668 8.92
14 1099.82 90924 9.88
15 1097.58 91110 10.81
16 1096.00 91241 11.66
17 1094.41 91373 12.75

This series consists of broad and intense transitions, Identifications
are given in JCK coupling and the order of k values is given in

Table L.



"TABLE® 4.3.5

5d Subshell excitation spectrum of Au I

5d1%s %, — 5¢%s (°0;) o ["]1/2.’ PR
Series 1imit: 102173.38 cm’!

n }A () Ve ! n
7 1158.13 86346 2.63
1148.95 87036 2.69
8 1064.10 93976 3,66
1056.57 94646 3.82
9 1030,71 97021 | 4.62
| 1024.98 97563 4.88
10 1012.93 98724 5.64
1010.14 98996 5.88
11 1002.51 99750 6.73
12 996,04 100398 7.86
13 992.29 100777 8.86
14 989,91 101019 9,75
15 987.95" 101220 10.73
16 986,36 101383 11.78

* Very weak.

This series consists of broad and intense transitions.



TABLE: 4.3.6

5d Subshell excitation- spectirum of "Au I

- 5d'%s 251/2——> 5d965.(]Dz)np [133/2’]/2, [_2]3/2

Series limit: 104029.68 cm™ !

AR Yem ! n"

n

6 1532.83 65239 1.68

7 1115.84 89619 2.76

8 1037.42 96393 3.79

9 1006.70 99334 4,83
10 991.55 100852 5.88
1 983.06 101726 6.90
12 ~- -- -
13 974,74 102591 8.74

This series consists of fairly strong broad transitions, becoming

3

noticeably broader above the 02 threshold.

98



TABLE ~ 4,3.7

5d subshell excitation:spectrum-of Au I

99

10, 2 9.3
5d'°6s S, —> 5d°6s(°Dy)nf [0,1.2]
*
n AR) Y em-1 n
5 1213.10 82433 3.96
1212.82 82452 3.96
1212.03 82506 3.98
6 1176.35 85009 4,97
7 1158.13 86346 5.95
+ See the inset at peak No.7.in Fig.2..
TABLE 4.3.8
5d subshell excitation spectrum of Au I
10,2 9. ,3
5d'%6s Sy, —> 5d°6s(°Dy)nf [1.2]
n AR Yem! n
5 1175.52 85069 3.97 [1]”2 3/2
?
1175.34 85082 3.9712], /2

TABLE 4.3.9

5d subshell excitation spectrum of Au I

10, 2 9. 3
5d' 65 °S;,, —> 5d°6s(°Dy)nf [2]3/2
*
on AR Yl n
5 - 1050, 34 95207 3.97

The Tines listed in Tables .above are all weak and comparatively
sharp. Where possible k values are given, but,for n=6 and above, all

the transitions with different k values are probably degenerate in

energy.
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The higher members up to n=16 have been observed and are reported

in Table (4.3.4).

4.3.44  5d%s('D,)np Series

This series consists of fairly strong transitions becoming
noticeably broader above the 302 threshold. According to the Jjk
coupling, the accessible series are

5d965(102)np [7]1/2,3/2

5d965(1D2)np [?]3/2

The Tine at 1115.34 R is attributed to 5d96d (]Dz)7p E{l3/2 and
the higher members are observed up to n=13. In this region there
were some impurity lines as well which create problems in extending
this series. The line list'with identifications is given in
Table (4.3.4).

In addition to the np-series we have also identified the

5d965(3D3)nf [p,],é] levels from n=5 to n=7. This level,

5d965(303)5f, splits into three components which can be seen in the
Fig.(4.3.2). The same splitting of f Tlevels were detected in Hg I
by Garton and Connerade (1969). We have interpreted this level at
%6sC0,)5¢ [1] 12,372
[2]3/, vielding n" =3.97. The Tine at 1050.3 R, which is a
%6s(°0)5¢ [2] 1 Yielding

1175.52 R and 1175.34 R as transitions to 5d

very sharp transition is identified as 5d

*
n =3.97.

4,4 3d-subshell Excitation in Mn I

4.4.1 Introduction

The manganese atom has twentyfive extranuclear electrons with

5452 6

ground state electron configuration 3d 55/2 and the spectrum
of Mn I is expected to be very complex because of overlapping structure

due to excitation from the 4s-shell and the 3d-shell. The emission
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spectrum of Mn I has been extensively studied in the past and Catalan,
Meggers and Gar<ia-Riquelme (1951 ) have c1as§ified all the observed
Tines between 1785 R and 1760 8. Corliss and Sugar (1977) have
summarised the existing energy level data on Mn I through Mn XXV;

The absorption spectrum was first observed by Paul (1937) in
the region 500-1390 R using a resistively heated tungsten furnace and
Lyman continuum-as the background source. Marr and Zico (1971)
observed the photoabsorption spectrum above the first 1dnization Timit
down to 1200 R and found some broad features which were tentatively
assigned. Brown and Ginter (1978) recorded the high resolution
absorption spectra in the region 1305 - 2040 R using 3rd and 4th order
of a 6.6. m vacuum spectrograph and microwave excited Xenon or Krypton
iamps as background continuum. Brown and Ginter (1978) extended the
principal series upto n=41 and reported an accurate value of-the first

1

ionization potential 59959.40 b 0.10 cm ', which is 22 cm'] below the

previously recommended value, Corliss and Sugar (1977). The region
investigated by Brown and Ginter (1978) was particularly interesting

5,26

because it contains most of the transitions between the 3d“4s™ S

5/2
ground level to the excited energy levels converging on the

5, 7 5 46 5

3d%4s 53 (ground), 3d“4s 552 (first excited state) and 3

Dg,3,2,1,0
levels of Mn II. Brown and Giner (1978) also identified some
quadrupole transitions.

Manganese has a half filled d-shell and all the five electrons
have parallel spins:; it is therefore very interesting for electron
scattering studies experiments because, besides sixtet states, spin
exchange can also excite quartet and octet states. Williams et al.
(1978) have reported the electron scattering studies in manganese
vapour in the 10-100 eV impact energy and found quartet, sixtet and

octet excitations. | Williams et al. (1978) observed many peaks below

the first jonization Timit and found two strong peaks at 7.74 eV and



8.73 eV, which were attributed to double scattering.

Connerade et al. (1977) reported the absorption spectrum of
Mn I in the energy region 40-70 eV corresponding to excitation of the
3p-subshell and found a broad feature followed by some discrete levels.
~ The spectrum was interpreted by cdmparison with ab initio Hartree-Fock
calculations,

In the present investigation we have observed the vacuum ultra-
violet absorption spectra of Mn I vapour extending over the full range
from 700-1800 f. Rich, but surprisingly simple structure has been
found converging on 4s and 3d jonization thresholds. It is shown
that all the structures Williams et al. (1978) observed by electron
impact excitation, above the first jonization threshold, are in fact
optically allowed by the dipole selection rules. The simplicity of
the Mn I absorption spectrum is attributed to the validity of the
spectator electrons model and the observed structures are interpreted
by comparison with ab initio Hartree-Fock calculations of the excited
configurations,

4,4,2 Results

In the present investigation we have covered the spectral range
700-1900 ] and found very interesting features due to excitation of
4s and 3d electrons, The Mn I vapour was produced by heating the
metal 1in an inductidnfurnace with tantalum as furnace tube at
temperatures from 1100-1400°C taking care not to heat the tube above
the melting point of Mn I for a iong period in ofder to inhibit
chemical attack. In spite of this, after the experiment, when the
furnace was dismantied, the furnace tube was found to be badly damaged.
Spectra were recorded in the first order of a Tm normal incidence
spectrograph equipped with a:1200 1ines/mm grating. To avoid the
overlapping of higher spectral orders, a LiF window was used in some

exposures, Other experimental details are discussed in Chapter III,

102
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4.4.3 Analysis
The absorption spectrum of Mn I in the region 850-1760 R

is reproduced in Fig.(4.4.1) where all the observed transitions are
marked with identificationsf The lines are arranged into Rydberg
series convering on the ground state and higher excited levels of
Mn II. We discuss all the transitions separately.

5

4,4,3a 3d"4snp Configuration

Manganese is placed in the Periodic Table where competition

occurs between the d and s states in filling of the d-shell. The

ground state configuration is represented by 3d54s2 655/2, The 3d

and 4s levels have very close energy therefore the levels corresponding
td the configdrations 3d4452; 3d54s and 3d6 1ie very close in Mn II.
A1l these levels have the same parity because both 'd' and 's' states
are even, therefore electric dipole transitions between these levels
are not possible, The atom can be excited by the excitation of one
of the 3d or 4s electrons into the np orbitals.

In the Mn I 3d shell, all the electrons have parallel spins

and the addition of a 4s electron with 3d5 655/2 will form 552 and

753 terms, which are separated by about 9473 cm-]° This large
separation between the two s-terms is due to the interaction between

s = 5/2 of the parent term and s = 1/2 of the added electron, The
addition of an np electron with 3d54s(7s3, 552) core will change the
muTtiplicity and the resulting terms will be *P,% & 8. The interaction
between the spin of the parent term and the spin of the np electron

will separate the resultant P terms. Thus, the excitation of a

4s electron to np orbitals n»4 will result in a Rydberg series
converging on the 753 and 552 levels of Mn II,

3d%452 55575————>-3d54s(753)np 6p0  8po

3d%s(°s,)np 0, %°
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The first series is the principal series have been observed up to
n=41 by Brown and Ginter (1978) yielding a .more accurate value of the
first jonization potential 59959.40 % 0.10 cm'1. In the pfesent
experiment we have also observed this series which can be seen in
Fig.(4.4.1). Brown and Ginter (1978) were able to resolve all the
fine components of the 6P3/é’5/2’7/2 levels. A weak series was also
detected due to 3d°4s(’Sy)np Bp; 12,772 UP to n=22.

Considering now the Rydberg series convering on 552 level of
the ion, which is the fifst excited state of Mn II. This series has
the most pronounced feature of Beutler-Fano resonances and is very
stroﬁg]y developed on our plates. A very low vapour pressure was
sufficient to observe this series and a small increment in temperature
results in saturation of the line profiles. Brown and Ginter (1978)
reported this autoionizing series up to n=35.

5,26 5, ,5 6,0
3d74s 5375-——6-3d 4s( Sz)np P
6

The assignment of this series as P.o ‘was based on the fact that this

is strong in arc spectrum, Autoionization in this series 1is due to

the interaction with 3d54s(7S3) €€ continua. Several perturbations
also occur, particularly at 3d5456p; a broad feature and autoionization
resonances occur and the intensity of the 3d5458p line is attenuated.
We made densitometer traces for this section of the spectrum and this

is reproduced in Fig.(4.4.2) along with the identification and

comparison with theoretical calculation - Roth (1970).

4.4.3b 3d6(sD)np Configuration

The excitation of oné of the 4s electrons to the 3d orbital
will form the core (55 ) and the addition of a ‘p' electron
4,3,2,1,0
will give Rydberg series due to double excitation of both the 4s
electrons, converging on the 5D4 3.2.1.0 Tevels of Mn II,

3d%s? b5 ——>346(%

5/2 4,3,2,1,0)"P



This double excitation may arise due to strong configuration mixing

in the parent ion - Brown and Ginter (1978) have reported these

series and the broad features overlapped on the 3d54s(5

were explained due to 3d6(5D)5p,6p and 7p levels. After crossing

Sz)np series

the limit of 3d°4s(%s,) series, all the Tevels of the 3d°(°D)np

series show transmission windows and with very weak intensity.

4.4.3c 3d4(5D)452np. Configuration
Excitatidn of one electron from the 3d subsehll of Mn I to

the np and nf orbitals will result from the excitation scheme

5, 6 a2 3,
3d"4s "Sg jo——>=3d"4s"np,nf J=-§

N
N N~

-9

This excitation scheme is very complex because the 3d

ion of the parent ion gives rise to the term

1. 3 1. 1. 5 1. 3 1. 1. 3 1
00245 2P oD D5 gD 4F s 4F . SG, 46, 4H and I

(The leading subscript is the seniority number).

The introduction of the spectator electrons approximation (Sugar, 1972;

‘Mansfield and Connerade, 1976) results in a good simplification of
the one electron excitation scheme.

If we assume that the relative angular momentum orientations
of all but one of the 3d electrons in the ground state configuration
of Mn I are unchanged during the 3d—>4p transition, then it turns
out that there is one and only one rele?ant Timit, namely 2D, The
reason for this is illustrated in Fig.(4.4.3).

In the ground state of Mn I, the spins of all five electrons
in 3d5 are aligned and has L = 0, therefore the angular momenta have
a simple arrangement, which is shown in Fig.(4,4.3), They have the

~ same ordering of angular momenta for 3d4, no matter which electron

is removed. Thus, if the electrons in 3d4 retain the angular momentum

4s™ configurat-
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FIGURE 4.4.2

Comparison between the calculations of Roth (1970) for 3d—» 4p excitation in
Mn I and experiment, The stick diagram does not represent intensities, but the

3d 452(450)4p content as derived from Roth's (1970) table.
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orientations, 3d5, the only prominent excitation series must run to

the 3d%s? 20 limit,

In the present experiment we confirm that the only strong
absorption series converge on the 3d5452(500,],2,3,4) limit and no
structure associated with any other 3d44s2 1imit is observed down to
700 .  Both np and nf series have been observed and the n*
values and identifications are collected in Tables. .

The lowest member of the np series 1ie in the energy region
studied by Brown and Ginter (1978), who do not attribute any transition

2 6S

to the 3d54s -—-+>3d4452(50)4p configuration.

5/2
We show a densitometer trace of several intense transitions

which are assigned by Brown and Ginter (1978) as 3d65p, 3d66p and

3d67p upper configurations. Large intensities and breadths cannot
only originate from the 3d54s2 65575——€>3d6(50)np channel, because
all other members of this channel with n > 7 appear as very weak
transmission windows. We have assigned these broad features as

3d°4s2 s3,, —>3d%s2(0)ap

transitions, which is consistent with the n* value of the higher
hembers. These assignments prdvide an explanation for the large
intensity associated with broad feature wich remained unifentified

in the previous experiments. They do not invalidate the description
of many sharp overlapping features as transitions to 3d5(65)4s 55 np
and 3d6(50)np assigned by Brown and Ginter (1978).

A pronounced interchannel mixing effect between the broad and
the sharp features is observed. As the higher series members of the
3d54s(552)np series approaches 3d44sz(50)4p 4F, their intensity is
enhanced.

Roth (1970) performed the full intermediate coupling calculations

of the configuration (3d+4s)64p including mixing between relevant



4_‘

3d° 6 3d

FIGURE 4.4.,3

Showing schematically how the spectator electron model accounts for the high intensity of transitions
to 3d4 452 (450)np rather than any other accessible series.

601
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configurations. Roth (1970) 1isted many levels with appreciable
3d4452(50)4p content but cautions against large uncertainties in

the empirically derived parameters for 3d44524p in Mn I.
4, 2,5
(*D)ap

character, the calculated span is 3500 cm-], whereas the observed

If we consider only those levels which possess 3d'4s

span is 10,000 cm'1. We have further introduced a shift of 4843 cm'1
towards lower energies in all the levels to compare with the experiment
which is shown in Fig.(4.4.2).

Connerade (1979) has also performed'ab initio Hartree-Fock
calculations for the 3d44524p configurations in Mn I which show that
the spatial overlap between 3d and np wavefunctions becomes large
at n=4, which shows qualitatively.why the Slater-Condon parameters,
which determine the energy splittings, are greater for 3d4452np than
for higher members of the series.

25

Neglecting the non-diagonal terms which couple 3d44s D-based

terms to other terms in the energy matrix of 3d4452np, we obtain

the following formula in pure LS coupling (Slater, 1960).

C0)’° = ECD) - & FA(pd) - 35 6'(pd) - 22 6 (pa)
Co)®° = £(%D) + oL Fo(pd) - 3£ 6 (pa) - 22 6(pa)
(50)%° = £(%0) - L F(pa) + £ 6! (pd) - 2 (o)
Coy*e® = (D) - Z FPpd) + 13 6'(pd) + 223 & (pa)
Coy*o® = EC°) + L Fo(pd) + 32 €' (pd) + 222 6(pa)
oyt = £C0) - L FA(pa) + = ' (pd) + 213 67(pa)

Using the values of F2, G1 and G3, Connerade (private communication),
. and neglecting the spin orbit interaction, we obtain a distribution

of energies in quite good agreement with the observed energy span,
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TABLE 4.4.1

Spectrum of Mn I

5 26 4 . 2,5

3d” 4s 55/2 —> 3d" 2s (4 Do)np

Series Limit : 114805.64 cm” )
n 2R Y em™! N
5 998,75 100125 2.73
6 933.99 107068 3.77
7 909.10 109999 4.78
8 896,54 % 111540 5.80
9 889,48 ¥ . 112425 6.79
10 885,07 112985 7.77
11 : 881.97T 113383- 8.78
12 879.80T 113662 9.80
13 878,387 113846 10.70

% Blended T1ines.

1 Overlapped lines,
(Footnote to all the Tables: )

The transitions are assigned to different series on the basis of effective
guantum numbers (quantum defects) obtained from the experimental transition
energies and known limit structure (Moore 1958). Since many configurations
overlap in energy, the ordering into channels must be regarded as a first
approximation. When the quantum numbers are incompletely specified, it

can be assumed that the observed transitions correspond to a blend of

transitions to all the K and J upper levels for a given nl and core.



1 for

4524p) but nevertheless smaller than the observed 10,000 cm'],

In the vicinity of 3d°(°D) and 3d*as?(p) 1evels, we

The same formula also predicts a much large span (7540 cm~

3d*

observed some weak features which are arranged into two Rydberg

series converging on 3d54s(5P)' and 3d44s(5D) lTevel of the ion.
The 1intensity of these 1ines decreases very rapidly and only n=5
members are stronger, The wavelengths and identifications are

given in Tables. .

TABLE 4.4.2

Spectrum of Mn f

5 26

3d° 4s 4

2, 5

Series Limit :- 114897.59 cm”)

n AR yem ! n

5 996.4T 100360 2.75
6 933,56 107117 3,76
7 908,39 110085 478
8 805.87 111623 5,79
9 888.62+ 112534 6.81
10 884.26 ¥ 113089 7.79
M 881.16 113487 8.82
12 879.03 113762 9.83
13 877.48% 113963 10.84
14 - | - -
15 875.411 114232 12.84
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TABLE 4.4.3

Spectrum of Mn I

3d5 4s2 6

4 2,5

Series Limit : 115075.71 cm

1

n 2R Ven'| n

5 994,78 100525 2.75
6 931.95 107302 3.76
7 907.17 110233 4,76
8 894.47F 111798 5.79
9 887.33 112698 6.79
10 882.82%1 113273 7.80
11 879.79T 113663 8.82
12 877.45% 113967 9.93
13 - - -

14 874,99t 114287 11.80
15 874.08% 114406 12.80
16 873.27t 114512 13.95
17 872.84 114569 14,71

* Blended 1ines.

+ Overlapped 1ines;
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TABLE 4.4.4

Spectrum of Mn I

3¢° 452 O

55/2 —> 3d

4 , 2,5
ds (4 D3)np

Series Limit :

115331.08 cm” !

n AR vem ! n

5 993,57 100647 2.73
6 929.71 107560 3.76
7 904,17 110599 4.82
8 892.46 112050 5.78
9 885.37 112947 6.79
10 880.83 1 113529 - 7.81
11 877.82% 113919 8.81
12 875.76 114187 9.79
13 874,087 114406 10.89
14 872.981 114550 11.86
15 872,08 % 114668 12,87
16 - - -
17 870.79 114838 14.93
18 870.38 1 114892 15.82
19 869.95 114949 16.94
20 869.61t 114994 18.05

* Blended lines.

+ Overlapped lines
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TABLE 4.4,5

Spectrum of Mn I

5 26
3d” 4s 55/2

—3> 3d

4

2, 5
4s (4 D4)np

Series Limit :

115656.39 cm~

1

n AR ch']} n
5 991.18 100890 2.73
6 926.76t 107903 3.76
7 901.81 110888 4,80
8 889.90 112372 5,78
9 882.82+ 113273 6.79
10 878.38% 113846 7.79
1 875.41% 114232 8.78
12 873.271 114512 9.79
13 871.56 % 114737 10.93
14 - - -
15 869.61 114994 12.87
16 868.87t 115092 13.94
17 868,37 % 115158 14.84
18 867.88 115223 15.91
19 867.57 115264 16.74

* Blended lines

+ Overlapped Tines
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TABLE 4.4.6

Spectrum of Mn I

3d° 4% ©

4

2,5
4s (4 Do)nf

Series Limit : 114805.64 cm !

n //\R chm.I n*
4 927.63 107802 3.96
5 + 906,36 % 110331 4,95
6 895.21 111706 5.95
7 888.\62? 112534 6.95
8 884,49t 113060 7.93
¥ Blended 1ines
t+ Overlapped lines
TABLE “4:4.7- -
Spectrum of Mn I
5,26 4 . 2,5
3d” 4s 55/2 —>3d" 4s (4
Series Limit : 114897.59 cm
- *
n /)\ R Ycm 1 n

4 926.76 T 107903 3.96
5 905.31 % 110459 4,97
6 894.471 111798 5.95
7 887.92 112623 6,95
8 883.70 113161 7.95
9 880.83 1 113529 8.96
[ 10 878.79 113793 9,97

11 - - =
12 876.18 114132 11.97

*

Blended 1lines
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TABLE 4.4.8

Spectrum of Mn I

5,26
3d” 4s 55/

2-——%»-3d

4

2, 5
4s (4 Dz)nf

Series Limit :

115075.71 cm_

T

n 2R ycm-1 n
4 925.35 108067 3.96
5 904.17 110597 4,95
6 893,07 111973 5.95
7 886,50 112803 6.95
8 882.30 113340 7.95
9 879.47 113705 8.95
TABLE 4.4.9
Spectrum of Mn I
5,26 4 . 2,5
3d” 4s 55/2——> 3d’ 4s (4 D;)nf
Series Limit ;. 115331.08 cm™ |
n AR ch—1 n
4 923.16 108324 3.96
5 901.96% 110870 4,96
6 891,02 112231 5.95
7 884.49% 113060 6.95
8 880.33 113594 7.95
¥ Blended lines
+ Overlapped lines
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TABLE 4.4.10

Spectrum of Mn I

3d° 452 6

4 , 2,5
4

D4)nf

Series Limit :

115656.39 cm

1

-1

n 2R ycm n

4 920.49 108638 3.95
5 899.49 111174 4,95
6 888.49 112551 5.94
7 881,97+ 113383 6.95
8 877.82+ 113919 7.95
9 874.99 + 114287 8.95
10 872.98 ¢ 114550_ 9,96
11 871.56t * 114737 10.93
12 870.38 1 114892 11.99
13 869.61%1 114994 12.87
14 868.87t 115092 13.94

> Blended lines

T  Overlapped lines.
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TABLE 4.4.11

Spectrum of Mn I

3d5 4s(§P)np and 3d5 4s(SD)np Series

Wavelength Wavenumber Designation n
1318.95 75818 }
1317.19 75919 ; 3d> as(%p)5p Op° 2.80
1317.08 75926 )
1314.10 76098 ) 3d° 4s(%p,)5p 2.82
1313.10 . 76156 ; 3d° as(%p)sp 0 2.83
1312.65 76182 ) 3d> 4s(°p,)5p 2.83
1267.56 78892 )
1267.38 78904 5
1267.16 78916 ) 3d° 4s(°p)sp 2.82
1264.97 79053 )
1213.68 s ) 3d° 4s(%P,)5p ) 3.84
)
1212.61 82466 ) 3d® 4s(°R)6p ) 3.85
' ) )

1211.91 82514 3d° 4s(°p;)6p ) 3.85
1171.92 85330 342 as(P)7p ) 4,93
1171.81 85334 3d2 4s(’P,)7p ) 4.92
1171.72 85344 3d° 4s(°p))7p 4.90
1171.24 85379 ) 5 5.

) 3d° 4s(°D)6p 3.85
1170.75 85415 )
1135.43 88072 )
1134.22 88167 ) 5

) 3d° 4s(°D)7p 4.86

1133.52 88221 )
1115.67 89633 3d° 4s(°D)8p 5.87
1104.68. 90524 3d° 45(°D)9p 6.92
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TABLE 4.4.12
ransitions to 4, 2,5 o
ransitions to the 3d" 4s ("D)4p Upper Configuration in Mn I

Identification 2R »/cm'] n
3d* 4s2(5p)ap 6F3/2 1622.71 61625 1.44
5/2 1619.54 61746 1.44

7/2 1614.00 61958 1.44

3d* 4s(%0)ap 6P3/2 1599.04 62538 1.45
5/2 1594.77 62705 1.45

7/2 1592.63 62780 1.45

3d* 4s2(5p)ap 503/2 1484, 52 67362 1.52
5/2 1479.54 67589 1.52

7/2 1475.06 67794 1.53

3d* 4s2(°p)4p 4F3/2 1441.02 69395 1.55
5/2 1437.82 69550 1.56

7/2 1435.69 69653 1.56

3 as’Coyap "o, 1434.62 69705 1.56
5/2 1433,05 69781 1.56

7/2 1428.54 70002 1.56

ad* as?Coyap py 1431.63 69850 1.56
1426.93 70081 1.56
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" CHAPTER V

SPECTRA OF DI-ATOMIC MOLECULES

5.1 Introduction

The fundamental difference between atomic and molecular
spectra is due to two additional modes of motion which do not occur
for atoms. Firstly, the molecule can rotate as a whole about an
axis passing through the centre of gravity and perpendicular to the
internuclear axis and, secondly, the atoms can vibrate relative to
each other along the‘internuc1ear axis. Therefore, molecular spectra
consist of rotational, vibrational and electronic transitions. To
a first approximation, the energy of a molecule can be represented
by three parts, the electronic, the vibrational and the rotational
energy: E = Ee + Ev + Er' Corresponding to the three kinds of
energy, we have three kinds of spectra: (i) rotation spectra, in
which transitions take place from the rotationé] level of a given
vibrational level in a given electronic state to other rotational
levels of the same vibrational and electronic state; (ii) rotation-
vibration spectra, in which transitions take place from the rotational
levels of a given vibrational level t6 the rotational levels of
another vibrational level of the same electronic state; and (iii)
electronic spectra, in which transitions from the rotational levels
of the various vibrational levels of one electronic state take place
to the rotational and vibrational levels of another electronic state.
From the rotational frequencies,_we obtain accurate information about
the geometrical arrangement of the nuclei in the molecule and values
of the internuclear distances. From the vibrational frequencies, the
force between the atoms in the molecule and the heat of dissociation
can be cé'lcu'latedn The study of electronic structure leads to a

theoretical understanding of chemical valence.
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The wavenumbers of the spectral lines corresponding to the

transitions between two electronic states are given by
] 1 ] " [ ] [} 1

Ve T-T = (T -T)+ (6-6)-(F-F)
where the single primed letters refer to the upper state and the
“double primed letters refer to the lower state. For a given electronic

] 1l
transition (T - T,) is a constant and is called the origin of the

1 n

band system. Neglecting (F =F ), which in general is small compared
to the vibrational frequency, we obtain an expression which represents
all possible transitions between the different vibrational levels of

the two participating electronic states:

' v 12 "1 w12
Ve Yo+ qveg)- X (vig)7= (v ag) s S, (v +3)

The representation of the electronic structure of a mo]ecu]é by

electron configurafion is only an approximation but we can derive

from it the electronic states of any molecule. In order to obtain

the electronic state, we begin by placing the electrons in the lowest

possible orbitals thus obtaining the ground state. In a many-electron

system each electron may be considered separately as moving in a

approximately axial field of the nuclei and the other e1e§trons.

Each electron in this approximation can be described by the quantum

number n, £ -and ;\ where n 1is the principal quantum number,

0 is the orbital angular momentum and )\ s the component of the
orbital angular momentun along the internuclear axis. The possib]é
values of 7\ are 0,1,2,3,......5 according to which of these
vaiues)the electron has, it is calleda ©, W, § 5 «s.... €lectron
respectively.

Consider the simplest example of the H2 molecule which has
only two electrons. The ground state of H2 is the state in which

both electrons are in the lowest orbital, 4.4 0¢ which is a 125 *

state. The excited states result from one of the electrons going
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from the Towest orbital to one of the higher orbitals 2so, 2po,
2P 5 ceeveses Similarly the lowest electronic configuration

for the CH molecule, with seven electrons, is K(250‘)2(2p0‘)2(2p1r)
which gives a 2;:? state és the ground state. If the two atoms
that form a molecule belong to different periods of the periodic
system then we take no account of the closed shells of the separated
atoms, these are essentially unaffected‘by molecule formation, and
consider only the electrons outside these closed shells. These
electrons will arrange themselves in orbitals similar to those for
the corresponding molecules consisting of atoms from the second
period of the periodic system. A molecule 1ike Si 0 has the same
number of outer e1ectron§_as CO or N,» therefore the electronic
configuration of the ground state can be written as

(KKL)  (z0)% (yo)? (wr)* (x)? .... =¥

In such a configuration formula, the order in which the symbols are
written is the order of decreasing binding energy. The letters
Z,YsX,W,V, preceding o~ or 7 are used to distinguish different
kinds of o or T electrons. The symbols (KKL) refer to the
most firmly bound electrons in the molecule.

The‘molecular orbitals describing the electrons in the molecule
can be divided into three classes: (i) core orbitals: these are
localized close to the nucleus of an atom and describe very strongly
bound e1ectronslthat are hardly affected by molecule formation;

(i1) occupied valence orbitals: these molecular orbitals are derived
from the atomic orbitals of the valence electron shells; (iii) virtual
molecular orbitals, which are unoccupied in the ground state of the
molecule but can be used for the description of excited electrons.

With visible or ultraviolet radiation, the electrons can be

promoted from the occupied valence molecular orbitals into the
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- unoccupied orbitals, whereas the strongly binding core electrons can
only be‘promoted With X-rays, which have much higher energies. In

-the visible and ultraviolet region, absorption spectra of molecules

consist of valence states and the Rydberg transitions 1ie in the VUV
region., Considering molecules with ten outer electrons, C0, Si O,

Ge 0, CS, PN, NZ’ P2 ceae the electronic cdnfiguration of the ground
state can be represented as:

mwﬂ(wﬂZUrf(wwﬁ(mﬂznuiz+

The first excited states arise from the configuration:

(core) (z0)? (yo)2 ()t (o) (v ) weee s Ot

Since the (v 7w ) orbital is antibonding these two TJT states are
expected to have B and (v values smaller than those of the ground
state and the 117 state is expected to combine strongly with the
ground state,

The next valence electron configuration,

(core) (zcr)2 (yo--)2 (wTr)3 (xo-)2 (VT ) oeee 1}-_—"',1 =", 1A

3 +3 - 3
=, = A

gives rise to six electronic states, promoting an electron from the
(wr) orbital to the (vt ) orbital. This configuration has only
three (w7r ) bonding and one antibonding (v 1T ) orbitals. The
magnitudes of the B and w values of these states are expected to
be smaller than those of states belonging to}the above mentioned
configuration.

The other possible valence transﬁtion may arise from the

configurations :

(core) (2672 (yo) 2w )3(xa) (v P eeee VTT(3), s 1.0

3 3 5
TTr(2)s .0 TG

(core) (zo-)2(yom) 2w ) xer) - wom) ... T, 3
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- In-the Tast configuration the (uo~) electron is not a Rydberg
electron. Rydberg states arise when the most loosely bound electron
(xo~) is taken into orbitals with higher principal quantum numbers,

These states can be represented by the configuration:

(core) (zo-)2(yo-)2(w w ) (xo) (nep )

where n and £ are the principal duantum number and the angular
momentum quantum number of atom-like orbitals and A ds the quantum
number representing the component of & along the internuclear axis.
Taking away the Rydberg electron we obtain the configuration of the
ground state of the ion. The Rydberg states are expected to have
the same B and w values as the ground state of the ion. For a
given value of ¢ , the various states of different. A have different
values of S@A » and the spread of these values depends on the
deviation from spherical symmetry of the core. As n increases,
the Rydberg states fall into groups, called Q-mwmp]exes, which
merge more closely as the angular momentum € becomes progressively
uncoupled from the internuclear axis. A Rydberg p-electron will
givea X and a J{ state. For zero rotation, these states are
separated by A,m? where A 1is a coupling constant determined by
the strength of the interaction between € and the figure axis (Hi11
and Van Vleck (1928)). When the molecule is cdnsidered to rotate,
e begins to uncouple from the figure axis and to couple with the
molecular rotation, i.e. & -uncoupling occurs, which forms a p-complex.
Similarly, from a Rydberg d-electron a 'd-complex' is expected to
occur.  Such £ -complexes have been observed for a number of
molecules; H2 - Richardson (1934); BH - Bauer et al. (1964);

He, - Ginter and Ginter (1968); N2'- Carroll and Yoshino (1972);

BF - Caton and Douglas (1970); and Sr H - Khan et al. (1976).
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The e]ectrqnic energies of Rydberg states are usually

represented by

T =T, -R_ - 7_.__R
nea < (n*)z (n- 89,1)2

where Tnﬂ;\ is the term value, T,  is the ionization potential,
R is the Rydberg constant, n 1is the principal quantum number and
SQ) is quantum defect.

The Rydberg transitions can be arranged into Rydberg series
and the assignmént to the Rydberg series are made by inspection of
the quantum defect which is small for states derived from nd electrons,
somewhat larger for np electrons and appreciably larger for ns
electrons, The convergence 1imit of the Rydberg series will give
an accurate value of the ionization potential.

Other Rydberg states are also expected by promoting an inner
electron to the Rydberg orbitals, which can be represented by the
configuration

(i) (core) (zo-)2(yo)?( wm) (xa-)?

(nﬂ;\ )
(i1) (core) (z07)2(yo~) (wir)t(xa™)? (nen )

(i11) (core) (zo) (yom)2( wm)*xo)2 (ney )

These transitions will Tie in the vuv and xuv regions and will yield
an accurate value of the ionization potentials for the inner electrons.
From the size of the quantum defect, one can»judge the symmetry of
the Rydberg orbital, and from the selection rules one can sometimes
correlate an ionization potential with a certain molecular orbital.
Schirmer (1978) pointed out that it is useful to divide the
four valence orbitals into.two outer valence orbitals and two inner
orbitals bécause different features result upon ionization. Schirmer

(1978) also found that the independent particle picture of ionization
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fails to reproduce the correct ordering and reliable values of the
ionization potentials; this breakdown of Koopman's theorem occurs

in PN, CS and P2 molecules. The observation of absorption spectra
in the vuv region is therefore very helpful to interpret photoelectron
data. In this spectral region, interesting spectral features are
expected to occur due to autoionization, configuration interaction

and simultaneous excitation of two electrons. These features have
been extensively studied in the absorption spectra of atoms.
Extensions to the absorption spectra of molecules with high resolution
will be of gfeat importance.

In the present investigation, we have photographed the
absorption spectra of Si 0, Ge 0, PN, AL F and P2 molecules,
Previous studies in Si 0 have been extended by the observatfon of
Rydberg series converging on the ground state of Si 0+, and another
Rydberg series orig%nates due to excitation of an electron from the
inner valence orbital. The spectra of the Ge 0 molecule comprises
Rydberg series yie]ding more accurate value of the first ionization
potential of Ge 0. IWeak features have been detected in PN and AL F

molecules near the first ionization limits.

5.2 Vacuum Ultraviolet Spectrum of Si 0
5.2.1 Summary

The absorption spectrum of Si 0 in the 700-1500 R Wavelength
range has been observed using synchrotron radiation as the backgreund
continuum. The known band systems have been extended, and a Rydberg
series converging on the Xzz:+ state of Si 07 has been found from
which an improved value of the ionization potential is derived
(11.584 Io.om eV). A further Rydberg series above the first

2

ionization threshold is found to converge on the B ;§;+' state of

si 0t at 14.805 eV.
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5,2.2 Introduction -

The Si 0 molecule has the same number of valence-shell
electrons as CO. If Si 0 and CO are compared, the observations
of electronic transitions of Si 0 1in the vuv region are seen to be
incomplete., The Si 0 molecule in the uv region has been extensively
studied by many investigators. Jevons (1924) was the first to detect
the emission spectrum of Si 0 1in the region 2100-2930 R, and the
transition was assigned as DITT -X] zﬁfﬂ This band system was
later studied by Lagerqvist and Uhler (1953) who performed a vibrat-
ional and rotational analysis and changed this assignment to A1TT -X]zg+
analogous to the CO Alrr-system, which is the first singlet excited
state of these molecules. The study of perturbation in this syétem
Ted Lagerqvist and Uhler (1953) to suggest the existence of four new
electronic states, three of them being singlets F]1T or 1[&,
G]TT or 11& and | > and one triplet eSzz ", Singh et al.
(1972) reinvestigated the A1Tr -system and analysed three more
vibrational bands. The perturbation in this band system was studied
by Deutsch et al. (1975) and Bredohl et al. (1976), while Field et al.
(1976, 1977) have reported a detailed investigation of the perturbation
and 6f the Tow-1ying electronic states.
Nagraj and Verma (1970) reported the emission spectrum of

Si 0 in the region 4200-4300 f corresponding to the 32: -3TT
transition. Cornet and Dubois (1972) have observed and analysed a
transition 3Tri-a3n-r in the region 3700-3950 & and also found
another system at 2950 R which was tentatively identified as a
3 :;+-a31T; transition.

Barrow and Rowlinson (1954) were the first to observe the
absorption spectrum of Si 0 1in the Schumann region, using a Lyman
tube as the source of background continuum. They found five new band

systems which were named E, F, G, H and I-systems in the region
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" 1250-2000 R. The E' == *-x! ==* system in the region 1650-2000 R
has been rotationally analysed by Elander and'Lagerqvist (1971).
Lagerqvist et al. (1973) extended the observed spectral range using

a flash-absorption technique and analysed eleven band systems in the
region 1200-1500 R, Spectra were recorded in the 8th and 9th orders
of a 10.5m vacuum spectrograph equipped with a 600 lines/mm grating.

18 0 absorption spectrum,

Lagerqvist and Renhorn (1974) reported the Si
changing some of the early vibrational assignments by considering the
isotopic shift. The interaction between two near-lying states,

I]Tr, G1TT’ in the region 1300-1470 R have been treated by Lagerqvist
and Renhorn (1979).

No previous investigations of the Si 0 spectrum below 1200 R
are known in the literature. The purpose of the present investigation
was to extend the observed spectral region in the vacuum ultraviolet
region where numerous Rydberg transitions were expected analogous to
the CO molecule,

5.2.3 Results

In the present investigation we have recorded the absorption
spectrum of Si 0 in the region 700-2000 R using synchrotron radiation
as the background continuum and a Tm normal incidence vacuum spectro-
graph equipped with a 1200 1ines/mm grating. The column of Si 0
vapour was produced by two different methods in our vapour containment
system. Firstly, only Si 0 commercially available was heated in an
induction furnace up to temperatures 1100-1300°C and, secondly, a
mixture of Si + Si 02 was used. At higher temperatures there was not
any difference in the observed spectrum, which suggests that Si 02
dissociates at higher temperature forming Si 0. When the tantalum

furnace tube was dismantled after the experiment, no oxidation was

detected confirming that Si 0 was not dissociated,
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5.2.4 Analysis
The ground state electronic configurétion of Si 0 can be

written by analogy with CO as

kKL (20)2(yom)2(wm)xo)? . L. Tt

which is normally denoted as X]

:EZ+- The excitation of an outer
electron to the antibonding (vir ) valence orbital will give rise

to two electronic states: .

KKL (zo-)z(ya-)z(wrr)4(xo')(v1f) o« o e A1-n', b3Tr,.

The two states are the lowlying singlet and triplet states. The
A'Tr-stafe has been thoroughly studied by many investigators, whereas
the b3TTr—state has only recently been detected. The vibrational
and rotational constants for these states were observed, as expected,
smaller than for the ground state..

The next configuration
2 2 T_- 4l 1T +
kKL (207)2(yom) 2 (wir )P )Pqvr) o .. =T, DAL E 2
| 3 - 3 3 _+
e ,dA, =
gives six states. This configuration has three ( wi) orbitals
which are strongly bonding and only one antibonding (vr) orbital.
The magnitude of the vibrational and rotational constants of these
states are expected to be smaller than those of states belonging to

the above mentioned configuration.

The other possible excitation schemes are

ke (20 ) ye) 2 (wm ) xoe ) (vmP L (30, e L ()
B‘H-r(z), 3@19 s'ﬂ'.i
kL (zom) 2 (yo ) 2w ) Hxe ) (vor) eeee T, 357

These above mentioned transitions were for the valence states.
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The Rydberg states can be represented by the configuration
2 2 4
KKL (z0~) " (yor ) (eoTr) (%07) = = . niA

where n 1is the principal quantum number of the Rydberg electron,
£ s its angular momentum and A 1is the component of 2 along
the internuclear axis.

For atomic Rydberg states the quantum numbers n and { are
well-defined, while for molecular Rydberg states the meaning is less
precise. Taking away the Rydberg electron, we obtain the configurat-
ion for the ground state 2;;:+ of Si0%. The molecular Rydberg
series are the lowest in energy because they arise by excitation of
the outermost valence electrons and therefore converge on the XZ;E:+
ground state of Si 0¥, The Rydberg states originating from this
configuration are expected to have the same B and w values as
the ground state of Si 0, Rydberg series of progressively higher
energies are obtained as deeper valence electrons are excited and

they converge on excited states of Si 0%, In Fig.(5.2.1) we

represent the Rydberg series accessible in absorption from the ground

2

state of Si 0 and converging on the X2;5:+, A211‘ and B :z;+

states of Si 0+,

We will discuss now (i) the various band systems which arise
by excitation of an xo~ electron to nso~, npo~, and npw orbitals,
(ii) the arrangement of the (0,0) bands of the system into Rydberg
series converging on X2§:+ state, and (iii) a further Rydberg

2

series of band systems converging on the B = * state of Si 0%,

5.2.4a nso— Band Systems

We have observed a series of bands, which are designated

1 1

="- =" transition. The Tongest wavelength member of this

series, corresponding to the deepest 1ying Rydberg state of the nso”
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‘FIGURE 5.2.2 ~  Known band systems of the Si 0 molecule between 1500 and 1300 R,

eelL



134

series was analysed by Lagerqvist et al, (1973). It is assigned

F(nsc')]:g;+ and originates from the configuration

KKL (zo-)z(yo-)z(uuTr)4(x0')(nsor) F];5;+.

which is analogous to the B]:g:+ state of CO. Lagergvist et al.

(1973) analysed the (0,0),(1,0),(2,0),(3,1) and {(0,1) bands of this
system and the n=4 assignment of the Rydberg state was supported by
the values of the vibrational and rotational constants deduced from
1

the observations. The next member of this series is L ;g:+ which

];:'+ Rydberg state, consisting of

was interpreted as the 5s0- L
(0,0),(1,0) and (2,0) bands. These two members have been reproduced
in Fig.(5.232). The other members of this series up to n=16 have
been observed for the first time in the present investigation and
are listed in Table (5.2.1). The dispersion available in the present
experiment was not sufficient to enable a rotational analysis of the

new band systems but the.ionization potential of Si 0 was determined

from this series.

5.2.4b npo- Band Systems

-Lagerqvist et al. (1973) observed two band systems which

belong to this series, namely H(4p0‘)1;g:+ at 1435 8 and

]IE:+-X1§: system consists of

1

+

P(spe-) =% at 1220 R. The H

(0,0) and (1,0) bands whereas the P 5;'+-X]§:_ system has (0,0),
(1,0) and (2,0) bands. The band systems have the same vibrational
and rotational constants which is consistent with the interpretation
as Rydberg states. This is the most intense series of bands in the
absorption spectrum of Si 0 and has been extended up to n=13. Fig.
(0.2.3)shows all the observed Rydberg series converging on the ground

state of Si 07, Wavelengths, wavenumbers and effective quantum

numbers for these systems are collected in Table (5.2.2),
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5.2.4c np 77 ‘Band- Systems

The leading member of this series at 1310 ® has been
analysed by Lagerqvist et al., (1973) and is assigned as a transition
to (4pTI')J]Tr-X]Z+. Lagerqgvist et al, (1973) observed (1,0),
(0,0) and (0,1) bands but only the (0,0) band was rotationally
analysed. All the other members upto n=12 are reported here for -
the first time. This is a weak series with consistent quantum
defect which merges with other series to the same 1imit above n=12,

This state originates from the configuration
2 2 4 ‘ 1
KKL  (zo=)"(yom)"(w ) (x0=) (npm) g1

Wavelengths, wavenumbers and effective quantum numbers are collected

in Table (5.2.3).

5.2.5 Rydberg Series Converging: on'the'Xz-Z"""State'of’Si‘0+

The observed structure between 1070 R and 1500 & can be
arranged into three Rydberg series which are designated by the upper

configurations KKL (zo—)z(yc')z(wrr)4(x0‘) (nso™) ]z"'

(npo) ]E_— *

1
(npw) 1T
These series converge on the ground state of the ion and the series

1imit will give an accurate value of the first ionization potential

of Si 0. We have fitted the observed Rydberg series to the formula

Tna =T, - R = T - R
2 (n)? (n- 8§93 )2
where T is the term value, T.o 1is the ionization potential,

nia

R 1is the Rydberg constant and n 1is the principal quantum number.

g . . * =2 .
The quantum defect 2;\ is plotted against (n ) “ in Figure (5.2.4).

Here € s the angular momentum of the Rydberg electron and A s

the component of ¢ along the internuclear axis.
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The quantum defect of each series is calculated for

Teo = 93430 en”! (11.584 eV) and the values of SQA lie approxi-
mately on straight lines, but if the ionization potential were
changed by 10 cm-1 the points marked as crosses in Fig.(5.2.4) would
be obtained, which indicates a statistical error of about f'H)cm']
in the determination of the ionization potential. Since the values
reported are for the band heads, our accuracy also depends on the
head ~ ))origin;
a complete rotational analysis, which becomes progressively more

difference V this could only be extracted from

difficult at higher n values even when high dispersion is available.

However we are able to calculate the probable difference because the

rotational constants of the X2'§:+ of S 0 B, =0.71780 em”!

(Singh et al. 1973), and of the X's=* of Si 0 B, = 0.72442 cm!

(Elander and Lagergvist, 1971) are known. - Using the formula

] ‘n 2
_ . _ (B.+B 2
head ))orig h 4B - B )

], which is larger than the statistical

we obtain the value 78.55 cm”
error from the quantum-defect fit. The systematic shift could, of
course, be allowed for but it is perhaps more realistic to quote a
larger error. We thus arrive at the figure 11.584 I 0.011 ev.

The reported values of the ionization potential of Si 0 are
11.43 (Largerqvist and Renhorn, 1974) estimated from optical
spectroscopy, 11.69 1016 ev (Kuande and Wahlbeck, 1976),
11.58 2 0.10 eV (Hildebrande, 1971 , 11.6 * 0.2 eV (Hildebrande and

Murad, 1969) from electron impact mass spectroscopy and 11.61 10.01ev

(Colbourn et al. 1978) from photoelectron spectroscopy.

5.2.6 Rydberg Series converging: on the BZ =% state of si:0*

The absorption spectrum of Si 0 in the region 850-1000 R
shows rather simple features which are reproduced in Figure (5.2.5).

As all these levels lie above the first ionization threshold, they
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show asymmetric line profiles due to the autoionization phenomena.
We have made densitometer traces of this region to show the effect
more clearly.

The bands are classified into four Rydberg series converging
on the BZZ"' state of Si 0. One of the series, which consists of

symmetrical features, is similar in appearance to the analogous

2

series converging on the B z:+ state of CO" (Ogawa and Ogawa,

2

1972) and B Z+ state of N2+ (Ogawa and Tanaka, 1962), while the

other consists of intense asymmetric Beutler-Fano absorption profiles.

The effective quantum numbers for these series have been
1

calculated using the Timit 119410 cm” ',  This value can be compared
with the value calculated from BZ;_- +-X22 * = 26016.55 cm”! given

by Singh et al. (1973) and T. value for the first ionization

limit of Si 0 obtained in the present experiment - 93430 cm_].

_ -1
Bzz + T = 119446.55 cm ', whereas the value deduced
from the series Timit is 119410 cm'1. The agreement between the

T

observed and calculated values is within the experimental error for

excitation from the v=0 level.

2

Excitation of the B= ¥ state in the photoelectron spectrum

of Si 0 has recently been reported by Colbourn et al. (1978) who
gave the value 14.80 : 0.01 eV, which is in good agreement with the
present observation : 14.805 % 0.003 ev.

The observed Rydberg bands might be due to the transition

1 + 1 1

between the upper " s or 7y state and the X' = * ground

state of Si 0. The possible electron configurations and the upper

states of the observed Rydberg series are as follows.

KKL (z0-)2(yo~ ) (wm)}(xom)2 (nso) ' =*

(npo-) 1 =t

(npyr) T

(ndo™) 1+
(ndw) ' T



TABLE 5.2,1

(nso)- '+ series. converging on the
x* =% state of Si 0"

n System )\(R) | )’(cm']) n
4 F(asom)' =¥ 1460.14  68486,58 2.10
5 L(sse)! =*  1238.68  80731.10 2.94
6 - 1157.60 86386 3.95
7 - 1126.06 88932 4.94
8 - 1107.30 90310 5,93
9 - 1008.08 91068 6.82

10 - 1090.64 91689 7.94

11 - 1086.28 92057 8.94

12 - 1083.15 92323 9.96

13 - 1081.29 92482 10.76

14 - 1079.05 92674 12.05

15 - 1077.94 92769 12.89

16 - 1076.86 92862 13,90
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TABLE 5.2.2

(npr)] =" series- converging on- the

2

X° =t state of 5i 0*

n System A ) | Y (cmq) n
4 H(gpo-)' =%  1434.82 69695.15 2.15
5 P(5po)' = 1219.97 81969.23 3.09
6 - 1150.38 86928 4.11
7 - 1119.06 89361 5.19
8 -- 1103.84 90593 6.22
9 - 1095,21 91307 7.19
10 - 1089.37 91796 8.20
1 - 1085.26 92144 9.24
12 - 1082.30 92396 10,30
13 -- 1080,33 92564 11.26
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TABLE '5.2.3

(npm) T _Series: converging on the X ¥ - state of Si.0*
...... no--- System.......A.?\.(R)...A....y(cm1) n--
4 J¢bpr)'r T 1309.76  76349.87 2,53
5 - 1182.97 84533 3.51
6 - 1134.93 88111 4.5
7 -- 1114.27 89745 5.46
8 - 1100.08 90902 6.59
9 - 1091.81 91591 7.72
10 -- 1087.30 91971 8.67
1 -- 1083.77 92271 9.73
12 -- 1081.29 10.76

TABLE 5.2.4

2

" Rydberg' series’ converging on: the Bz T stateiof Si.0F

Series limit = 119410 cm

1

*

oAl V(em ) . . ..n.
4 948,32 105450 2.80
5 894,21 111830 3.80
6 871,82 114703 4.83
7 860.26 116244 5.89
8 853,70 117137 6.95
9 849,89 117662 7.92
10 847,17 118040 8.95

This series consists of intense asymmetric resonances.
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Rydberg series-converging on the B

"TABLE  5.2.5

2

< 'state of Si 0%

Series Limit = 119410 cm” !

n A (R) y'(cm-_] ) n
4 973.24 102750 2.57
5 901.87 110881 3.59
6 874.90 114299 4,53
7 862.42 115953 5.63
8 855.29 116919 6.64
9 850.69 117552 7.69
10 847.74 117960 8.70
11 845.66 118251 9.73
12 844.25 118448 10.68
13 843.11 118608 11.76
14 842,29 118724 12.65

This is a series of broad symmetrical features.
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"TABLE '5.2,6

Rydberg: series: converging on the BZ 3= state of Si.0*

Series Limit = 119410 cm !
;\(R) )’(cm']) n'
912.99 109530 3.33
881.45 113449 4,29
865.63 115523 5.31
857.73 116587 6.23

'TABLE 5.,2.7

Rydberg series-converging on the‘B2 EZ* ‘state of Si 0F

Series Limit = 119410 cm']

AR Yoy oo

922.63 ' 108386 3.16
888.37 112566 4.00

866.91 115352 5.20
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Inspection of the effective quantum numbers suggests that the

series listed in Table5.2.4 might be due to the configuration

KKL (zo-)z(yo-)( wrr)4(xo-)2 nso- 1 z_"'

whereas the series listed in Tables{5.2.5) and (5.2.6) have the upper
states (np’n‘)1n— and (npo-)]z+.

Colbourn et al. (1978) also report the AzTr state of Si 0F
at 12,19 eV and calculate the internuclear distance for the state,
In Figure (3) of their paper, potential curves for ng ) AzTr and
BZZ * are given. The internuclear distance for Azﬂ' is about
0.1 R larger than for the other two states. We find very weak
features in the vicinity of the AzTr Timit but these are too diffuse
to be measured. The weakness of the features can be attributed to
the fact that the AZ]T Tevel has a larger internuclear distance than
the ground state which reduces the transition probability. The

2 +

potential curves for X" = and AzTr cross above the v=0 Tevel

of Xzz"', which explains why prominent series converge on the v=0

level of X2 >:+, but there are no series to v=1 or higher vibrational
levels of XZZ *,
5.3  'Vacuum Ultraviolet Spectrum of Ge 0

5.3.1 Summary

The absor'pt.ion spectrum of the Ge 0 molecule in the region
1000-1800 R has been observed and extended below 1500 R for the first
time. - A number of new Rydberg states have been discovered which are

2z*’-state of Ge 0+,

assigned to Rydberg series converging on the X
An accurate value of the first jonization potential of Ge 0 s
determined as 90730 30 cm™! (11.249 ¥ 0.004 ev).

5.3.2 Introduction

The absorption spectrum of the Ge 0 molecule in the ultraviolet
region was studied by Shaw (1937) who found twentyone red degraded
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bands and assigned them to the D1Tr-x1§;'+ “transition. This system
was later observed by Sen-Gupta (1937) who extended the observed
spectral region to 3300-2340 R recording 46 bands of this system.
Sen-Gupta (1939) performed the rotational analysis of this system and
identified this transition as ]2: -15: . Lagergvist et al. (1959)
investigated the analogous system in Sn 0 and from the rotational
analysis established the electronic transition responsible for this
system ln. n }:+ analogous to the A1Tr -X1 z+ system of Co and
51 0. Lagerqvist et al. (1959) argued that the rotational analysis

of the corresponding system in Ge 0, Sen-Gupta (1939), is incorrect and

that the latter system also corresponds to a 1TT - z:+'transition.

Sharma and Padur (1967) observed the spectrum of the chemi-
luminescence produced during the reaction of germanium tetrahydride and
atomic oxygen in the region 5100-2450 g; In addition to extensions of
the D1Tr -x1;: * system, they identified a new electronic transition
on the long wavelength side of the D1TT'-state which was interpreted
as the transition analogous to the B-X systems in Pb 0 and Sn 0. Tewari
and Mohan (1971) reported the thermal emission spectrum of Ge O in the
region 5100-4600 R using high temperature vacuum graphite furnace and
rephotographed the B-X system.

The absorption studies were initiated by Shapiro et al. (1932),
Drummond and Barrow (1952) and Barrow and Rowlinson (1954). The work
of Barrow and Rowlinson (1954) in the ultraviolet region revealed strong
absorption band systems of Si 0, Ge 0 and Sn 0 molecules. Some of
the observed transitions were interpreted as the Rydberg states
corresponding to the deepest laying members of the (nsc‘)1;;*}(npo‘)1z: *
and (npyr)17r series. The work on Si 0 was extended to the vacuum
ultraviolet region by Lagerqvist et al. (1973). More recently Baig
and Connerade (1979) reported the spectrum of Si 0 1in the region

2000-700 R and observed the Rydberg series converging on the Xzz_'+
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and B%=* - states of Si 0%,

The Ge 0 molecule possesses the same valence electron config-
uration in the ground state as CO and Si 0. Therefore, one should
~ expect similar structure in the vacuum ultraviolet region. A minor
difference in structure will result from the heavier nucleus leading
to smaller vibrational frequency intervals. Therefore, by promoting
the valence shell electron to higher Rydberg orbitals one should observe
the series converging on the corresponding upper configurations.
These Rydberg series enable a more accurate value of the first ionization
potential to be deduced. |

Three Rydberg series have been observed in the far ultraviolet
absorption spectrum converging to the X235;+-state of the Ge 0F ion.
The first ionization potential is found to be 90730 ¥ 30 cm™! (11.249 evV).
5.3.3 Results

The absorption spectrum of Ge 0 was recorded using synchrotron
radiation of the 500 MeV electron accelerator at Bonn, Connerade et al.
(1974). The Ge 0 was produced by heating Ge 0, + Ge in an induction
furnace in the temperature range 1100-1300°C.  The sample was loaded
into the 0.3 mm thick tantalum tube 30 cm long with six tantalum baffles
and an inner tube of 4 mm inner diameter in it,

The spectra were recorded in the first order of a Tm normal
incidence vacuum spectrograph equipped with a 1200 1ines/mm grating.
The exposure time ranged from 20-40 min. on I1ford Q2 plates.
5.3.4 Analysis

The absorption spectrum of Ge 0 in the region 1000-1550 R is
reprodﬁced in Fig.(5.3.1). For comparison, we also show the absorption
spectra of Si 0 in the same region which facilitates the identificat-
ion of corresponding transitions in the two molecules.

We discuss all the observed band systems below.
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(@) El=taxlstiTransition

This band system was previously observed in absorption by
Barrow and Rowlinson (1954) who performed the vibrational analysis
and interpret this transition as a Rydberg state analogous to the

g!

z;i' state of CO and f]z:+lstate of Si 0. This band system is
very well developed on our plates (see Fig.5.3.1) and we adopt the
vibrational assignment of Barrow and Rowlinson (1954). We interpret
this state as a member of the (npo‘)]zz ¥ series converging on the
X215:+ state of Ge 0+_ This interpretation is suggested by its
correlation with the higher members of this series yielding consistent
quantum defects and a smooth course of intensities., This series of
the Rydberg bands has been observed up to n=16 (Table 5.3.7) for-the
first time, and possesses similar quantum defects to those reported
for the (npa-)Iz: * series in Si 0.

(b) J]TF -x]z: * Transition

There are three bands observed for this system. (0,0) at
1374.6 R, (1,0) at 1357.7 R and (0,1) at 1393 R, We have identified
the transitioh corresponding to the deepest 1lying Rydberg state of the
(inr)]Tr series, This band system 1ies in the expected region for
a ]TT'-]TT transition analogous to the (4pTr)J1wr-state of Si0
(Lagerqvist et al. 1973). The same nomenclature has been retained
here. The vibrational assignment is straightforward yielding the
value of AG'(v + 1/2)'= 907 e which is a reasonable value for the
Rydberg state. The (0,1) band of this system is very weak and could
not be measured very accurately,

Higher members of this series have been observed up to n=12

(Fig. 5.3.2 ), The quantum defect is also in agreement with the

ana]ogous,(nprr)]Tr series in Si 0.
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(c) 'L1z-‘7""-"X] st Transi

Only two bands of this system were identified as (0,0) at

1283.04 R and (1,0) at 1269,99 R. The value of the vibrational

constant is found to be A G'(v + 1/2) = 800 cm"], We have inter-

preted this state as a member of the (nscr)1z T_series which has a

2

limit at X" = T_state of Ge 0'. This identification is supported by

comparison withthe analogous state in Si 0 (550-)L1z+ and the
consistency of the quantum defect with those of higher members of
this series which are reported up to n=12. The second argument in

. *
support of the above interpretation is similar n value which has been

+

reported for the analogous r(nsa—).lz series in S1 0,

(d) P]z +-X]z+ Transition

This is the strong band system having comparable intensity to
that of the F]z+-system, Three bands (0,0) at 1257.63 ﬂ, (1,0) at
1243.65 R and (0,1) at 1273.28 R have been identified. We have used
the same name for this system as for the analogous transition in Si 0
(Lagerqvist et al. 1973), Baig and Connerade 1979). The wavenumbers
of the observed band heads have been fitted in the formula (Herzberg

1950).

P - / 7 v, 7/ a % 4 P/ P Z
‘T;I,V’I ))e + bJe (V+ é—)—k)exe (V+.'_2.)—Lde<\,+.‘z) +We XQ(V+'5)
where v' and v" correspond to the upper—and lower vibrational levels

respectively. The vibrational constants obtained in this way are

Y, = 79557 cn”]
W, = 902 cm—.I
&JIX' = 4 cm—]

e’ e

o = 9855 e
h oy -1
WX = 4,29 cm
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We have interpreted this Rydberg state as the second member of the
(npcr)] = * series. This series is easily followed to high n
values since the intensity distribution and the quantum defect behave
in a regular manner, |

There are some more band systems in this spectral region which
we could not fit into the analysis. Two strong bands have been

tentatively identified as the (0,0) at 1251.8 R and (0,1) at 1267.25 R

125:+.

bands of another electronic transition which may be called N-X

The other bands can be attributed to excitation of the valence
states. A more complete analysis would be possible only if a higher
dispersion spectrum were available. Such an extension is planned but,
in the present investigation, we only report observations of the
Rydberg series converging on the ground state of the Ge 0+, from which
a more accurate value of'the first ionization potential of Ge 0 has

been calculated,

5.3.5 Rydberg Series co'nver'g'ing on X2 Z‘+ State:

The ground state electron configuration of Ge 0 is

KKLM (207 )2 (yo)2(wir)t(xe ) . . . X't

The Rydberg states are obtained by promoting the (xo~) electron to

various Rydberg orbitals. Thus
2 2 4
KKLM (zo~)"(yo=) " (wr) (xo=) (nlA )

where n 1is the principal quantum number of the Rydberg electron,
¢ 1is its angular momentum and A s the component of £ along the
internuclear axis. The Rydberg series converge on the X2 > * state
of Ge 07 and the possible configurations for the upper state are

KKLM (zcr)z(yo‘)z(w'n' )4(x0") (nso-)1 Z+

,(npo_)1z+ ,
(inr)1rr



TABLE 5.3.1

(nsd')-122'+’-fSeriesf(O;’O)ffBands"

n AR Pem ). n.. ..
6 1283.00 77940 2.93
7 1193,22 83807 3.98
8 1159.22 86265 4,96
9 1140.81 87657 5.98
10 1130.22 88478 6.98
1 1123.19 88874 7.98
12 1118.95 89369 8.98

(The wavelengths given here and in the following tables refer to

bandheads rather than origins).

TABLE 5.3.2
(npo~ L1z ¥ Series (0,0) Bands
n (R) (cm'15 . n
5 1483.90 67390 2.17
6 1257.63 79515 3.13
7 1184.44 84428 4,17
8 1154.65 86606 5.16
9 1138.72 87818 6.14
10 1128.68 88599 7.18
11 1122.46 89090 8.18
12 1118.29 89422 9.16
13 1115.24 89667 10.16
14 1112.95 89851 11,17
15 1111,30 89985 12.14
16 1109.95 90094 13.14
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(np;r.)]T]‘ Series (0,0) Bands

TABLE 5.3.3
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n (R) (cm-]) n

5 1374.68 72744 2.47

6 1227.23 81484 3.45

7 1174.05 85175 4,44

8 1148.98 87034 5.45

9 1135.14 88095 6.45
10 1126.86 88742 7.43
11 -1121,20- 89190 8.44
12 1117.37 89496 9.43

"TABLE 5.3.4

(1) (5pwr) 3T -

New Band Systems

Xlg +

(ii) (5s0°) L'g *

1. +

XE

(iii)(6po) Plg *-xg *

(iv) N-xlg *

vi/v"
(0,0)
(1,0)
(0,1)
(0,0)
(1,0)

(0,0)
(1,0)

(0,1)

(0,0)
(0,1)

AR)
1374.68
1357.75
1393

1283.04
1269.99

1257.63
1243,65

1273.28

1251.8
1267.25

t o1 -1
AG(V+~2—) = 907 cm

L -1
A G(v+-2-) = 800 cm

F 4 . _-l
L‘E = 902 cm
w -1
1 -
eX e = 4 cm



A1l these Rydberg series have been identified and the wavelength and
wavenumbers along with the identification is .given in Tables.

The Rydberg series were fitted to the formula

R
T, = 1 -—2%
¢ ° (n-§)?

where Te is the electronic energy, I0 is the ionization potential,
R the Rydberg constant, n the principal quantum number associated
with the Rydberg electron and 8 is the quantum defect.

It is assumed that the series 1imit corresponds to the ground

2 1

state X“ =" of the Ge 0% on. Using the value of 90730 cm
(11,249 eV) for I, 1n the above equation, very consistent effective
quantum numbers were obtained.

I0 = 90730 cm'] was determined from Edlen plots applied to the
data for the best developed series, namely (npo‘)1§;+] We have
estimated the uncertainty in the determination of the ionization

1 on the

potential by considering the effect of a change of Tioem™
Tinearity of the quantum defect plot. An additional uncertainty of
20 cm'.I (which is actually a systematic error) arises from the
difference in energy between the band origin and band head for each
value of n. We therefore report a total error of :f30cm'] in the
determination of the first ionization potential of Ge O,
The only value for the ionization potential is given by

Hildebrand and Murad (1964): 11.5 t 0.5 eV, using mass spectroscopy.
Within the estimated uncertainty‘given by Hildebrand and Murad (1964)

our value is in agreement with the known one.
5.4 VUV Absorption Spectrum of ‘A F "Molecule

5.4.1 Summary

In the present investigation we have observed the absorption

spectra of A F in the region 800-2000 R using synchrotron radiation
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as the background source and a 1m normal incidence vacuum spectrograph,
A11 the known band systems have been reproduced and numerous new band
systems in the short wavelength end have beén recorded. Owing to the
Tow dispersion, a detailed analysis of the band system was not possible.
However, there is clear evidence that the molecule was properly
generated in our vapour containment system.

5.4,2 Introduction

The absorption spectra of the ALF molecule was first reported
by Barrow and Rowlinson (1954) in the region 1250-2000 R using a Lyman
source as the background continuum. The A& F molecule was generated

by the following reaction
AL F+AQ F3—>3A% F

The mixture of Aluminium and Aluminium Trifluoride was heated in a
King furnace with path lengths of about 20-30 cm at temperatures of
1000°C.  Barrow and Rowlinson (1954) reported the vibrational analysis

1 1 1 1

for the six new singlet band systems, namely B'x-X'v,Cs-X'x= ,

12 -X1z » F-X, G-X and H-X. Barrow and Rowlinson (1954) also found

E
numerous strong bands in the region 1340 to 1410 R, which were not
analysed due to their complexity and the bands were attributed to

the A¢ F3 molecule. This region of the spectrum was of particular
interest beéause the Towest Rydberg series in Al F were expected.

More recently Barrow et al. (1974) have made a detailed

investigation of the A F molecule and report the transitions
between nine singlet states, including the ground state and between
séven triplet states. Al1 the observed states were arranged into a
common energy scheme. The singlet-triplet separation was adjusted
from the observation of perturbations in the v=4, 5 and 6 ‘Iéve]s of
A1Tr-X1z T system. Barrow et al.(1974) used a hollow cathode
discharge with AQ + Al F3 in the cathode and He carrier gas to study

the AL F molecule.
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Kopp et al. (1976) reported the rotational analysis of the

3'ﬂ'-X]E: transition to get a better measure-

intercombination band a
ment of the sing]et-trip]gt separation., The spectrum was recorded
in absorption using a mixture of A @ F3 and AL powder heated to
about 1600%°K in a King-type furnace in an atmosphere of Ar.

No observations below 1250 R are known to us. In the present
investigation we report new observations of the absorption spectrum
of A& F molecule in the region 800-2000 R, Due to the Tow dispersion
available a detailed analysis was not carried out but there is a clear
evidence of Rydberg series converging on the groyhd state of the ion
AQ F*.  The known band systéms have been extended to higher vibrational

levels.

5.4.3 Experimental Details

In the preseht investigation, we generate this molecule via
different techniques. ~ The powder of A( and Mg F2 was mixed and
inserted in the vapour containment system. Six tantalum baffles
having 5mm inner diameter were inserted in the furnace tube which was
made of tantalum 30 cm long, 0.3 mm thick. This mixture was heated
to about 1200°C in an induction furnace. At this temperature, a

reaction takes place
2AQ + MgF,———>Mg + 2ALF

The occurrence of this reaction was confirmed by observation of the
principal series of atomic Mg which lies in the same region, where

strong absorption bands of A £ F have been observed.

5.4.4 Results and’Discussion

The absorption spéctrum of AC F molecule in the region
1600-2000 R is reproduced in Fig.(5.4.1). This region of the spectrum
was investigated by Barrow and Rowlinson (1954) who reported a strong

1

band system named B = -X]‘z » consisting of v,.l =0,1,2- and vv" =0,1,2

vibrational progressions lying between 1780-1900‘3. The vibrational
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FIGURE (5.4.2) - The known band systems G-X]Z+ and H-X] Z+ are marked. The unclassified bands

between 1300-1450 R were reported by Barrow and Rowlinson (1954), which have been observed

in the present experiment. Rydberg series are visible converging at 31_1250 R.
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analysis of this band system is straightforward.

Barrow and Rowlinson (1954) also reported a weak band system
consisting of (0,0) at 1731.60 R, (0,1) at 1755.6 & and (1,2) at
1751.37 R bands and this transition was named 01§:_+-iX1::;+.

On our plates these two band systems are very well developed.

1 T__ +
=

We have observed six new vibrational levels in the B z:'P-X

system, which are assigned as (3,0), (4,1), (0,3), (1,4), (2,5)

+-X1::;+ system

and (3,6) bands. Only three bands of the Clz
were reported by Barrow and Rowlinson (1954). We have extended this
system obServing six new bands which are designated (1,0), (2,1),
(2,0), (3,1), (1,1) and (0,2) bands. The vibrational assignment of
the new bands are very simple and can be represented by the formula,
Herzberg (1950)
c W W LY LKLY — (Gl ) WK :

T= "% z)-WX s - 2 3)

In this spectral region, the principal series of Mg due to the transition

21 1

o]
3s So—>- 3snp P]

are also visible, which confirms that the reaction to produce the
vapour column of A@ F is taking place correctly, This series has
also been studied by Baig and Connerade (1978) while they were
‘searching for the double excitation spectrum of Mg vapour. This
series also serves as the internal wavelength standard.

Barrow and Rowlinson (1954) observed some strong band features
in the region 1300-1400 R. As the spectrum was complicated, they
suspected that these bands might be due to the A G F3 molecule. We
have generated this molecule using a different technique than that
used by Barrow and Rowlinson (1954) and all these bands are present
on our plates. This independent evidence confirms the reality of

these bands and that they do in fact belong to the A ¢ F molecule.
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We have recorded the spectra down to 900 R and found numerous bands

in this region. This part of the spectrum is reproduced in Figure
(5.4.2) and it looks as though the Rydberg series are present and
converging on the ground state of A ) ft As the spectra were
recorded using 1m spectrograph equipped with a 1200 Tines/mm grating,
it was not possible to perform a detailed analysis. A high resolution
absorption spectrum in the region 900-1500 R will be very useful for
detailed vibrational analysis and to calculate a-more accurate first

jonization potential of A& F.

5.5 Absorption Spectrum of PN and P2,Molecu1es

5.5.1 Introduction

The vacuum u1travfo1et absorption spectrum of the PN molecule
is of considerable interest because of breakdown of the molecular
orbital picture of ioniiation. The orbital energies of the PN
molecule have been calculated using self consistent field procedures
by McLean and Yoshimine (1968). Wu and Fehlner (1975) observed the
photoelectron spectra and pointed out that Koopman's theorem fails to
predict both the value and order of the jonization potentials. They
reported two bands at 11.85 eV and 12.25 eV which were assigned to
the 70~ and 27 orbitals of the PN molecule on the basis of the
observed vibrational fine structure. The ionization potentials
corresponding to the three uppermost orbitals of PN have been calculated
by Chong and Takahata (1977) using many-body Rayleigh-Schrodinger
perturbation theory. They obtain 11.88 eV and‘12.5 eV for the 70
and 2 T ionization potential in good agreement with experimental
values. Schirmer et al. (1978) calculate the ionization potentials
and spectral intensities for photoionization of the vé]ence electrons
applying the one particle Green's function approach (two-particle-hole

Tam - Dancoff approximation) and discuss the break-down of the
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independent particle picture of ionization in the Cs, PN and P2
molecules.

The spectra of diatomic phosphorus nitride have been observed
in the optical and ultraviolet region by both emission (Curry et al.
(1933) and Ghosh and Datta (1933)), and absorptfon techniqdes
(Moureau et al.(1939). No observations have been made in the
vacuum ultraviolet region where numerous valence and Rydberg states
are expected to occur. The purpose of the present investigation was
to photograph the Rydberg series of the PN molecule to ca]éu]ate an
accurate value of the first ionization potential and to see the
correlation effects due to excitation of inner valence electrons.

in an attempt to generate the PN molecule we employed the
techniques used by previous investigators, i.e. by thermal decomposition
of P3N5, Wyse et al. (1972) remarked that the decomposition began
at 670°C and a running temperature of about 800°C was sufficient for
good signal to noise ratios while studying the rotational transitions
in the PN molecule. Wu and Fehlner (1975) studied the photoelectron
spectra of the vapour over solid P3N5 at 1100 K and pointed odi that
at lower temperatures the reaction of P3N5 with residual water produces
NH3, at about 700 K N2 was produced and at o~ 1100K the pure PN
spectrum was recorded. The vapourization of PéN5 has been examined
mass spectrographically (Carlson et al. (1968)) and it was shown that
at 1100 K the major species in the vapour are PN and N2.

In our vapour containment system, when P3N5 was heated by
slowly increasing the temperature, we observed the spectra of P2 ahd
N2 molecules. Raising the temperature further, these bands became
more developed. At about 800°C, some weak features were detected in
the vicinity of the Py fonization 1imit and the beginning of molecular
N, absorption was found. We have reproduced the spectrum which we

believe is due to the PN molecule in Fig.(5.5.2).
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5.5.2 'Results and Discussion

(a) Py Molecule

The absorptfon spectrum of the P2 molecule has been reported
by Creutzberg (1969) who analysed eight band systems at high
resolution down to 1220 R.  Carroll and Mitchell (1975) observed
the spectrum between 1370 and 600 R and found nine Rydberg series.
Four of these converge to the (50§)2(21Tu)3 ZTTu staie of the ijon
which was established as being the ground state; four to the low-

lying (5¢g)(2n—u)4 Azz; state and one to (50'g)(2Tl‘u)3(2ﬂ' )

2

g
=% state. The first ionization potential was found to be

F
85229 * 15 em™! (10.567 eV) which is the 1imit corresponding to the
upper component (ZTT]/Z) of the inverted erru state. This value
is in agreement to that reported by Potts, Glenn and Price (1972)
using photoelectric spectroscopy. The spectrum in the present
investigation was recorded at low resolution (first order of 1200 & /mm
1m spectrograph). A1l the known band systems were identified;

1 ]Z; and E]'rru - ]Z; transitions are particularly

6 =" -
well deve]oped yielding 10 new vibrational levels, This spectrum

is reproduced in Fig.(5.5.1). Above this series limit, weak
transitions occur which can be arranged into Rydberg series converging
on to a common 1imit at 11.85 eV. These series could not be assigned
either to the P2-m01ecu1e or to the N2-m01ecu1e because the series

T and 125225 cm”!

limits for the Py molecule are observed at 87179 cm
by Carroll and Mitchell (1975). The possibility of the N, molecule
can be ruled out because N2-absorption starts above this series limit.
We therefore-conc1ude (see also below) that they are due to the PN
molecule.

(b) PN Molecule

The ground electron configuration of the PN molecule is given
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b
Y KKL (z0-)2 (yom) 2(wo 1) Y (xom)2 "=

The excitation of an electron from the (xo~) orbital to the (ni7))
molecular orbitals will give Rydberg series converging on the ground
state of PN,
2 2 4
KKL (zo=)“(yo- )" (ww ) )(xo~) .. nlA

where n 1is the principal quantum number of the Rydberg electron,
'4' is its angular momentum and 'A‘' is the component of & along
the internuclear axis.

The three Rydberg series can be represented as

KKL (za-)z(ya-)z(wrr)4(xa‘) (nsa~) 1z+ '

+

(npo=) 15

(npyr) 1Tr

and the common 1imit should yield the first ionization potential

11.85 eV reported by photoelectron spectroscopy; Wu and Fehlner

(1975), Schirmer et al. (1978) pointed out that it is useful to

divide the four valence orbitals into two outer valence orbitals and

two inner valence orbitals yielding differing features upon ionization.
In the outer valence region, one finds the two ionic state

Xzz and A2

TT corresponding to the xo~ and wwW orbitals. These
jonic states are generated by removing a quasi-particle from the
initial state or by creating a quasi-hole; Cederbaum (1975).
Excitation of the w7t orbital electron will give Rydberg series_

21T -state of PNT at ~ 12.25 eV. Schirmer et al.

converging on the A
(1978) remarked that the energy of the zo hole state is energetically
close to 2h 1p-TDA’i~ excitation, therefore strong mixing of the z¢g

hole state with the neighbouring excitations occurs producing several
final states of comparable intensity.

% TwopPavhcle-hole Tamm Dancoff Approximakion ,
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On the excitation of two innermost valence orbitals, (yo )
and (zo~), strong correlation effects were expected where the
independent-particle picture of ionization fails completely. There
is a large energy gap between the valence orbitals (zo-, yo-, wyy and
XOr) ariéing from the M and L shells of P and N and the deeper lying
core orbitals. The valence orbitals occupy the energy region
between 10 and 30 eV whereas the nearest core orbitals associated
with the 2p electrons of P 1ie at approximately 150 eV. Due to this
large energy gap, the influence of the core orbitals on the valence
energy region will be small.

Unfortunately, this part of the spectrum was overlaid by
strong Nz-absorption and we were unable to pick up any information
to compare with the calculations of Cederbaum et al. (1977). A
clean spectrum of the PN-molecule at high resolution in the region
10 to 30 eV would be very interesting and this molecule certainly

deserves further investigation.
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CHAPTER VI

‘DISCUSSION AND CONCLUSION

Double excitation occurs by a breakdown of the independent
electron scheme and, therefore, provides direct evidence of the
importance of electron-electron correlations in atoms. For this
reason, they have attracted much interest, both experimental and
theoretical (Fano, 1975).

We have photographed the absorption spectra of Mg I, Ca I

and Sr I due to simultaneous excitation of both valence electrons

2

and found autoionization Rydberg series converging on the 3p “P

20 1imit in Sr II.

Timit in Mg II, the 4p 2P Timit in Ca II and the 5p
The spectrum of Mg I was already reported by Esteva et al.(1972)

and we have extended their observations by exploiting the experihenta]
advantage of synchrotron radiation. The spectra of Ca I and Sr I
are both reported for fhe first time.

Comparing the doubly excited spectra of Mg I, Ca I and Sr I,
remarkable. differences were found particularly for the md np transit-
ions. The 3dnp 1P1 levels were sharp in Mg I whereas they are very
weak and diffuse in Ca I and.Sr I. A1l the members of this sefies
1ie above the first ionization threshold in Mg I. The leading
mémbers in Ca I and Sr I serve as the perturbers in the principal
series. This difference is attributed to the influence of the
centrifugal barrier on the properties of the nd-wavefunction. The
nd-wavefunctions are well behaved in Mg I, whereas for Ca I and Sr I
the 3d and 4d wavefunctions collapse. Due to the collapse of 3d

and 4d wavefunctions in Ca I and Sr I, the 4p4d 1P$ level in Ca I

0
1

(private communication) has performed a detailed ab initio intermediate

and 5p 5d ]P level in Sr I are missing from the spectrum. Connerade



coupling calculation and finds pronounced potential barrier effects
in Ca I and Sr I. The observed doubly excited series are broad

and show asymmetric Beutler-Fano resonances, which is understandable
within the framework of autoionization theory. A high resolution
spectrum may help to see the perturbation in the higher members but
it would be difficult to trace the broad features. The spectrum of
Sr I is well deve]oped and one can follow the series to higher n
values than in Ca I, where all the levels are very broad and diffuse.
A photoelectric recording of these spectra will be very helpful to
analyse the brofi]es of the lines.

Copper, Silver and Gold are noted for fheir remarkable
properties of high reflectance and conductivity, possessing filled
outerhost d-subshells and one s electron in the metallic phase.
Rubins (1961) pointed out that the outermost d electrons are not
tightly bound and variations in properties between them could be
traced to differences in the participation of the d-subshell. The
properties of the d-subshell are more easily studied in the atom
than in the solid because different excitation processes are more
easily separated in energy.

The 3-d subshell excitation Spéctrum of Cu I was reported
by Tondello (1973) and to complete this group of e]ements, we have
photographed the 4d-spectrum of Ag I and 5d-supshell excitation
spectrum of Au I. It is remarkable that the inner shé]] excitation
spectra in the noble metals are much simpler than the inner shell
spectra in alkalies. This fact is attributed to the competition of
filling the 'd' and 's' shells. The binding energies of the 'd'
and 's' electrons are approximately the same in alkalies when a
vacancy is created in the outermost p‘ subshell which causes a much
more complex spectrum due to s-d mixing (Connerade, 1978) whereas

the *'d' and 's' energies are well separated in the noble metals so

170
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that s-d mixing is small.

The 4d-spectrum of Ag I is very well developed on our plates
and we were able to vary every parameter to record the best spectrum
because silver is found to be experimentally a well behaved metal.

A difficulty was encountered in recording the spectrum of Gold.

We were not able to obtain the same quality of spectrum as was

_ achieved for Ag I because gold attacks our furnace system when it is
heated above the melting point. A similar problem was encountered

in the studies of Cu I, which suggests that Au I and Cu I have similar
properties in the Tiquid phase. This might be attributed to the fact
that Cu I aqd Au I are preceded by the elements with configurations

'3d8452 and 5d965 in the periodic table and the Ag I atom is preceded
by the Pt atom, the 4d shell of which is completely filled. This
indicates that the binding energies of the 's' and 'd' electrons are

~ approximately the same in the case of Cu I and Au I.

Connerade and Mansfield (private communication) have performed
ab initio ca1cu1ation§ to compare with the observed spectrum and very
good agreement was found in Ag I using LS-dependent Hartree-Fock
calculations, without including the double d-vacancy. The situation
in Au I was different because we observe two strong transitions which
we do not fit into the analysis based on the single electron excitation
from the 5d-subshell. Connerade and Mansfield performed a multi-
configuration Hartree-FocK calculation for Ag I and Au I and point
out that the configurations with two vacancies in the 4d subshell lie
relatively much higher in energy for Ag I than configurations with two
vacancies in the 5d subshell of Au I; therefore, the influence of
5d86526p on 5d9656p is much larger in Au I. The observed transitions
are well represented within the framework of these calculations.

In the short wavelength region, we were unable to record a

clean spectrum of Au I due to overlapping impurity lines originating



172

from the furnace tube, A cleaner spectrum may be useful to see the
behaviour of the higher lying members of these Rydberg series.,

The 3d-subshell excitation spectrum of Mn I was of particular
interest because it has a half filled d-shell and all the electrons
have parallel spin while the outermost 's' shell is f111ed, The
absorption spectrum was expected to be very complex but a remarkably

d4 2 electrons behave 1ike

simple spectrum was found, because the 3d'4s
spectator electrons (Sugar, 1972; Connerade and Mansfield, 1976).
Within the framework of this approximation, the 3d44s2 electrons
retain their identity and mutual angular momentum orientations, and
one observes a simple spectrum due to excitation of a single electron
from the d-subshell. The breakdown of spectator electrons approxi-
mation was found in the Sp-excitation spectrum of Ba I, Connerade

et al. (1979).where the outermost 6s subshell shatters and instead

of just two series limits according to the one electron excitation

scheme

6.2 1

5..2,2

the spectrum was found to consist of 14 series convering on 12 limits.
This complexity was- attributed to strong s-d mixing.

The configuration 3d44s4p in Mn I is found to be more complex
because of the existence of singly and doubly excited levels in the
same region. However, the comparison of our observed spectrum shows
a good agreement with Roth's (1970) ab initio calculations.

The observation of molecular spectra in the vacuum ultraviolet
region was very fruitful because very few molecules have been studied
in this region. Rydberg series were found converging on the ground:
state of the ion. From the Rydberg series, a:very accurate value of
the first ionization potential can be determined similar to that of
atomic Rydberg series. There are a limited number of stable diatomic

molecules and many small molecules of intermediate stability can be
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prepared using a variety of techniques. One rich source of such
species is the.vapour above various solids at high temperatures.
Only N2’ C0, NO and 02 mo]ecﬁ]es have been extensively studied and,
more recently, the spectra of P2’ CS and BF have been studied using
conventional background sources., The experimental advantages of
syn;hrotron radiation have been exploited to observe the spectra of
simple diatomic molecules with closed shells in the ground state.
In the first instance, we have extended the observations of the Si 0
‘molecule in the region 750-2000 R because this molecule has great
astrophysical importance. Secondly, the CO molecule has been
extensively studied. The other oxides of the carbon group elements
have received less attention. We observed the spectra of Si 0 and
Ge 0 and found Rydberg series converging on the ground state of
Si 07 and Ge 0+. Numerous band systems have been detected but
because of the low resolution available, rotationa]lanalysis was not>
possible. However, the observed Rydberg series gave more accurate
and reliable first ionization potentials of Si 0 and Ge 0. In the
spectrum of Si 0 we found a new Rydberg series, above the first
ionizationlthresho]d,,converging on the Bzz?-state of Si 0% and the
series 1limit confirms the investigation‘of the Si o* emission spectrum
by Verma et al. (1979) and Singh et al. (1973).

The spectrum of the A ¢ F molecule was reported up to 1300 R
in the Titerature and we have extended these observations down to
1000 R. We produce the A & F molecular spectra using different
experimental techniques than were employed by the previous investigat-
ors, A1l the known band’ﬁystems have been observed with good
intensity and numerous band systems have been detected between 1350 R -
1100 R,  There is clear evidence of Rydberg series converging on the
ijg+ state of AL F' but the detailed analysis was not undertaken

because of the complex structure and low resolution. Barrow and



Rowlinson (1954) reported complex band structure in the region
1300 - 1400 R but pointed out that these bands might also be due
to the AL Fq molecule. We also observed all these bands using a
different technique which provides independent evidence that these

bands are really due to the A 0, F molecule. A high resolution
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spectrum in this region will provide very useful information regarding

this molecule. Techniques to produce this molecule are now known

and a high resolution spectrograph in conjunction with synchrotron

‘radiation would be an ideal facility to study its molecular structure.

We were also interested in the PN molecule because it is
isoelectronic with Si 0. This molecule was observed by Herzberg
(1933) yielding an excellent example of vibrational progressions of
bands. The photoelectron spectrum has been reported by Wu and
Fehlner (1975) and Schrimer et al, (1978) point out the breakdown
of the molecular-orbital picture of ionization for PN. We tried
to recofd the spectrum of the PN molecule by thermal decomposition
of P‘-3N5 at about.1100°K and found the spectrum of P2, N2 and weak
features which we believe are due to the PN molecule. The P2
molecule has been extensively studied by Creutzberg (1965) in the
ultraviolet region ahd Carroll and Mitchell (1975) found Rydberg
series converging on the ground state ijg and FZ:Z+ state of P2+°
The N2-m01ecu1ar spectra is also well known in this region and we
found all the known band systems for these two molecules. The
photoelectron spectra gives a peak at 11.85 eV for the PN molecule,
which is due to the ionization of one electron from (xo~) orbital.
Qur observed features seem to form three Rydberg series converging
to a common 1imit at the expected position. Again, a detailed

analysis was not possible due to our Timitation of low resolution

spectra.
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As remarked above, extension of the research towards improved
resolution will be useful to study correlation effects for excitation
of the inner valence orbitals of molecules. The breakdown of the
independent-particle picture for the inner valence orbitals for the
P2, PN and CS molecules has been remarked by Schirmer et al. (1978);
therefore, high resolution absorption spectra will be very useful
to understand this breakdown which is similar to the one for atoms
discussed by Wendin and Ohno (1976). The investigation of the
-spectra of simple diatomic molecules, which have already been studied
in the X-ray and UV regions, will be useful to bridge the observational
gap in a regién where many interesting physical phenomena are expected
to occur.

In conclusion, observations of molecular absorption spectra
using an 1ndu¢tion furnace and windowless containment system in
cbnjunction with synchrotron radiation have revealed new data for
several diatomic molecules. The present investigation provides
evidence for the existence of numerous band spectra in the VUV region.
This part of the spectral region should be studied further at high
resolution as it contains many interesting phenomena; autoionization,
configuration mixing and multiple excitations. Much work has been
done using photoelectron spectroscopy, Price (1972), Edgvist et al.
(1970), Turner (1970) but less by absorption techniques. Photo-
electron spectroscopy gives information about the ionization potentials,
vibrational energies and relative intensities of the different vibrat-
ional transitions in the ionization process. The Rydberg electron
contributes very Tittle to the bonding in the molecule, therefore
the vibrational structure of the Rydberg transition should be similar
to that of the photoelectron spectroscopy transition, The ionization

potentials of the inner electrons can be determined from photoelectron
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spectroscopy but a full interpretation of the data requires the
use of more than one experimental technique and absorption spectro-
scopy yields additional information about excited states in the
neutral species, The best way to correlate an ionization potential
with a certain molecular orbital is often to study the Rydberg
transitidns°

The studies of these molecules can be extended to the XUV
and X-ray region where excitation of the core electrons to Rydberg
-orbitals will take place. There are other numerous diatomic
molecules which have not been observed in the VUX and XUV regions.
Many interesting effects occur at these high energies and are worth
exploring using synchrotron radiation in conjunction with a high
resolution spectrograph, since the characteristic curves for the
radiation emitted by most electron accelerators peak in the soft

X-ray region.
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