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Summary

SUMMARY

Title: Trace Analysis Using Laser Ablation Initiated Resonant
Ionisation Mass Spectrometry.

This thesis deals with the practical aspects of the
development and use of a resonant ionisation mass spectrometer.
The first chapter gives an outline of the ideas and the applications
of resonant ionisation mass spectrometry (RIMS), together with
a brief historical overview of the method, showing its
development in the last twenty years.

The second chapter deals with the theoretical aspects of
resonant ionisation spectroscopy (RIS). Firstly time dependent
perturbation theory is used to demonstrate how the selectivity
and sensitivity of the method come about. Next the derivation of
rate equations for a simple system, a practical way of analysing
RIMS ion yields, is shown. Causes of broadening of transitions are
then described. Non-linear optics and the theoretical aspects of
laser ablation are then discussed.

Chapter 3 deals with the instrumentation and describes the
equipment used. The mass spectrometer was designed and
assembled in Glasgow and constructed by Kratos Analytical. This
chapter details the improvements that have been made to the
original design. Further enhancements that are possible but not
implemented are given in chapter 8.

Chapter 4 describes the development of the computer
software. This software is used to control the data acquisition
hardware and for subsequent analysis of the data. The software
was written exclusively by the author.

Chapter 5 presents some of the earlier results from the
instrument. The author, together with Dr Mike Towrie and Dr
Adrian Land, was responsible for the acquisition of these results

Chapter 6 examines in detail the laser ablation process. Laser
ablation is used to evaporate samples to produce a flux of neutrals
leaving the surface. It is the primary evaporation source used at
Glasgow and it is very poorly understood, both in terms of
underlying theory and some phenomenological aspects of it. For
the optimal operation of the instrument the process of neutral
production must be well characterised. The calcium ablation
work presented was performed by the author, Dr M Towrie and

viii




Summary

Dr A Land. The gold and lead ablation work was the exclusive
work of the author. The work on aluminium and NIST steel was
performed by Mr I Borthwick and the author.

Chapter 7 presents work on trace analysis of gold using
RIMS. This work involves the detection of trace amounts of gold
in a copper matrix. Other resonant schemes will be discussed. All
work in this chapter is the sole work of the author.

Chapter 8 gives conclusions about the viability of the RIMS
method in the field of trace analysis, together with a discussion of
possible improvements in the instrument and the methodology.

Appendix A contains information on the physical
characteristics of gold.

Appendix B gives details of field inverting optics which were
designed by the author. A design of this type is expected to
improve the performance of the instrument described in this
thesis.
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Chapter 1: Introduction

Chapter 1 : Introduction

§1 Resonant Ionisation Spectroscopy

Resonant Ionisation Spectroscopy (RIS) is a comparatively
recent analytical tool. It was not until the development of a
tunable high powered light source that it was feasible.
Ambartsumyan et al (1971) performed the first reported
resonant ionisation experiment. The ultimate goal of elemental
analysis was achieved in 1977 (Hurst et al 1977) when single
atom detection was first reported by RIS.

The basic concepts behind RIS are straightforward. Every
element (or molecule) has its own unique set of bound electronic
energy levels. Using light of a wavelength corresponding to the
energy gap between a populated and an unpopulated level an
electron can be excited to the unpopulated level in a process called
resonant absorption (Fig 1.1). If the electron absorbs another
photon of a resonant energy while it is in this excited state it will
be excited to a higher level. By repeating this process the atom
will eventually become ionised. If the photons are not of resonant
energy the probability of absorption is greatly reduced (Fig 1.2).
Since the energy levels of an element are unique each atom can
be ionised by the use of photons of different wavelengths. This
gives resonant ionisation high elemental selectivity, which is one
of its major advantages. By careful choice of the resonant
ionisation scheme the process can also be made isotopically
selective for some elements, which is the basis of recent
developments in laser isotope separation (Crane et al 1985).

Another advantage of resonant ionisation is its ability to
saturate the ionisation process ie. ionisation of every irradiated
atom. The fluxes required for this (Chapter 2) are of the order of
1023 photons cm-2 s-1. These fluxes are unobtainable with
conventional monochromatic light sources but can easily be
achieved with a pulsed tunable dye laser which can deliver up to
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1028 photons cm-2 s-1 | 10 orders of magnitude greater than non-
laser sources.

Hurst et al (1979) have listed five basic schemes using two
lasers which enable all elements, bar helium and neon, to be
ionised.

The schemes are shown in fig 1.3 1-5. The simplest scheme is
1 which involves the absorption of one photon and ionisation of
the atom on absorption of the next photon of the same
wavelength. The next scheme, 2, uses a technique called
frequency doubling (see chapter 2) to provide a single photon with
twice the energy of the original laser (or fundamental). The
absorption of a photon of the fundamental ionises the atom.
Scheme 3 is the first scheme involving two colours, where
absorption of photon 1 is followed by absorption of photon 2
promoting the electron to a higher bound state. Further
absorption of a photon of either colour will ionise the atom.
Scheme 4 is similar except that frequency 1 is doubled, as in
scheme 2. The atom is then ionised by either colour 1 or colour 2.
Scheme 5 involves a transition through a “virtual” state by either
or both of the photons, and the absorption of a final photon to
produce an ion.

Since the difficulty involved in using any particular scheme
is reflected in the scheme’s number, it can be seen from the
periodic table (fig 1.4) that most metals are easier to ionise than
the semi-metals or non-metals. It is for this reason that resonant
ionisation has been used mainly on metals by the Glasgow group .

§2 Historical Development of RIS and RIMS

The first observation of laser induced ionisation was the
induction of a spark at the focal point of Q-switched ruby
lasers.(Meyerand et al 1963, 1964; Voronov et al 1965). This
effect was proposed to be caused by the simultaneous absorption
of several photons (Keldysh 1965; Gold et al 1965; Bebb et al 1966).
The simultaneous absorption of two photons was first proposed by
Goppart-Mayer (1931).



The five basic Resonance Ionisation schemes

Fig 1-3



Application of the Resonance Ionisation schemes
to the periodic table
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The introduction of the tunable dye laser (Sorokin et al 1966)
marked the beginning of laser spectroscopy. As mentioned above
Ambartsumyan et al (1971) performed the first resonant
ionisation experiment when Rb atoms were ionised using a
tunable dye laser. The technique was quickly extended to
molecules (Ambartsumyan et al 1972). Saturation of the two
photon resonant ionisation of helium was demonstrated by Hurst

et al (1975).

Single atom detection was first demonstrated by Hurst et al
(1977) who detected a single caesium atom in a proportional
counter. A more complex three dye laser scheme was used in the
single atom detection of ytterbium (Bekov et al 1978) which used
field ionisation (see chapter 2) to saturate the final step. This
reduced the laser power required for saturation.

The potential of resonant ionisation coupled with mass
analysis was originally realised using easily ionised atoms such as
sodium (Antonov et al 1978; Zandee et al 1978, . ; Boesl et al
1980).

Time of flight mass spectrometry (TOF-MS) coupled with
resonant ionisation was discussed by Beekman et al (1980). Boesl
et al (1980) used this technique for the ionisation of polyatomic
molecules. The mass resolution of this instrument was improved
by use of an electrostatic ion mirror (Boesl et al 1982). Miller et al
(1982) used resonant ionisation coupled with a magnetic sector
mass spectrometer for high precision measurements of the rare
earths neodymium and samarium, which are difficult to
separate chemically.

Trace analysis using resonant ionisation can be realised by
the use of a high transmission mass spectrometer. The single
atom detection abilities of resonant ionisation allow the use of
smaller samples and/or shorter analysis times. The method
varies but the principle steps are the same:- the sample must be
vaporised, the neutral atoms resonantly ionised and the ions mass
analysed.
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Winograd et al (1982) demonstrated the resonant ionisation
of neutrals sputtered by a high energy ion beam and analysed in a
TOF-MS. A detection limit of ~1 part per billion (ppb) was
claimed for this arrangement using a 30Hz repetition rate
(Kimock et al 1984). Using a similar technique but with a
magnetic sector instrument instead of a TOF-MS (Parks et al
1983, 1985) a detection limit of 2ppb was claimed.

Trace analysis using thermal atomisation from a high
temperature filament has also been extensively used (Donohue et
al 1982; Moore et al 1984, 1985; Fassett et al 1983). Pulsed
thermal sources have also been used to improve the duty cycle of
this method. (Donohue et al 1984, Fassett et al 1984)

An electrothermal graphite atomiser with a TOF-MS has
been used for trace analysis in the USSR (Bekov et al 1983, 1985,
1986).

Laser ablation has been used as a source for RIMS by several
authors (Beekman et al 1980, Estler et al 1990). Alternatively,
RIMS has been used as a means to investigate the laser ablation
process by several groups (Apel et al 1987b, Beekman et al 1985,
Estler et al 1987). Trace analysis using a laser ablation source has
been used by Krénert et al (1987), who investigated short-lived
gold isotopes implanted into graphite.

The duty cycle can be increased by using continuous wave
lasers (Cannon et al 1985, Miller et al 1985) and by copper
vapour lasers (Peuser et al 1985, Kronert et al 1985, Bekov et al
1986).

Ultrasensitive laser isotope analysis has been reported by
Snyder et al (1985) who used an ion storage ring. Snyder reports
isotopic sensitivity of 10-12 for 90Sr and 88Sr and estimates that
instruments with isotopic sensitivities of 10-15 are possible using
similar equipment. Bekov et al (1985) report trace detection of
Ruthenium at sensitivities of 1 part in 1012 in a variety of samples
(original mass of samples ~25g or 1L in the case of seawater).
This represents the most sensitive bulk RIS analysis to date.
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§3 Applications of Resonant Ionisation Spectroscopy.

With the possibilities of single atom detection, the most
obvious applications of RIS and RIMS are in fields involving trace
analysis. Below are a selection of the more interesting
applications recently reported which utilise RIMS.

The field of environmental analysis is the most obvious
candidate for the application of trace analysis. By the use of
RIMS the detection of low level radioactive decay products in the
environment below that currently feasible with decay based
techniques is feasible (Houston et al 1988).

Two closely allied fields, geology and archeology, can also
benefit from the selectivity and sensitivity of RIMS. Both of these
rely on radioisotope dating. Kudryavtsev and Letokhov (1990)
have detailed most of the important elements whose isotope ratios
can be used for this purpose. These are shown in table 1.1,
together with applications for each one. The very low levels of
some of these isotopes require the most sensitive analytical
methods available (see Letokhov 1987 chapter 9 for a
comprehensive review of detection of rare isotopes)

Table 1.1 Useful Radioisotopes for Monitoring and Dating

Isotope T1/2 Rel. Conc. Application
10Be 1.5 Myr 10-10 dating
14C 5.7 kyr 10-12 dating
26A1 0.14 Myr 10-14 dating
3251 172 yr 10-14 ground water dating
36Cl 0.3 Myr 10-17 dating
41Ca 80 kyr 10-14 dating
81Kr 0.21 Myr 10-13 neutrino dating
85Kr 10.8 yr 10-11 monitoring
90Sr 28.5 yr 10-10 monitoring
1291 15.7 Myr 10-12 geological marker
137Cs 33 yr N/A monitoring
205Ph 15 Myr N/A neutrino detection

Adapted from f{udryavtsev Y.A. (1990)
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Another application which requires trace analysis is the
manufacture and testing of semi-conductor devices. Modern
semi-conductors require exceptionally high purity levels and
RIMS can provide a very sensitive indication of the levels of
elemental contaminants in the base material. RIMS is also useful
in the profiling of semiconductors, in which dopants may be
present at trace levels (Downey et al 1990)

Biological applications are another important field for RIMS.
Living tissue contains very poorly defined levels of trace elements
at very low levels. RIMS has important applications in both
defining norms for tissue types and detecting abnormal
concentrations of elements (Quinn et al 1990).

More esoteric applications of RIMS include magnetic
monopole detection (Kroll et al 1985), double beta decay (Ullman
1985) and the solar neutrino problem (Ames et al 1990).

Molecular ‘RIMS’ is another offshoot that is being currently
investigated. Like atoms, molecules also have a resonant
structure. In the case of molecules the resonant structure is
much wider than for an atomic system, and because of this width
the resonant structure is not unique for any specific molecule.
Methods to narrow the molecular resonances, such as supersonic
jet cooling, and other methods to increase sensitivity and
selectivity, such as laser induced fragmentation, are objects of
active research (Marshall et al 1990, Boesl et al 1990). Success
with this promising branch of analysis will extend the field of
environmental analysis to include low level toxic molecular
contaminants eg. Dioxans. Explosive and drug detection in
security applications is another possible application for mature
molecular RIMS. Hahn et al (1987) have already reported
detection of subfemtomole amounts of organic molecules
(protoporphyrin IX dimethyl ester) using 266nm laser light to
post-ionise. Hahn estimates that sensitivity can be increased by at
least 3 orders of magnitude for this application.

A very recent, and intriguing, possibility for RIMS is in the
Human Genome project. By tagging the four different bases in
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DNA with tin, it is possible to use RIMS to detect each different
base with very high efficiency (Arlinghaus et al 1990).
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Chapter 2 : Theory
§ 1 Introduction

This chapter will detail some of the theoretical
underpinnings of RIMS. It will deal firstly with the theory of
photon-atom interactions, which leads to resonant and non-
resonant transitions in atoms. This approach allows the cross
sections for transitions to be calculated from first principles.
However this method is not convenient for the calculations of ion
yields for which the rate equation method will be introduced.
Linewidths and other effects which will then be considered. The
theory of harmonic generation from laser light will be considered
and finally the theory of laser ablation/desorption will be
discussed.

§ 2 Photon-Atom Interactions
Semi-classical Approximation

A complete quantum mechanical description of photon atom
interactions (Loudon 1973) is complex and, in the context of
resonant ionisation, of no added practical value. A more profitable
course is to consider the laser as a classical source of
electromagnetic (EM) waves and to describe the interaction of
these waves with a quantum mechanical atom using the semi-
classical approximation (Laud 1985). Using this approach it is
possible to obtain expressions for the induced absorption cross
section of an atom.

The behaviour of electrons in an unperturbed atom can be
described by Schréodinger’s Equation:-

A , pe
=ih —=|¥,t
By, c)=iF 2, 0) o1

where
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N
H, is the time independent Hamiltonian
|¥, ¢) is a time dependent state (2.2)

The time dependence of an unperturbed state Illfn , L ) has the
form

Yo, t) = eC ™) (2.3)

where E, = eigenvalue of ro = hw, and |u.) is
independent of time and satisfies the equation

Hu.)= hou.) (2.4)

If the basic solutions |y, ¢}, |y, t) ... are known then the
solution to (2.1) can be written as

¥, t):ch Vi, t)ch,, e ot

Considering a two level atom with energy eigenvalues
E.= FRw.and E, = ho, then this becomes

Un) (2.5)

io t

¥, t) = c.e” “|u) + c,e” ™

u,) (2.6)

If the atom is isolated then the probability of being in state a
orbis |c.| and |¢,| respectively.

By applying Schrédinger’s equation to the atom in a new
time dependent potential distribution the time dependence of the
wavefunction ¥ may be obtained. The perturbed Schrodinger
equation can be written as

B, t)=iF 2I¥,¢) (2.7)
with
ﬁ:ﬁo +ﬁ’(t) (2.8)

where H (¢) is a small term from external forces. Assuming
that the solution is of the form
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¥) = Dt )e” ) (2.9)

With the coefficients ¢, time varying. Substituting into (2.7)
gives

fw) = (8, + 7 ¢)) v

= (B, + 5 (@) Dealt e ™ |us) (2.10)

= ik Y f{c, (t) - ioc.(t) e )

multiplying both sides by the complex conjugate of |u.) and
integrating over both coordinates gives
»

Zc,.(t e~ i“’"’(um‘flo un> + ZC,,(t e~ i"’"'(umlff

(2.11)
= ik Zén (e (wnlu.) + 2 hw,c,(t )e‘i”"'(um|u,,)

or

> et Ewae” ™ (wnlun) + Y calt de” (| B

u.)

(2.12)
= ik 26 . (£)e ™ unlu,) + 2 Fo,c,(t)e ™ (wa|u,)

therefore

ikc,(te ™ = Z&(t)e“"""'(umlf-\l'

u,,) (2.13)

¢ (t)= llf Ye.(t)e =t Y, (2.14)

10
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where

Wpm = E%E—iand —( IH'

> u;,fI'u,,dT

These are the matrix elements of F . If the system is in state
n at =0 when the perturbation is switched on then the probability

of the system being in state m at ¢=t’ is given by lcm(tl)lz.
Integrating equation (2.14) gives

¢ . A
)= £ Jere = Ko dt @15)

from which the probability can be found. Assuming a two
level system then by (2.14) simplifies to

R

4

¢, (t) = —i—lhz{ca(t)ffw +c,(t)e ™™
(2.16)
¢, (t)= %{cb(t)ff&, Fet)e ™ 7}

To evaluate equations (2.16) the form of the interaction
Hamiltonian must be known. An electromagnetic wave can be
described classically as (Dermtroder 1981)

E=E, cos(kz — wt) (2.17)

Since an atom is much smaller than the wavelength of an
electromagnetic wave in the visible part of the spectrum the term
kz can be ignored (ibid) and (2.17) can be simplified to

E=E, cos wt (2.18)

The dipole moment of a point charge e at position r is er. The
electric dipole moment of the atom is

—Zerj=—eD (2.19)
J

where

11
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D= Zr,. (2.20)

The potential energy of a dipole in the electromagnetic field
described above is

Ze r.E cos wt =eD.E  cos wt (2.21)
j

The Hamiltonian can then be written as

K = ¢D.E, cos ot (2.22)

fI’bb = (ub|I/§I'|ub> = fu;(Ee r.E cos ot Ju,dr (2.23)

. . . ,\ ,\
From parity considerations H, =H ,, =0. If |u.) and |u,,)
have opposite parities then i » 20 and fl’m # 0. Therefore

(2.16) can be written as

A

¢ (t) = Tlhzcb(t PR : §

ab

(2.24)
6, ()= —rel)e ™ B,

Assuming that ¢’ is small and that the perturbation is weak
then as a first approximation c.(¢) =1 and ¢,(¢) = 0. Then

c.(t)=0
. 1 -l t A
c,(t)= —ze ™ H, (2.25)
which leads to the solutions
ca(t) = . 1
’ (2.26)
1 -io ¢ A
c,(t) = T F * Hm dt

12
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in the first approximation. By substituting these solutions
back into (2.24) second order approximations can be found. This
process may be repeated for higher orders.

The probability of a transition to state b may be found by
integrating (2.26). Thus

%
~i

e,(t’) = % _[e "t I/:I',,u dt

— i t'e—iwaot u
ik b

0

er E, cos wt
j

(2.27)

Ua >dt
AR

J.e— “s' cos wtdt

0

(ubleX E,
th

eEon[l— e—i((oh+w)¢’ 1_ e— i(mh-—w)t'
o | 0. +to T o,-o

where X is the component of D in the direction of E , ie the x
direction and X, = (ule u,,).

On examination, the probability of the atom being in state b
can be large only if one of the denominators is near zero, which
occurs when |@,| = @ . This allows one of the terms in (2.27) to be
neglected. This is the rotating wave approximation (Feynman
1957). For transitions from state a to state b the second term is
much larger than the first which allows the first term to be
ignored. The probability of a transition to state b in unit time, in
the limit of long times, is

ta

. ’ 2
- z(mb - a))t

2
1 . eEJX. . |1- 1
el = = I [T =y

— oo

o, -,
A (2.28)
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Since the Dirac delta function can be defined as

0, -0 ,

2 sinz —= 3 ¢

(@, — @)= lim — (2.29)
Con (0, - @)t

(2.28) can be written as

e2EziX,,,|27r
oK

6 (W, — @) (2.30)

This contains the assumption that the transition frequency
®,, is a well defined quantity. In practice there will be some width
Aw which corresponds to the uncertainty in ®, . Sources of this
uncertainty will be dealt with in §4. The energy density in an
electromagnetic wave p(w) isrelated to E by

2

E
J.p(co) do = 2080 (2.31)

so (2.30) can be written as

%LX ol fp(w)5(w - 0)do (2.32)

1 2
t_lcb (t )I =
or, using the properties of the delta function

tllc,,(t)r: —”f;—P;—"L jé(w)é‘(w,n - 0)dw

(2.33)

= L:z i P(®s)

This has been derived for a single atom. When dealing with a
gas of many similar atoms X ,, can be replaced since

14
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X, = (ule

o) = (u,]€..Dlu,)
(2.34)
=8..D,

where &. is the unit vector in the x direction. In a gas of
atoms the spatial directions of D, will vary randomly. Averaging

over the random orientations gives
X | =|D,| cos* 6= %IDMIZ (2.35)

The incident energy flux (Jem-2s-1)is related to the energy
density by I(w) = p(w,)c where c is the velocity of light.

The transition rate from a to b is then

B 7re2|Dfn|2I
= —I(w
. Sceli (@) (2.36)

By, is known as the Einstein coefficient.
Electric Dipole Matrix Element

In this formulation the parameter governing the rate of
single photon transitions between the two states is the dipole
matrix element D, . Evaluation of this quantity requires
knowledge of the electronic wavefunctions of the states of the
atom concerned and for non-hydrogenic atoms can only be
calculated approximately. An expression for the oscillator
strength of the transition from a to b can be made. The oscillator
strength is defined as

2w
sl = IDab'2 3 ﬁba (2.37)

with oscillator strength positive for absorption and negative
for emission.

For degenerate states

15
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g
foa=" e (2.38)

where gz and gp are the degeneracies of states a and b
respectively.

Defining the transition rate as a cross section ie. the rate of
absorption of energy per atom per unit time divided by the
incident energy flux

_ho B
%a = T(w) ba (2.39)

The cross section for a single photon resonant absorption is
~10-12¢m2 (Bekov et al 1983)

Strong Field Interactions

The derivation above only considers the case of the
perturbation being weak. In the case of a strong laser produced
field the population of the upper level may approach that of the
lower level. In this case, using equation (2.24) and again using the
rotating wave approximation we obtain

. eE -i(le, - -l -o
c,=c,D, 2h_°e “e = ¢, R e =T
e E (2.40)
c,= caDd,—2h_° e e =cR, e ="
with
R
e E, (2.41)
s =D

Starting from the condition that all the atoms are in state a at
time t=0 these equations give as the probability of being in state b

after time t

16
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P, = |c,,|2 =

sin? S
[0 2
(2.42)

Qzﬁwab - 0)’ +4R?

This introduces a sinusoidal time dependence on resonance
and the system oscillates between levels a and b with frequency
Rap. This is called the Rabi flopping frequency (Rabi 1937) and is
illustrated in fig 2.1. It is dependent on the matrix element D,
and the electric field strength E,. Slightly off resonance the
flopping frequency is dependent on the degree of detuning from
the transition frequency.

The width of the transition, 4R,,, broadens as the electric
field is increased. This is power broadening. The effects of this
phenomenon are dealt with in §4.

Multiphoton Transitions

The first order perturbation theory applied above only
considers the absorption of one photon at a time. By use of second
order perturbation theory two photon transitions can be
considered. Continuing from equations (2.24) and inserting the
coefficients obtained from (2.27) the following may be obtained
for a transition to a higher level d

_—1__ Zlcb<ud 7 ub>eim’
L h

(2.43)

1 e E D D 1_ ‘l(mh*m)t l_e—i(mh-m)t
; 0. fo v o,-0 }

—-i(w, + o)t -0, —ak
x(e e +e ° )

where Ez<Ep<E4. Retaining only terms whose
denominators approach zero again we obtain

17



Fig 2.1: Rabi Flopping for
Resonant Excitation
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20 :292 Ei D,D, %
b 4 A (2.44)

d

{ ] o f@u -0 1— o i@u 20X
+
(@, - 0) (0, - ) (0,- 0)o, -20)
On examination, it can be seen that a resonant process

corresponding to two photon absorption occurs at wgz=2m as the
denominator of the second term tends to zero.

The rate of two photon absorption is given by

ze“ E\D, D, |

B, =
“T 4~ 16k

6 (v, — ) (2.45)
Again, corrections can be made for the widths of spectral
lines etc.

The states b in the above equation are known as virtual
states. Transitions into virtual states obey the one photon selection
rules which are given below. The rate of two photon absorption
cannot be solved rigorously as it depends strongly upon the
statistical properties of laser light, which are generally not
reproducible shot to shot.

The above theory can be extended to N photon absorbance by
extending perturbation theory to N’th order.

Selection Rules for Electric Dipole Transitions

For a one photon process with strictly L-S coupling the
selection rules are (Corney 1977):-

Al=t1

AL =0, 1 (L=0 ¢» L =0)
AS=0

AJ =0,%1 (J=0 ¢» J =0)

18
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where Al is the change in parity, AL is the change in orbital
angular momentum, AS is the change in the electron spin and AJ
is the change in total angular momentum.

For two photon transitions the selection rules are:-
Al=0,12
AL =0, #1, +2
AS=0
AJ =0, +1, +2

These selection rules are valid where magnetic interactions
are much smaller than residual electrostatic interactions. This is
not always the case in heavier elements.

The case AL = 0 for single photon transitions can be observed
in atoms with many valence electrons eg. carbon. In the case of
one or two optically active electrons AL = 1.

Ionisation Methods
Photoionisation

In photoionisation the final state will be an electron ejected
from the atom by the absorption of a photon in an unbound
continuum state moving in the field of an ion. If the electron
occupies a state energetically close to the bound ﬁﬁtes then the
calculations of cross sections are very difficult as the ion will exert
considerable influence on the electron. Calculations of the cross
section for photoionisation (Marr 1967) have values of ~10-18
cm2. These values are around 106 times smaller than the cross
sections for resonant bound-bound transitions, which makes
photoionisation very inefficient in comparison.

Autoionisation.

Autoionisation occurs when there are excited states involving
two electrons which decay non-radiatively to give one electron
and one ion (Fig 2.2). Due to the excitation process, which only

19
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involves bound-bound transitions, the autoionising process is
more efficient than normal photoionisation and has a typical
cross section of ~10-15¢m2 (Lambdropolus 1984).

A limitation on the usefulness of autoionising states is that
two (or more) valence electrons are required. This limits the
range of applicability of this method.

Field Ionisation

From a high lying Rydberg state an atom can be ionised by
the application of a strong electric field (fig 2.3), which is
sufficient to increase the electron’s energy to a value above the
binding energy of the atom. This results in an ion-electron pair. It
is comparatively easy to saturate an ionisation process using this
method. Field values of ~104 Vem-1 are required. (Letokhov
1987).

§ 3 Population Rate Equations.
Introduction

The semiclassical approximation, outlined above, is obviously
very complex. The outline above only deals with the case of one
intermediate state. When many different levels are involved (as
in Hurst’s scheme 4), or two levels lie close, the theory above tends
to become unwieldly. In this case a far simpler and much more
useful approach to the problem is to use rate equations.

Ackerhalt and Shore (1977) introduced rate equations as a
simplification of the semiclassical approximation. Their approach
dealt with a N-level atom, where the rate equations comprise N
equations in N real variables. The Schrodinger equation for the
same system comprises N equations for N complex variables, and

another approach, the optical Bloch equations, have N real and
———N(I;I-l) complex variables (ibid). Thus rate equations offer

computation simplicity as well as a physically intuitive model.

20
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Derivation of Rate Equations

Walcox and Lamb (1960) showed that rate equations could
be derived formally from the optical Bloch equations. This
technique relies on the fact that that off-diagonal density matrix
elements tend rapidly to a steady state value. This is usually true
in the case of RIS.

An simpler and more intuitive model was presented by
Zakheim et al (1980) which considered a three level system (fig
2.4) with two bound states and a continuum level. Laser photons
induce absorption by and emission from the atomic states which
changes the relative population of the states under study. The
absorption and emission rates are related to the Einstein
coefficients and are assumed known. Excited states can decay by
either spontaneous or stimulated emission. m-photon processes,
where m > 2, are incorporated in any step by choosing the
appropriate value of the laser flux for that step. The cross section
would have units of cm2mgm-1,

From fig 2.4 the rate of change of the population of the
ground, intermediate and continuum levels are

dN,
dt

N,
=-N,o,®+—F+N,0 ®

dN, N
_d_t—zNoO:\d)_Tl——ﬂNl—Nlo-lq)
NG o (2.46)

dN,
dt

where No, N1, N1 are the population of atoms in states 0, 1
and the ionisation continuum respectively.

=N10-1(D

¢ O laser flux (photons per unit area per unit time)
Tueereeereesssssssssssssssnssesssssassasssssassassessassassssssssssasss mean lifetime of state 1
OA oovrerrernerenssssesssssssssssssnssssassessssssssarasans cross section for state 0 —» 1
Olevvvereeeerenerererensseearssssssssenns cross section for state 1 — continuum

21
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05 weeeenensensesssssussnsssssmsnssssssssssessessaessessossens cross section for state 1 - 0
[ rate of non radiative decay from level 1 % 0

These equations can be rearranged to give

d’N, 2bdN,
dit dt

+ w?N, =0 (2.47)

with (204 + OD® + % +B = 2b and CAP(B+O1D)=w 2.

If N; is of the form e-M then 2.47 can be written as
X —2bA+w?=0 (2.48)

hence
N, =A(e ™ —e ) (2.49)
with

L=b-b - w
A=b+Vb - w?

where A1 and Aj are the roots of equation 2.48. Solving for N;
gives:-

(2.50)

No(O)O—A @ —llt —3.2t
N, = —W[e —e ] (2.51)

where N(0) is the population of state 0 at t=0. If the

intermediate step is real then it can be assumed that GA=05 » O1.
This simplifies 2.51 to

No(o )O-A q) —111

N, = e (2.52)

20A<D+—%-+ﬁ

Assuming that [ is much less that the ionisation rate G1®.
then one condition for saturation is the flux condition. This is

22
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o, ®» (2.53)
This simplifies 2.52 to
N,(0) _,,
N, = 2( L (2.54)

Writing A; in terms of ionisation cross section and the flux
gives

o, ©
A= 9 (2.55)

This allows writing of N1 in terms of Ng. This gives

tN,(0)

0

e M dt

(2.56)

2 | A% T,

(G ONO 1 e, 1]
1 1
Imposing a second condition, the fluence condition, which is
c,0»1 (2.57)

where ¢ is the laser fluence ie. number of photons per unit
area = OT. This simplifies 2.56 to

N, = N,(0) (2.58)

At the end of the laser pulse all the atoms in the ground state
have become ionised. This is the definition of saturation. This is
true for a laser pulse of length T provided

O1oT >> 1

1
OoAD >> p (2.59)

T << B

Typical values for the terms used are

23
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g O 10-8 sec
Tovrrrrerresseeersesssnssansesnses 10-8 sec

[0, 10-18 cm2

[0 )\ 10-11 5 10-12 ¢m?2
[ J 10-6 sec

Therefore the flux condition for saturation for a pulse length
of 10-8sec is

da » 1011 — 1012 photons/cm?2
or da » 0.5 — 5.0 nd/mm?2
as 1J = 5 x 1015 x A (nm) photons. The fluence condition gives
¢r » 1017 — 1018 photons/cm?2
or o1 » 0.5 = 5.0 mJ/mm?2
Weak Light Intensities
From 2.51, and using the conditions that Go=0g » O1 and

O ®P then

N,(0)c,0, @[ 4,
= Py 171(1—e )-(1-e )}(2.60)

If the fluence does not saturate the ionisation step and the
relaxation is less than the spontaneous decay rate then this
becomes

N, = No(0)4oi; 2{TT+20A -1+ e-(z,,mz,.)}
GA(ZGA ¢ +_’l'_)

N,

(2.61)

where ®T = ¢ = photon fluence.
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Long Pulse Length

If the pulse length is long compared to the lifetime of state 1
and the rate of excitation is less then the spontaneous decay rate

. 1
(ie T » tand OA® « T ) then
N, = N,(0)o,0, @ T (2.62)
. oL . . 1
However, if the excitation state is saturated ie Co® e then

N, =iN,0)s, ® T (2.63)

Hence as the light intensity is increased then the yield
changes from a quadratic dependence on laser flux to a linear
dependence on laser fluence.

Short Pulse Length

If the pulse length is short compared to the lifetime of state 1
and the rate of excitation is less then the spontaneous decay rate

1
(e T « Tand OA® “«r ) then
N, = N,(0)o,0, @ T* (2.64)
o ) ) 1
If the excitation state is saturated ie Oao®d e then

N,=3;N,0)5, ® T (2.65)

As the light intensity is increased then the yield changes from
a quadratic dependence on laser fluence to a linear dependence
on laser fluence.

The rate equation approach has some disadvantages over the
quantum mechanical or semiclassical approaches. Firstly it
depends on a knowledge of cross sections that cannot be derived
using the rate equation model, whereas in the semiclassical
approximation these cross sections can be calculated from a
knowledge of the atom’s electronic structure. Rate equations are
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not always valid and their validity depends on the atoms being
resonantly excited. In the case where the width of the atomic
transition is greater than the laser line width or the laser is off
resonance then rate equations are not valid as given here since
the atoms are not being resonantly excited (see §4 for details of
atomic widths). One advantage of rate equations is that the
mathematics is fairly simple and can easily be extended to more
complex systems (Singhal et /1988, Singhal et al1990).

This analysis assumes that the laser has a flat top intensity

distribution ie. ¢ and P are constant. By an extension of the
analysis any laser temporal profile can be analysed, although this
has a drawback as the analytical solution presented above is not
valid, and the analysis must proceed via computer modelling. In
practice, for laser pulses on the timescale of several nanoseconds
the time profile is not significant when excitation proceeds
through real states. If subnanosecond pulses are used or
ionisation proceeds via a virtual state then the temporal profile of
the pulse does become of importance (Ackerhalt et al 1977).

The model can also take into account variations in the
intensity of the laser across the ionisation region by using the
same method as for analysing the temporal profile of the pulse.

§ 4 Linewidths and Broadening Mechanisms.

As mentioned in §2, there are several sources of broadening
of excited states that play an important part in RIMS. The
relative sizes, mechanisms and importance of these effects will
now be discussed.

Natural Linewidths
An excited state in an atom has a lifetime associated with it.

By applying the uncertainty principle AE, =—};; and the

i

E,
frequency of the radiation w, = ?' has an uncertainty
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Aw, = A (2.66)

If the transition is between an excited state i and an excited
state j then the width is now

+

Aw; = (2.67)

¥

..'."II et
kf"‘li—‘

For instance the natural width of the sodium Dj line at
589.1nm which corresponds to a transition from the 3Pg3/2 to the
3S1/2 ground state has a lifetime of 16ns and a width of 10MHz =
3.3x10-4 cm-1.

The shape of the line may be obtained quantum
mechanically and is given by the Lorentzian distribution

rii
Ij(w) =1, 2 (2.68)

) 2 _F_L

(4 (aJ - wﬁ) + "
. 1 1

with T, = Aw, =+ + 7 =FWHM.
i J
Doppler Width

If an atom is moving with speed v with respect to an observer
and undergoes a transition with frequency ®; then then the

observed frequency is given by

where fis a unit vector from the observer to the atom. If we
take fto be in the z direction and assuming that the atoms have a

Maxwellian distribution of velocities the frequency distribution of
the light is

I(0))= Io(wy)eﬁ{ o (2.70)
with a FWHM given by
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(2.71)

20;| 2k T log. 2
Aw, = I— ] ]

-;_CL m

For example, the sodium line mentioned earlier at
temperature T=500K has a width of ~200MHz = 6.6x10-3cm-1.

Pressure Broadening

Elastic collisions occur when two atoms interact with no
transfer of internal energy. Elastic collision causes shifting of the
atomic energy levels which results in a broadening of the spectral
lines as well as a shift in the central frequency. The shift and the
broadening depend upon how the energy levels are modified by
the collision.

Inelastic collisions can also occur. In this case the excitation
energy E;of one of the partners in the collision is transferred
either partially or completely to the other partner. This acts as a
mechanism to depopulate the excited state. If the number of
collisions per second removing atoms from the excited state is W,
then the width of the line is given by

r= h‘(Wc ¥ %) (2.72)

For the 589.1nm line in sodium, the pressure broadening of
the line in 1 atm of Argon is ~0.7 cm-1 = 2 x 1010 Hz. At pressures
of a few millibar the pressure broadening is less than the Doppler
width.

Laser Power Broadening.

As mentioned in §2, at high laser powers the width of the
transition can be widened by the electric field of the laser. For a
laser of 10pJmm-2 then the Eg is of the order of 106 Vm-1. If a
transition has an oscillator strength of 0.01 (a typical value) then
the Rabi frequency is 2.5 x 109 Hz. The power broadening is
therefore ~1 x 1010 Hz.
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Laser Bandwidth

The bandwidth of laser used in RIS depends on the particular
laser. The lasers used at Glasgow have, at best, a bandwidth of
~30GHz. The laser bandwidth is thus the most important
contribution to the observed width of resonant transitions.

From Hurst et al (1979) the average cross section for
absorption from state a to b if the laser bandwidth is wider than
the broadened width of the transition is given by

BT
® " &a 87 Av,

(2.73)

where Avy, is the laser bandwidth.
§ 5 Non-linear Optics

Most practical experiments in RIMS or RIS make use of
non-linear optical effects. The most commonly used non-linear
effect is frequency doubling (or second harmonic generation
(SHG)) and this shall be examined in some detail. Others, such as
third harmonic generation (THG) and sum frequency
generation (SFG), shall also be mentioned.

In a non-linear medium under high radiation intensities the
polarisation P of the atoms in a medium may be expressed as:-

P=y,E+x,E +x,E>+... (2.74)

where x; is the i’th order non-linear susceptibility. For

radiation of frequency w and E =Eg sin «¢ this can be expanded to
give:-

P=y,E sin ot +x2Ei(1—cos 20¢ )
(2.75)
+x3E::)(3 sin ot — sin 3wt ) + ...
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2
A polarisation wave of wavelength 7»1_—0-)% is set up in the

medium where n, is the refractive index of the crystal at the
fundamental frequency w. The polarisation wave induces the
e

wny’
where ng is the refractive index of the crystal at frequency 2w.
Since in most crystals n; # n, it follows that A, # A, and the beams

generation of light at frequency 2w with wavelength A,=

propagate out of phase. For propagation along the direction of the
secondary beam the intensity of the beam is (Shen 1984):-

.5 2nAnl
sin [ 3 )

2wAnl

"%
where An = n; - n,, 1 is the distance along the beam and A is

the wavelength of the fundamental in vacuo. When the

I(20) o< (2.76)

argument of the sine is equal to > o (e 1= 4)[; ) then the intensity

is maximised. For normal crystals the distance for which I is
significant is 1 <10um. For larger coherence lengths An must be
made small and therefore n; = n,. Usually in crystals
n; > ny.Another restriction in the crystal is that it must be non-
centro-symmetric, as these are the only crystals where %, is non-

vanishing (Thomas 1990).

These restrictions can be overcome by the use of a suitable
birefringent crystal. One property of a birefringent crystal is that
waves of different polarisations have different velocities in the
crystal. An ordinary ray has a constant velocity independent of its
orientation with respect to the optical axis whereas an
extraordinary ray has a velocity that is dependent on its
orientation with respect to the optical axis. This is shown for
KD*P in fig 2.5. Where the surfaces meet the fundamental and
harmonic are phase matched and n; = n,. For these crystals 1 can
be large (~ a few cm) and high efficiencies (>20%) may be
obtained for operation at 100MW/cm?2. Details of the doubling
systems used are given in chapter 3.
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Fig 2.5: Phase Matching in KD*P
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A closely related effect is THG. This occurs due to the third
term of the expansion in equation 2.74. Generally, the size of the
coefficient is very small and this leads to very low efficiencies
(~10-4). Where there is an advantage over frequency doubling is
that the 5 component is in general non-zero for materials with
inversion symmetry. This allows frequency trebling occur in
most materials, including gases. This is useful since at very short
wavelengths (<200nm) there is high absorbance of light in most
non-linear crystals, whereas in some gases this effect does not
occur (Becker 1990). The phase matching condition
( n(wq)=n(wg) ) is achieved by using a gas with anomalous
dispersion between the two frequencies (Dermtréder 1981).

In SFG two photons of different frequencies are added to give
a third of the sum frequency. This depends on ¥, and

consequently it restricts SFG to the same type of crystals as SHG.
It can be shown (Shen 1984) that the phase matching condition in
this case is

(01[ n((o3)-n(0)1)] + (02[ n((o3)-n(0)2)] =0 (2.77)

where w7, ®9 are the frequencies of the two incident waves
and wg is the frequency of the summed wave. SFG allows better
efficiencies than frequency trebling (~10%) and where the
fundamental and second harmonic wave are used it provides the
same effect.

§6 Laser Ablation.
Introduction

Laser ablation is a complex and poorly understood
phenomenon that has as yet relatively little theoretical
underpinning. The description presented in this section relies on
phenomenological descriptions rather than basic physical
principles.

When a laser beam is incident on a solid surface, the photons
in the beam interact with electrons in the material resulting in

31




Chapter 2: Theory

the rapid transfer of energy to the lattice. This process results in
two possible mechanisms for production of vaporised species

1) At low power density (<109W/cm2) the material
evaporates with little or no ionisation.

2) At higher power densities a laser plasma may be formed
by light absorption by the ablated neutrals. This can result in high
net ionisation and multiply charged ions. Further increases in
power density can result in shockwaves in the sample, resulting
in very intense laser plasmas and ejection of bulk material
(exfoliation) from the sample.

In RIMS it is desirable to operate in the former of these
regimes. Instruments that utilise the ablation process (eg LIMA
instruments (Bingham et al 1976))as their primary source of
ions will operate in the latter, although below the power densities
required for exfoliation.

Emission of Neutrals at Low Power Densities

From the perspective of RIMS, laser ablation is a method for
the production of neutrals. In order to gain some understanding
of the ablation process, it was desirable to model ablation plumes
acquired experimentally. An ablation plume is the temporal and
spatial distribution of neutrals produced by the laser. The model
that was first tried was a Maxwellian fit to the data:-

£ ©)dy o ) e BT pedy (2.78)

m
(22T

where m is the mass of the neutrals, & is Boltzmann’s
constant, T is the (kinetic) temperature of the neutrals and v is
the velocity of the neutrals. f(v) and v can be measured
experimentally. This allows the temperature of the plume to be
fitted. This model proved to be unsuccessful as although the fit
was good at short times, at longer times the Maxwellian curve
was too high (see fig 6.4). However, by incorporating another
term to allow for the expansion of the plume, this defect could be
rectified. The modified Maxwellian model is:-
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m 2

m 3 S v 2
fO)dv = [(GR—) e 3 v (v——————s + av,,d)dv (2.79)

where s is the radius of the sample spot, d is the distance from
the sample to the ionisation region and « is the plume expansion
coefficient. vp is the most probable velocity of the Maxwellian and

is given by v, = ZkTT The idea behind the last term is shown

in fig 2.6. The plume is expected to expand from a radius of s to a
radius given by s + avpt and consequently this term compensates
for the decreased density in the directions parallel to the sample
surface. This is the form that was used for modelling. There are
two drawbacks to this model. The first is that s and d are not
known very accurately. Consequently it is difficult to obtain a
precise fit to temperature. Secondly o is a constant that was
obtained by only one method. While it is possible to allow o to
become a variable and fit to both o and T, in practise a change in
o could be compensated by a change in T (figs 6.25 and 6.26).

These drawbacks may be overcome if it is known that the
plume (ie. T, ¢, s and d) will be identical for two separate sets of
results. This is the case if different isotopes of the same element
are modelled using data taken at the same time. In this case only
m would be different. Described below is a extension of the
Maxwellian model developed to account for the variation of
isotope ratio as a function of neutral velocity. Neutral velocity is
best described by using the time taken for the neutrals to move
from the sample surface to the ionising laser, hence v=d/¢. By
considering the cases of (1)vs » a.vpd and (2) vs « a.vpd equation
2.79 can then be written:-

g 01 wmie ) Gt (2.80)

for case (1) and

5 d !
g (t)dt <m?e g )tl“dt (2.81)
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Fig 2.6: Plume Expansion used in
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for case (2).

For two isotopes of masses mj and mg the isotope ratio for
case (1) is given by:-

3
2

_am ()
R(t):ﬂi(zl)e ”T(') :Am =m - m, (2.82)

for case (1) and

5

m,\ -an(d)
R (t) =ER(W2) e #T Y :Am =m,- m, (2.83)

for (case 2), where R is the actual isotope ratio. In the
ablation work performed at Glasgow, the values of the
parameters d, s and o, and the experimental value of vp are such
that only case (2) is appropriate. Fig &'l¢ shows the form of this
curve. This analysis assumes that the neutrals are ionised in a
very small volume (ie. with post-ionising lasers tightly
focussed),in a very short time (ie. much shorter that the time
taken to cross the ionisation region) and that the neutrals are
produced from the sample very quickly (also much shorter than
the transit time). In the experiments performed in this thesis
these conditions were fulfilled. The experimental determinations
of isotope ratios as a function of delay time are presented in
chapter 6 §3.

More complex descriptions, such as Knudsen layer
formation (Kelly et al 1988), have been employed to describe the
laser ablation plume. These models assume some interactions
between the neutrals within the plume. They are generally more
complex to implement and give similar predictions about the
shape of the plume as the Maxwellian description.
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Chapter 3 : Instrumentation

§ 1 Introduction

The RIMS instrument used to perform the work for this
thesis is a large and complex instrument. For ease of description
the instrumentation used can be split into three parts: lasers and

optics, mass spectrometer, and data acquisition and analysis.
Each will be dealt with in turn

§2 Lasers and Optics
General Overview

Two main laser systems were used in the course of this work.
The first is a dye laser system from Spectron which consists of a
Nd:YAG (Eastham 1986) laser pumping two dye lasers (Schifer
1973) which is used to generate the resonant laser light needed,
and the other is a Quantel Nd:YAG which is used for ablation. The
laser and optical layout is shown in Fig 3.1. Also required are
beam measurement and beam steering optics to allow control of
laser power and position. The details of these are given after the
description of the lasers.

Spectron Nd:YAG

The dye pump laser is a Q-switched Nd:YAG (Fig 3.2).
(Spectron SL2Q + SL3Q, Spectron Laser Systems, Rugby, UK).
The laser consists of a flashlamp pumped laser oscillator, a dual
flashlamp pumped laser amplifier rod and frequency doubling,
tripling and quadrupling facilities. The laser operates multimode
and the measured outputs of this laser are shown in table 3.1,
together with the factory specification. These values are not
constant over time and decrease gradually with the ageing of the
flashlamps. The laser has an optimum repetition rate of 10Hz,
which was used throughout this work. It can be made to operate
at repetition rates of up to 30Hz by shortening the cavity length
to compensate for thermal lensing, although this reduces the
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Fig 3.1: Resonant Laser Optical Layout

30cm Focussing Lens

Fresnel Rhomb

Beamsplitting Cube

" Dichroic Mirror

Frequency
Hollow Doubler

Cathode

Joulemeter

Spectron Nd:YAG laser

Spectron Blue Dye Laser
Spectron Red Dye Laser




(aAnga[gaI 200T) oanrade 90 pygy, (9A109Y %LT)
JOLITJA] 1€y Jo q_omﬁmom adoosa[al, Xg 112D S[eYood I03e[[10SO uoreyq nding
/

Vi

7

~

Jo0jextdog “
wouy
jnding L) —\ v/ \ \
JOLITUX m J0jeredag Ja[qno(q Jaytdury ododse[e], XG'T | S10399[39Y .06
%001 OT}BUWISLI]
wWu ggg |
Torrmw  Jopdnapend 107830Y]
%001 Torduy, uoIjesLe[oJ .G¥
mmdjno wu ggg
wa gg4g
ndino
wu ggg¢

I9seT HYAPN U01309dg 17 ¢ 9an3L ]



Table 3.1: Output Specification for Spectron
Nd:YAG system

Factory Specification (10 Hz Multi Mode)
1064nm 850mdJ
532nm 310md
355nm 90md
266nm 50md

(10Hz TEMgo )

1064nm 50md
532nm N/A
355nm N/A
266nm 3md
Output pulse length 16ns

Table 3.2: Specifications for Dye Laser Systems

Output Energy with 532nm  >30% (spec) = 100mdJ
~10% (actual) = 35md

Output Energy with 355nm >15% (spec) = 10mdJ
~5% (actual) = 3md

Pulse Duration 1l4ns

Tuning Range 750nm-540nm (Red Laser)
750nm-400nm (Blue Laser)

Linewidth <6GHz (spec)
~40Ghz (actual)
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laser power. The laser can also be made to operate in TEMgg
mode by insertion of a ceramic disc in the oscillator cavity, again
at the cost of reduced power. Power also decreases at repetition
rates below 10Hz, due to changes in the optical characteristics of
the laser rods caused by reduced heating. Beam telescopes are
used to expand the laser beam to a size that makes best use of the
laser medium. The telescope in the oscillator also helps to
discriminate against high transverse modes by raising the degree
diffraction per unit length of the cavity.

The internal harmonic generation crystals are all Potassium
Di-deutrium Phosphate (KD*P) (Shen 1984) which is an angle
tuned nonlinear optical crystal. For optimal power stability the
crystals are maintained in a temperature controlled oven at a
temperature of 55°C. This arrangement gives very good power
stability as compared to non-temperature controlled crystals (see
below). The output stability of the laser is +5% in the 532nm and
355nm harmonics after the laser has been allowed time to
stabilise.

Only one of the tripled or quadrupled outputs are available at
once with the internal optics, although the 532nm output can be
externally doubled to 266nm if both UV wavelengths are required
simultaneously. The 266nm output usually takes a few minutes
to reach peak power due to UV absorption and subsequent
heating of the crystal.

The Nd:YAG harmonics are collinear after exiting the
harmonic generating crystals and can be separated either by use
of wavelength selective dichroic mirrors or a twin Pellin-Broca
prism (Pedrotti 1987). The Pellin-Broca prism allows only one
output to be used at a time, with the other outputs being dumped
in beamdumps.

Spectron Dye Lasers

The tunable laser facility consists of two Spectralase 4000 dye
lasers (fig 3.3). (Spectron Laser Systems). These lasers are almost
identical, the only differences being the wavelength specific optics
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in each and the use of two amplifiers in the laser pumped by the
532nm Nd:YAG output.

The dye laser cells are pumped transversely as shown in
fig 3.4. The same design of cell is used for both oscillator and
amplifier. Cylindrical lenses are used to focus the pump laser into
a line inside the dye cell. Lasing action occurs along this line.

For the maximum possible wavelength coverage, different
diffraction gratings have to be used. The two used cover the range
are 540nm-750nm in one laser (The Red Laser) and 400nm-
750nm (The Blue Laser). The red laser is exclusively pumped by
532nm, which can pump dyes down to 540nm, and the blue laser
is pumped by 355nm, which can pump over the entire range of
the grating but in practice is only used for dyes that lase below
540nm. The upper limit on the wavelength range is. defined by
the scan mechanism in the laser head. Upon leaving the
oscillator the laser beam is expanded by a telescope and then
enters the one-pass amplifier cells, two in the red laser and one in
the blue laser.

Control of the laser is via the dedicated controller SL.4000 SC.
This controls the position of the mirror by means of a sine drive
which is driven by an anti-backlash gearbox which is in turn
driven by a five phase stepper motor. The dedicated controller is
not interfaced to the computer and wavelength scans have to be
started manually.

The laser power output depends on many factors, e.g. the age
of the dye solution, the type of dye, room temperature and dye
concentration. Due to these factors, and the lack of effective
optical coatings on some components (eg. the beamspreader) the
efficiency of these lasers is poor, reaching at best 10-12% when
the dye is new, and usually falling to around 5%. Typical powers
from the dyes used are given in table 3.2. Table 3.2 also lists the
other important parameters of the lasers. The linewidth was
measured by use of a hollow cathode lamp, which can also be used
for absolute wavelength calibration (see “Beam measurement
optics” below).
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Quantel Nd:YAG

A second Nd:YAG laser (Quantel YG 585 “COMPACT”,
Quantel, Cedex, France) is used for laser ablation purposes. This
laser, like the Spectron Nd:YAG, runs multimode and has a
repetition rate of 10Hz. Similarly, it has doubling, tripling and
quadrupling facilities, although only one of these wavelengths is
available at any one time.

The laser is shown in fig 3.5. The harmonic generation
facility is shown in fig 3.6.

One of the major problems with this laser is that the output is
highly unstable. The output stability is 15%, and over a period of
time the average output energy drifts by 25% over the first hour
of operation. After this time the fluctuations and drift become less
problematical, but still occur. The reason for this is thought to be
the lack of temperature control of the harmonic generating
crystals. The condition is exacerbated by the exponential
dependence of the ablation process on the laser power (see
Chapter 6), leading to variation in the ablation rate of orders of
magnitude in the worst case. A possible wavelength for laser
ablation is 266nm, but because of stability problems this is
unusable on this laser. Generally the 532nm output was used
instead for ablation. The laser also includes a built-in variable
attenuator. The attenuator gives control of the average power of
the 1.064um beam, although the power fluctuations are still
problematical.

There are two solutions to the power variation problem. The
first is to take readings over many shots in order to average the
power fluctuations out, and the second is allow the computer (§4)
to decide if a particular shot is acceptable on the basis of the laser
power. Both methods were used and the second was found to give
more reproducible results, although this method did greatly
increase the length of time required for an analysis. Generally,
the first method was used for setting up and alignment of the
instrument, and the second was used where accuracy was
required.
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Pulse generator

To obtain the best overlap of the ionising lasers and the
ablation laser the timing between firing of the lasers has to be
carefully controlled. To achieve this end a custom delay
generator was developed by fir A.P. Land. This unit accepts a
pulse from the 2261 Transient Digital Recorder(see below) and
fires the laser flashlamps and Q-switches at the correct time. The
time between the Q-switch firings is variable from between .25us
and 14us. This delay is controlled by a front panel potentiometer.
A calibration graph for the unit is shown in fig 3.7.
Measurements of the delays between the lasers was measured by
photodiodes and an oscilloscope. The firing sequence for the unit is
shown in fig 3.8

Frequency Doubling of Dye Lasers

As mentioned in chapter 1, to obtain ionisation schemes for
all the elements requires the use of harmonic generation. Two
facilities were used. One is an angle tuned mount which allows
the angle of the crystal to be altered for different laser
wavelengths. This mount is not suitable for use when the laser
wavelength is being continuously changed.

To achieve reliable frequency doubling when the laser
wavelength is being scanned an Inrad Auto-Tracker is
used.(Inrad J-12 “Autotracker”, Interactive Radiation Inc, NJ,
USA.) This device (fig 3.9) can continuously maintain an optimal
tuning angle for a nonlinear crystal. Details of the autotracker
range and crystals used are shown in table 3.3.

Beam Steering Optics

The ionising lasers are introduced into the mass
spectrometer by the beam steering optics. The bulk of these are
quartz 45° prisms which serve to guide the beam. For
experiments where two lasers are necessary a broadband
dichroic mirror may be used for beam combining (Newport
Dichroic Edge Filters, Newport Corp CA, USA). After the final
quartz prism a Glan-Taylor beamsplitting cube (Hecht 1987)
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Fig 3.7: Pulser Calibration Graph
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Fig 3.8: Pulse Generator Firing
Sequence
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Table 3.3: Frequency Doubling Specifications
The specifications for the autotracker are:-

Conversion Efficiency 90% of static crystal
Scanning Rate 0.01 nm/s/Hz
0.5 nm/s (max)

Wavelength Range 217nm-470nm
Output Stability, +1%
Laser Rep. Rate 5Hz - 10kHz
Bandwidth <0.1nm
Beam Diameter, <4mm
Peak Power >5kW

The crystals used for the frequency doubling varies with the
wavelength as shown below:-

Species and Fundamental Harmonic
Orientation | Wavelength(nm)| Wavelength(nm)
B-BBO 434 to 526 217 to 263
KPB “A” 434 to 443 217 to 222
KPB “B” 443 to 469 221 to 235
KPB “C” 469 to 518 234 to 259
KD*P “A” 518 to 534 259 to 267
KD*P “B1” 525 to 565 262 to 283
KD*P “R6G” 533 to 590 282 to 330
KD*P “C” 590 to 730 295 to 365
KD*P “D” 660 to 940 330 to 470
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(Newport 10FC16PB.3) may be used to separate the
polarisations, giving high quality linear polarisation. A Fresnel
rhomb (Jenkins 1981) (Spindler and Hoyer 33-7852, Gottingen,
WG) which functions as an achromatic retarder may be used to
change to circular polarisation. A 30cm focusing lens then
focuses the beam through a quartz window on the mass
spectrometer into the ionisation region. The beam intensity can
be varied using a precision variable optical attenuator (Newport
935-5).

Beam Measurement Optics

There are two main features of the lasers that need to be
know for effective spectroscopy or spectrometry: wavelength and
energy.

Although the lasers used have quoted resetability of .001lnm
and accuracy of .005nm, in practice it is necessary to calibrate
them for wavelength from some external source. The ideal
method for this would be a wavemeter such as the Burleigh
pulsed wavemeter (Burleigh Instruments, St Albans, UK), but
the financial restraints prohibited its purchase. A cheap and
accurate absolute wavelength calibration for the dye lasers was
needed. The most feasible method was the Optogalvanic Effect
(OGE) (Dovichi 1982) in hollow cathode discharge lamps.

The lamp used is a uranium hollow cathode lamp. This was
chosen because uranium has a large number of absorption lines
which give coverage over the entire visible spectrum. For
wavelength determination of frequency doubled light the
fundamental was used in the hollow cathode lamp. A section of
output from the hollow cathode lamp is shown in fig 3.10. This is
taken from “An Atlas of Uranium Emission Intensities in a
Hollow Cathode Discharge” (Palmer 1980). Although these are
emission lines, it is applicable to apply them to absorption
resonances since, as reported in Nestor (1982), there is a one to
one correspondence with the emission spectra.

By comparing the output from the lamp when scanned
across a resonance, an estimate of the linewidth of the laser can
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be made if the linewidth of the laser is wider than the linewidth of
the hollow cathode transitions. For the system used (linewidth of
transitions ~0.03cm-1 (Palmer 1980)) this is the case.

Pulse energies of the lasers were measured either by a
Molectron J-09 joulemeter (Molectron Detector Corp, CA, USA)
when the energy was less than 1md, or by a Gentec ED200
(Gentec, Ottawa, Canada) for energies greater than 1md.

§3 Mass Spectrometer
Overview

The mass spectrometer is shown in figs 3.11 and 3.12. It
consists of a sample insert chamber, a 30cm diameter spherical
chamber constructed of stainless steel (SS) in which the sample is
analysed, and a 1.5 meter long SS time of flight tube. The system
generally operates at a pressure of 10-9 torr.

The mass spectrometer is a time of flight instrument. It
works by producing ions in an ionisation region, accelerating
them into a field free region where the lighter ions, which are
moving faster, arrive at the destination first. Chapter 5 gives
more information on the operation of the instrument.

Main Chamber.

The main chamber is a sphere of radius 30cm constructed by
Kratos Analytical, Manchester, UK. It has thirteen ports on to
which instrumentation can be attached.

The top port houses an XYZ-6 sample manipulator (Kratos
WG-194). The manipulator is used for the introduction and
positioning of samples.

The neck has three ports attached. One port was used for a
gas analyser (Edwards Anavac Gas Analyser, Edwards High
Va