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Abstract

An expermment for vacuum UV emission and photoabsorption spectroscopy
using a normal incidence multi-channel spectrometer 1s described Two detection
configuratlons were used 1 the experiments, one a Channel Electron Multipher
Artay with Photo Diode Array readout ( CEMA / PDA ), the other a directly
illuminated back thinned Charge Coupled Device ( CCD )

Emission spectra of plasmas of a number of low and high Z target materials
were recorded covering the majority of the vacuum UV spectral region ( 35 to
200 nm ) These experiments were designed mainly to study the nature of the
emission ( line versus continbum ) and 1t’s dependence on atomic number The use of
two detection configurations allowed for inter comparisons to be made on resolution,
efficiency and dynamic range of the two multi-channel detector and spectrometer

systems

Experiments were also performed on photoabsorption by helium gas The
spectra thus obtamned were used to help characterise the system’s application to

absorption studies around the He principal series limit at ~ 50 43 nm

In addition, for the first time the instrument was used to study
photoabsorption using the dual laser plasma technique ( DLP ) Results on the
relative photoabsorption cross sections of barum and barium 10ns using a samarium
continuum back-hight are presented which indicate that the instrument 1s well suited
to absorption experiments 1n the range of 35 to 80 nm where second order of the
continuum 1S mainly absent and the grating 1s being used close to 1t’s blaze

wavelength ( 80 nm )

Finally, the work concludes with details on the design, construction and
preliminary testing of a vacuum-optical beamline which should both improve the
aperture matching ability of the instrument and allow spatially resolved studies of the
laser plasma light source to be made The spectrometer with the additional spherical
marror was modelled by means of simple geometric optic calculations as well as with

ray tracing software 1n order to estimate improvements in throughput



Chapter 1.  Overview of laser produced plasmas for spectroscopy.

The following chapter outlines the general properties of plasmas The focus
of this chapter 1s on laser-produced plasmas, their evolution and a number of the
main atomic processes dictatmg their behaviour The laser plasma as a hight source
for spectroscopy and most especially as a continuum light source for photoabsorption
studies 18 discussed Other apphications to date of laser produced contmuamne g,

photoelectron spectroscopy are listed

1.1  Imtroduction to laser produced plasmas

A plasma 1s a quasi-neutral gas of charged and neutral particles Plasmas are
dynamic systems for which restoration of neutrality 1s the dominant physical process
A plasma 18 said to exhibit collective behaviour, 1e particles in a plasma which are
charged will interact by the Coulomb force [ Carroll et al, 1981 ] Plasmas can be
formed by any method that can couple enough energy nto a matenal to permait
1onization of the atoms and continue this mput of energy to overcome the natural
recombination process that occurs thereafter One method of plasma creation

mnvolves the use of intense laser light interacting with a material, a so-called laser

produced plasma

When a high power pulsed laser 1s focused to an irradiance of greater than
108 W cm ? onto a solid material, a short duration, high density and high temperature
plasma 1s formed The ability to provide a controlled environment for the study of
1onized species 18 principally the reason why the laser produced plasma has been
extensively used in atomic spectroscopy The laser plasma allows for highly 1onized
atomic species and refractory elements to be studied, somethmg which 1s not readily
possible with other methods [ Costello et af, 1991 ] Ion densities of 10'°— 10" cm ?
and effective temperatures 1n the range of 10eV -1 keV (1 eV =11605 K ) are
readily achieved wath table top lasers At such temperatures, laser plasmas emit
copious amounts of vacuum UV ( VUV ) and extreme UV ( XUV ) radiation with a
duration comparable to that of the exciting laser pulse The following sections outline
the initiation and evolution of laser produced plasmas and discusses some of the

physical processes occurring within the plasma plume



For collective behaviour to dominate 1n a plasma, the extent of the Coulomb
force on an 10mized species must be comparable to the extent of the plasma A
parameter that quantifies the effective extent of the Coulomb force around a charged
species 1S the Debye length Apesy. ( m) It can also be viewed as a measure of the
shielding effect of the species surrounding a charged particle Using Poisson’s
equation and the fact that the distribution of energies of the plasma species can be

modelled by a Boltzmann distribution, it can be shown that,

ne2

e
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Aoy = (GokeT ] (STumts) [EI-1]

where T ( K ) 1s the electron temperature, n, ( m %) 15 the electron number density,
e ( C) 1s the charge on the electron, &z (J K ') 1s Boltzmann’s constant and

€ (88542 * 102 Fm ') 1s the electric permuttivity of free space [ Hughes, 1975 ]

When the Debye length 1s comparable to the size of the plasma, collective
behaviour results in the plasma exhibiting oscillations at some frequency

lasma ( Tadians s ' ) such that,
@

2 1/2

o =(nee ) (Slumts) ([E1-2]

plasma
meeo

where m, (kg ) 18 the mass of an electron [ Hughes, 1975 ] Simularly, the various 10n

stages have their own associated frequencies These natural frequencies determine

the response of the plasma to radiation incident on 1t

The dispersion relation for electromagnetic waves travelling through a plasma

18 given by,

0 = wzmma + k2 [E1-3]
where ¢ (m s ') 1s the speed of hght 1n vacuum, and k ( ¥ = n-1k, where n and k being
the optical constants of the material in question ) 1s the propagation constant

describing the materials effect on electromagnetic waves and 1s m general an



imaginary number. Considering the Case Were ceyiasma< ox « Nas a zero imaginary
component which results in the electromagnetic wave propagating without losses
(ignoring other absorption effects ). When Qlpiasre> 0\k has a non-zero imaginary
component and thus the electromagnetic wave does not propagate and is reflected by
the medium. The electron density when ((riasna= clihas reached the critical density at
which the electromagnetic wave is reflected back from the plasma.

o relmep?’ (Sl units)  [EI-4]
critica 2 /

1.2 Evolution of laser produced plasmas.

The initial stages of plasma formation differ for the case of conductors and
insulators. When the electromagnetic field of laser radiation impinges on a metallic
target surface, it penetrates only to a very small depth. This is commonly referred to
as the skin depth d (m ) and has a magnitude, which is a fraction of the wavelength A
(m) being used.

(STunits)  [EI-5]

Where jJo (4n * 10+ Hm'1) is the permeability of free space and <r( £2* m'1)
is the material’s electrical conductivity. The strength of the electric field is such that
it interacts with the target material’s free electrons and in turn heating, evaporation
and vaporisation occur rapidly. The plasma thus formed is relatively cold at this
stage and in the shape of a thin sheet close to the target’s surface. The root mean
square (r.m.s.) electric field E (V m'L) is related to the irradiance 0 (W m'2) by the
following relationship.

E™M= 19 47 (Sl units)  [El-s]

In the case of insulators, the laser photon energy is lower than the ionization
potential of the meterian. Despite this, free electrons can be produced by e.g., murti-
photon ionization. Furthermore, easily ionized and free electrons exist at defects and
impurities and ionization may proceed via other non-linear effects e.g. Stimulated



Brillouin Scattering ( SBS ) Once free electrons are produced by whatever

generation process, laser radiation is efficiently absorbed and a thin plasma sheet

torms

Following this priming stage, absorption of the laser light by inverse
bremsstrahlung’ occurs Thus 1s a process whereby a photon 1s absorbed by an
electron m the presence of a neutral atom / 10n resulting in the electron being raised
from a lower continuum level to a higher one, thereby increasing 1t’s kinetic energy

Inverse bremsstrahlung provides the dommant process for laser light absorption

In a laser produced plasma an electron density gradient exists and therefore
the plasma frequency as given by [ E 1-4 ] 1s also a function of position within the
plasma When the incident laser radiation reaches the region in the plasma plume
where 7. = nenacar, 1t 15 reflected back towards the laser At this pownt, the radiation 1s
no longer reaching the target surface and therefore plasma production stops Because
the existing plasma material is been contmuously driven away from the target surface
the density gradient will reduce to a level were the laser radiation can again reach the
target’s surface This process repeats itself for the duration of the laser pulse After
the termination of the excitation laser pulse the plasma continues to expand outwards

away from the target surface adiabatically and cools rapidly

1.3  Atomc processes in plasmas

In a typical plasma, the range of neutral and 10mzed species present results m
a large number of possible mteractions Quite often, when considering specific
plasmas, a small number of these interactions provide the dominant mechanisms for
energy losses and gams One property, which makes the modelling of such a system
easier, 1s the fact that m many laboratory plasmas, local thermodynamic equilibrium
( LTE ) prevails where collisional excitation and 10nization are balanced by their
inverse processes — namely, collisional decay and recombmation and are the
dommant processes within the plasma In laser plasmas with intermediate electron

densities ( typically n.< 10%° cm *), i general the system 1s better represented by the

! Bremstrahlung German word for ‘breaking radiation’



collisional-radiative ( CR ) equilibrium model [ Colombant and Tonon, 1973 ] The
relative sigmficance of particular processes resulting in radiative cooling of a plasma
plume 1s strongly dependent on the atomic number of the target material as well as
degree of 1omzation of the plasma These processes can be grouped together into
three main groups, bound-bound transitions, bound-free transitions and free-free
transitions Each of these occurs with the difference m energy being compensated by

a collision or a photon event Only photon generating and loss events are considered

1n the following discussion /

As already stated inverse-bremsstrahlung provides the dominant mechanism
in the evolution and growth of a plasma It’s mverse process 1 e bremsstrahlung 1s
important because 1t is one important mechanism by which continuum emission
1esults Bremsstrahlung refers to the process whereby an electron makes a transition
from a higher free electron energy state to a lower one, with the emission of a photon
of energy equal to the difference between the two energy levels [ E 1-7] The
important interactions are those, which occur between electrons and 10ns, since those
between electron-electron and electron-neutral species, do not provide an effective
conversion of electron kinetic energy to continuum emission

X" +e (T)& X" +e (T,)+hv T,>T, [EL>-7]

contnuous

One of the most important processes, which takes place in plasmas — at least
mn spectroscopic studies — 1s radiative recombination and 1t’s inverse process of
photo-ionization In radiative recombination, the electron recombines with an 10n
with the emission of a photon possessing energy equal to the energy difference
between the mnitial and final states These processes can occur in single as well as m
multiple steps The resulting emission or absorption spectrum has a continuum
appealance with a fairly sharp low-frequency cut-off This cut-off is known as the
recombination himit, and 1s the minimum energy required to 1onize the atom from the
bound state Recombination radiation 1s generally the dominant mechanism for
continuum emission A single step photoionization process ( proceeding from left to
right ) / radiative recombination process ( proceeding from right to left ) 1s

represented by



A nt thontinuous <X {a+|)++e~ [ El-g ]

Another process that is of interest in the area of spectroscopy, is photo-
excitation and it’s inverse process of photo-de-excitation. In this process, an electron
makes a transition from a lower bound state to an upper bound state with the
absorption of a photon. The resulting spectrum exhibits line structure. In the absence
of perturhations the transitions gives rise to a spectral line whose profile depends
upon the spontaneous lifetime of the upper state, and on the distribution of velocities
of the emitting atoms, which causes a distribution of Doppler shifts. Collisions,
electric and magnetic fields all perturb the initial and final states of the emitting atom
and the resulting spectral line profile therefore contains valuable information on the
conditions within the plasma [ Hughes, 1975 ].

hling+ X <A X" [E1-9]

14 Laser produced plasma light sources.

Shortly after the development of the Ruby laser by Maiman [ 1960 ] the study
of intense laser-matter interaction was bom. Early measurements of the spectra
emitted by laser produced plasmas showed them to be intense sources of both line
[ Fawcett et al, 1966 ] and continuum emission [ Ehler and Weissler, 1966 ]. Since
then, laser produced plasmas have proven themselves to be both efficient and
versatile sources for the study of emission and absorption spectroscopy of highly
jonized atoms.

141 Line emission dominated plasmas.

Spectra of elements in the periodic table lighter than iron and nickel were the
focus of special attention during the 1960°s and 1970’s, the two decades when most
of the analysis of the solar spectrum retrieved by space based instruments took place.
This was due to the fact that these studies displayed previously unidentified lines
which could only be explained by higher ion stegesbeing present in the sun’s corona.
These new observations motivated studies of higher ion stages along iso-electronic
sequences in these lighter elements. Experiments on fusion necessitated studies being



formed on the heavier elements 1 the periodic table Impurity elements in tokamak'
plasmas resulted in characteristic spectra, which proved to be a useful diagnostic for

the estimation of electron densities and temperatures in these plasmas
Line dommated emission from plasmas are tmportant for the following reasons

e They provide a testing ground for theoretical calculations
e They increase our understandmg of atomic structure
¢ In addition, they provide a diagnostic tool for the measurement of plasma

parameters, ie temperatures and densities etc

Laser produced plasmas are thus a useful laboratory light source in which the
1onization distribution may be somewhat tuned by adjusting the on target wrradiance
It 1s well known that both 10n stage distribution and the average electron temperature

T.( eV ) are dependant on the target uradiance ¢ ( W cm 2y

The average electron temperature for mcompletely 10n1zed targets of medium

to high atomic number elements can be approximated by,

T, =52*%107°Z"° (A2¢)*" 10" > ¢> 10" Wcem? (E1-10]
where A (um ) 1s the wavelength of the excitation laser and Z 1s the atomic number
of the parent material [ Colombant and Tonon, 1973 ] This approximation follows

from the apphication of the collisional-radiative ( CR ) model to laser produced

plasmas
Using [ E 1-8 ] the average 10n stage can be approximated to,

Z =%(AT,)"” T.230eV  [EI1-11]

' Tokamak fuston devices rely on the magnetic confinement of a high temperature plasma 1 a

‘doughnut’ shape vessel They represent one potential method for the implementation of a fuston
energy source



where 4 (amu ) 1s the atomic mass number of the parent matenal and 7, ( eV ) 1s
the average electron temperature [ Colombant and Tonon, 1973 ] IfaNd YAG
laser ( A = 1064 nm ) 1s focused onto aluminium to an irradiance of ~ 102 W cm?,
the average electron temperature ( 7, ) would be ~ 142 eV The plasma thus formed

would contain aluminium ions with an average 1on stage of ~ 10 times 10omzed

It 1s aiso well known that the 1omization distribution varies with time (1 €
plasma cools and recombination takes place ) Hence by incorporating both time and
space resolution 1n a spectrometer system 1t (s possible to choose, to a reasonably

high degree of selectivity, a single 1on stage [ Costello ez al, 1991 ]

142 Continuum emission dominated plasmas

The line-free continuum emisston from a laser produced plasma was first
observed and noted by Ehler and Weissler [ 1966 ] In these studiesa 0 4 J Q-
switched Ruby laser was focussed onto a tantalum ( Z = 73 ) target with a pulse
duration of ~ 40 ns Both a 0 5 metre normal incidence and a 2 0 metre grazing
incidence spectrometer were used to record the resulting emission spectra therefore
giving a combined wavelength range between 5 and 400 nm with some overlap
between the two instruments A broad band continuum was observed with two
principal intensity maxima ( at ~ 170 nm and ~ 50 nm ) Other high atomic number
targets, tungsten ( Z = 74 ) and platinum ( Z = 78 ), were also studied n terms of therr
emisston spectra, and these showed similar line free continua with some small line

structure being present on the platinum spectra at ~ 25 nm

The use of rare-earth elements for generation of continua was first reported
by Carrolt er al [ 1978, 1980 ] In these investigations, the authors noted that with
approprniate targets, laser-produced plasmas can provide clean essentially ‘line-free’
continua surtable for photoabsorption experiments 1n the range 4 — 200 nm The rare-
earth elements investigated were the group from samarium to ytterbum It was
observed that continua from these elements had time duration’s which were
essentially the same as the excitation laser source ( in this case a Q-switched Ruby
laser with pulse duration ~ 25 ns ) 1n the XUV region and nising to 1n excess of

100 ns in the VUV normal incidence region

8



O’Sullivan er al [ 1982 ] did further work on the absolute spectral irradiances
of laser-produced continua 1n the range 115 to 200 nm This work showed that the
reproducibility of the continuum was as good as or better than the reproducibility of

the excitation laser ( typically better than 5 % )

In recent years, a lot of interest m laser produced plasmas has been focussed
on the generation of ultra short pulses of continuum light These studies have been
motivated by the possibility of generating short duration x-ray pulses for pumping
short wavelength lasers and for time-resolved studies of materials In work
peitormed by Meighan et al | 1997 ] using ‘tabletop’ lasers, ‘line-free’ contmuum
emission wn the XUV was observed from laser produced plasmas of high atomic
number elements The targets were wradiated by 248 nm laser pulses of 7 ps
( FWHM ) duration at a power density of ~ 10> W cm? A streak camera with a tume
resolution of ~ 100 ps recorded the resulting XUV emission Both the coupling
optics and the Mylar® thn film filter used yielded an nstrument bandpass of 85 eV
centred at 145 eV Results on the broadband XUV emission from a lead plasma
yielded an upper limit of FWHM of ~ 750 ps More recent experiments [ Meighan et
al, 1998 ] have shown that XUV pulse durations of 100 to 200 ps can be obtained

It 1s well established that the presence of a weak pre-plasma either formed by
an actual pre-pulse or by ASE can dramatically mcrease the VUV and x-ray emission
from the main plasma [ Tom and Wood, 1988, Cobble et al, 1991 and Theobald et al,
1994 ] The main laser pulse interacts with a gaseous plasma wnstead of the sohd
target material and so the interaction volume within the short duration laser main
pulse 1s larger in the former case The interaction with the plasma, 1e the absorption
of laser radiation, the rate of the various atomic relaxation processes, and therefore
the plasma emission will change with the changing mteraction volume [ Steingruber

et al, 1996, Teubner et al, 1992, and Kieffer and Chaker, 1994 ]



1.4.3 The origin of rare-earth continua.

The extent and ‘line-free’ content of the continuum emission from rare-earth
plasmas stems from three processes, recombination radiation, bremstrahlung
radiation and unresolved line radiation The relative contribution to the continua
from each of these three principal sources depends on the degree of 10nization of the
plasma as well as the atomic number of the parent material The recombination
component of the continuum scales as §4avmge, while the bremstrahlung component
scales with §Zavmge where &.verage 15 the average 1on stage which 1s present in the
plasma [ O’Sullivan, 1983 ] When the plasma 1s sufficiently hot ( electron
temperatures greater than ~ 50 eV ) most of the outer electrons have been stripped
away from the atoms and therefore recombmation radiation will provide the
dominant continuum emission process in the XUV In contrast, bremstrahlung
contributes a relatively small amount ( ~ 20 % ) to the overall continuum intensity
making 1t’s greatest contribution at longer wavelengths (1e VUV ) and generally

lower 10n stages 1e cooler plasmas

However, the latter discussion does not explain the key aspect of the
contmuum 1 e the lack of any significant structure due to discrete transitions within
the distribution of 10ns 1n the plasma even at high resolution studies [ Gohill ez al,
1986 1, [ Orth et al, 1986 ] (AX = ~ 0 05 nm 1n both cases ) The elements which
proceed the rare-earth’s and those immediately after show strong line emission and
therefore factors must exist other than the large atomic number and highly charged
species present which contributes to pure contmuum emission from these rare-earth

plasmas In order to understand this observation one must consider the following

argument

In low 10n stages of the elements 62 £ Z < 74 ( samarium to tungsten ) the 5s
and Sp sub-shells are filled while the occupancy of the 4f sub-shell varies with
atomic number and 1on stage With increasing 1onization the binding energy of 4f
electrons increases more rapidly than that of 5s or 5p electrons so that 4f/ 5p level
crossing occurs at about six times 1onized species and 4f/ 5s at about twelve times
10mzed species Consequently all the elements of interest contain 4f electrons n the

ground state for each 1on stage generated 1n the laser plasmas under discussion here [

10



Carroll and O’Sullivan, 1982 ] It s the presence of f electrons 1n both the upper and
lower states mmvolved which give rise to very large number of lines which are

generally not possible to resolve ( hence the term ‘Un-resolved Transition Array’ or
UTA)
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Figure 1-1 Total number of lines in LS coupling predicted for 4d-4f transitions in
the rare-earth and immediately proceeding elements Broken curve, number of

predicted lines when ( 4f, Sp ) and ( 4f, 5s ) degeneracy is included [ Carroll and
O’Sullivan, 1982 ]

The proximity of 4f, 5s and 5p binding energies gives rise to a band of
overlapping complex configurations with variable numbers of 4f, 5s and Sp
electrons Furthermore, if the plasma 1s optically thick ( e g pure metal plasma ) then
the photoabsorption cross sections for these more mtense lines will be greater and so

the lines will be attenuated and merge into the underlying continuum [ Carroll and
O’Sullivan, 1981 ]

From this brief qualitative analysis, 1t can be seen that the continuum from
rare-carth elements under the conditions normally present in a laser produced plasma

1s not the result of pure bremstrahlung and recombination processes but that 1t

11



contams a very large number of possible transitions which give the appearance of a
pure continuum band even at high spectral resolution The presence of a few lines on
the spectra ( mostly at wavelengths greater than ~ 100 nm ) of the rare-earth’s 1s due
to simpler electronic configurations m low 10n stages and / or a configuration from
which only a very small number of permitted transitions are allowed

(e g 4d" (!S)— 4d°nl ('P) arrays, see figure 1-2 and 1-3 )

The extent of the continuum and position of the characteristic lines have been
llustrated in figure 1-2 by O’Sullivan [ 1983 ] and summarises work done by
Carroll er al [ 1980 ] on continuum emission of elements 62 < Z <74 1n the

wavelength range of 200 to 4 nm

It can be seen that a number of trends are evident Considering the long
wavelength portion of the figure 1-2, two principal sets of characteristic lines appear
superimposed on the continuum The first of these sets located at ~ 100 nm gradually
increases 1n both intensity and extent as the atomic number of the target material
increases The other set of lines located at wavelengths greater than ~ 180 nm for
samarium rapidly moves to shorter wavelengths as the atomic number of the target
material increases and overtakes the 100 nm group at the element ytterbum In

tungsten this latter group 1s evident at wavelengths greater than ~ 12 5 nm

12



Figure 1-2
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1.5  Other applications of laser-produced continua.

The laser plasma hight source has proven itself efficient in the production of
continuum radiation A distinction between applhications requiring broadband
contmua and those requiring narrow band XUV or VUV continua can be made
Laser produced plasma hight sources for proximity ithography require narrow band
continua above the sihcon K-edge ( ~ 0 674 nm ) but of short enough wavelength for
efficient absorption by the photo-resist (1e generally between ~ 10 and ~ 1 4 nm)
[ Celliers et al, 1995 ] Therefore choice of targets here generally include L-shell
emitters such as Ne-like 1ons ( Fe, Z =26, Co, Z=27,Cu, Z =28, Zn, Z =29 ) or M-
shell emitters such as Ni-like 1ons ( Xe, Z =54 ) On the other hand XUV sources
needed for microscopy require narrow band emission confined to the water window
(4376 nmto 2332 nm )" Inthis case, sources using target materials such as silicon
(Z=14)or carbon ( Z = 6 ) are generally used Some applications requiring

broadband continua and using rare-earth elements are briefly discussed below

151 VUYV reflectivity measurements

The study of the interaction of light with a matenal has long been recognised
as a fundamental method of determining the electromc structure of mater The
number of applications requiring efficient optics for the low wavelength regime 1s
increasing and therefore accurate determinations of the optical constants across the
entire range from x-rays to VUV 1s important The optical constants are macroscopic
quantities, which describe the electrical permittivity of the medium One of the
techmques of determining the optical constants from raw reflection data 1s by use of
the Kramers Kronig integrals A prerequisite of an accurate Kramers Kronig analysis

1s the possession of reflectivity data over a wide spectral range

In work performed by French et al [ 1989 ], a cylindrical samarium target

! The water window Wavelength region between the K absorption edges of carbon ( 4 376 nm ) and

oxygen ( 2332 nm ) In this range the contrast between a biological sample and the surrounding water
18 high
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(Z =62 ) was illuminated by a focussed 500 mJ, 8 ns (FWHM ) Nd YAG laser
operating at a repetition frequency of a 20 Hz The focused laser had an estimated
spot size of ~ 100 um m diameter corresponding to an wrradiance of approximately
10> W cm? The VUV light from the laser-produced plasma was focused by a
spherical mirror onto either a sample surface or an iridium reference mirror The spot
size of this focused broad band VUV light was estimated to be 3 mm i diameter A
normal incidence spectrometer utihsing an 1800 lines mm™ grating was used to
observe the 1eflected hight in the region of 5 to 40 eV The use of the wridium
reference muror allowed for the absolute reflectivity of the samples to be measured
with a quoted accuracy of ~ 5 % A Kramers Kromg analysis of this reflection data

yielded values for the optical constants for the samples under consideration

152 VYUV radiative transfer standards.

Radiometric standards can be classified as those sources of calculable
spectral radiant power — primary standards, and those sources with stable spectral
radiant power, which can be controlled by a few source parameters These latter
sources are calibrated against primary standards and serve as transfer source

standards — secondary source standards [ Kuhne and Wende, 1985 ]

Radiometric techniques for wavelengths are well established with calibrated
transfer sources for A > 100 nm and transfer detectors for A <5 nm Below ~ 100 nm,
however, 1n general the problem of accurately determining spectral radiant quantities
of sources, e g radiance ( W m 2 sr!' ) and spectral radiance (W m?sr! nm ') 1s not
yet well solved Detectors with known sensitivity can only be used for measuring the
spectral radiance of sources 1f the spectral transmittance of the instrument has
accurately been measured Ideally, the instrument should be calibrated by use of a
primary source standard such as light from a synchrotron wnsertion device, which has
been passed through an accurately calibrated monochromator Unfortunately, this 1s
not always possible for such reasons such as cost and convenience Also, optical
mstruments degrade with time due to contamnation of reflecting surfaces and
detectors and therefore the ability to calibrate the mstrument in-situ would be a great

advantage [ Bibinov et al, 1997 ]
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Laser produced plasmas serve as effective sources for XUV and VUV
radiative transfer standards The emission 1s both ntense ( typically 10%* photons
em?sr's'nm® @ 120 nm ) and reproducible ( better than 5 % typically ) [ Carroll
et al, 1983 1 The fact that this radiometric standard uses a source, which 1s both
small and simple to implement means that 1t can offer a non-obtrusive in-s:tu means

of calibration 1n various plasma experiments

1.53 VUY photoelectron spectroscopy

Laser-produced plasmas have recently been used as an alternative to
synchrotron based sources for x-ray photoelectron spectroscopy ( XPS ) Research
m Japan by Ohchi et al [ 1996 ] has shown promising results using a grazing
incidence based monochromator with toroidal optics combined with a Wolter mirror?
1n the study of laser ablated silicon surface using photoelectron spectroscopy To
detect the energy of the photo-generated electrons a hemispherical electron energy
analyzer was used A pinhole between the monochromator and the Wolter mirror was
used 1n order to select the x-rays with wavelength of 5 24 nm The Wolter mirror was
designed and positioned to demagnify the monochromatized x-ray source to 1/32
With a pmhole diameter of 500 pm, 1t resulted 1n a spot size of approximately 20 pum
in diameter Photoelectrons from the sample were collected by a retarding lens,
analyzed by a hemispherical electrostatic electron analyzer and detected by a

position-sensitive MCP The energy resolution of the analyzer was estumated to be
~2eV

16  Advantages of laser produced plasma continuum hght sources

The mherent properties of rare-earth plasma continua are important
considerations when choosing an ideal light source for an application There are
certainly disadvantages as with any source but by careful attention to system design

and geometry some of these can be reduced to an acceptable level, 1 & umformity of

' XPS 1s a techmique used to measure the energy distribution of surface electrons
* Wolter murrors, which were origmally developed n 1952, use the principle of grazing madence to

achieve focusing of x-rays The internal surface of a paruial parabola — with central axis symmetry - 1s
used as the reflecting surface
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emission, shot to shot reproducibility etc The basic property of being ‘tabletop’
means that some of these disadvantages are much reduced when considering cost,
s1ze and commercial availability of complete set-ups In applications requiring an
unpolarized source of XUV and VUYV radiation with high single shot brightness, a
laser plasma continuum source 1s 1deal [ Costello ez al, 1991 ] Where polarization 1s
critical, a high degree of polarized XUV can be obtained by using a 45° multiayer

1eflectors

161 Hgh spectral irradiance

An important parameter of light sources of all types 1s the spectral radiance
per pulse and can be expressed mn units of photons cm? sr' nm' s’ This summarises
a number of properties such as intensity, directionality and spectral content Whereas
the peak x-ray wrradiance from laser driven plasma source can be up to 4 orders of
magmtude higher than that of synchrotron light sources and have a duration up to
200 umes longer, the repetition frequency 1s much lower, typically 4 to 5 orders of
magnitude [ Costello ez al, 1991 ] This reduces the average power of the LPP source
which ( even at a repetition rate of 100 Hz ) can be lower than bending magnet beam
lines and orders of magnitude below nsertion devices Further, the LPP 1s a pont
source while light from say an insertion device 1s colimated The laser produced
plasma continuum has a peak spectral rradiance per pulse which is a factor of 10°
higher than that of the B-R-V ( Ballofet-Romand-Vodar )1 source [ Ballofet et al,
1961 ] which was one of the few laboratory continuum sources available before the

advent of the laser produced plasma light source [ Carroll et al, 1980 ]

162 Low hne structure content and good reproducibility

The 1deal contmuum hght source for spectroscopic studies would be a uniform
point source and would have a broad band continuum spectral content and would be
perfectly reproducible from shot to shot The laser plasma continuum meets

somewhat with this 1deal if the target 1s chosen and prepared carefully Work has

' The ongunal B-R-V source conssts of three electrodes — one of which 1s of matenal wath high
atomic number - separated by a small distance 1n a vacuum A high voltage stored in capacitor 1s

discharged across the intervening gap between the electrodes thus producing a plasma which emats
continuum radiation
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been carried out 1n this respect by Kuhne [ 1982 ] and 1t has been shown that shot to
shot reproducibility can be better than ~ 5 % for part of the normal mcidence spectral
region ( 40 to 80 nm ) This compares to a value of better than ~ 1 % for synchrotron
light sources and 25 — 40 % for B-R-V based sources [ Kuhne, 1982 ]

163 Temporal and spatial plasma properties.

The small s1ze and potentially short duration of laser plasma continuum
emission make it an exceptionally good back-lighter in experiments such as the dual
laser plasma experiments ( DLP ) At DCU, a predominantly tungsten target 1s
tllummnated with 1064 nm radiation from a Nd YAG laser with a duration of
~ 17 ns The resulting plasma has a continuum emission duration i the XUV
comparable to the laser pulse width [ Collins et al, 1993 ] and thus allows time
resolved experiments to be carried out without the need for detector gating Because
of the small size, the continuum source acts as a point source, which 1s generally
easter to model 1n ray tracing software such as Shadow’ The LPP continuum source
also has increased uniformity in the angular sense when compared to the synchrotron
source [ Carroll et al, 1980 ]

1
' Shadow Ray tracing software usmg Monte Carlo techniques for the modelling of VUV, XUV and
soft x-ray optical systems Available from www xraylith wisc edw/shadow/
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1.7 Dual laser plasma ( DLP ) technique.

The structure of the atom 1s such that mner shell electron binding energies
generally result m energy transitions m the VUV normal incidence region and XUV
part of the spectrum Therefore, 1n order to investigate these transitions in detail, both

a way of generating continuum at these wavelengths and a means of detecting the

spectral signal are needed

The laser produced plasma 1s 1deal for the production of charged species as
the relative abundance of certain 1on species can be controlled to some degree by
changes 1n the power density 1e by changing the on-target focusing conditions or
altermg the laser pulse energy If the system set-up allows for temporal - by control
of the inter laser delay — as well as spatial resolution — 1e by the use of apertures,
slits and / or toroidal optics — then a high degree of 10n stage differentiation can be

obtamed

Target cham ber with detail removcd—_\ PaN Backlight target for continuum emiss

Optic ax1s of spectrometer

Lensarrangement with x y z movemenl\

Absorbing target

Figure 1-4 Diagram showing general arrangement for dual laser plasma
( DLP ) experiment
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1.7.1 History of the DLP technique.

The first attempt to develop a dual laser plasma technique for
photoabsorption studies was made by Cardlion ez al [ 1970 ] who used alumintum
for both the continuum emitting plasma as well as for the sample plasma Although
the emission from aluminium 1s rich 1n line structure, the authors found that the
underlying weak continuum emission present could be used for a continuum light
source between the stronger line emissions This restricted them to time and space
studies of the laser generated plasma plume within these ‘line free’ windows
(~98nm) The results showed that inverse bremsstrahlung was the dominant
mechamsm 1n the hot dense region of the aluminium plasma plume (1e at short inter
laser ime delays ) and also that photoiomzation was evident at moderate distances

(~ 03 mm ) where the plasma was cooler and thus recombining

The application of rare-earth continua to photoabsorption studies was first
performed by Carroll et al [ 1977 ] In these experiments, the authors studied the
photoabsorption spectra of single 1onized lithwum Li* Using a beam splitter a Ruby
laser was split into two beams, the first of which was focussed on a cylindrical
tungsten target and the other onto a planar lithium target The experimental geometry
was such that 1t resulted 1n spatially resolved spectra with a magnification of ~ 20
The 1s* 'Sy — 1snp 'Py principal series of L1* was recorded up to the n = 7 member
The singly charged 1on L1 1s 1s0-electronic to helium and thus shows analogous
doubly excited hollow atom states to helium but at a much higher energies due to the
greater nuclear charge present In the work by Carroll et al [ 1977 ] the doubly
excited 1s” 'Sy — 2snp 'P; series — which was first observed 13 years previously in
He by Madden and Codling [ 1965 ] with the use of a synchrotron radiation source —

was observed for the first time tn a He like 1on

One of the man advantages of using the DLP technique 1s that 1t allows for

the study of photoabsorption 1n extended 1so-nuclear and 1s0-electromc sequences
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1.7.2  Recent XUV DLP experiments on hthium

The application of the dual laser produced plasma technique to the study of
‘hollow lithium’" was recently performed by Kiernan er al [ 19941 On moving from
helium to hithium the addition of a single electron makes possible the formation of
triply excited states in which all three electrons reside n the L ( or hugher ) shell
leaving the K shell unoccupied Electron-electron effects are dommant m this
Coulombic four-body system, thereby offering the possibility of studymg both direct
and resonant double photoiomization The experimental arrangement consisted of a
grazing incidence type spectrometer with a 1200 groove mm ' grating and a CEMA /
PDA detector combination resultmg 1n a resolution of ~ 1500 before de-convolution
The absorbing column was produced by focusing the output from a flashlamp
pumped dye laser ( 2 5 J with pulse duration of 0 5 us FWHM ) onto the lithium
target with a 22 mm line focus The photoabsorption spectrum 1n the vicinity of the
1s225 (S ) > 2522p (’P) triply excited transition was studied, and the position,

width and profile index of the main resonance were measured

' A hollow atom or 10n 1s one 1n which at least one nner-shell 1s empty
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Figure 1-5 (a
) K-shell absorption
spectrum of the dye laser
produced lithium plasma
at a inter plasma delay
of 750 ns corresponding
to maximum ground state
neutral lithium.
Indicated on the plot are
the strongest lines of
valence excited Li and
ground state Li* in this
energy region The
weakness of both lines is
a good measure of the
purity of the ground state
neutral lithium in the
absorbing sample (b }
Photoabsorption

spectrum of atomic

lithium in the energy window of the man 15°2s (S ) —)2s22p (P ) transinion The

broken line represents a Fano profile fit to the restored data following removal of

instrument broadening [ Kennedy et al, 1996 ]

1.73 Normalinadence VUV DLP expennments

In work carned out by Jannitt1 et al [ 1985 ], the photoabsorption spectrum of

berylhum was measured m both the normal incidence and grazing incidence regions

by use of the dual laser plasma techmque To produce the two plasmas a 10 J, 15 ns

( FWHM ) laser was split into two parts with a variable path difference between the

two beams thus allowing a variable delay between the two plasmas The continuum
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target used was copper A spherical cylindrical lens focuses the laser onto the
berylhum target producing a line focus with dimensions of ~ 100 um wide and up to
10 mm 1n length In this way, the spreadmg velocities of the streaming plasma along

the line of sight were minimized, and the absorbing length 1s maximized

The experuments utilised a 2 meter normal incidence spectrometer system with
a 1200 line mm ! spherical grating The dispersed VUV radiation was incident on a
scintillator coated face plate and imaged by two high speed objectives (N A =075)
external to the vacuum system on an ntensified photo diode array ( ~ 0 0195 nm
pixel ' ) The absorption spectrum close to the 1omzation imit of Be* was studied
The photoionization cross sections of the outer electron for transitions of the type
2s — ¢p and 2p — &d were measured at threshold The values thus obtained were

6=(15201)*10"®cm’and 6=(25%05)* 10 '® cm?, respectively

%0 -

Figure 1-6  Solid curve, experimental Koz I
2 oo}
absorption coefficient of the resonance ] us
L o
series 15°25%S — 1°np P withn = 510 8 rou »
G B} o~ M

of Be" at a distance 0 6 mm. From the 1 20 BRIy I

targer wurface and ~ 70 ns laser delay ¥ 86k 6,1
R WS

Dashed curve, convolution of the o 0 P ¢ 2

computed coefficient with the instrument n& 8 7 & 5
UR L ) . . X .

function In the inset, the best fit of the §80 " 728 EReS

instrumental function ( solid curve ) with a

Voigt profile ( dashed curve ) i1s shown [ Jannutti et al, 1985 ]

Figure 1-7 Solid curve experimental
absorption coefficient of the series
1s22p 2P 5 15’nd*Dwithn = 6 10 8
of Be* versus wavelength at 0 6 mm

distance from target Dashed curve,

convolution of the computed

¢ol .. . P 1 ; 5 Yy

888 420 852 984 A coefficient with the instrument with

the instrument function [ Jannutti et al, 1985 ]
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In some further experiments also done by Jamitti et al [ 1986 ], the
photoabsorption spectrum of B+was studied inthe range 40 t© 170 nm. The
experimental sst-up used was similar to one used i the Be+experiments of Janrta
[ 1985 ] The length of the absorbing plasma was increased using aco/lindrical les,
up to about 18 mm. The contribution of the absorption from B Il was minimized by
aontrolling both the power density on the boron target and tre delay between laser
pulses. The photoabsorption spectrun of B+was found to be gptimized at a position
of 1to 1.5mm from the surface of the boron target with a 80 s inter laser celay. The
values for the photoionization aross-section at threshold thus dotained were
(1.7+ 0.6)* 10°Bcm2for the series 22 1S —»2snp F°, and (4.0+ 0.5) * 10"18cm2
for the series 2s2p F° —>2snd D.

Figure 1-8. The absorption coefficient kfor (a) the series 2s2p 3Pf) —
2snd, ns 3D, 3 and (b) the series 2s2 ]S —2snp P° andfor 2s2 1S —2pnd, ns 1Pf).
Solid line: experiment. Dotted line: bestfit [ Jannitti et al, 1986 ].

1.8 Concluding remarks.

In this chapter the fundamental physiics of leser produced plasmas hes been
discussed in terms of the interaction of the leser radiation with the target material and
the resulting plasma formation and primary emission processes within such plasmes.
A number of ggplicatias of las=r plasma broadband VUV continuum sources have
been discussad. The properties of such sources incluce; ease of production, good
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reproducibiity, ‘line-free’ structure, high peak brightness, large spectral range, short
duration, ease of source ahgnment and small extent A sample of recent
photoabsorption experiments in the XUV and normal incidence VUV region which

utihize such sources for the backlight were briefly described
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Chapter 2. Experiment set-up.

This chapter autdines the experimental system configurations used inthe
Spectrosoopic investigatias reported iIndgpter 3. A briefoutline of tre theory of the
Rowland circle mount isconsidered and the Inportant parareters describing the
spectrometer performance such as linear dispersion and resolution are summarised.
Associated instrurentation such as a Channel Electron Muktiplier Array (CEMA),
Photo Diode Array (P D A ) and back thined charge couplled devices (CCD )are
described interms of mode of goeration and darecteristacs.

2.1 Overview of experimental arrangement.

The oore experimental system sbased on a near normal incidence
spectroreter which has a focal length close 1o one metre. Throughout the studies two
image detection systems were used. These aonsisted of a Gal 1 leo™ Channel Electron
Multiplier ArraywithanEG &G ™ Photo Diode Array readout and an Andor
Technology™ back thimed CCD. The langest possible wavelength the instrument
can reach mechanical ly when equipped with a grating with 1200 grooves mm*® 15
325 nm at the cantre of the detector plare. However as the grating isblazed at 80 nm
the efficiency sobserved be poor above - 120 nm.

A le==r plasma light source was coupled 1o the spectraneter system by a
vacuum-optical beem-lire. A glass cpillary array (G C A )was positioned between
the plasma target chamber and the spectroneter™s diit. This reduces the amount of
plasma debris thet can enter the spectroneter and also allons for differantaal
pumping across the GCA needed for experiments on gaseous absorption whille sill
holding a vacuum of < I0"6 mBar inthe spectroreter chamber.

Nearly all VUV and XUV spectrareters employ a configuration developed
by H.A. Rowland at the end of the kst cantury. Whereas the detection of ot
wavelengths has had major advancements iIn recent years by development of channel
electron nultiplier arrays, (C E M A ) [Oschepkov et aU 1960, Goodrich and Wiley,

*Original conceived by Farnsworth in 1930, the continuous dynode electron multiplier was
implemented concurrently by groups in the USSR, USA and UK in the 1960’s.
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1962, Adams and Manley, 1965, 1966 ] and back thinned CCD arrays [ Janesick et
al, 1985 ], the Rowland circle mount has not been changed 1n any significant fashion
since 1t’s early development The other significant developments in the field of XUV
and VUV spectrometer design have been the use of toroidal optics [ Tondello er al,
1975 ] which allow better spatial imaging of the source, holographic gratings which
have resulted 1n more uniform groove spacing and the posstbility of aberration
corrected gratings and vari-spaced gratings which produce focal planes devoid of

curvature and hence suitable for readout by flat detectors (e g CCDs )

2.2  Rowland circle normal incidence spectrometer mount

Diffraction gratmgs have their origins 1n the early 1800’s where they were first
used to disperse light by T Young and later by J von Fraunhofer Since then, several
attempts were made to produce quality gratings for scientific studies It wasn’t until
the late 19™ century, when H A Rowland began producing gratings with
sophisticated ruling engines, that the ruled diffraction grating made an impact on the
field of spectroscopy [ Jobin Yvon™, 1988 ] It is now over 100 years since
H A Rowland discovered the possibility of using a concave grating placed
tangentially on a circle 1n order to diffract and focus light which had 1t’s source on

this circle The diffracted spectrum 1s focused onto this circle which 1s referred to as

the Rowland circle

The associated theory may be developed using Fermat’s Least Time
Theorem There are many variations on the Rowland circle mount (1e Eagle,
Grasshopper etc ) and each of these have relative advantages and disadvantages
depending on the apphcation The parameters which govern the choice of mount are
principally the spectral range to be covered, the resolution required, degree of
astigmatism that can be tolerated as well as limitations placed on the movement of

the entrance and exit arms of the spectrograph [ Samson, 1967 and Namioka 1959,
1961 ]
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2.2.1 Spherical grating equation.

Spherical grating spectrometers combine the dispersive characteristics of a
grating with the focusing characteristics of a spherical surface. When limits on the

movement of the entrance and / or exit arm of these spectrometers are placed, various
geometries and mount are defined.

The besis of the folloving discussion lies in the analysis of the path length
difference between two different beams reflected from two different points on a
curved reflecting surface. These are assumed to origirate from a point source, which
issituated on the Rowland airdle. Hthis path difference equals an integral number of
wavelengths then constructive interference occurs at this point. No rigorous
treatment of the godcal path function sgiven. A more detailed disoussion can be
found inthe work done by Namioki [1959 }

Hwe sinplify the calaulations by assuming that the source and diffractd
spectrum e iIntre x-y plare - as Intte case of the Acton™ VM 521 spectrareter
(=== figare 2-1), then the gotacal path function can be written as,

F=\WP+BP+"  =\IAHIB\+* + A [E2-1]

where k isan integer and by definition is the spectral order of the diffracted
image atwavelength X> w sthe inter groove distance of the gratirg, d isthe distance
between| and P on the grating surface and A isthe aberration gotacal path function
and contains aoefficients which describe the defoousing, astigratism, firstand
second type of coma, and others which describe the spherical aberration. A can also
be thought of as a perturbation on tre sinple gotacal path lying in the x-y plane and
can be expressed Interms of Y and Z coefficiatts as follons,

A=FY +D2_R+Aﬁ€ ¥ C12’F\2r +C§’éﬁ{2+ S I 4+S§Y222+5324+.., [E2-2]

where R s tre radius of aunature of tre gratirg, D isa coefficient which
daracterisss defoaussing, A deracteriss astigmatisn, C; daracterisss the 1ttype



coma or classical coma, C2 daracterises the 2rdtype coma and Si,S2 and S3
daracterise goherical doerration.

Figure 2-1. Diagram showing parameters used in the description of the concave
grating. Point A represents the position of the entrance slit while point B represents

the position of the exit slit or detector plane.

In order to dotain the location of the spectrum, tre terms F and D are equated
10 z=ro0. This will give the loaus of the spectrum. The residal values forA, Cj, C2, Sjt
will give the remaining aberratios presant inthe image spectrum. These aberratios
degrade spectral resolutaan, gatal resollution and / or sigal-to+oise ratio. The most
sighificat are astigmatisn, coma, gerical aerrations and defoousing. The gotacal
path function F represents the permissible path legths. Coma isthe reautt of the of -
axis geometry and isseen as a skewing of rays in tre dispersion plare enlarging the
base on one side Of the Spectral lire. Soherical aberrations are tre result of rays
emanating away from the catre of an gotiical surface failing to find the focal point as



those from the aantre. Astignatisn sdaracteristic of an off-axis georetry. Ittends
to have tre effect of representing a point source as a lire on tre focal plare.

Bxpressing this aberration gotacal path function interms of polar co-ordirates
one can dotain [Jabin Yvon™, 1988 ],

A =Y [Sin@+ sin() - knX]

Y2 cos @ cos@), 08 B as(d)
2 R b R

? 1 cos@ tl COSP)

2 4 R 1B R

4 sin@ ' o) cos(a)> , sinY "052Ap) €03 (p)
\ IAA R / Ib v Is R /j

vz2 sin(@) r: cos(a)N, sinfp) ' 1 s~

A \tA RO )s Ve R
+Ya[ ]+... [E 23]

where £, a and b, p are the pollar co-ordinates of A and B ,and Y4 and higher order
terms can be considered negligible. By equating the coefficient of Y (ieF) term o
Zero inequation 2-3 one dotains the fundamental grating equation,

sin@+singD= """ [E24]

where m iste goectral order and d sthe iInter groove distance.

2.2.1.1 Dispersion.

The angullar digoersian, dp/dXy defines the angular separation between two
wavelengths for a particular goectral order m, inter groove spacing d and drffracted
agle p and can be expressed as.

dp . m

[E25]
dh  dcos(Ji)

Linear digersion, d)Jdx, defmes the extent t which a goectral intenal B
spread out across the focal plane of a spectrareter and therefore s associated with
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an instrument’s ability to resolve fine spectral detail. Linear dispersion perpendicular
to the diffracted plane at a central wavelength X can be expressed as,

dX_ dX dp_
dx~ dp' dx [E2-6]
dX _ dcos(p)
& mR [E2-7]

where d is the inter groove spacing, m is the spectral order and r is the effective
focal length of the concave grating. In the case of a McPherson™ normal incidence
type mount, the angle of incidence does not remain constant throughout the
wavelength range. In this case it is the deviation angle (i.e. the angle subtended by
the entrance slit and centre of the detector plane, pv=a - p) which remains constant
at 15 ° and therefore equation 2-10 must be modified to account for this. If one
substitutes a = 7.5 o + (pand p = 7.5 0 + (pinto the general grating equation where (o

IS the grating’s angle of rotation, the linear dispersion perpendicular to the diffracted
plane can be expressed as,

dx _ dcos(7.5)cos(<p) [E28]

dx mR

By equating the D term in equation 2-2 to zero one obtains the condition for

focusing on the tangential focal plane, with the possible values for a and P given by
the following.

C0S:(0) cos@ lcos:@® cos(/?)_Q [E2-9]
A R IB R
Considering the last equation and it’s solutions, it can be shown those if point
A'is on the Rowland circle then point B will also be on the Rowland circle. If the
polar co-ordinates of point A and B are substituted in the terms for the aberrations
then it is observed that only the C; term in equation 2-2 vanishes. Therefore, on a

Rowland circle there is no 19 type coma; only astigmatism, 2ndtype coma and
spherical aberration.



2.2.1.2 Wavelength and order considerations,

Because of the inherent structure of a grating there will exist nultiple orders
with relative intesitaes determined by the coating used and the blaze agle aswell as
the groove dhepe. The presence of these nultiple orders degrades the performance of
the spectrareter and it i sometimes necessary to incorporate fillas o limit the
bandpass of the system. For the same agle a and at the same angle of doservation p
saveral wavelengths are superinposed. These are dll wavelengths for which
mX/d - constant or equally mX - costant.

2.2.1.3 Resolving power.

Resolving power 9? sa theoretical concept and isgiven by,
9UA/5A [E 2-10]

where &. ste wavelength separation of two peaks which are just resohved and \ B
the wavelength of the soectral region of intarest. Applying this concept to the use of
gratngs, tcan be shown thet [ Samson, 1967 1,

SR = knWg [E 2-11]

where inthiscase W g sthe width of the grating illuminated with the incidant
rediation, k isthe spectral order thet the instrurent isbeing used inand n sthe
groove dasity of the grating being used. Using equation [E 2-11 ]to defire the
geometry of a system with the sgparation of a and @fixad itcan be shown [Samson,
1967 ]trat the theoretical resolution can be expressed &s,

Cft. (ana +sinfo [E2-12]
A
The theoretical resolving power of an instrument isdefined principally by the
width of the grating illuninated, the centrall wavelength to be resolved and geometry
of the system usad. According to the modified Rayleigh’s ariteria, two spectral pesks
are considered resolved iftre ratio of minimum intersity (at the position between
the peaks ) to tret of the maximum Intasity of erther peaks s less than 842



[ Namioka, 1959 ] Although the theoretical resolving power of the spectrometer
predicted by equation 2-12 1s approximately 30000, the experimentally measured
resolving power as measured by Acton™ 1s approximately 5700 @ 80 nm when
using 10 um entrance and exit shit widths and represents the maximum resolution
achievable The difference in theoretical and experimental values 1s primarily due to

optical aberrations present and the use of entrance and exit slits of finite width

2.2.1 4 Grating efficiency

The concentiation of a limited region of the spectrum 1nto any order other
than the zero order 1s performed by using grooves which have a defined angle to the
mncident hght Blazed gratings are manufactured to produce maximum efficiency at
designated wavelengths by appropriate selection of groove geometry Blazed grating
groove profiles are calculated for the Littrow condition where the mcident and
diffracted rays are 1n auto-collimation (1e a = f§) At the blaze wavelength, Ape

= f§ = w= blaze angle and,
2sm(w) = mnd,,, [E2-13]
where n 15 the groove density

In the case of the Bausch & Lomb 1200 groove mm' grating which 1s blazed
at 80 nm 1 first order the required angle 1s 2 75 ° The principle 1s to rule the grating
so that the 1eflecting elements are tilted with respect to the grating surface The
grating etficiency curve shifts so that the maximum efficiency 1s not at the zero
order Efficiency m higher spectral orders usually follows the first order efficiency
curve For a grating blazed 1n first order the maximum efficiency for each of the
subsequent higher orders decreases as the order k increases The efficiency also

decreases the further off-Littrow the gratmg 1s used

2.22 Acton spectrometer mount

The spectrometer used throughout these investigation was an 1 m focal length

Acton™ model VM 521 usmng a 1200 lines mm ! spherical concave holographic
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grating with an ridium coating The optical mount system used 1s based on a
Rowland Circle mount 1n the general McPherson™ normal incidence configuration
[ Tang et al, 1991 ] This mount 1s 1deal for normal mcidence work as both the

entrance slit and exit sht or, 1n this case, the focal plane are fixed m space

The principle of the McPherson™ mount 1s that the grating 1s constrained to
move along the bisector of the angle subtended by the entrance slit and centre of exit
plane from the centre of the grating while simultaneously the grating 1s rotated about
a vertical axis tangent to 1t’s centre This movement 1s achieved by using a cam
driven stage which 1s machined to give the correct combination of movements for
each wavelength Fine focus adjustments to the movement can be made through the

use of two micrometers external to the vacuum system

It can be shown that the diffracted spectrum will only be focused for one
value of g, where ¢ 1s the grating rotation If the grating is rotated the diffracted
spectrum will no longer be focused on the Rowland circle and therefore a linear

motion 1s needed This hinear motion can be approximated by considering figure 2-2

x+GM, =R cos(p) = Gl;"
Therefore,
x = R{l-cos(p)} [E2-14]
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Figure 2-2  Schematic showing rotational ( ¢ ) and translational ( x ) movement

of the grating in the McPherson mount when grating 1s scanned from A to A+AA

With this off-Rowland circle type mount, the translation of the grating causes
the shift of the optical axis from the centre of the grating to the slits The

displacement of the optical axis 1s sufficiently small to be considered neglgible

Although the limuts of the grating movement allow for a possible wavelength
range between 30 and 325 nm, m practice 1t has been observed that measurements
are confined to the region where the CEMA detector and grating are both efficient
The grating efficiency profile falls off gradually in the long wavelength region while
the CEMA detection efficiency falls off rapidly at wavelengths greater then
~ 180 nm The use of a back-thinned CCD detector does not extend this range as the
efficiency of this detector also falls off similarly In absorption studies, the effect of
order over lapping at wavelengths greater than ~ 75 nm means that studies are
confined to the wavelength range where second order continuum emission does not

saturate the measurement
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The only modifications made to the commercial VM 521 spectroreter for
this project were the replacement of the existing flages 1o faalitate a penning gauge
1o be positioned closer to the main chamber of the spectrameter and also to house an
ingpection window which alloas viewing of alignment HeNe leser on tre gratirg.

2.2.2.1 Aperture ratio and acceptance angle.

The gperture ratio and acoeptance agle, are prircipally defined by the
extermal coupling system used. Without any atial dlits or geertures and with no
GCA sgparating the source from the spectraneter, the instrument goerates as a 1710
instrurent. The acceptance anglle in tre horizottal plane (dispersed plane ) 85.7°
while the acoeptance agle intte vartical plane 3.2 °. In the case of experiments
carried aut inthis tresis, a glass cpillary array (GCA )was used to prevent plasma
deris contaminatting the spectrareter chamber and also to allow for a pressure
differential between the target and spectrometer chanbers. The GCA used had
seecificatias which are autlined in the appendix VI, the most important ofwhich
B the thidaess of tre plate (3mm )and the pore diareter (50 Jim)aswell as
exposed diareter (6 mm ). With the limited exposed diareter, #tcan be shown tret
only single reflectias within tre Gpillaries are possible. The distance between the
entrance ditand the GCA plays an important part ndetermining the acoceptance
agle of the combined system. The GCA was located approximately 212 mm from
the entrance dliit Inexperiments with direct coupling of the target chamber to the
spectraneter, the acoeptance aglle was 17 mrads (assuming an extended source
geometry). This inplies that the maximum 1llunireted width of the grating vl be
34 mm, and the treoretical maximum resolution achieveble will be down
proportiaelly. However, in reality grating aberratians will diminish the actual
resolution achievable well below tre grating width lTimit

2.2.2.2 Bausch & Lomb™ concave grating.

The holographic concave grating used intte Acton™ VM 521 sone
provided by Bausch & Lomb™ . Ithes 1200 liresmm* 1and a blaze angle of 2.75 °,
which results ina firstorder blazed wavelength of 80 nm. The grating has



dimensions of 56 mm wn height ( n groove direction ) and 96 mm m width and 15
located by a kinematic mount which facilitates mter change of gratings without re-
alignment The coating used 1s wridium which yields a good reflectivity throughout
the wavelength range used Indium 1s 1deal for efficient reflection coatings at short
wavelengths as 1t has one of the highest electron densities of all the metals

[ Samson, 1967 ]

2 2 2 3 Entrance and exit slit assemblies.

The exit slit assembly was removed and replaced by an adapter flange to hold
the CEMA mtensifier to allow for the multi-channel detection of the spectrum
[ Doyle, 1995 ] The entrance slit has a vertical baffle, set at 3 mm The entrance slit
width used was generally 50 um ( dial setting ), although mvestigations with other
sht widths were performed 1n order to find the optimum slit width for each of the
detectors used The slit 1s adjustable from 5 to 3000 um with a quoted accuracy of
10 pm [ Acton™ ] The shit assembly has stops which prevent the slit jaws from

touching and therefore 1t 15 not possible to completely close the shit

2 2 24 Spectra drive controller

The wavelength range was scanned using a precision lead screw external to
the vacuum system This was connected to a stepper motor and 1n turn connects to a
diive controller provided by Acton™ This permits computer as well as manual
wavelength selection In the initial commissioning of the mstrument the bellows
assembly was found to be leaking and was therefore changed This assembly was
replaced with one which was slightly too long and therefore the dial reading on the
spectral drive controller no longer represents the actual wavelength at the centre of
the focal plane Because the equation governing the translational motion of the
grating ( equation 2-6 ) 1s not linear, the offset 1s not exactly constant throughout the
wavelength range This was confirmed using carbon and aluminium spectra lines and
dentifying features so that a reference spectrum was obtamned for the 30 nm to

220 nm spectral range
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2.2 2.5 Aberrations.

Since the spectrometer 1s a near normal mcidence type with a 15 © deviation
angle there 1s very hittle astigmatism present in the final image Most of the important
work for this thesis was done using an Andor™ back-thinned CCD array detector
used 1n full \;ertlcal bmning mode over a 15 mm height This procedure yielded no
appreciable degradation 1n resolution when compared to a spectra recorded by a
single horizontal row of pixels thus indicating the very low astigmatism and good

angular alignment of the detector with the spectral image

2 2 2 6 Stray and scattered hght

Stray and scattered light are kept to a mimimum by use of a number of baffles
m the entrance and exit arms of the spectrometer Also the use of a GCA limits the
extent of the grating illuminated thus reducing the possibility of light reflecting off
the grating mount itself Stray hight also results from non perfect planeity of the
reflecting surfaces A holographic grating , which 1s produced by use of the
interference of monochromatic radiation does not have significant periodic
imperfections 1n the groove profile or spacing and so generally does not suffer from

ghosts as much as ruled gratings [ Lerner and Therenon, 1988 ]

2 2 27 Order overlapping and efficiency curves

The efficiency curve of a grating shows a characteristic sharp drop off in the
low wavelength limit with a lesser fall off tn the high wavelength limit centred
approximately around the blaze wavelength 1n first order ( 80 nm in this case ) The
groove shape determines the amount of radiation concentrated 1nto a given spectral
order As a result of the optical interference mherent 1n the operation of a grating
there exists order overlaping in which hight at A/m appears at the A location, where m
1s the spectral order Depending on the experimental study, this may be an important

consideration and may require the use of filters to reduce the radiation from this
higher wavelength
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2.2 2.8 Resolution.

The groove separation determines the angular separation of the diffracted
beams from two different wavelengths The theoretical maximum achievable
resolution 1s directly proportional to the width of the grating illuminated This
maximum resolution 1s never physically attainable due to effects such as detector
1esolution and entrance slit widths used as well as aberrations present in the optics of
the system The choice of entrance shit width should be chosen so that the bandpass

of the wnstrument 1s minimized and the throughput 1s maximized

2.2.29 Wavelength and pixel position relationship

With the removal of the exit slit assembly and 1t’s replacement with a multi-
channel detector such as the back thmned CCD or CEMA / PDA variety, a range of
wavelengths may be viewed simultaneously in a single image collected from the
detection electronics Depending on the geometry involved 1n the spectrometer
design the diffraction may or may not be linear across the field of view Under these
circumstances 1t 15 common to take reference spectra of such an element that has well
documented hine structure (e g Kelly, 1987 ) n this region each tume the spectral
range 1s changed Although the rotational movement of the grating 1s a linear
function with respect to required wavelength, this is not true for the translational
movement and therefore the offset between dial reading and actual centre wavelength
can be expected to be not entirely constant With the use of a planar detector the
linear dispersion will not be constant across the observed range and for an accurate
calibration the points should be fitted with a quadratic expression of A(p) where A 15

the wavelength and p 1s pixel number for each change of spectral region

2.3  Gahleo™ Glass Capillary Array ( GCA ).

Use of glass capillary arrays GCA in VUV and x-ray applications have
mcreased greatly in the last twenty years They are efficient in transmitting VOV
radiation and show focusing properties even at low wavelengths e g XUV and soft
x-rays { Chapman et al, 1991 ] They are also used n applications of gas flow

collimation, m-line filtration or as calibrated leak sources [ Tebo, 1994 }, [ Wilkins et
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al, 1989 ] GCAs are sometimes referred to as passive MCPs This term comes from
the fact that the bulk of the early development work was concentrated on MCP with

production techniques spilling over to GCAs

The manufacturing process starts in much the same way as MCPs Single
channels are drawn as solid-glass fibres having two components, a core glass, soluble
in a chemical etchant, and a lead glass cladding which 1s not soluble m the core glass
etchant The fibre 1s then drawn out by processes much like that used in the
production of optical fibres and multiple fibres are stacked together in a hexagonal
structure The array of fibres 1s again drawn out and stacked and the process
repeated The blocks are sliced into wafers with the channels running normal to the
surface The wafers are then ground and polished to the desired dimensions The
solid core 15 now etched thus creating the pore like structure with differences in pore
diameters of less than 6 % [ Wiza, 1979 ], [ Lucatorto et al, 19791 The uniformity of
pore dimensions and the fact that these structures can have open areas up to
60 % permits GCAs to be used as VUV and x-ray windows They can sustan a
pressure differential across their faces ( the controlled leak rate typically allows for 2
to 3 orders of magnitude 1n pressure differential for the GCA used here ) and also are

able prevent contamination of spectrometers from material used 1n studies

A Galhleo™ GCA having a pore diameter of 50 jum and a length of 3 mm was
used 1n the experiments It was housed 1n a custom made flange which allowed
connection to 40 KF vacuum flanges at either end The length of the housing was
kept small 1n order to ensure that the GCA could be located close to the target
chambei thereby maximizing the instrument’s acceptance angle It was held 1n place
on a Viton® o-ring by an aluminum plate with three nylon screws which were
positioned so that the GCA could be angularly aligned The GCA was set off centre
so that 1t could be rotated to provide a fresh area following a build up of any plasma
debris An aluminum disk with a 6 mm bore was used to mask the unused section of
the GCA The full specifications of the GCA are contained m appendix VII A
schematic of the GCA housing 1s shown 1n figure 2-13
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In order to align the GCA, 1its mount was coupled to the target chamber and
an alignment HeNe laser was centred on the aperture It was found that the HeNe
laser could be aligned normally to target chamber side by minimising the location of
the multiple reflections which occur 1n the rear glass plate This was important since
the GCA had only limited anglular movement The GCA was then placed 1n the
housing and the nylon screws were gently tightened A screen was placed a number
of meters away and the spectral pattern intensity and symmetry was maximised by a

process of tightening and loosening the three screws

In order to estimate the transmission of the GCA for VUV radiation at 50 nm
1t 15 assumed that no interference effects occur and the diffraction can be considered
separately from geometrical aperture effect of the capillary array Considering a
pont Iike source at a distance, u, from the front face of the GCA ( length |, pore
diameter d and effective diameter D ) with unmiform angular radiance By using

geometric optics, the rays that are emitted from the source can be divided nto four

groups

Rays that are blocked by the non open area of the GCA
Rays that pass directly through without any reflections

Rays that are reflected an odd number of times from the capillary walls

FSR S IS

Rays that are reflected an even number of times from the capillary walls

The rays that pass directly through without reflections can be considered
collimated as there will be a maximum divergence angle D, which will depend on
the d/l ratio The mntensity on a screen placed a distance v from the output face of the
GCA will display a Gaussian type distribution Rays which are reflected an odd
number of times will tend to result 1n a focused intensity distribution The extent of
the focus will depend on the u/v ratio The depth of focus will be approximately 24
Rays which are reflected an even number of times can be considered to result in a

diffusive intensity distribution with no simple intensity distribution

If these arguments are applied to the optical system being used, 1t can be

shown that Dy, = 17 * 107 radians The GCA holder was manufactured with a 6 mm
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unmasked diameter centred on the optic axis This enabled the use of an o-ring for
sealing and GCA angle alignment as well as the possibility of rotating the GCA to
provide a fresh section Therefore, the maximum angle that a ray from the source can
strike the capillary walls 1s 18 * 10 °radians This results i a maximum number of
reflections of 0 17 and so only single reflections need to be considered The
reflectivity of S10, glass at these large incidence angles ( ~ 18 * 10> radians ) and
relatively large VUV wavelengths ( ~ 50 nm ) can be assumed to be close to umty In
reality, the laser plasma has non-point like extent and so rays that originate off-axis

can stul possibly pass through the GCA although they do not fulfil the above criteria

24  Galileo™ Channel Electron Multipher Array { CEMA )

A single stage 12 ° bias angle channel electron multiplier array ( CEMA )
consisting of a Micro Channel Plate ( MCP ) with an VUV detection enhancement
coating of MgF, coupled to a fibre face plate with a P20 phosphor coating was used
for prehminary work The CEMA assembly was constructed by Galileo™ and was
attached to the exit arm of the spectrometer with the front face of the Micro Channel
Plate ( MCP ) lying on the focal plane of the instrument Applications for CEMA
based intensifiers and detectors include scanning electron microscopes, residual gas
analysers, image tubes and tume-of-flight mass spectrometers where they are used to

detect VUV, XUV, soft x-rays, neutrons or charged particles

241 Basic construction

The construction of a single stage CEMA 1ntensifier is shown in Figure 2-3
The MCP has an active diameter of ~ 25 mm and 1s 0 5 mm thick It consists of pores
which are 10 pm 1in diameter and have a centre to centre spacing of 12 um resulting
n an open area of ~ 55 % The pores have an electrically semi-conductive and
secondary electron emissive layer A smgle pore acts in the same way as a photo-
multiplier tube but using a continuous dynode structure of the photo multiplier tube
When a photon or charged particle 15 incident on the entrance face of a microchannel,
secondary electrons are generated Due to the bias applied, these secondary electrons

are accelerated down the channel towards the output end When these electrons strike
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the wall, additional secondary electrons are released This process 1s repeated
continuously along the micro-channel and therefore the process amplifies the nitial
event yielding up 10* electrons at the output Higher gains are possible if two or
more of these micro-channel plates are stacked together usually in opposing angles
resulting 1n a so-called chevvon pair MCP stack The limit 1s set by 1on feedback
problems, which result 1n saturation and noise Normally the electrons are detected
by use of a phosphor-covered faceplate, which converts the kinetic energy of the
electrons to visible light This visible light 1s usually coupled by the use of a fibre

faceplate to a detector such as a photo diode array ( PDA )

In applications requiring the detection of VUV radiation at the long
wavelength extreme some form of electron emissive enhancement coating on the
mnput face of the MCP 1s needed Un-coated MCPs generally have quantum
efficiencies of ~ 10 % n the VUV with an upper wavelength imit of ~ 130 nm after
which the quantum efficiency rapidly decreases The MCP described here has a
MgF; coating which extends this upper limit to ~ 180 nm
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Figure 2-3 Schematic of a channel electron multiplier array assembly

( CEMA ) showing actual micro channel plate { MCP ) and fibre face plate with
phosphor coating Also shown is photodiode array PDA detector for readout

The early part of the construction of a MCP 1s very much like that of a glass
capillary array ( GCA ) The main difference 1s the thickness of the plate 1s usually
smaller having a thickness of <1 mm Through further processing of the micro-
channel walls, a silicon dioxide rich secondary electron emissive layer 1s formed on a
electrically semi-conductive layer Finally, a thin metal electrode 1s vacuum

deposited on both input and output faces to electrically connect all channels in

parallel
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2.4.1 Characteristics. )

The gain of a single stage MCP can be expressed as,

V?

c=1_AV | " [E2-15]
20V

where V 1s the channel voltage, Vp1s the nitial energy of an emaitted
secondary electron ~ 1 eV, o 1s the length to diameter ratio of a MCP pore and A 1s a
proportionality constant ~ 0 4 For the Galileo™ 6025-FM MCP, o =40 and V=
1000 V which results n a gain of ~ 3 * 10* The gan was measured by Galileo™ to
be 2 6 * 10" for the same conditions Efficiency for the MCP 1s generally about 10 to
15 % for radiation in the VUV region of the spectrum Due to the inherently high
electron gam, this combmation still produces a very sensitive detector The detection

efficiency falls away rapidly above 200 nm

10%

Single stage gain
2

101
103
10Y
100 QII)O 460 ' 660 ' 8&) ' 100(1)
Channel plate voltage ( Volts )
Figure 2-4 Gan of a single stage MCP as a function of plate voltage Vp

The imiting spatial resolution of a MCP 1s generally characterised by the
modulation transfer function ( MTF ) This parameter brings together three important
parameters of an imaging system. That 1s, resolution, contrast and sharpness of the
resulting image Using the Nyquust criterion the imiting resolution of a MCP

expressed 1n line pairs mm ! 1s proportional to Y4Ap where Ap 1s the centre to centre
p P prop p P
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spacing of the micro-channels in mm The emerging electrons are then accelerated
across a gap by a positive potential and proximity focused onto a phosphor coated
face plate with a visible array detector readout or direct electronic readout with the

use of a single anode plate, thus providing photon / particle counting

Othe: factors which may limit the resolution of a CEMA are the size of
electron bunch at the position of the phosphor and the size and the quality of the
fibres 1n the faceplate used for image transfer Considering the first of these limiting
factors 1t may be shown that the theoretical spot size d ( m ) can be given by

[ Cromer et al, 1985 ],

d(pum) = S [E2-16]

Gap
where s ( im ) 1s the nter gap spacing and Vg, (V) 15 the inter gap potential The
CEMA used 1n the experiments considered here had a inter gap spacing of 1 2 mm
and a operational inter gap voltage of 4 kV which resulted n a theoretical spot size
of ~ 19 pm There 1s no magnification by the fibre face plate ( fibre centre-to-centre
spacing ~ 10 pm ) so the limit in resolution of the complete detector set-up was
theoretically due to the PDA with a pixel size of 25 um ( 1gnoring other resolution

degiading effects ) which should have yielded an instrument function of 3 pixels
FWHM
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Figure 2-5  ( a ) Spot diameter of electron bunch at 1 2 mm inter gap distance as
a function of inter gap potennal and ( b ) resolution of MCP as a function of centre-

to-centre channel spacing

In practice the mstrument function was a factor of >2 worse @ 5 pixels FWHM and
so the electron bunch spot was obviously significantly larger than 19 pm Problems
1n the detector towards the end of experiments Limited the wnter gap voltage to 2 S kV
which resulted 1n a theoretical spot size of ~ 60 jm In this case the CEMA was the

limiting element 1n terms of resolution

If the capacitance of the MCP can be kept to a minimum, nanosecond gating
1s possible with such intensifiers using basic image PDA or CCD / ICCD detectors
With electiic fields of the order of 10 kV cm ' and pore lengths of 0 5 mm the transit
time for an electron pulse can be reduced to less than 500 ps without too much

temporal spread of the electron bunch[ Galileo™, 1995 ]
2.42 Noise contributions in CEMA 1ntensifiers.

Although CEMA mtensifiers have excellent spatial and temporal resolution
properties and unrivalled efficiency 1n the XUV wavelength region, they are
mnherently noisy with significantly higher background noise than CCD based
detectors { Fraser et al, 1987 ] Cosmic rays, thermal emission, field emission, 1on

feedback and internal radioactivity and matenial outgassing are all sources of noise 1n
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CEMA based detectors In view of the very large internal surface areas of channel
plates ( ~ 200 cm? for each cm? of intensifier area ) 1t 1s reasonable to suppose that
the time-dependent noise source 1s related to the out-gassing of the plates, whereby
10ns or neutrals released from the channel walls subsequently nitiate avalanches
Theretore exposure to atmosphere should be kept to a minimum and after each
exposure, the MCP should be thoroughly out-gassed before operation 1n order to
protect the intensifier Once the intensifier has been out-gassed, the principal source
of noise 1s the random variations m avalanche gain due to the mherenly high gamn and
statisical process of electron gain Also the contribution to noise from radioactivity 1n
the CEMA components has been shown to be significant Radioactive impurities
such as potassiumn “°K and rubidiumn ¥'Rb present n the lead glass which makes up
the MCP and 1t’s casing and also 1n the ceramic supports are estimated to account for
~ 22 % of all background noise Cosmic ray flux 1s not a major background noise
contribution and 1s estimated to account for ~ 8 % of all background noise [ Fraser et
al, 1988,1987 ]
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25  Andor Technology™ back thinned CCD.

Expermments were also performed using a back thinned CCD borrowed from
Queens University Belfast ( QUB ) The sensitivity of a CCD imager to light 1s
determimed by system noise levels and quantum efficiency Quantum efficiency
measures the sensor’s efficiency 1n the generation of electronic charge from incident
photons Electron-hole pairs are produced by photons 1n the region from 400 to
1100 nm for front dlummated CCD This spectral window 1s set by the depth of
penetiation of the photons nto the chip and the band gap energy respectively Light
normally enters the CCD through the gates of the register These gates are made of
very thin amorphous silicon, which 1s reasonably transparent at long wavelengths but
becomes opaque at wavelengths shorter than 400 nm In order to extend this lower
wavelength Iimat further so that VUV and XUV photons can be detected, the
radiation must enter and pass through as little amorphous stlicon gate structure as
possible This is not possible with front llumination as the gate structure 1s necessary
for electrical connections and also because ideally the image electrons should be

stored away from the nterface layer

It 1s possible to chemically etch the back face of a CCD after production so
that the charge storage areas are effectively exposed to incoming radiation There 15
thus no extra structure that the photons need to pass through before being absorbed 1n
the vincinity of the CCD charge storage potential wells and generating charge
carniers For any given wavelength, the amount of charge stored 1s proportional to the
mtensity of the lluminating radiation This results 1n an 1deal detector for imaging

and spectroscopy studies

26 EG&G™ photo diode array ( PDA ).

The detector used to detect the visible output image from the CEMA
mtensifier was a linear photo diode array with 1024 pixels The detector, Model
1432, was supplhied by EG&G Princeton Applied Research™ The detector interface
Model 1471A optical multi-channel analyser ( OMA ) was also supphed by EG&G
Princeton Apphed Research™ The size of the PDAs pixels are 25 pm * 2 5 mm

with 25 pum centre to centre spacing It has a quoted spectral sensitivity range of 200
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10 1100 nm. The detector isthermal ly bonded 1o a Reltaer cooler which can lover tre
detector temperature and therefore reduce thermal ly generated dark counts. With no
water cooling the Reltaer cooler can goerate down 10 5 °C. With watter cooling itis
possible o extend this to-19 “C. When the cooler isused for temperatures below
room tenperature, adry nitrogen flow isneeded In order o prevent condensation
Trom forming insice the detector heed. The amalog sigal isconverted to a digital
format using a 16 bit (with 1 brt allocated for an overflow flag ) analog to digital
converter (ADC )intteOMA and saailable for interrogation by a computer using
the GPIB interface provided [EG&G Princeton Applied Research™ literature | See
Doyle, 1995 for more cetails on software and interfecing.

The detector axsists of an array of reverse biased photodiodes, each diode
behaving like a charged cgpecitor. When incident light (200 t© 1100 nm ) eters tre
depletion region of the p—n junctiaons ithes the effect of areating charge camiers -
electron hole pairs - and thus decreases the effective dielectric property of tre
depletion layer. During each scan, the hift registers and FET switches cause the
photodiodes to be suooessively connected to the input of the detector aplifier. Each
successive junction wltage potattaal defines tre integrated photon Aux on the
addressed ppel. The resultirg sigal, folloving buffering and arplification st
the antroller interface for digitising and data prooessing.- The output video sigel B
directly proportional to the incidant light fluc

2.1 CCD and PDA characteristics.
2.7.1 Dynamic range of CCD and PDA detectors,

The dynamic range of a detector 15 the next most important parareter after
the quantum efficieay. The dynamic range ofaCCD imaging system sdefined as
the ratio of CCD saturation signal 1o the readout roise. A hiigh dynamic range B
more desirable especially In spectrosoopic studies as itallows very weak emission
lires o seen inthe same frame as very strog lires and therefore the higher intasity
lines do not saturate the cetector.



27.2 Noise contributions in CCD and PDA detectors.

The sources of noise m a CCD or PDA mmaging system are predominately
from three areas These are photon noise, preamplifier noise, and dark current noise
[ Photometrics™ ] Photon noise, also known as shot noise, arises from the discrete
nature of ight production The total number of photons ematted by a steady source
over any time 1nterval varies accordmng to a Poisson distribution The charge
collected by a detector exhibats the same Poisson distribution, so that the noise 1s
related to the square of the signal Photon noise 1s unavoidable and 1s always present
in imagmg systems Preamplifier noise, also called readout noise, s generated by the
on-chip output amphfier This noise can be reduced to a few electrons by design
Dark noise current also referred to, as thermal noise 1s the dominant mechanism for
noise i CCD and PDA based mmaging systems The electrons are generated by
thermal processes and therefore cooling the detector reduces this dark current and
hence the dark noise level The back thinned CCD imagmg system used 1n the
experiments carried out for this thesis had three stages of thermoelectric cooling by
which 1t 1s possible to cool the detector to a temperature of 90 °C At these
temperatures the detector performance rivals that of the more expensive Liquid
nitrogen cooled CCDs with a quoted dark current of 40 electrons pixel ' sec ! at a
temperature of — 20 °C [ Andor Technology™ InstaSpec IV technical manual ] The
PDA also had a thermoelectric cooler which allowed for the detector head to be
cooled to — 40 °C ( see page 57 ) resulting 1 a quoted dark current of 100 electrons

pixel ' sec ' [ EG&G™ 1453A operating manual ]

With the exception of a few full frame images, the back thinned CCD
measurements were taken using full vertical binning of the frame pixels This
increases the SNR ( signal to noise rati0 ) of the detection system but can reduce

resolution of spectroscopic data if image aberrations are present or if the detector 1s

tilted wath respect to the lines

Several sources of noise are present when the signals stored by a PDA or
CCD are read out They can be classified as either random noise or fixed pattern

noise The fixed pattern noise in principle can be removed either by the electronics or
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by later data processing Random noise arises from the electronics ( primarily the
mput section of the pre-amp circuit ) and from the statistical nature of the arrival of

photons at each pixel In general, reset noise s ( also referred to as kTC noise )

will dominate the signal and may be expressed as,

Py = (-l—}kaTpr, & [E2-171
q.
where g, (C ) 1s the charge on an electron, kg (1 381*10% J K !) 1s Boltzmann’s
constant, 7 ( K ) 1s the absolute temperature and Cy.e; ( F ) 15 the capacitance of a
single pixel element [ Howes and Morgan, 1985 ] The total reset noise 1s larger due
to the multiple readout switching and therefore the Cp...r should be replaced by

2% Cpuxel + Codeo ime ) Where Cogeo ne 18 the video hine to clock capacitance
Considering the PDA used here with Cyuxe; = 2 pF, Coudeotne = 1 2 pF and T = 288 K,
the reset noise 1s approximately 997 electrons and 1s by far the dommant noise

component within the detector The noise due to the preamplifier 7,,¢qmp can be

expressed as,

nPreamP - (£}4k3TAB(kO /gm))l"z [ E2-18 ]
where AB ( Hz ) 1s the bandwidth of operation, ko/gm 1s the channel resistance of the
mput FET and Cpue ( F ) 15 the capacitance at the preamplifier mput which 1s
composed of the series combmation of Ciueo time ( F )y Coreamp ( F) and Cyray (F) In
the case of EG&G™ PDA where AB = 10 MHz, T =288 K, C = 10 pF and ko/gm =

100 the nose contribution from the preamplifier will be approximately 250
electrons over the entire detector array
The dark current shot noise can be expressed as,

i =J(’”—;t—f) [E2-19]

where Iz ( A ) 1s the equivalent dark current and #( s ) 1s the readout time

Typically, the equivalent dark current will be 1 pA and so a 30 ms readout time wall
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result 1n a dark noise of approximately 433 electrons averaged over the entire array
All of the above noise sources combine to give an effective total noise 7, which 1s

supertmposed onto the actual detected 1mage

With the Galileo™ CEMA / EG&G™ PDA detector system the dominant
type of noise present tn spectral signals 1s fixed pattern noise ( FPN ) which can be
reduced considerably by subtraction a background noise signal from the spectral
signal Also 1t 1s worth pointing out that the PDA described 1n this work had a dc
offset count ( ~ 45 average counts ) which 1s necessary for correct operation of the
ADC and 1s present on all signals recorded Random fluctuations 1n all components
of the detection system ( e g CEMA gain, laser energy etc ) can be reduced by
averaging a number of shots ( typically 10)

28 JKLasers™ ruby laser

A JK Lasers™ ruby laser operating in Q-switched mode was used to generate
the plasma 1 most experiments reported in this thesis The laser was of the single
oscillator type and provided ~ 1 J (@ 1 85 kV capacitor charging voltage ) with a
pulse length of 35 to 45 ns at a wavelength of 694 3 nm The ruby rod consists of a
crystal of aluminium oxide Al,O5 1n which some of the AI** 1ons were replaced by
Cr’" 10ns The lasing medium was pumped by a Xenon flash-lamp A Pockels cell
combined with a polarizer was used to provide Q-switching The Pockels cell 1s

normally biased to prevent lasing and the high voltage 1s removed to allow for an

intense pulse to be generated
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Ruby crystal
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Output murror} He Ne ahgnment laser
v /4
/4
A
Rear mirror
Stack of plates polanzer
Figure 2-6 Schematic of the JK Lasers™ ruby laser

29  Spectron Laser Systems™ Nd YAG lasers

The laser used in the imitial experiments was a Spectron Laser Systems™, Q-
switched Nd YAG SL803 laser featuring a two stage oscillator / amplifier
configuration This system yielded an output pulse energy of ~ 690 mJ i ~ 15 ns @
1064 0 nm and was used for producing the continuum plasma Also used was a Q-
switched Nd YAG SLA0O4 laser which did not have an amplifier stage This laser
was predominantly used for the production of the absorbing target plasma and had an
output pulse energy which was measured to be ~ 170 mJ with a pulse duration of 15
ns @ 1064 nm
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Amphfier chain
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Front dichroic murror
Figure 2-7 Schematic of the Spectron Laser Systems™ Nd YAG lasers (

SL803 and SL404 )

The lasing medium consists of a rod of crystalline yttrium-aluminium-garnate
( YAG, Y, ALs Oy, ) doped with neodymium ( Nd** ) 1ons The crystal 1s pumped to
a state of population mversion by a flash-lamp close coupled 1n a diffusion cavity A
Pockels cell / polarizer combmation 1s used to inhibit normal lasing action until a Q-
switch trigger pulse 1s recerved This can be either internally or externally triggered
A Stanford pulse delay generator with 5 — 15 V step-up switches 1s used to fire all
flashlamps and Pockels cells in synchronisation for laser pulse timing on a

nanosecond tirmescale
210 Target chamber and vacuum system

For the study of electromagnetic radiation at wavelengths, less than 200 nm 1t

becomes necessary to work under vacuum conditions due to the significant
attenuation of radiation by atmospheric gases The spectral region A < 200 nm 18
generally referred to as the vacuum ultra violet ( VUV ) Below A =0 2 nm the
atmosphere becomes transparent again and therefore wavelengths of about 0 2 nm
can therefore be regarded as the lower wavelength limit of the VUV One can further
divide this spectral range 1nto sub regions depending on the type of spectrometer
required For example, the region between about 30 nm and 200 nm has been termed

the normal incidence region, and the region between about 3 nm and 30 nm 1s quite
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often 1efeired to as the grazing incidence region It must be stressed that no formal

definitions of spectral ranges in the VUV exist and the regions do overlap somewhat

Position of CEMA / PDA detection combination
Connected by 1 meter fexible vacuumcoupling

75°

75°

Grating curvature

Rowland circle

Position ofback continuumsource
Position offront target

Position of GCA m holder

Figure 2-8

Salam

35 0mm
170 O m

332 0mm

Entrance shl of spectromefer

Front plasma laser DLP only g 00
Continuumplasma laser

dimensions between optical components

2.101 Vacuum pumps

Acton | meter spectrometer

400 500mm

Schematic of direct coupled spectrometer arrangement showing main

A number of vacuum pumps were used throughout the experiments to pump

the spectiometer and target chambers The target chamber was pumped using a turbo

mechanical and rotary pump combination The spectrometer was pumped using a

turbo mechanical pump, with the 1on pump taking over once a pressure of 10° mBar

was reached A full schematic of the vacuum arrangement used 1s shown m Figure

2-9
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Manual vent Perkin Elmer
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Foreline valve Penning Turbo pump TPH240

Foreline trap

Rotary pump C) Foreline trap
Exhaust line \

Gauge _M

Solonoid valve

Foreline valve

Pirant gauge

Rotary pump

Figure 2-9 Schematic of vacuum system showing set-up used with direct

connection of target chamber to spectrometer chamber

Typical operating pressures were 9 7 * 10" mBar mn the spectrometer
chamber and 7 * 10® mBar in the target chamber The pressure differential between
the spectrometer and target chamber was primarily across the GCA It 1s possible to
increase this differential pressure e g for gaseous absorption studies, of up to ~ 10
for steady state and higher for small periods of time ( 1e less than ~ 3 mins ) Ifa
CEMA based mtensifier 1s bemng used 1t 1s important that the pressure m the
spectrometer 1s never allowed to mcrease beyond 2 * 10°® mBar With the use of the
back thinned CCD no himitation 15 tmposed but the pumps require a minimum of 10°
mBar at the nlet ports for correct operation and to prevent back streaming of o1l

from the rotary pumps
2.10.2 Vacuum component design

The target chamber consisted of an aluminium cube of edge 126 mm with

each face drilled to provide holes of 68 mm in diameter This resulted in a chamber
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with vacuum connections on all six sides The target chamber was supported by an
in-house constructed base facilitating attachment of the TPHO60 turbo pump and
pressure gauges The entrance window consisted of a 6 mm thick BK7 glass plate
held 1n place by a collar with a o-ring seal between the plate and the target chamber
A dual target holder flange suitable for connection to the target chamber was
designed and constructed ( see figure 2-12 ) The flange allows translational ( both
across the optic axis and vertically ) as well as rotational movements of the target
holder The vacuum seal on each of the target holder bars was made through the use
of a Wilson seal This resulted 1n a target chamber which was vacuum compatible
with the spectrometer with or without the GCA 1n place A GCA holder was
designed and built ( see figure 2-11 ) which allowed the GCA to be both rotated and
positioned close to the target chamber The holder mncorporated a mask which
allowed an unused section of the GCA to be rotated into place when plasma debris

built up The holder was 50 mm 1 length and facilitated connection to 40 KF flanges

at either end

In order to couple the back thinned CCD camera to the spectrometer an
itermediate flange was constructed This was constructed from alummium and had
an o-ring seal on one face The thickness of this flange was machined to 57 mm so
that the focal plane of the spectrometer would be coincident with the front face of the
detector Replacement flanges for the spectrometer were constructed whrch allowed
the attachment of a pressure gauge close to the spectrometer’s chamber and
incorporation of a window which made 1t possible to view the grating The ability to
view the alignment HeNe laser footprint on the grating with the system under

vacuum proved crucial m the alignment of the system

58



4*M4 for attaching detector

)

6*M6 for connection to spectrometer -

Spectrometer focal plane

40

0mm

152 0mm

& 2 Smm
=
s | l
[ LL -------- i =
| &
T
Lo
570mm_
64 Omm

Figure 2-10  Schemanc of adapter flange for use with Andor Technology™
InstaSpec IV back thinned CCD Dotted line indicates spectrometer’s focal plane
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Figure 2-11  Schematic of GCA holder
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Figure 2-12  Schematic of target
holder flange showing the two target
holders Centre to centre spacing
between target holders 47 mm.
Maximum movement possible in x-axis
direction 15 mm. Hole size for
continuum target 30 * 22 mm Hole
size for absorber target or spatial st/

aperture 30 * 20 mm.
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Figure 2-13  Schematic of CEMA / PDA detector arrangement [ Doyle, 1995 ]



Chapter 3  Results and discusston.

Experiments carried out with the use the Acton™ normal incidence VUV
spectrometer are described here Various system configurations and detectors were
used during these experiments and are highlighted at the begmning of each relevant
section The results include emission studies of plasmas with line or continuum
dommated spectra, VUV photoabsorption by helium gas, and also photoabsorption
studies with the dual laser plasma ( DLP ) technique The chapter concludes with

results on spatially resolved YBCO ( YBa;CusO7 5 ) plasma VUV emission

31 Line domunated laser plasma spectra carbon and berylhum oxide

Lme dominated spectra are useful for characterising a spectrometer
mstrument 1n terms of wavelength calibration, resolution, sensitivity and dynamic
1ange In addition they are useful in plasma diagnostics, e g to estimate peak plasma
temperature by observing the peak 10n stage present in the spectrum If the
wavelength resolution 1s such that spectral lines display their true line width (1e
mstrument function width 1s much less than typical plasma line width ) then
estimates of the electron densities can also be made Line dominated plasmas also

serve to optimize detector alignment and focusing
3.11 Carbon ennssion spectra

Carbon 1s an ideal reference spectrum for use in the VUV region It has
strong discrete features, which can have narrow hne widths under appropriate plasma
conditions and which can make 1t possible to estimate the system wavelength
resolution Most lines of the CI to CVI spectra have been classified [ Kelly, 1987 and
NSRDS-NBS 60 ] and hence accurate estimates of the plasma 1on stages present and
also some plasma parameters (e g electron temperature ) can be made Because the
known lines extend well into the UV and VUV spectral regions this allows estimates
of the degree of order overlapping present and combned grating and detector
efficiency over the wavelength range to be made Figures 3-1 and 3-2 show the
observed multiple laser shot ( corresponding to the accumulation of ten spectra from

ten successive laser shots ) emission spectrum of a polyethylene laser produced
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plasma with both the Andor™ back thinned directly illuminated CCD and the
Galileo™ CEMA/ EG&G™ PDA detectors*. Both spectra show strong line
dominated emission with very little underlying continuum. In the case of the CEMA
| PDA detector the width of the narrowest spectral lines observed as measured at full
width half maximum (FWHM yis 6 to 7 pixels ¢linear dispersion :0.o21 nm
pixel'L), while with the improved spatial resolution with the back thinned CCD

means that the same spectral lines are much narrower at about 2 to s pixels ( linear
dispersion :0.022 nm pixel'1).

From a comparison of figure 3-1 and -2, it can be seen that the relative
intensities of the emission lines are different for the two detector arrangements. This
can be attributed to different plasma conditions such as on target irradiance and
position of the plasma relative to the spectrometer’s optical axis as well as
differences in detector efficiency. The CEMA / PDA polyethylene emission
spectrum of figure s-1 shows improved signal at wavelengths greater than about 120
nm than that obtained with the use of the back thinned CCD detector.

f All wavelen %ths mentioned are actual calibrated values unless otherwise indicated. The

spectrometer'S dial Was found to be - 5.9 nm ( approximately constant over the 30 to 325 nm range)
|ower than actual centre wavelength.
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Figure 3-1  Single shot polyethylene ( CHg) plasma emission spectrum
observed with the Acton™ [ metre normal incidence spectrometer in the spectral
range 20 to 220 nm A Galileo™ CEMA based intensifier with an EG&G™ PDA
detector was used to record the spectral signal The spectrometer shit width was
setat 50 yom Laser Ruby~1J, 25— 35ns

( FWHM ) @ 694 3 nm
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Figure 3-2.  Single shot polyethylene ( C*Hs) plasma emission spectrum ohserved
with the Acton™ 1 metre normal incidence spectrometer in the spectral range 20 to
220 nm. An Andor Technology™ back thinned CCD was use to record the spectral
signal. The spectrometer slit width set at 50 pm. Laser : Ruby ~ 1Jt25- 35ns (
FWHM) @ 694.3 nm.



3.1.2 Berylbhum oxide emussion spectra

The laser produced plasma emission from beryllium oxide 1s dommated by
intense oxygen lines in the normal mcidence VUV region kThe near complete
absence of beryllum spectral lines in this region makes this material 1deal for
observing the pure oxygen spectrum As a surface contaminant, oxygen lines are
usually present mn spectra of most metal plasmas, especially for the first few laser
shots and the ability to identify these impurity lines in subsequent recorded spectra 1s
important The single shot sensitivity of the PDA / CEMA detector arrangement for
the study of emission spectra 1n the wavelength range 30 to 220 nm 1s clearly seen
figure 3-3 where the spectral signal 1s well above the underlying noise Most of the
lines were 1dentified using reference tables [ Kelly, 1987 and NSRDS-NBS 60 ] and
correspond to transitions 1n 1on stages from O* to O* Second order lines begin to
dominate the spectrum at wavelengths greater than ~ 100 nin while third order lines
begin to dominate at wavelengths greater than ~ 150 nm There are a sigmificant
number of lines which could not be identified despite attempts at matching with
transitions in lower 1on stages of beryllium or the impurity element of carbon Their

origin remains an open question

The oxygen emission spectrum 1s such that most of the observed spectral
lines are the result of a number of close lying transitions which are not resolved in
first order with the instrument used However some of the more intense lines are seen
up to fourth order and the mcreased resolution results 1n some of the components of
such lines being resolved

/

The order overlapping present in spectra recorded on the Acton™ instrument
1s also lustrated in figure 3-3 The poor efficiency of the grating at wavelengths
below about 48 nm means that second order hight 1s only significant at wavelengths
greater than approximately 95 nm and third order hight greater than approximately
170 nm The decrease 1n efficiency of the grating at wavelengths greater than 100 nm
and the decrease 1n intensity of the plasma emission results in very few first order

lines observable at wavelengths greater than 95 nm
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Figure 3-3.  Single shot beryllium oxide emission spectrum observed with the
Acton™ 1.0 metre normal incidence spectrometer in the spectral range 20 to 220
nm. A Galileo™ CEMA intensifier withan EG&G™ PDA readout was used to

record the spectral signal. The spectrometer slit width was set at 50 pm. Laser:

Nd: YAG, ~690mJ, 15-25ns (FWHM) @ 1064 nm.



32  Continuum domnated laser plasma spectra samarium and tungsten

The continuum-dominated emission from high atomic number targets has
already been discussed 1n terms of importance i photoabsorption studies and other
applications such as photoelectron spectroscopy and VUV reflectivity measurements
The common requirement of these applhications 1s not so much a ‘line free’ but more
a reproducible continuum Studies on the extent of the continuum observable with
the Acton™ VM-521 spectrometer as well as structure, flux and reproducibility are

discussed 1n the following sections

321 Samanum continua dominated erssion spectra

A samarium ( Sm, Z = 62 ) plasma, formed using a cylindrical shaped target
with diameter 6 mm was used for continuum generation in most of the experiments
described here Samarium 1s a lanthanide group metal which has a silvery-white
appearance It 1s relatively stable in air but oxidises on contact with moisture It is
quoted as been harmful and noxious and hence may involve limited heath risk if

mngested or if 1t penetrates the skin

Laser produced samarium plasmas generally exhibit line free continuum
emission over the range 4 to 200 nm with weak line emission superimposed on the
continuum mainly around 125 nm This means 1t 1s an 1deal backlight for use in
normal incidence VUV absorption experiments It was also chosen for these
experiments because 1n the spectral region of interest for resonant absorption by
helum gas ( ~ 50 4 nm ) the intensity of the samarium plasma emission has a

maximum within the normal incidence wavelength range [ Carroll et al, 1983 ]

A full scan of the samarum spectrum throughout the range of the Acton™
VM 521 spectrometer was performed using the Andor™ back-thinned CCD detector
The output from the back-thinned CCD reached 2 5 * 10* counts @ 45 nm for the
accumulation of 10 shots with the spectrometer st width set at S0 ym,

corresponding to 2 5 * 10 counts pixel * per laser shot or ~ 13 % of pixel saturation
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Figure 3-4  Schematic spectrum of samarium showing the calculated approximate

position of the strongest transition arrays [ O’Sullivan, 1983 ]
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Figure 3-5  Samarium continuum emission observed by the Acton™ VM 521
normal incidence spectrometer in the range 20 to 220 nm. An Andor Technology™
back thinned CCD was use to record the spectral signal The spectrometer slit width

was set at 50 um. Laser Ruby ~1J,25-35ns( FWHM ) @ 694 3 nm.
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322 Tungsten continuum dominated emission spectra.

The XUV continuum from a laser produced tungsten plasma 1s ideal for use
in photoabsorption experiments as 1t has a reproducible and reasonable ‘line free’
structure In the longer wavelength normal incidence VUV region the number of
discrete lines present increases and arise from transitions within lower 10n stages of
the tungsten plasma as well as impurities present such as oxygen Although the
presence of these lines can degrade the quality of photoabsorption measurements
taken with such continua 1n practice the overall structure 1s reproducible Hence 1t
tends not to affect transmission ( //7p ) measurements Although samarium has less
visible line structure superimposed on the underlying continuum and the overall
intensity 1s greater in the normal incidence VUV region, samarium 1s a softer
material and therefore the position of the target must be changed more frequently
than that of tungsten Also the fact that the samarium target used 1n the experiments
described here was of a cast form and hence was not perfectly cylindrical, when both

targets are rotated to provide a fresh surface the tungsten target will deviate less from

1t’s previous position
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Figure 3-6  Tungsten continuum emussion as observed by the Acton™ VM 521
normal incidence spectrometer in the range 20 to 220 nm. A Galileo™ CEMA based
intensifier with an EG&G™ PDA detector was used to record the spectral signal
Spectrometer slit width set at 50 um Continuum plasma excitation laser Nd YAG

~690mJ, 15-25ns ( FWHM ) @ 1064 nm

3.21 Accuracy and precision of mechanical movement of grating

In order to quantify the reproducibility of the wavelength scanning
mechamsm for the Acton™ VM 521 spectrometer a series of spectra were recorded
over the range 30 to 200 nm 1n steps of 15 nm wath the grating moved over the full
range 1n between scans Inspection of the pixel position of spectral lines showed that
theie weie no relative peak shifts thus indicating that the scanning mechanism was
indeed reproducible to within the pixel dimension of 25 pm  Also imtialising the
stepper motor drive (1e turning the drive off and on ) had no effect on the pixel
positions over the entire range Although manual movement of the scanning
mechanism to zero order ( dial position ~ 9933 ) resulted 1n a shft 1n the pixel

position of a number of lines by one pixel, this shift was not observed with all lines
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and therefore 1s more likely to do with changes in line structure and profile due to

source fluctuations

This shaft of less than a single pixel ( ~ 0 02 nm ) confirms the reproducibility
quoted by Acton™ of 0 005 nm The dial reading no longer determines the centre
wavelength position accurately and there 1s an offset which varies slightly over the
complete range of the instrument Although the equations governing the motion of
the giating ( equation 2-10 and 2-11 ) result in a non linear rotation, the mechanical
movement consisted of a sine drive which translates the cam driven stage linearly In
the range 20 to 220 nm the offset was measured to be 5 899 + 0022 nm It 1s
therefore noted that so long as the detector arrangement 1s not interfered with,
calibration spectra need only be taken once The removal and replacement of the

PDA detector can result 1n an offset of the centre pixel up to ~ 40 pixels

The Gahleo™ CEMA / EG&G PDA detector arrangement displayed over a
small region at the lower wavelength end of the spectra with depressed pixel counts,
indicating that a portion of the detector was shadowed This region extended for
approximately 40 pixels from the edge of the detector and was more evident when
photoabsorption measurements were taken where the calculation of the relative
photoabsorption cross section yielded a high value within this region As the
recorded spectra are usually taken with an overlapped wavelength coverage of

~ 50 % or so, these shadowed pixels may be simply 1gnored

7



20 40 60 80 100 120 140 160 180 200 220
Dial centre wavelength (nm ),

Figure 3-7.  Graph ofcentre wavelength as readfrom stepper motor dial versus
actual wavelength calibrated with the use ofberyllium emission spectra in the

wavelength range 25 to 200 nm.

As can be seen from the graph the actual wavelength is 5.9 nm longer than that of the
dial reading.

3.2.2 Wavelength resolution comparisons between the two detectors.

In figure 3-8 the emission spectrum of a polyethylene plasma is shown in the
limited wavelength range for both detectors where the improvement in wavelength
resolution achievable by the Andor™ back thinned CCD is clearly seen. The vast
majority of spectral lines recorded by the Andor™ back thinned CCD are at most 3
to 4 pixels inwidth (FWHM) whereas with the Galileo™ CEMA / EG&G PDA the
spectral lings are at most & to 7 pixels in width. The wavelength resolution of either
detector is not sufficient to resolve the spectral lines to their natural widths. This is
confirmed by comparing second and third order lines to their first order counter parts
where no increase measured line width is visible.
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Figure 3-8 Single shot polyethylene ( C4Hg ) plasma emission spectra observed
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with the Acton™ 1 metre normal incidence spectrometer using both ( upper two
rows ) an Andor™ back thinned CCD and ( lower two rows ) a Galileo™ CEMA /
EG&G™ PDA detector Proceeding from left to nght the same region 1s displayed 1n

first, second and third order
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3.2.3 Quantum efficiency and dynamic range comparisons hetween the two
detectors.

The efficiency of the grating with respect to wavelength has not been
investigated as thiswould require a calibrated source at lesst of known relative
intesity. Therefore any discussion of the quantum efficiency of the detectors must
include a discussion on both the efficiency of the grating as well as radiance of the
source. The detected spectra from a goecific detector arrangement, Detected(h) walll be
a fuction of the soectral radiance of the leser plasma source, u>Psource(X), the
efficiency of the grating, GGrating efficiency”), depending on both the reflectance of tre
coating as well as blazed wavelength and thet of the detector,

"Detector qaniumefficiency(X). In addition a geametric factor, F GeometricfactoriA), aO00Unting
for the entrance gotics of the spectrareter, position and shape of tre plasma source B
also presait.

| Detected tt) = / LPP _source (A)™ Grating _effciency (A)

* *
M Detetor _quantum _efficiency (17) f Geometric _factor M [E39]

It sevident from emission Seectra that the efficiecy of the grating
determines 1o a sighificant degree the overall shape of the continua and relative
heights of lires. The shortwavelength falloff in efficiency s rgpid whille the loger
wavelength smore gredlal. The plasma Intasity, | 1pp source, tends 1 peak at Sorter
wavelengths and compounds this difficulty In determining the efficiency cunve of the
gratirg. With most of the lire and continuum dominated emission spectra the peak
ocounts are adbserved to be at~ 60 nm. The relative stragth of the soectral lires of
polyethylene, aluminium and berylliun oxide insecond order tend o be as Intese as
treir first order counterparts principally around ~ 80 nm. This suggests thet the blaze
wavelength of the grating within the Acton™ spectrometer s indeed 80 nm In
agreement with the Acton™ geecrficatias.

The quantum efficiency of the two detectors also hes an effect on the
observed counts for both the continuum and lire dominated emission gectra. The
Galileo™ CEMA intasifier with the Mg F 2 coating has a quoted quantum efficiency
of 10 % when detecting normal incidence VUV photons (X < 1800 nm ). it salso

A



evident that the quantum efficiency of the back thinned CCD falls off at lower
wavelengths than the CEMA / PDA detector combination The back thinned CCD

displays lgher dynamic range and lower noise

Generally speaking, the description of the system sensitivity 1s rather crude
because many of the factors involved, such as gain and efficiency of the detection
device, are strong functions of other parameters Since the gains of both the MCP
and of the phosphor screen are steep functions of applied voltage, and the CCD dark
noase also depends on operating temperature, the estimate of the sensitivity 1s more

qualitative than quantitative

3.24 Reproducibihty of continuum emission from rare earth plasmas

In figure 3-10 the effect of a large number of shots has on the average
intensity of the tungsten plasma continuum at a centre dial wavelength of 30, 40, 50,
60 and 70 nm wath and without a 525 ym spatial resolving slit mntroduced 35 mm
from the source 1s shown Once the position of the tungsten plasma has been
optimized the average counts are seen to gradually increase over several hundred
shots and then gradually decrease The centre of the plateau for each wavelength 1s
observed to tend towards more shgts with increasing wavelength Although the
number of data ponts 1s imited, the inclusion of the spatially resolving slit has the
effect of reducmg the slope at which the average counts mcrease at, while not

severely effecting the overall intensity
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Figure 3-8  Reproducibility of continuum dominated emission spectra of a
tungsten plasma generated witha Nd YAG laser, ~ 690 mJ, 15 to 25 ns ( FWHM )
@ 1064 nm Number of laser shots averaged for each recorded spectrum 10 Black
lmes represent data collected without a secondary slit present Red lines represent

data collected with a secondary siit present

These observations can be justified by considering the extent of the
emutting plasma and the fact that as the focused laser forms a crater increasing in
depth with each subsequent laser shot Initially the crater 1s likely to confine the
plasma keeping 1t hot and hence bright However as the crater deepens the hot
plasma core becomes increasingly occluded and the detector signal starts to drop
The secondary sht reduces the amount of scattered light entering the spectrometer

system and also reduces the sensitivity of the system to fluctuations in source size
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33  Helium photoabsorption measurements.

These experiments were carried out with the use of the Andor™ back-thinned
CCD and with the target chamber directly attached to the spectrometer entrance slit
assembly The GCA was positioned a distance of 170 mm from the target source and
360 mm from the entrance slit The total absorption path length defined by the GCA
to plasma source had dimensions of 170 mm A full schematic of the experimental
arrangement 1s shown 1n figure 3-12 The spectrometer entrance slit width was set at

50 um throughout the experiments

The target chamber was connected to the region between the GCA and
entrance sht via a 40 KF flexible coupling A 40 KF gate valve was inserted in this
line to enable 1solation of the chamber from this region when leaking helium gas into
the target chamber This allowed the small amount of helium gas that leaked through
the GCA during an absorption experiment to be pumped out between expertments
Also, 1t was important not to disturb the alignment of the GCA when the target
chamber was vented This was only possible if there was no pressure difference on
either side of the GCA and was achieved by opening the 40 KF value The
spectiometer was pumped using a Balzers™ TPH240 turbo mechanical pump and

the pressure was relatively stable at 3 5 * 10> mBar throughout the experiments

The laser used to generate the back light contmuum source was a JK Lasers™
Ruby laser operating in Q-switched mode It generated a pulse with a duration of
~ 30 ns ( FWHM ) at a wavelength of 694 3 nm with an energy of ~ 1 J per pulse
The laser was tightly focused via a plano-convex lens ( focal length 105 0 mm,
drameter 22 mm ) to an estimated spot size of ~ 150 pm 1n diameter, thus achieving

a power density of ~ 3 * 10" W cm 2

Helium 1s a much-used gas for absorption measurements It has well known
cross sections 1 the VUV region of the spectrum This makes 1t ideal for
characterising a VUV spectrometer instrument Helium exhibats strong absorption
( with a relatively small absorbing column length ) by the 1s2('S) - Lsnp ( p)y
Rydberg series before the absorption K edge at 50 43 nm
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Samarium was chosen for its relatively ‘line free’ contmuum emission 1n this
region as well as the fact that it 1s substantially brighter than tungsten in this mited
region In addition, samarium displays an average counts profile which has its broad
peak 1n the 40 to 60 nm region Although samarium 1s not completely ‘line free’ in
the VUV, the spectrum below ~ 100 nm 1s composed of broad structures which are
very reproducible with suitable experimental conditions A measure of the
1eproducibility of the intensity of the contmuum emitting plasma was made by both
monitoring the resulting spectrum as well as observation of the average counts of the

detector 1n successive recorded spectra without the absorbing gas present

The position of the continuum emitting samarium plasma was optumized by
maximising the average counts of the entire PDA detector array while adjusting the
target position holder ( translation across the optic axis, x ) and focusing lens
assembly ( three degrees of freedom, x, y and z ) The output energy of the laser used
to generate the continuum emitting plasma depended both on repetition rate as well
as delay between experimental runs and so the continuum emission also displayed
poor reproducibility Figure 3-9 displays a number of the recorded continua
Although the shape of the continuum was similar with each shot the intensity varied
over a range approximately ~ 20 % Despite attempts at making the contmuum
emission more reproducible by incorporating a shit between source and spectrometer
and also maintaining the delay between experimental runs constant the
teproducibility was not improved significantly Wavelength calibration was
performed using the emission spectrum from a polyethylene plasma m a cylindrical
rod form This resulted 1n an emission spectrum with well identifiable carbon

emission hines across the entire detector plane
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Figure 3-9.  (upperplot) Reproducibility ofcontinuum dominated emission
spectra ofa rare earth ,samarium (Z = 62), plasmafor sum often laser shots at the
center wavelength 052 nm used in the helium photoabsorption experiments. All of
the spectra are within ~ 20 % ofthe average counts ( lowerplot) ratio ofrecorded
spectra indicating good reproducibility offeatures. Laser used: Ruby,~ 1J, 25 to
35ns (FWHM) @ 694.3 nm.

Helium gas was taken directly from the laboratory piped supply with a quoted
purity 0f 99.993 %. A precision leak valve was used to vary the flow of helium into
the target chamber. The target chamber was pumped continuously throughout the
experiments using the Balzers™ TPH040 turbo mechanical pump. A relatively stable
helium pressure throughout each experiment was achieved by adjusting the leak
valve. The range of pressure for each experiment was recorded. Although a small
volume of gas leaked through the GCA to the spectrometer side ofthe GCA, it was
found that the amount of helium was so small that it resulted in negligible additional
absorption. Therefore the length of the helium absorbing path was well defined as the
distance from the continuum plasma source and the face ofthe GCA.
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Figure 3-10  (‘a) Continuum emission from a samarium plasma, ( b ) absorption of
the continuum emission by helium gas and ( ¢ ) relative photoabsorption cross
section in the wavelength range around the K absorption edge at 50 43 nm
correspondmg to direct photoronization at the 15° S it ( Residual helrum gas
pressure 14 * 10" mBar, column length 170 mm ) The features circled are the

result of changes in backlight emission
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The dramatic K absorption edge at 50 43 nm 1s clearly seen 1n both first and
second otder 1n figure 3-11 (a) and (b) In first order ( Acenwe = 52 nm ), the
reciprocal linear dispersion 1s ~ 0 022 nm pixel ! at the detector plane and therefore
the observed range 1s from ~ 41 O nm to ~ 63 3 nm The helium photoabsorption
lines observed are 1s>'S — 1snp 'P® wheren = 2 to 8 In second order the reciprocal
limear dispersion 1s ~ 0 011 nm pixel ' and therefore the observed range 1s from ~
46 9 nm to ~ 57 1 nm The helsm photoabsorption lines observed are 1s*'S — Lsnp

PO wheren=31t09
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Figure 3-11.  (Leftimage) Image showingfull vertical binned image ofhelium
photoahsorption, | with the use ofa samarium laser producedplasma backlight
infirst order 41.8 to 62.2 nmand ( right image ) in second order 93.8 to 114.2
nm. Parameters : Absorbing length : 170 mm., Residual helium gaspressure : 2.0
-2.7 mBar infirst order, 2.7 - 3.0 mBar in second order. Absorption lines
observedn = 2 to 8 in first order andn = 3 to 9 insecond order.



By calculating the number density of the residual gas species, cross section
measurements can be performed on photoabsorption data This allows valuable
information of system performance to be collected specifically on effects such as
multi-order and scattered light contributions as well as wavelength resolution of the

entire spectrometer and detection system

The absolute cross section ¢ of a particular species 1s defined by the

following expression,

Ln(ITO]z onl [E3-3]

where o ( m? ) 1s the absolute photoabsorption cross section, n 18 the number
density of the absorbing species and / ( m ) 1s the column length of the absorbing

species The number density can be calculated from the following expression,

PV =nRT [E3-5]

where P ( Pa ) 1s the absolute pressure, V (m 3 ) 1s volume of the vacuum chamber
containing the gas ( estimated to be ~3 5 * 10° m3 ), n 1s the number of moles, R 1s
molar gas constant ( 8 314 TK ! ) and T (K ) 1s the absolute temperature of the gas
The cross section should not vary as residual gas pressure changes, indicating a
linear relationship between In(I/1) and the column length Figure 3-12 shows the
calculated cross section versus the residual helium pressure at a number of different

wavelengths after the K absorption edge
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Figure 3-12.  Experimentally calculated relative photoabsorption cross section of
helium after K absorption edge versus residual helium gas pressure.

From figure 3-12 it is evident that the slope of the relative photoabsorption
cross section, In(lofl), versus pressure is only linear for a limited portion of the graph.
The non-linearity of the graph at relatively high helium gas pressures indicates that
the absorption saturates hefore complete absorbed signal decreases to zero. The
saturation should be insensitive to poor detector resolution and is more dependent on
both stray light and detector noise. The poor reproducibility of the backlight emission
results in discrete features being present in the relative photoabsorption, In(lofl) plots
and a significant offset in baseline signal level.

The principal series running up to the K edge is seen to be largely
independent of pressure indicating that the vast majority of data obtained was indeed
saturated. The lines do not increase in absorption or increase in width for increasing
pressure. Any measurement on the relative photoahsorption cross section for the
series is therefore not possible. Stray light, detector resolution and detector noise are
all thought to play a part in the saturated Signal, stray light in the form of multiple
order light present and also scattered light within the spectrometer system will reduce
the saturation limit in photoabsorption experiments. The resolution of the detector



used to record the dispersed spectrum also effects the saturation hmit As the gas
pressure increases, the relative photoabsorption cross section of the principal series
does not increase substantially indicating that these features saturate at lower residual

gas pressures

The blaze of the grating used 1n the Acton™ spectrometer 1s such that it
exhibits a significant drop 1n efficiency at wavelengths greater than ~ 120 nm
Considering that 1t 1s blazed at 80 nm and that second order helum photoabsorption
results display strong absorption, 1t 1s clear that the underlying continuum 1s truly
weak at ~ 100 nm and the observed spectrum 1s principally second order This 1s

lustrated well 1n figure 3-12 ( b) where the K edge and Rydberg series are clearly

seen 1n second order

In addition, 1t 1s noted that the non-zero step in the second order spectra 18
due to residual first order hight at ~ 100 nm passing through the gas with only a small
amount of residual absorption The contribution of second order contmmuum light at
~ 100 nm 15 estimated to be ~ 62 % and therefore the weak first order contmuum

signal prevents photoabsorption studies at wavelengths much greater than ~ 100 nm

Also 1t 15 observed that the width of the photoabsorption lines do not change
with increasing residual gas pressure or become any more resolved in second order
where the hinear dispersion s effectively doubled This observation suggests that the

photoabsorption features are truly narrow m width and 1t 1s not possible to resolve

them

Also the importance of the effect of saturation of photoabsorption
measurements 1s clearly 1llustrated 1n figure 3-11 where the data pomnts on the
expernimentally extracted photoabsorption cross section deviate from a linear
relationship with mcreasing residual gas pressure This 1s due to a number of effects
such as stray hght, presence of multi-order light, detector spatial resolution and

detector dynamic range
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34  Duallaser plasma barium Sp photoabsorption measurements

In order to characterise the suitability of the system for photoabsorption
studies using the dual laser plasma technique, measurements on the Sp
photoabsorption spectra of a bartum plasma were made This was the first time that
the dual laser plasma technique for photoabsorption was performed on the Acton™
1 meter normal incidence spectrometer at the DCU laboratory The experimental
arrangement 1s 1llustrated in figure 3-13 All measurements were made using the

Galileo™ CEMA / EG&G™ PDA detector

The lasers used to generate the conttnuum emtting plasma and absorbing
plasma were both Q - switched Nd YAG laser’s ( 15 — 25 ns FWHM @ 1064 nm )
The laser used to generate the continuum plasma had an energy of ~ 690 mJ
( Spectron™ SL.803 ) while that used to generate the absorbing plasma had an energy
of ~ 160 mJ ( Spectron™ SL.404 ) The output of the SL404 Nd YAG laser was
focused to a spot size of ~ 500 um with a plano convex lens of focal length 105 mm
and diameter 22 mm 1n order to generate an absorbing plume of principally neutral
barrum The output of the SL803 Nd YAG laser was tightly focused with a plano
convex spherical lens of focal length 100 mm and 22 mm 1n diameter to a spot size
of ~ 150 pm The burn pattern for the SL803 laser at the lens position was observed
to be symmetrical ( 10 mm diameter ) while the burn pattern for the SL.404 laser at
the target lens position was very elongated (3 * 10 mm? ) due to poor internal
ahgnment of the laser Subsequent investigation showed damage to an output coupler

in the SL404 to be responsible for poor beam quality
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Barum 1s an alkaline earth metal having an atomic weight of 56 It has a
suvery-white appearance and oxidises readily i arr The VUV photoabsorption
spectra of atomic and 1onic barium have been investigated in work done by Kent ez al
[ 1987 ] and also by Lucatorto and Mcllrath [ 1980 ] amongst others It has been
found that the 5p photoabsorption spectra of barium and its 10ns display a rich
variety of lines Some important physical processes have been first seen m barum
e g double 1omsation anomaly [ Brehm and Hofler, 1975 ] It also 1s important for
the reason that the compound YBCO ( YBa;Cu307 5) 1s actively being mvestigated
as a hugh temperature super conducting material It 1s also worth noting that the laser
plasma ablation technique has proved itself 1deal in producing thin films of such

compounds

Barum possesses a closed outermost sub shell and therefore 1ts
photoabsorption spectrum should be relatively simple Instead of what should be a
simple Rydberg series converging on just two series limits accordmg to the one
electron excitation scheme, 5p°6s® 'So — 5p°6s? *Py12 3 ns, nd the 5p spectrum of
Ba I'1s found to consist of 14 series converging on 12 himits [ Lucatorto and Mcllrath,
1980 ], [ Kent er al, 1987 ] The Sp photoabsorption spectrum of atomic barum 1s
therefore one of the richest inner shell excitation systems The large nuinber of extra
series encountered 1n the barium spectrum can be pictured as a ‘shattering’ of the 6s°
sub shell by 5p excitation [ Connerade, 1978 ] In effect 6s%, 5d6s and 5d>
configurations he close in energy and exhibit significant configuration mixing
allowing photoexcitation to 5p°6s2nl, 5p°6s5dnl and 5p°5d°nl series from the 5p°6s
('S ) ground state The corresponding Ba* 10n-core yields the 12 observed hmuts
[ Rose et al, 1978 ]
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Figure 3-14.  The 5p sub shell photoabsorption spectrum ofBa I showing how the
ordering into Rydberg series is accomplished [ Rose et al,1978 ]. The range extends
from approximately 48 to 79 nm

In the experiments discussed here, the barium plasma producing laser was
defocused and the barium plasma itself was positioned a distance from the optical
axis in order to optimize the barium atomic population in the absorbing plasma
plume. The wavelength range studied was between 48 and ss nm and allowed for all
of the series limits of the 5p photoabsorption spectrum to be observed within one
wavelength setting of the grating,

|t was found that the front plasma emission, Ifrontplasma, was of sufficient
intensity that it needed to be subtracted from the absorption spectrum signal before
the relative photoabsorption cross-sections could be derived. In order to reduce the
collection of front plasma emission the barium planar target was rotated to make an
angle of ~ 5 ° with the optic axis of the spectrometer. In this way it was possible to



partially occlude the hot ( VUV emitting ) core of the barium plasma. The absorption
coefficient is given in general by the expression,

(e OOTO® X [E34A ]
( ) P /(A)'/front-plasma A-7,(A

where the spectrum of the background continuum source, lo(X), and the absorption
spectrum, 1(X), are corrected by the contributions from stray light, Iso(X), during the
measurement of o, 15(X) from hoth plasmas during the measurement of 7@ and for
the emission, Ifitni-piasme(X), from the absorbing plasma. The contribution of stray
light, presence of higher order light and light entering the spectrometer without
passing through the absorbing plasma all result in an additional *haseline’ signal on
the detector video out signal. Hence, features in photoabsorption measurements will
saturate before complete absorption. Stray light was not calculated but assumed to he
negligible as the spectrometer had a number of baffles and the illuminated width of
the grating was significantly smaller than the actual width due to the aperture defined
by the GCA. Due to the poor grating efficiency below ~ 30 nm, no significant second
order light is expected in the 30 to 60 nm spectral range of interest here,

A small rectangular section of barium ( approximately 4(w) *e(h) * 10(1)
mm ) was cut from the cast ingot which was of spectroscopic purity. The barium
sample was clamped in place by a small c-shaped machined holder. Barium oxidises
readily when exposed to air thus forming a relatively loose barium oxide layer. This
oxide layer was cleaned while under vacuum by firing a few loosely focussed laser
pulses onto the barium target. The distance from the continuum plasma and the
absorbing plasma was approximately 32 mm along the optic axis.

The CEMA intensifier was operated with a gap voltage significantly less than
the recommended 4 kV so that the wavelength resolution achievable was degraded
somewhat. This was unavoidable as higher voltages ( greater than 2.5 kV ) led to
arcing across the gap. Although the resulting theoretical electron spot size on the
phosphor within the CEMA intensifier ( given by equation 2-10) is a factor of 12
higher than with normal operating gap potentials, it is found in practice that this is



not the limiting factor in spatial resolution of such a detector arrangement Emission
spectra of polyethylene and other line-dominated plasmas displayed no significant

hinewidth increases when using the lower gap potential ( perhaps one pixel or 5o )

The synchronization of the Q-switched lasers was achieved by the use of a
multi-channel Standford Research™ time delay generator This triggered both the
flash lamps and Pockels cells in the two Nd YAG lasers with a variable tume delay
between the Pockels cell triggers for the leading absorbing plasma generating laser
and that of the following continuum emitting plasma generating laser The TTL level
signals from the delay generator were converted to 15 V level signals suitable for the
triggering of the lasers using step-up transistor circuits The master tngger was
provided by the OMA controller and also was used for triggering storage
osciulloscopes used to monutor the laser pulse profiles, inter laser pulse delays ( with

the aid of a optical fiber and fast photodiode, e g BPX-65 ) and also the OMA video
signal ( see figure 3-13)

A pau of 45 ° Nd YAG murrors located on optical rails were used to direct
the two Nd YAG laser beams onto focussing lenses located outside the target
chamber The collected samarium plasma emission was optimized by maximizing the
observed average counts of the entire PDA detector array while adjusting the target
position holder ( translation across the optic axis, x ) and focusing lens assembly (
three degrees of freedom, x, y and z) It can be seen from figure 3-10 that the
samarum continuum has a reproducibility of ~ 2 % using a Nd YAG SL803 laser

over the restricted wavelength range 48 to 68 nm used in most of the barium

photoabsorption experiments
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Figure 3-15.  (upper plot) Continuum dominated emissionfrom a samarium
plasma produced by a Spectron™ SL803 Nd: YAG laser (~ 690 mJin 15- 25 ns
FWHM @ 1064 nm ) showing good reproducibility and lack of discrete features and

also (lower plot) ratio ofpairs of lospectra indicating good reproducibility of
features.

The barium target was moved 1Invards towards the gotiic axis of the
spectrareter untal ithegan to occlude the continuum emission which was acoepted
by the spectrareter. This point was taken to correspond to zero deviation of the
target surface from the gotiic axis of the system.  ltwas then pullled back by — 0.5 mm
(relérredtoasAX) and a series of photoabsorption spectrawere taken for various
time celays.



In figure 3-16 ( a ) the continuum emission from a samarium plasma 1s
displayed 1n the region of interest for the bartum Sp photoabsorption spectrum The
conttnuum 1s essentially ‘line free” with the two strongest line features most likely to
arise from the lower 1on stages of the samarium plasma The absorption 1s displayed
in figure 3-16 (b ) for an inter laser time of 104 ns and Ax = 0 5 mm with the
absorption plasma producing laser de-focussed by 5 mm In figure 3-16 ( ¢ ) the front
plasma emussion 1s displayed with no target rotation A dark spectrum was not
subtracted from this particular data set and so the relatively large offset from zero
counts 1s not all continuum emission from the barium front plasma alone Some of
the strong emussion lines display self absorption and there 1s also signs of absorption

of the continuum emission generated by the barium plasma
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Figure 3-16 ( a ) Continuum dominated enussion from a samarium plasma in the
region of interest 48 to 68 nm, ( b ) barium absorption spectrum ( At = 104 ns and

Ax = 05 mm ), ( ¢ ) barium front plasma emission only and ( d ) relative

photoabsorption cross section
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The relative photoabsorption of bartum 1s displayed in figure 3-16 (d ) for the
experimental conditions already given above The spectrum 1s characteristic of that
produced by the absorption of predominantly neutral barum However comparing
the spectrum with that taken by Lucatorto et al, 1980 1t 1s evident that some Ba* and
Ba™ 1s also present The relatively strong photoabsorption feature ( within the region
between 51 nm to 57 in figure 3-10 (¢ ) ) at 55 548 nm corresponds to the Ba**

resonance transition of 5p° 'S — 5p°5d' 7Py,
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Figure 3-17  Photoabsorption of predominantly neutral barium in the wavelength
range 48 to 68 nm for various different inter laser ume delays The barium sample
was positioned O 5 mm back from the start of cut-off ( see text ) The continuum
plasma was produced by a Q-switched Nd YAG (~690md, 15— 25 ns FWHM @
1064 nm ) focused onto a samarium target The barium absorbing plasma was

produced by a Q-swirched Nd YAG ( ~ 160 mJ, ~ 15 ns FWHM @ 1064 nm )
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Figure 3-18 Barium photoabsorption spectra in the range 50 to 57 nm as
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recorded by Lucatorto and Mcllrath [ 1980 ] Upper spectrum Ba, nuddle spectrum,
Ba*, lower spectrum Ba** Densines and temperatures are the same for all spectra

Indicated wavelengths are in Angstroms

In figure 3-17 the time resolved spectra show the absorption of predominantly
neutral barium around the Iimats of the 5p photoabsorption The region around 56 5
nm displays the most intense relative photoabsorption cross-sections which compares
to that result of Lucatorto and Mcllrath [ 1980 ] The general features of the
absorption spectrum agree with the full absorption spectrum as taken by Connerade
etal [ 1978 ] The reduced resolution of the Acton™ VM-521 spectrometer
mstrument makes 1t difficult to compare the results directly to those of Kent et al
[ 1987 ] Atnter laser delays of ~ 70 ns the dominant 10n stage 1s observed to be
Ba®*, 5p6 1S5 5p5 2P1,25d[3/2]1, at 55 548 nm with few other absorption features
present At this early stage 1n the plasma formation the high temperature and density

tacilitates the production of Ba®*
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Figure 3-19. Graph ofrelative absorptionfor the resonance transitions ofBa2+ :
5p6 5p36d12Pif2 at 55.55 nm and neutral Ba at 57.72 and 60.48 nm versus inter

laser delay.

In figure 3-19 the relative photoabsorption aoss-section s plotted against
inter leser dellay for idntafied trarsitias. The relative photoabsorption cross-section
5seen 1 peak at~ 500 ns for nearly al the soectral Ires. The temporal resolution B
determined by the duration of the continuum enrtting plasma which sapproximately
~ 200 ns inthe normal incidence VUV region with the Spectron™ Nd :YAG leser
used in the experiment [Ryden, 1993 1

The results presented in this section sene to demonstrate the system’s ability
1o perform relative photoabsorption aross section measurements on a plasma plume
using the DLP tedmique. Use of a secondary dit between the absorbing plasma and
continuum emitting plasma would limit the extent of the source emission at tre
absorbing plasma position as collected by the spectraometer thereby improving gatial
resolutdan. The Increased sataal resolution would further improve the selection of an
individial 1on stage and also hellp to discriminate against frant plasma emission
which predoninantly from the hotter core. The experimental arrangement
faalitates temporal photoabsorption measurements to be performed on the secondary



plasma plume It must be pointed out that the duration of continuum emission from
rare earth plasmas increases with wavelength and therefore the temporal resolution
possible 1n normal incidence VUV experiments using the above arrangement are
limited to approximately 200 ns [ Rydén, 1993 ] Use of a gated MCP would of
course reduce this to the chosen gate width ( typically < 10 ns ) and would also serve

to reject a substantial amount of front plasma emission
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3.5 YBa2CusOrfiemission.

For anumber of years, YBa2Cu307s(YBCO )asahigh Tc superconductor
hes lad interest in lasar deposition tedniques for the generation thin filns of such
materials. The 1on distribudan, dansity and temperature as well as expansion \velocity
of the plume and presence of anbient oxygen atmosphere are dl thought to
determine the resulting thin film progerties [Mehlman et al, 1993 | Several
tedniques Including gotacal emission spectrosoopy [ Fried et d, 1991 and Dyer,

1990 1, absorption spectrosoopy [ Geohegan and Mashburm, 1989 1, leser induced
Fluorescence [Fried et d, 1994 ], direct imaging [Wazzan etd, 1996 and Geohegan,
1992 ] and mass spectroscopy [Wiedeman and Helvajian, 1991 ] have been used o
study the plasma paraveters folloving leser eblataon.

The aurrent section sconcermed with presenting seatsally resolved VUV
emission spectra from a leser produced YBCO plasma plure. Soatial resolution was
achieved by placing a ditofwidth 525 (im, aligned with the spectrareter ditsome
47 mm from the plasma source and 335 mm from the entrance dit (see figure 3-15 ).
As an aid to identafying soectral features inthe recorded YBCO goectra, the emission
Spectra of some of the costituat elements in tre compound, namely bariun (Ba, Z
=56 ), copper (Cu, Z = 29 )and oxygen ( inthe form of berylliun axide, BeO )
were also recorced. Yttriumwas unavai lable at the time of the experiment. Emission
spectrawere recorded using a Spectron™ SL404 Nd :YAG leser (- 163 mJ 1064
m, 15-25nsFWHM ) focused to an estimated oot size of 3 mm dianeter
resulting Inan on target irradiance of ~ 1.2 * 108W cm"2or a fluence of ~ 2.3 Jan"2.
The number of laser shots Integrated 1o produce each spectrum record was ten.

The experimental arrangement was similar to trat illustrated in figure 3-1
wirth the continuum emitting target being replaced by a sample holder which alloned
for the attachment of the YBCO [ supplied by TCD 7, barium, and copper planar
targets as well as carbon and aluminium. For recording oxygen plasma Soectraa
oylindrical berylliun oxide target was used which also had the secondary purpose of
calibrating the spectrareter. Although the laser ablation and deposition of YBCO
compounds susally done Inan oxygen rich atmosphere (100 t© 200 mTorr), the
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following results are concerned with the emission of a plasma expandmg 1nto

vacuum

The YBCO spectrum displays a continuum dominated structure with a shape
partly determined by the grating efficiency profile The observed emission lines are
mostly oxygen up to the fourth 1on stage with a small number of the discrete features
from barmum and copper present also The intense emission from barium 1s thought to
make up most of the underlying continuum signal Although not studied here, the
high atomic number target yttrium ('Y, Z = 39 ) 1s expected to produce
predomnantly continuum emission The copper emission displays a low underlying
continuum with low average counts with three visible broad features centred at
approximately 68, 75 and 85 nm A small number of oxygen emission lines are also

evident 1n the copper emission spectrum
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Figure 3-20 Enmussion spectra of YBCO sample taken with Acton™ | meter

normal incidence spectrometer in the range 20 to 220 nm without the use of a spatial
resolving pre sht A Nd YAG laser ~ 169 mJ, 15 t0 25 ns @ 1064 nm was used with
an on target wrradiance of ~ 1 2 * 1 P Wem? In addinion, shown underneath are

indidual element spectra of barium, copper and beryllium oxide taken at a tight

focus condinion.
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With no spatially resolving slit the acceptance angle of the spectrometer 1s such
that almost all the emission from the plasma 1s collected With the introduction of the
shit 1t was possible to 1solate a region of the plasma plume with dimensions of ~ 580
um 1n the horizontal plane No additional spatial resolution 1n the vertical plane 1s

obtained Figure 3-15 shows the arrangement specific to this experiment

— YBCO planar target

— Spatial resolving sht GCA Spectrometer S|
Width 525 um Pore diameter 50 um Width 50 um
Height 15 mm Pore length 3 mm Height 3 mm

Clear aperture 6 mm

4Tmm 123mm 212mm

SL404 Nd YAG 160 mJ, 15to 25 ns @ 1064 nm

Figure 3-21  Schematic of positions of the source, spatal resolving slit, GCA and

spectrometer slit used in the recording of spatially resolved emission from a laser

produced YBazCusO; plasma

In order to characterize the spatial resolution of the system with the
introduction of the pre-sht the YBCO target was temporarily replaced with a
cylindiical tungsten target The tungsten target was wradiated by ~ 690 mJ Nd YAG
using a tight focus at ~ 45 © and the resulting continuum emitting plasma was ahgned
to the optical axis of the spectrometer by maximizing the average counts at a central
wavelength of ~ 39 nm The spatially resolving shit was now mtroduced by simple
rotation of the shit holder and emission spectra were recorded for various positions of
the spatial resolving sht The posttion of this slit was set at the location which
yielded optimum flux and remained at this optimized position for the remainder of
the experiment The extent of the emission from the tungsten plasma was recorded
by moving the target relative to the fixed slit in 0 5 mm increments and recording the
average counts at each position Considering the geometry of the arrangement a

maximum dimension of approximately 1 45 mm 1n diameter 1s placed on the
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tungsten plasma emission at a wavelength of ~ 39 nm with the portion emutting the

most of this emission being somewhat smaller than this dimension

:

Average detector counts
1
T

s
T —

0 v T T T M T T M T
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Relative horizontal poston of tungsten target ( mm )

Figure 3-22  Average
counts of tungsten emission
plasma at a central
wavelength of 38 nm versus
relative horizontal position
of tungsten target with
spatial resolving shit 525
[m in width at a distance of
47 mm from tungsten

source

The tungsten target was now replaced with the planar YBCO sample and the

position of the plasma emission was optimized ( both vertical and horizontal

directions ) so that maximum average counts were obtamned By moving the YBCO

target honzontally the emission from a spatially resolved chord ~ 580 um was

recorded at various distances from the target surface ( see figure 3-16 ) The

transition from continuum dominated emission close to the target surface to line

dominated emission at the cooler regions further from the target surface 1s clearly

seen m figure 3-17
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Figure 3-23  Spaunally resolved YBCO emission spectra at various distances from target
surface (25,3 5,45 and 5 5 mm ) The spatially resolving slit ( of ~ 525 pum in width ) was

positioned a distance 47 mm from the source The GCA to source distance was 170 mm and

the spectrometer slit to source distance was 382 mm



The observed spectra at distances of 2 3 5 mm from the target are seen to be
dommated by oxygen hnes, OII, OIl], OIV and OV, superimposed on a weak continuum with
the most intense being OIV A hmit of 5 5 mm was placed by the target holder movement
The integration time for the PDA detector was set at 30 ms and therefore the spectra are the
mtegrated emission within this time Some of the more intense lines show signs of self
absorption resulting from the optically thick plasma plume at distances close to the
YBCO target
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Chapter4  Further system development.

The present chapter discusses the design, construction and part
characterisation of a vacuum-optical beam line which serves to focus the plasma
plume onto the entrance siit The development has the following benefits, ( 1 ) One
can study emission from various parts of the plasma plume by moving the plasma
image across the spectrometer entrance slit, ( 2 ) in conjunction with an iris of known
diameter, a section of the absorbing plasma plume with known conical geometry may
be selected in DLP experiments and ( 3 ) an increased throughput 1s obtained over
the arrangement used in experiments to date Although no spectral data could be
obtained using this set-up because the concave murror available had a surface coating
which resulted 1n an extremely poor reflectivity in the normal incidence VUV range,
work to date 1s included simply to highlight the advantages of such an addition
Estimates of the increase m throughput and spatial resolution are presented using
both simple geometric arguments as well as Monte Carlo simulations using the
software package ‘Shadow’ developed by Lea et al [ 1986 ] at the Center for X-ray

Optics, Wisconsin University

41 Introduction

Spectroscopic studies of laser produced plasmas with some form of spatial
resolution and / or imaging qualities are important as they can reveal the true nature
of laser generated plasmas, 1 dynamic systems with parameters which vary with
space and time (e g electron and 10n density and temperature gradients ) Laser
generated plasmas generally have symmetry about the axis perpendicular to the
target plane and so simple space resolving pre-slhits can 1solate in a hmated section of
the plasma plume to be spectroscopically studied Furthermore, if an entrance st
with hmited vertical extent (1€ pin hole ) 1s used and a two dimensional array
detector plane 1s positioned at the vertical focus, the resulting system can achieve
monochromatic spatial imaging of the emission source with a one-to-one
correspondence between points on the source plane and points on the detection plane
As the system works effectively as a pm hole camera, spatial imaging with

magnification of the source 1s possible [ Koog et al, 1996 and Richards ez al, 1980 )
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4.2  Addition of VUV focusing optic.

The Acton™ VM 521 spectrometer 1s mherently a large f-number instrument
( approximately /10 1n the horizontal plane when equipped with 96 * 56 mm
grating ) and so without any apertures or slhits the mnstrument 1s unable to discriminate
between emission from various regions of a plasma The spectrometer effectively
mtegrates all of the available VUV emission from the plasma which falls within the

large acceptance angle of the mstrument

Although this experimental arrangement results 1n a relatively high
throughput of flux for extended sources, it nevertheless means that experimental
studies are hmated to those that do not require spatial information With the addition
of the GCA the situation 15 somewhat changed and the acceptance angle of the
combmed spectrometer system 1s considerably reduced to an effectively /60
mstiument As the plasma plume 1s of small extent and 1s positioned a distance of
~ 382 mm from the entrance slit of the spectrometer ( a consequence of the need for
a GCA and support vacuum components ) the combined system does not allow for

space resolved studies of the plasma plume without the use of a secondary st

Spatial resolution can be important for photoabsorption studies as the
dominant 10n stage can be selected somewhat by passing the continuum radiation
through a specific portion of the plume and onto the entrance slit of a spectrometer
The use of a sht allows for the collection of light from a vertical chord of the plasma
plume Usually shits reduce the amount of light coupled into an optical system
considerably and therefore the signal to noise ratio of the recorded spectrum suffers

Hence 1t 1s important that the system be as close to aperture matched as possible

Using a detector with smaller pixel dimensions would increase the resolution
capability of the instrument but the reduced entrance slit width necessary may reduce
the spectral signal to a level where un-intensified detectors may be nsufficient to

provide an adequate dynamic range Changing the grating to one which has a higher

groove density
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( 1800 or 2400 ines mm ' ) would also increase the wavelength resolution achievable
but at the expense of the extent of the available spectral range which 1s determined

by the maximum mechanical movement of the grating

Considermg the fact that only a small region of the maximum spectral range
1s observable for reasons such as choice of the blazed wavelength, order sorting
problems and availability of a suitable backlight continuum the replacement of the
grating with one which has a higher groove density may be the most appropriate way

of increasing the wavelength resolution of the instrument

4.3  Vacuum-optical design

In designing the vacuum system to couple to the existing spectrometer
nstrument the main requirements are for a UHV murror chamber with a murror
holder enabling angle and focusing adjustments to be made external to the vacuum
system A near normal mcidence arrangement for the additional optic was chosen to
reduce the effect of aberrations The entrance and exit arms of the mirror chamber
were therefore set at 15 © between them A concave focusing optic with focal length
of 500 mm and diameter 50 8 mm with an UV enhanced aluminum coating
(1e alummum with MgF, ) was inttially used It was thought to be feasible to use
such a coating in the VUV (A 2 30 nm ) even though the coating 1s more suited to
longer wavelength UV radiation and no reflectivity measurements below A = 200 nm
were available A schematic diagram showing the main components of the vacuum-

optical beam line 1s displayed n figure 4-1
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Ideally, the grating should be illuminated to both 1t’s full vertical ( 56 mm 1n
the direction of the rulings ) and horizontal extent ( 96 mm ) without overfilling
which would cause stray light problems With the small extent of the laser produced
plasma hght source and the necessary positioning of such a source a distance from
the spectrometer entrance slit some form of aperture matching optics are needed for
this criterion to be achieved The further the source 1s positioned away from the slt,
the smaller the width of the grating that 1s illuminated The throughput also decreases
sigmificantly and 1s proportional to 1/r* where r 1s the distance from the source to
spectrometer entrance shit Although the resolution of the spectrometer 1s
theoretically linearly proportional to the illuminated width, 1t 1s found n practice that
other factors can effect the hmsting resolution such as optical aberrations, entrance
sht width and detector spatial resolution Reduction of the spectrometer slit below a
certain value 1n practice gave no appreciable increase 1n resolution achievable
although the throughput was severely decreased An entrance slit width of 50 um
when 1maged 1n the dispersion plane 1s at best ~ 2 pixels ( FWHM ) 1n the case of the
back thinned CCD ( 25 um pixel dimension ) Therefore considering the fact that an
array detector such as this needs greater than 2 pixels to provide an accurate

representation of the spectral line the observation can be justified

With the addition of the focusing marror, the plasma light can be focused onto the
entrance sht of the spectrometer thereby increasing the throughput of the complete
spectrometer system compared to that arrangement used 1n experiments to date Also,
it 18 possible to study emission from various parts of the plasma plume by moving the

plasma 1mage across the spectrometer’s entrance slit

Even though the very process of achieving a spatially resolved experimental
arrangement inherently reduces the aperture matching of the instrument, 1t 1s
important that the maximum flux from this selected section of the light source be
collected by the spectrometer The GCA, with 1ts intrinsically small acceptance
angle limits the extent of the grating which can be illummated when using a
tocusing optic On the other hand, in the direct-coupled system the small size of the

emitting plasma 1s the hmiting factor Although the reflectivity of most materials
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( non multi-layer ) in the extreme VUV region 1s poor, the reduced reflectivity 1s
compensated by the fact that the collected VUV radiation 1s focused onto the
spectrometer shit and so even though the flux 1s reduced the amount of flux entering

the spectrometer 1s increased

However, after the experiment 1t became apparent that the available mirror
did not possess good reflectivity in the 30 to 80 nm spectral range of the grating and
was not sufficient to improve the light gathering ability of the combined system over
the direct coupled system In view of this, an wridium-coated mirror with the same
dimensions and focal length 1s presently on order and this will directly replace the

ex1sting miuror

Two flexible couplings ( length 94 5 £ 6 mm ) were used at both entrance and
exit arms of the mirror chamber ( see figure 4-1 ) These had the primary purpose of
allowing for shght misalignments in the vacuum flanges and also served to allow
both vacuum arms to be assembled without moving the mirror chamber, target

chamber or spectrometer from their aligned positions

A manipulator which permits alignment of the mirror external to the vacuum
system was designed and 1s illustrated in figure 4-2 It consists of two parts, an
aluminum flange which connects to a 100CF flange suitable for connection to the
muror chamber rear port ( part A ) and a stainless steel plate with three Wilson type
seals to allow the three 6 mm diameter silver steel bars which could rotate as well as
move 1n and out { part B) One of these bars 1s nigidly attached to the gunbal optical
mount while the other two connect by the use of small chucks to the fine pitch
alignment screws of the murror mount Therefore rotation of the bars external to the
vacuum system allows for angular deflections of the attached mirror 1n two
orthogonal planes while translation of the third bar when rigidly fixed to the other
bars moved the whole mirror assembly towards or away from the plasma source and
entrance slit The aluminum flange had a groove on both sides which facilitated a
4 5 mm o-nng The 100CF flange makes use of a copper gasket seal to provide a
vacuum connection to the murror chamber The stainless steel plate 1s not rigidly
connected to the aluminum flange and 1s able to slide on the o-ring seal thus allowing

the murror to be moved Horizontal and / or vertical
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(X, y -axis ) movement of the mirror assembly 1s facilitated by 4 drive screws placed
at 90 ° to each other

156 Smm

180 Omm

40 Omm 14 4mm

~
Lockung
plate B i Exstmg mirror holder

Y
’“:;'J: s-
- “::”“: e g E
- _::'—i: ::J' @g 2
4 - 1]

0 rng vacuum seal
Part A Stamless steel plate g vacuy

Part B Alummum flange
adapter

Figure 4-2  Schematic of mirror manipulator with focusing ( z-axis ), angle and
optic axis ( x, y -axis ) alignment adjustments The murror holder facilitates mirrors

with 50 8 mm diameter

4.4 Basic flux calculations

Some preliminary calculations were performed in order to estimate the
increase n flux with the additional focusing optic incorporated into the system It has
been shown that the spectral radiance emitted from laser produced plasma using Q-
switched lasers of ~ 1 J per pulse 1s approxmmately 2 * 10° Jem?sr's' nm! @

120 nm emitting into 47 steradians [ Carroll et al, 1983 ] This in turn corresponds to
a flux of 121 * 10> photonscm?sr' s ' nm ! The normal mcidence VUV duration
of a plasma 15 generally accepted to be a longer than the XUV pulse which lasts for

approximately the same duration as the laser pulse Work carried out by Rydén
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[ 1993 ] on the Acton™ VM-521 spectrometer with photomultiplier based detector
indicated that continuum emission from tantalum plasmas produced by aNd YAG
laser (~ 117, 15 to 25 ns duration FWHM @ 1064 nm ) had a time duration of

~ 200 ns (FWHM ) 1n the long wavelength region ( A = 200 nm ) of the normal
incidence VUV spectrometer Hence there are ~ 2 42 * 10" photons cm? st ! nm ! 1n
a 200 ns (FWHM ) VUV pulse Assuming the source has an effective diameter of

~ 145 mm at this wavelength one obtains ~ 4 * 10" photons sr ' nm

441 Onginal system

The effective acceptance angle of the GCA ( defined by the I/d ratio  1/60
radians ) 1s ~ 2/60radians The GCA has an effective optical transmission of ~ 30 %,
principally due to the loss in flux by occlusion of the rays The entrance slit of the
spectrometer 1s located 212 mm from the exut face of the GCA Taking the plasma
source to be of point like extent and located 170 mm from the GCA the source
footprint on the spectrometer’s slit will be ~ 13 mm in diameter Therefore, the flux
entering the spectrometer through a sht of 50 m 1n width and 3 mm 1n height 1s

~ 9 8 * 10° photons nm '

This flux 1s incident onto the grating which has an irndium coating with an
estimated reflectivity of ~ 20 % at the blaze wavelength of 80 nm and therefore the
flux focused at the dispersion plane of the instrument with a linear dispersion of

~ 083 nm mm ' 15 ~ 1 6 * 10° photons mm ! or equivalently,

~ 4 1 * 10° photons per pixel,
assuming a detector with pixels 25 m 1n width If an extended source 1s considered
(145 mm 1in diameter ) the 1lluminated area of the grating will 1n this case be
approximately ~ 12 mm 1 height and ~ 4 mm 1n width

4.4.2 System with additional focusing optic

In the case of the aperture matched system the GCA 1s positioned 218 mm

from the source due to the necessary in-line valve The acceptance angle of the GCA
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s therefore ~ 28 * 10 2radians with the same optical transmission of ~ 30 % The
flux mcident onto the concave murror will be ~ 5 8 * 10° photons nm ' Considering
the reflectivity of the concave mirror to be ~ 20 % @ 80 nm the flux focused on the
spectrometer’s entrance shit plane 1s ~ 1 2 * 10° photons nm ' Assuming the focus 1s
approximately the same size as the source the slit will have an effective transmission
of ~ 9 % and the flux incident on the grating will be ~ 1 1 * 10® photons nm ! The
grating has a surface reflectivity of ~ 20 % @ 80 nm and so the flux focused at the
dispersion plane of the mstrument with a linear dispersion of ~ 0 83 nm mm ' 15

~ 18 * 10" photons mm ! or equivalently,
~ 4 4 * 10° photons per pxel,

assuming a detector with pixels 25 um in width If an extended source 1s considered
(1 45 mm n drameter ) the 1lluminated area of both the spherical concave mirror and

grating will be approximately ~ 28 mm 1n diameter

The increase 1n throughput 1s therefore a factor of ~ 11 assummg the
estumates on reflectivity of the concave mirror are correct and the source can be
accurately modeled as a point source This latter assumption has the effect of
increasing the difference between the calculated throughput of the two arrangements
In reality, the laser produced plasma will emit VUV light within a volume which
depends on the observation wavelength and focus conditions as well as target
material Experiments on a tungsten target with the use of a 525 pum wide spatial
resolving slit mdicates that the source size at a wavelength of ~ 50 nm has dimension

which are approximately 1 45 mm 1n diameter as measured at FWHM of intensity

45  Shadow ray trace results

Shadow 1s a software suite which uses Monte Carlo™ methods to model ray
traces 1n optical systems predominately used m the XUV and soft x-ray wavelength
regons It was mnitially written for the UNIX operating system but has been ported to

other platforms in recent years Through successive application of the physical laws

' Monte Carlo Describes a mathematcal technique used n modeling of physical systems where the
variable or vanables — i this case the source emission features — follow random distnnibutions
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of reflection, refraction and attenuation Shadow traces the path of individual rays
using vector algebra with a minimum use of tngonometric functions Work was done

using Shadow in order mvestigate the following topics

e General spectrometer understanding
e Throughput calculations and comparisons
e Misalignment errors

¢ Spatial resolution properties with the use of slits and apertures

The laser produced plasma was assumed to be a spherical light source with
diameter 1 45 mm estimated from space resolved measurements on a tungsten
plasma and uniform radiance with respect to position 1n source volume as well as
angle of observation Other sizes and types of sources (e g pomt, disc shaped etc )
were used 1n the mmtial testing of the ray traced system A conical source divergence
was used with a half angle chosen to ensure that as many rays as possible were
conserved while still completely filling the effective aperture defined by the GCA
The maximum number of individual rays which can be traced 1s 25000 although a
number of results of runs with different random number seeds can be summed
together to provide better statistics Although Shadow allows for capillary based
optical elements to be included, 1n practice it was found that the code was more
suted to longer length capillaries (1¢ Kumohov optics etc ) and gave inconsistent
results when trying to model the GCA directly It was however modeled as an
ettective cucular aperture with a radwus of d/I * r, where r 1s the distance to the
source { r = 170 mm 1n the case of direct coupled system and 218 mm 1n the system
including the focusing optic ) with a maximum radius of 3 mm defined by the 1r1s
effect of the GCA holder The transmission of the GCA 1s estimated to be ~ 30 % for
rays which fall within this effective aperture [ Lucatorto et al, 1979 ] The
spectrometer was modeled 1n Shadow using a manual translational, x, of the grating
given by E 4-1 (b ) and allowing Shadow to calculate the necessary rotational angle

internally for the chosen center wavelength on the detector plane

@=smn" __mh [E4-1(a)]
2dcos(D,)
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x = R(1-cos(p)) [E4-1(b)]

where R (995 4 mm ) 1s the focal length of the concave grating, m 1s the spectral
order, A 1s the central wavelength of nterest, 4 ( 1/1200 * 10 >m) 1s the inter groove
spacing of the grating and Dy 1s the deviation angle of the spectrometer No
reflectivaty of any optical component was considered explicitly n the ray tracing
model Rather 1t was accounted for 1n throughput calculations by reducing the
number of rays reflected from a muror surface 1n accordance with a reflectivity The

blaze angle of the grating has no effect on modeling when reflectivity 1s not taken

into account and so was 1gnored

Shadow also allows for both the rotational and translational movements of the
source and optical elements 1n the system The optical element movements are
defined by 6 vanables, which describe the translations along the x-, y- and z-axis and
rotations around the x-, y- and z-axis Movement of an optical element also moves
any succeeding screens, apertures and shits connected to the particular optical
element Therefore 1n order to model a planar detector fixed in space, while allowing
the grating to be moved, an optical element consisting of a reflective planar mirror

was used which was tangential to the Rowland circle

Shadow uses a Cartesian coordinate system and refers all of the ray
components to this reference frame The resulting output data files are in binary
format and include columns contaiming x, y and z axis ray coordinates as well as x’,
y’ and z’ coordmates 1n phase space The coordinates defining rays on a particular
murror, lens or grating optical element may be plotted by use of the data in x and y
columns The coordinates for rays intercepting a particular continuation plane, slit,
aperture, screen or source may be plotted by use of the data in the x and z columns
The phase space ( sometumes referred to as momentum space ) coordinates contain
mformation on both the vertical and horizontal focusing conditions and also on the
astigmatism and other aberrations present 1n the optical system An 1deal focusing
system would result 1n a straight line 1n phase space, a deviation from this straight
hine directly indicates the existence of aberrations within the optical system Phase

space 1s composed of co-ordinates which describe the angle the ray makes with the
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propagation direction, z” 1n the case of reflecting or refracting optical components

and y’ for all others [ Shadow User’s Guide, 1994 ]
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Figiwe 4-3  Shadow ray trace results with direct coupled system Source size

1 45 mm spherical diameter, conical half angle divergence 0 004 radians, muln-
line 7935,7925, 80, 805 and 80 75 nm and uniform angular radiance Number of
mitial rays 25000 {( upper left ) Beam footprint on grating and ( upper right )
image at dispersion focal plane and histogram with 25 pim bins ( lower left ) verucal

axis phase space and ( lower right ) horizontal axis phase space

It can be seen from figure 4-3 ( upper left ) that the illuminated width of the
grating with the direct coupled system using a slit of width 50 um and height 3 mm
1s approximately 4 mm * 10 mm and 1s the result of the small source size and
position of GCA and spectrometer slit This lluminated width did not change
significantly with wavelength although the central position of the illuminated
footprint moved horizontally on the grating The latter result 1s the inherent
consequence of the McPherson mount The optic axis defined by the centre of the

grating to the entrance slit 1s not fixed but varies shghtly with wavelength This
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displacement of the optic axis can be calculated by simple geometry for the

McPherson type mount and 1s given by the following equation,

0 = sm“( xsin(7 5) ) [E4-2]
x2 4 (Rcos(7 5))* —=2xRcos(7 5)°

where R 1s the radius of curvature, 995 4 mm, and x 1s the displacement as given by

equation 4-1 (b)
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Figure 4-4  Graph showing the displacement of the optic axis from position at

zero order as given by equation 4-2

The height of the spectral lines are dependent on the wavelength for which
the grating 1s tuned and 1s ~ 2 6 mm @ 80 nm The stigmatic property of the
mstrument 15 displayed 1n figure 4-3 ( lower left ) where the straight line centred at
the origin indicates a linear relationship between the vertical position of a particular
ray on the detector plane and 1ts distance from the vertical focus For a truly
stigmatic wstrument the slope of this data represents the reciprocal of the distance to
the vertical focus The optimum horizontal focus (1 e that focus that gives sharpest
spectral lines ) 1s very close to the grating position as given by equation 4-1 (a ) and
(b) Ths 1s evident from the fact that the data points in figure 4-3 ( lower right ) are
symmetric around the x-axis 1n horizontal phase space at the position of the detector
plane On the lower wavelength side of the chosen centre wavelength region the
spectral lines are observed to be focused ( horizontally ) closer to the grating while
on the higher wavelength side the spectral lines are focused ( horizontally ) further
from the grating It was found that the maximum deviation, as predicted by Shadow,
trtom optimum horizontal focus across the entire detector plane ( of width ~ 25 mm )

was approximately 10 um In practice this small off focus distance for wavelengths
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at the edge of the detector does not interfere with the resolution capability of the

Acton™ spectrometer when using the CEMA / PDA detector arrangement
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Figure 4-5  ( sohd line ) Graph of spectral line height versus wavelength for
direct-coupled system as predicted by ray trace results with 1 45 mm spherical
monochromatic source, conical half angle divergence of 0 004 radians and uniform
angular radiance The maximum extent of the ray co-ordinates at the detector plane
were used to quantify the height of the spectral line and ( circular data point markers

) experimental spectral line height for identified lines

In figure 4-5 1t 1s seen that the spectral line height as predicted by the ray
tracing varies with regard to the wavelength of the particular line Although the
curvature of such lines 1s predicted by theoretical considerations, at near normal
incidence and with the use of relatively large slit heights, the curvature 1s not
apparent 1n ray traced or experimental results The experimental spectral line height
was recorded by the use of the direct lluminated back-thinned CCD array detector
for the spectral range 30 to 160 nm with the upper wavelength limit set by lack of

signal The zero order spectral line 1s approximate 6 mm 1n height, measured as
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FWHM and being composed of predommantly visible light which 1s emitted from a
larger source size deviates substantially from the trend predicted by the ray traced
results Identified spectral line heights versus wavelength were plotted wn both first
and second and third order Apart from were the lines are very intense at ~ 50 nm the
results show a gradual decrease in line height with increasing wavelength which
follows that as predicted by the ray trace results indicating that a diameter of

~ 15 mm 1s a good estimate for the average source size in the VUV 1 the present

experimental arrangement

Once the direct coupled spectrometer arrangement was ray traced in Shadow
and the focusing condition was confirmed ( translational and rotational movements
given by E4-1 (a ) and (b)) for the entire spectral range of the instrument the
additional mirror was included and the GCA was repositioned 218 mm from the
source The spectrometer part of the model was unchanged from that used 1n the
direct coupled system with the exception of the mirror orientation angle of the
grating ( changed from 0 ° to 180 ° } and the planar mirror acting as a detector
( changed from 180 °to 0 °) A schematic of the modeled system showing axis
conventions and labels of individual optic components as used by Shadow 1s

displayed i figure 4-6
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Rotational movement
around x-axis O

Translational movement along z-axis

Spherical concave grating

Mur 02

Orentation angle 180 °
z-translation and x-rotation given
by equation 4-1 (a )and (b)

Detector plane
Mur 03
Orientation angle 0°

Spectrometer slit
50 pm * 3 mm

Screen0201 dat z

GCA Laser plasma source

Circular aperture Modelled as circular

3 mm chameter emitiing disc 145 mm 1n

Screen 0101 dat diameter with no depth
Begin dat

Spherical concave mirror
Focal length 500 mm
Diameter 50 8 mm

Mur 01

Orentation angle 0°

Figure 4-6  Schematic of optical system showing co-ordinate system as used by
Shadow in the modelling of the system with additional focusing element The system
1s composed of three optical elements ( murr 01, murr 02 and mirr 03 as labelled by
shadow ), an entrance shit attached to grating optical element and a circular
aperture { serving to model the GCA ) Other apertures were also included in order
to observe the extent of the collected light at various different distances from the

source
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Figure 47 Shadow ray trace results with the additional focusing optic Source
size 1 45 mm spherical diameter, conical half angle divergence 0 02 radians,
multi-ine 79 5, 79 25, 80, 80 5 and 80 75 nm and uriform angular radiance
Number of imnial rays 25000 Workang from left to right, top to bottom ( a )
Footprint on spherical concave mirror, ( b ) foot print on shit showing only accepted
rays, (d ) vertical phase space at siit plane, ( e ) horizontal phase space at sht plane,
(/) foot print on grating, ( g ) foot print on detector plane, ( h ) vertical phase space
at detector plane and (1) horizontal phase space at detector plane
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From figure 4-7 (a) it can be seen that the illummated width of the concave
muror 1s approximately 28 mm in diameter The portion of the sht which 1s passing
hight 1s approximately 50 um * 1 9 mm The width of the grating illuminated 1s

approxmmately 27 mm 1n the vertical direction and 25 mm 1n the horizontal direction
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Figure 4-8  Graph of spectral line height versus wavelength for system with
addwonal focusing optic as predicted by Shadow The maximum extent of the ray co-

ordinates at the detector plane were used to quantify the height of the spectral line

From figure 4-8 it can be seen that the vaniation of spectral line height with
wavelength displays a different shape than the direct-coupled system In the direct-
coupled system the complete entrance sht of the spectrometer was filled The
instrument effectively images this slit onto the dispersion plane with unit
magmfication and the result 1s a more gradually varying function with respect to
wavelength ( figure 4-5) In the case of the system with the additional focusing
element, the mnstrument effectively images a point source which achieves better
filling of the grating and therefore the astigmatism and curvature due to coma of the

instrument 1s more pronounced

The throughput improvement can be estimated by considering the flux at each

optical element and taking account of the surface reflectivity of both the mirror and
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gratirg. The surface reflectaviity of the concave mirror was estimated at- 20 % foran
iridiun coating (from reflectivity data from Acton™ ). The GCA position i 170

mm from the source in the case of tre direct-coupled system and 218 mm from the
source inthe system including the focusing gotic.

Direct coupled system. Addition of the

focusing gotac.
Inraal number of rays. 25000. 25000.
Rays which pess GCA. 17276.3. 1771.
Rays which reflected from 2342,
concave mirvor-.
Rays which pass dit 0A4. 110.8.
Table 4-9. Summary of Shadow throughput results. The source parameters

remained the samefor each system and a number of data-sets (10 in both cases )

were averaged to achieve better statistics.

From a comparison of the ray traced reaults displayed in table 4-9, the
throughput of Alux wirth the system Incorporating the saherical concave mirror s
approximately 5 times trat of the direct couplled system. lemust be pointed out that
this figure represents the maximum one can eqoect, as the system in practice wall
contain misalignments and possibly poor foausing. Also tre efficiecy of the
addrtaaal mirror and most especially the grating wall be a function ofwavelength
and therefore the Increese in fluxwill also be a function ofwavelength.

4.6 Preliminary construction and alignment of system with additional
focusing optic.

Before assarbling the complete vacuum gotical beamline each main section
was sgparately vacuum tested for keks. When satishied that no such lesks were
presant the mirror chamber sectionwas fixed temporal ly to the supporting teble and
both the teble and the mirror chamber were leveled and adjusted in height to surt the
spectrareter entrance arm flange (se figure 4-1 ). An aligment leserwas
positioned in the holder attadned to the target chamber and was adjusted t make the
beam cantral o6 mm bore of the GC A holder (the actual GCA was not included in
the system at this stage ). ltwas inportant to ensure that the alignment laser was
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normal to the GCA holder flange This was achieved by mmnimizing the distance
between back reflections of a half-silvered mirror and the rear window of the target
chamber The target chamber was moved n-order to center 1t with the optic axis of
the mirror chamber and also to locate the source position to 1000 mm distant from
the estimated murror position It was found that a half-silvered mirror when held
aganst the entrance flange of the mirror chamber would allow further alignment to
be made by the use of the back reflection thus ensuring that the alignment laser was

normal to the front face of the flange

Removal of the CEMA flange allowed an alignment laser to be positioned at
the exit arm of the spectrometer by passing it back through the grating and entrance
sht defining the optic axis of the spectrometer Further use of the half-silvered mirror
allowed the spectrometer ahgnment laser to be aligned normal to all spectrometer
flanges as well as the exit arm flange of the mirror chamber by small adjustments to
marror chamber support table and spectrometer support table At this stage a plane
murror was positioned at the location of the concave mirror and using the half-

sivered muror each ahgnment laser was verified to lie on the optic axis

The plane mirror was replaced with the concave murror and the focusing
condition was vertfied by attaching a small light bulb to the target holder and using
the filament as an object Any necessary changes to the target chamber to mirror
chamber distance and / or murror chamber to spectrometer distance was followed by
a 1epeat of the above alignment procedure with the plane mirror As the mirror
chamber consisted of long 40 mm diameter tubes with 40 KF flanges for
convenience, the pump down time was increased greatly It was found that after 3 to
4 days the mirror chamber reached an ultimate pressure of 3 * 10 mBar as measured

by a penning gauge positioned on a tee piece close to the spectrometer entrance shit
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Before spectrometer and
target to murror chamber

flange opened

After spectrometer and
target to mirror

chamber flange opened

Target chamber 16 *10° Torr 79 *10° Torr
Mirror chamber 35*10° Torr 29 *10° Torr
Spectrometer pressure 13 *10° Torr 12 *10° Torr

Table 4-12  Typical target, nurror and spectrometer chamber pressures before
and after target chamber to mirror chamber and mirror chamber to spectrometer

chamber in-line valves are opened

In the design and construction of an optical system some consideration must
be placed on the possible sources of misalignment and sensitivity to such
misahignments especially 1f the optical system 1s enclosed 1n a vacuum chamber
where adjustment of the optical elements may be difficult to achieve Although some
form of 1nitial alignment at atmospheric pressure 1s crucial if close to optimum
conditions ate to be reached, the process of pumping the system down may lead to
movement of one or more of the aligned components So long as this drift can be
compensated for with relative ease, absolute fixture of the optical components may

not be of primary importance when considering cost and size of support tables

The mitial testing consisted of positioning a laser plasma source on the optic
axis of the spectrometer system and moving the grating to the zero order position It
was observed that the onginal alignment was somewhat disturbed upon pump down
and therefore 1t was necessary to scan the resulting focused image of the source
across the spectrometer’s entrance slit horizontally by rotation of the concave muror
Once the zero order spectrometer tmage was observed the concave mirror was
scanned 1n the vertical direction to optimize the detectors counts Although the zero
order signal displayed high intensity 1t was found to be predominantly of visible
hight This was confirmed by use of a glass plate on the second target holder to
attenuate the VUV portion ( A < 200 nm ) of the zero order signal Movement of the

glass microscope shde to a position between the source and mirror resulted 1n hittle
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change to the zero order signal strength The zero order signal 1s displayed 1n figure
4-13 with and without the glass microscope slide attenuating the source emission
The amount of VUV light contained 1n the un-attenuated emission 1s estimated to be
6 %

A mercury spectral lamp was also used and allowed for the testing of the
experimental arrangement at the longer wavelength extreme ( A > 270 nm ) The rear
window of the target chamber was replaced by a quartz window and a quartz lens
was used to couple the visible and UV light to the spectrometer slit Although the
spherical concave murror should have a high reflectance 1n this spectral region no
mercury emission hines were observed This was due to the extremely poor efficiency
of the grating 1n this region which 1s far from the blazed wavelength Therefore, the
spectral region were the grating 1s efficient ( A < 100 nm ) and that spectral region
were the spherical concave murror 1s efficient ( A > 160 nm ) do not overlap and so

no spectral signal can be observed
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Figure 4-13  Single shot zero order signal recorded by the system arrangement
including the mirror chamber and using the emission from a polyethylene plasma
with ( a ) and without ( b ) attenuation of the VUV enussion by a glass microscope

shide Spectrometer shit 20 um.
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47  Concluding remarks on system modeling.

The focusing of collected VUV radiation onto the shit has been shown to
mncrease system throughput even though the additional focusing optical element has
relatively low reflectivity of approximately 20 % The increase has been estimated
using both simple geometric arguments and also through the use of a ray tracing
modeling software The increase predicted by the simple preliminary calculations
(~11) 1s found to be much higher than that predicted by the ray tracing experuments
(~5) This can be attributed to the fact that a point source 1s an over simphfication

which does not correspond to the source used m the ray traced model

In practice the reflectivity of the additional mirror will be a function of
wavelength and will also have misalignment errors in position and so the increase
might well be lower than the ray trace results suggest The efficiency of the grating
will vary more with wavelength than the spherical concave mirrordue to the fact that

the grating 1s blazed for a single wavelength

The height of the resulting spectral lines have been shown to follow quite
different trends 1n the case with the source positioned a distance 382 mm away from
the spectrometer entrance shit and that with the an additional concave mirror focusmg
the source object on to the spectrometer In the former case the height of the spectral
lines as predicted by Shadow decreases gradually with increasing wavelength, 2 6
mm @ 30 nm to 2 1 mm @ 325 nm When the source object 1s focused onto the
spectrometer entrance slit the spectral line height changes dramatically from 2 7
@ 30 nmto 45 mm @ 325 nm By using an array detector the resulting intensity
reduction at the detector plane can be compensated by binning the pixels 1n the
vertical direction Experiments using an array detector similar to the Andor™ back
thinned CCD yielded spectral line heights for the wavelength range 30 to 160 nm
simlar to that predicted by the ray trace model It was not possible to get accurate
spectral line height measurements above 160 nm due to level of spectral signal The
similarity 1n spectral line height between that of the ray trace results and also from
experimental measurements indicates that the source size used 1n the ray trace results

(~ 145 mm ) 1s indeed close to the emutting source size 1n the experiments
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The translational movement of the grating displaces the optic axis of the
spectrometer instrument from 1ts position at zero order given by equation 4 2
Although the displacement 1s relatively small and does not interfere with experiments
using the direct-coupled arrangement, the displacement may in fact cause problems
when the system 1s used with an additonal focusing optic and precise alignment of

the optical components 1s necessary

The misalignment error associated with the additional focusing optic with
respect to position relative to optic axis ( x-y plane n figure 4-4 ) and displacement
of murror from 1deal focusing position { z-axis 1n figure 4-4 ) have a dramatic effect
on the flux throughput of the system This 1s mainly due to the long lever arm effect

of the beamline and therefore accurate angle movement of the mirror 1s critical

Although an intense zero order signal was recorded 1t was mainly composed
of visible light and so there was insufficient flux throughput in the entire spectral
range covered by the instrument In the short wavelength extreme of the spectral
range of the instrument, A < 100 nm the grating s efficient due to operation close to
the blazed wavelength The quantum efficiency of the Galileo™ CEMA / EG&G™
PDA decreases rapidly at wavelengths longer than approximately 180 nm The
reflectivity of the spherical concave muror available at the time of the experiments is
now known to have neghgible reflectivity in this region Therefore no region exist

where both the grating and spherical concave murror 1s efficient
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Chapter 5.  Concluding remarks

A multichannel normal mcidence VUV spectrometer system has been
described which enables both emission and absorption studies to be made on laser
produced plasmas Two detection configurations were used 1n the experiments, one a
Channel Electron Multiplier Array / Photo Diode Array ( CEMA /PDA)
combination, the other a direct lluminated back thinned charge coupled device
(CCD ) Various emission studies were performed on line as well as continuum
domunated plasmas 1n order to characterise the mstrument’s wavelength range, extent
of order overlapping and wavelength resolution The suitability of the spectrometer
system for photoabsorption measurements was accessed by such experiments as
absorption by gas as well as by a secondary plasma plume as in the DLP technique
The design, construction and preliminary testing of a normal incidence focusing
optic was presented mn chapter 4 The improvement 1n terms of light gathering ability

has been 1illustrated by both simple geometric calculations as well as by ray tracing

51 Conclusions and observations

Although the wavelength range possible with the present grating and mount
extends from 30 to 325 nm the poor efficiency of the grating and problems with
order sorung himts absorption studies to approximately 35 to 80 nm without the use
of filters however emission studies 1n the range 35 to 325 nm are possible and the

nstrument 15 routinely used up to 220 nm for this purpose

The Gahleo™ CEMA intensifier and EG&G™ PDA detector arrangement
provide reasonable wavelength resolution The spectral lines from line dominated
emission spectral are typically 6 to 7 pixels ( FWHM ) with a corresponding hinear
dispersion of ~ 0 021 nm pixel ' m first order Spectra obtamed using the Andor™
back thinned CCD had spectral lines typically 3 to 4 pixels in width ( FWHM ) with
a corresponding linear dispersion of ~ 0 022 nm pixel ' in first order The binming of

the pixels of the CCD array 1n the vertical direction did not decrease the wavelength

resolution achievable

Generally speaking, the comparison of the detector sensitivity 1s rather crude

because many of the factors involved, such as gain and efficiency of the detection
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device, are strong functions of other parameters Since the gams on both the MCP
and of the phosphor screen stages of the CEMA are steep functions of apphed
voltage, and the CCD dark noise also depends on the operation temperature, an
estimate of the sensitivity 1s more qualitative than quantitative The CEMA / PDA
detector arrangement with a CEMA bias of 2500/ 800 V ( Vgap / Vriae ) showed a
similar sensitivity range as that of the Andor™ back thinned CCD over the entire
range of the spectrometer Both detectors show good single shot sensitivity at
wavelengths below about ~ 140 nm The back thinned CCD with 1t’s inherently low
noise and 16 bit ADC has a higher dynamic range than the CEMA / PDA based

detector

Photoabsorption measurements on both gas and secondary plasma plumes are
possible in the wavelength range approximately from 30 to 80 nm with the upper
limit determined by the falloff m efficiency of grating Both samarium and tungsten
plasma prove to be good backlight sources for reproducible continuum emission The
samarum plasma emission in the normal incidence VUV region 1s essentially
‘hine free’ with some spectral lines arising from lower 10n stages and also from
oxygen present as a surface contaminant The reproducibility of these low 10n stage
features 1s excellent and 1t 1s the oxygen line emission which 1s responsible for some

of the peaks 1n the ratio plots

The average flux of the emission ( centred at ~ 50 nm ) from a samarium
plasma 1s reproducible to ~ 2 % when the Spectron™ SL.803 laser 1s used 1n contrast
to ~ 16 % with use of the JK Lasers™ Ruby laser Although the tungsten emission 1s
characterised by numerous lines, the reproducibility of these lines 1s excellent
Therefore, a tungsten plasma 1s also 1deal for use as a backlight as the collected
emission 1s stable over hundreds of shots without rotation to a fresh surface The
reproducibility of the continuum emission 1s improved by incorporating a secondary
shit of suitable width between the spectrometer slit and the source Thus reduces the
effect which the variation of source size has on the collected flux The use of a
secondary sht 1s also important in DLP photoabsorption studies for hmiting the

region through which the collected continuum backlight passes

The 1inclusion of such a secondary sht has numerous advantages These

include, ( 1) hmiting the amount of front plasma emission collected by the
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spectrometer, (2 ) limiting the range of species present in photoabsorption
measurements and (3 ) reducing the amount of continuum signal collected which has

not passed through the absorption plume and also reducing the scattered light present
in general

Also it is important to note that saturation in photoabsorption measurements
reduces the wavelength resolution achievable as well as increasing the effect the
underlying noise has on the relative photoabsorption cross sections. The system
parameters which determine the saturation level include ( 1 ) detector noise, (2 )
stray light, (3 ) higher order light present and ( 4) strength and reproducibility of
backlight emission, lo.

Higher order contributions have been observed to dominate at wavelengths
above ~ 100 nm. By use of a gas such as helium or argon this upper limit may be
extended to ~ 140 nm. Solid state filters are limited by their high absorption of VUV
light above about - 100 M.

In chapter 4 the design, construction and preliminary testing of the
spectrometer system with an additional focusing element is described as well as the
benefits of such a system. Although both the simple geometric calculations as well as
ray trace results suggested that the throughput would be increased with the
introduction of the focusing optic, no spectral data could be obtained in experiments
to verify this. The main difficulty encountered was the poor reflectivity of the
aluminium mirror with MgF coating. It was evident that the wavelength range were
the grating was efficient (30 to approximately 120 nm ) did not overlap that range
for which the additional concave mirror (aluminium with MgF2 ) had an adequate

reflectivity. In view of this an iridium coated mirror is presently on order from
Acton™,

The focusing of collected VUV radiation onto the spectrometer slit has been
shown to increase system throughput even though the additional focusing optical
element has relatively low reflectivity of approximately 20 %. The increase has been
estimated using hoth simple geometric arguments and also through the use of a ray
tracing modelling software. The increase predicted by the simple preliminary
calculations (- 11 ) is found to be much higher than that predicted by the ray tracing
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expermments ( ~ 5) This can be attributed to the fact that a point source 1s an over

simplification which does not correspond to the source used in the ray traced model

Spatial resolution can be important for photoabsorption studies as the
dominant 10n stage can be selected somewhat by imaging a specific portion of the
plume onto the entrance slit of a spectrometer The use of a slit allows for the
collection of light from a vertical chord of the plasma plume Usually slits reduce the
amount of light coupled 1nto an optical system reduces considerably and therefore
the signal to noise ratio of the recorded spectrum suffers Hence 1t 1s important that

the system 1s as close to aperture matched as possible

In practice the reflectivity of the additional mirror will be a function of
wavelength and will also have misalignment errors i position and so the increase
might well be lower than the ray trace results suggest The efficiency of the grating
will vary more with wavelength than the spherical concave mirror due to the fact that

the grating 1s blazed for a single wavelength

Although an intense zero order signal was recorded 1t was mainly composed
of visible light and so there was nsufficient flux throughput in the entire spectral
range covered by the mnstrument In the short wavelength extreme of the spectral
range of the mstrument, A < 100 nm the grating 1s efficient due to operation close to
the blazed wavelength The quantum efficiency of the Galileo™ CEMA / EG&G™
PDA decreases rapidly at wavelengths longer than approximately 180 nm The
1eflectivity ot the spherical concave mirror available at the time of the experiments 1s
now known to have negligible reflectivity 1n this region Therefore no region exist

where both the grating and spherical concave marror 1s efficient
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5.2 Future developments

Some of the planned applications of this normal incidence VUV spectrometer

mnstrument are briefly described below
521 Laser driven iomzation of a laser generated barium plasma

When a DYE laser with a pulse energy of greater than ~ 200 mJ and pulse
duration of typically S00 ns 1s tuned to a resonance or intercombination transition of
an atomic species, it will produce almost complete 1omzation of a metal vapour
within typically a microsecond of the mitial irradiation [ Lucatorto and Mcllrath,
1980 and Kent et al, 1987 ] The ability to form a controlled 10nized sample of a

metal vapour with all of the 10ns residing in the ground state makes RLDI ideally

suited to absorption studies

The RLDI techmque was first performed by both Lucatorto and Mclirath,
[ 1976 ] to study the absorption spectra of various metal vapours including hithium,
sodium, manganese and bariam These results permitted temporal measurements on
the state of ronization of the sample and also provided data on the mechanisms

involved 1n the 1on1zation

Some of the necessary pumping transitions are shown below all of which are

readily obtainable with a DYE laser [ Kallenbach et al, 1986 ]

Bal 6s*'Sy— 6s6p 'P; A =5535nm
Ball 65%S;, — 6p*?P;, A =493 5nm

5.22 Gating of channel electron multipher array

XUV and VUV mmaging of laser produced plasmas have often used channel
electron multiplier array ( CEMA ) devices because of their high spatial resolution
(typically 40 Ip mm ' for 10 um pore diameters ) and high gain ( typically 10° for a
single stage device ) [ Galileo™, 1986 ] Normally a steady state dc voltage 1s used
to bias the mtensifier thus producing time-integrated images of the plasma In

photoabsorption studies, 1t 18 possible to use a second plasma as a contmuum source
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This alloas for the Tatural” gating of the photoabsorption of the frant sarple plasma
with a temporal resolution of the order of the durattion of the continuum bed<ligt.
Intre XUV regian, the continuum emission duration follows that of tre excrtation
leser pulse duration. At longer vavelengths, the continuum emission ssigirhicantdy
lager. Inthe case of tarporal ly resolved emission studies some form of intarsifier
or detector gating s reuired.

Time resolution inthe nanosecond or sub nanosecond range may be achieved
using uni-dimensional stresk careras. Quite often the plasma displays axial
symmetry and so tre gatial resolved 1mage of a sirgle dimension s aooegptable. A
detector which exhibits bi-dimensional spatial resolution and very sort tine
resolution would be advaritageous inviewing the complete plasma in both seatial
dimensions [Luppi et al , 19841

One way such a bi-dimensional detector coulld be reallised woulld be to gate
the bias wltage ofaCEMA based intesifier. Producing a trasiatt high potentaal
pulse with sharp transiaon times  sdiffiault because component and stray
capecitance must be kept to aminimum and also devices must be used that can both
handlle the high voltage and high peak power of the pulse. Cirouits for such gating

usually aosist of power MOSFETS or avalanche bipolar trarsistors [ Fulkerson and
Booth, 1994 ].

On avalanching, a bipolar trarsistor can be made to produce extremely fest,
high peak currant pulsss. Most trasistars are cgpablle of producing an avalanche
response but only a few are able to produce a reproduciblle and sustained goeration.
Recently a number of trarsistors which are daracterissd seecifical ly for avalanche
pulse goeration have become aaileble, namely the ZTX415 from Zetex
Semiconductors™. The avalanche trarsistor depends for s operation on the negative
resistance daracteristic at the collector. When the collector voltage exceeds a cartain
leel, somewhere between V anand \dmo, depending on the ciraurt configuration, the
woltage gradient in tre ool lector region exceeds the sustained field stragth, and
electron+hole pairs are liberated. These are accelerated by the field, liberating others
in treir tum. Consequently, the aurrent increeses rgpidly, although the volltage across
the device sactially fallirg [Zetex Semiconductors™, 1996 and Hickman, 1996 ]
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5.2.3 Application to FEL characterisation.

Ithes been deciided tret the Acton™ VM 521 normal incidence VUV
spectroreter will be used in the daracterisation of tre free electron leser (FEL)
experiment located aDESY synchrotron faalityHamburg inGermany. Ina
conventional leser, the emission of photons results from the transitias of atom-
bound electrans from a higher to loner quantum state. In the free electron ks, the
electros thet produce the photons are not bound to any atom but are fres; they are
gererated inan electron accelerator and emit coherent radiation as they undergo
periodic ascillatias within an insertaan device such as an udulator. Although the
emission from irsertion devices presently inuse sooherent it i not monochromatic
and the radiation and therefore the power sdistributad across a broad wavelength
range (IR©V UV )

By incressing the length of the undulator ithecomes possible to arplify a
desired wavelength which can be tuned by varying tre period between the magnets in
the undullator or varying the energy of the electrans entering the udulator. The
gperation of the proposed FEL will be based on selfanrplrfication of sportaneous
emission (SASE )and therefore will not require a seed leser o inftiate lasing action.
As tre proposed design uses a sirgle pass of the undulator to provide adequate
amplrfication itremoves the necessity of dotaining efficient mirrors surtzble for
Qperation at Sortwavelengths.

The grating inthe Acton™ spectrareter will be replaced with one which hes
a higher groove dasity (erther 2400 or 3600 liresmm ™ 1) thereby incressing the
wavelength resolution of the Instrurent. It isproposed to incorporate awedge behind
the new grating to extend this coverage to 130 nm. Another possibilitywould be t©
get Acton™ to modify the grating mount to achieve the necessary coverage. A
Photonics™ back thinned direct illuninated CCD detector similar to the Andor™
model described inprevious dgpters willl be used 1o record the diffracted spectrum.
Inftaal testirg and alignment: hes shown tret wirth the 1200 liresmm® 1grating a
FWHM tire width of just 2 ppels (approximately 0.2 nm pidel 1) is reedily possible
with this detector. Calibration of the spectrameter instrument willl be made through
the use of a calibrated ECR source. This will provide both wavelength as well as
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absolute efficiency across the entire range of the mstrument The output from the
FEL will be coupled to the spectrometer with one of two arrangements, either a plane

murot or a spherical concave ridium mirror

139



References.

Adams and Manley, 1965
Adams and Manley, 1966
Ballofet et al, 1961
Bekefi, 1976

Bell, 1959

Bibinov et al, 1997

Cantd and Tondello, 1975

Carillon et al, 1970

Carroll and Kennedy, 1977

Carroll er al, 1980

Carroll et al, 1981

Carroll er al, 1983

Cellers et al, 1995

Colombant and Tonon,
1973

Costello et al, 1991

Cromer et al, 1985

Adams, J and Manley, BW 1965 Electron Eng Vol
37, Page 180

Adams, J and Manley, BW 1966 IEEE Trans Nucl
Sci Vol 13, Page 88

Ballofet, G, Romand, J and Vodar, B 1969 CR Acad
Sct Vol 252, Page 4139

Bekefi, G A 1976 Principles of Laser Plasmas Edition
Wiley-Interscience

Bell, E E 1959 Radiometric Quantities, Symbols, and
Units Proceedings of the IRE Paper 311 Page 1432
Bibinov, N K, Bolshukhin, D O, Kokh, D B, Pravilov,
A M, Vinogradov, | P and Wiesemann, K 1997
Absolute calibation of the efficienc of a VUV
monochromator / detector system in the range 110 - 450
nm Meas Sct Technol Vol 8 Page 773

Canta, AM and Tondello, G 1975 Continuum source
and focusing technique for the 80-500 A spectral range
Improvements Applied optics Vol 14 No 4, Page 996
Carillon, A, Jaégle, P and Dhez 1970 Phys Rev Lett
Vol 25, Page 140

Carroll, PK and Kennedy, ET 1977 Doubly excited
autoionization resonances in the absorption spectrum of
Li* formed 1n a laser-produced plasma Physics Review
Letters Vol 38, No 19 Page 1068

Carroll, P K, Kennedy, E T and O’Sullivan, G 1980
Laser-produced continua for absorption spectroscopy n
the VUV and XUV Applied Opnics Vol 19, No 9, Page
1454

Carroll, P K and Kennedy, ET 1981 Laser produced
plasmas Unpublished

Carroll, P K, Kennedy, ET and O’Sullivan, G 1983
Table-top EUV Contmuum Light Source [EEE Journal
of Quantum Electromcs Vol 19, No 12, Page 1907
Celliers, P, Mrowka, S, Matthews, D 1995 Optization
of X-ray sources from a high-average power Hd Glass
laser produced plasma for proximity lithography UCRL-
LR-105821-95-3

Colombant, D and Tonon G F 1973 X-ray emission in
laser-produced plasmas J Applied Physics Vol 44, No
8, Page 3524

Costello, I T, Mosnser, J P, Kennedy, E T, Carroll, P K
and O’Sullivan, G 1991 X-UV absorption spectroscopy
with laser produced plasmas A review. Physica Scipta
Vol T34, 77-92

Cromer, CL, Bridges, J M, Roberts, J R and Lucatorto,
T B 1985 High-resolution VUV spectrometer with
multichannel detector for absorption studies of transient

140



Davidson et al, 190:0.
Doyle, 19%6.
pyer et al, 1900.

Echart 6t al, 1985.

EG&G Princeton Applied
Research™.

Bhler and W\eissler, 1966.
Fancett et al, 1966.

Fisdher and Kilhne, 1983.

Fischer 6t al, 1984.

French, 1989.

Friedet al, 1901.

Fried 6t al, 1901.

Fulkerson and Booth, 19%4.

species. Applied Optics. vol. 24, No. 18, Page 299%.
Davidson, S.J., Neely, D., Lewis, C.L.S. and O Neil, D.
1990. Rutherford Appleton Laboratory Report. No. RAL-
Doyle, B. 19%. A im Normal Incidence Multi-Channel
Spectrometer For Laser Plasma Spectroscopy. m.sc.
Thesis. DCU. Unpublished.

Dyer, P.E., Iss, A. and Key, P.H. 1990. Dynamics of
excimer leser ablation of superconductors Inan oxygen
enviroment. Appl. Phys. Lett. vol. 57. No. 2. Page 185.
Edart, M.J., Hanks, R.L., Kilkemy, J.D., Pasa, R. and
Wiedwald, J.D. 1986. Large-area 200 ps gated
microchannel plate detector. ReV. SCI. Instrum vol. 57,
No. 8 ,Page 2046.

EG&G Princeton Applied Research. Models 1452, 1453
and 1454 silian photodiode detectors. Operating and
service manual . USA.

Ehller, A.W. and \\eissler, G.L. 1966. Vacuum ultraviolet
rediation from plasmas formed by a leser on metal
surfaces. Applied Physics Letters. vol. s ,No. 4.

Fawoett, B.C., Gabriel, A_H., Iras, F.E., Peacock, NJ.
and Saunders, P.AH. 1966. Proc. Phys. Soc. vol. ss,
Page 1051.

Fisder, J and Kuhne, M. 1983. Time duration of VUV -
rediation emission of laser produced plasmas as a
function of lesar pulse length and wavelength of
cbservation. Appﬁéd Physics B. vol. 2, Page 157.
Fisder, J Kuhne, M and Wende, B. 1934. Soectral
radiant power measurements of VUV and oftx - ray
sources using the electron storage MY BESSY as a
rediaretric standard source. App|ledr%ptICS. \ol. 23, No.
23, Page 4252.

French, R.H. 1989. Laser-plasma sourced, temperature
dependent, VUV spectrophotoneter using dispersive
aralysis. In. Proceedings of the ninth Int. Vacuum
Ultraviolet Radiation Physics Conference. 1989. Hanaii.
Fried, D., Jodeh, S., Reck, G.P., Rothe, E.W. and
Kushida, T. 19%4. Intermal state populations and the time-
of-fAlight of ground-state species ejected after the 193 nm
excimer leer ablation of CuO, Ba02,Y 203.J, App|
Phys. Vol 75. No. 1. Page 52.

Fried, D., Reck, G.P., Kushida, T. and Rothe, E.W. 1991.
Time resolved emission soectra folloving the 193 nm
photoeblation of CuO, Ba02,Y 203 ,and YBa2Cu307Xin
vacuum and oxygen. J. Appl Phys. vol. 70. No. 4. Page
2337.

Fulkerson, E.S. and Booth, R. 1994. Design of Religble
High Voltage Avalanche Tramsistor Pulsers. Lawrence
Livermore National Laboratory. http://vwiw-

dsed. 1nl .gov/documents/pulser tedhvesfoms4.html . [

141


http://www-

Galileo™, 1985
Geohegan, 1992

Gohill et al, 1986

Goodrich and Wiley, 1962

Gupta, 1993

Hickman, 1996

Hill 111, 1985

Hull 111, 1986

Howes and Morgan, 1985

Hughes, 1975

Hunter et al, 1985

Janesick et al, 1985

Jannutt: et al, 1985

Janmtti et al, 1986

Kelly, 1987

Kennedy et al, 1996

Accessed date  05/04/96 ]

Galhleo™ 1985 MCP tech notes Vol 4

Geohegan, D B 1992 Fast intensified-CCD photography
of YBa,Cu,30y5 slaser ablation in vacuum and ambient
oxygen Applied Appl Phys Lett Vol 60 No 22 Page
2732

Gohill, P, Kaufman, V and Mcllrath, TJ 1986 High-
resolution spectra of laser plasma hight sources m the
grazing incidence region Applied Opucs Vol 25, No
13

Goodrich, G W and Wiley, W C 1962 Continuous
channel electron multiphier Rev Sci Instr Vol 33 Page
761

Gupta, A 1993 Gas-phase oxidation chemustry during
pulsed laser deposition of YBa,Cu;30; 5 films J Appl
Phys Vol 73 No 11 Page 7877

Hickman, I 1996 Working with avalanche transistors
Electronics World Issue March 1996 Page 219

Hul III, WT 1985 Non-resonant laser-driven ionization
of condensing vapours A mechanism based on cluster
fragmentation Optics Communicanions Vol 54 No §
Page 283

Hul III, W T 1986 Quenching of resonant laser-driven
1omization at hagh buffer gas pressures J Phys B At
Mol Phys Vol 19 Page 359

Howes, M J and Morgan, DV 1985 Charge-coupled
devices and systems Umversity of Leeds Wiley-
Interscience Publications

Hughes, T P 1975 Plasmas and laser light Edition
Adam Hilger

Hunter, EP L, Simic, M G and Michael, BD 1985 Use
of an optical multichannel analyzer for recordmg spectra
of short-lived transients Rev of Sci Instrum. Vol 56,
No 12, Page 2199

Janesick, J , Elhot, T, Daud, T, McCarthy, J and
Blouke, M 1985 Backside charging of the CCD
Proceedings SPIE Vol 570, Page 46-80

Janmitty, E , Mazzoni, M, Nicolosy, P, Tondello, G and
Yongchang, W 1985 Photoabsorption spectrum of Be*
Journal of the Optical Society of America B Vol 2, Page
1078

Jannutts, E , Pinzhong, F and Tondello, G 1986 The
absorption spectrum of B II in the vacuum ultraviolet
Physica Scripta Vol 33, Pages 434-441

Kelly RL 1987 Atomic and 1onic spectrum lines below
2000 Angstroms Hydrogen through Krypton. J. of
Physics & Chemical Reference Data Vol 16, No 1
Kennedy, ET, Costello, J T and Mosmer, JP 1996
New experiments in photoabsorption studies of singly
and multiply charged 1ons Journal of Electron

142



Kent et al, 1987

Kieffer and Chaker, 1994

Koog et al, 1996

Kuhne and Wende, 1985

Kuhne, 1982

La1 and Cenma, 1986
Laiet al, }988

Lerner and Therenon, 1988

Lucatorto and Mclirath,
1980

Lucatorto et al, 1979
Luppi et al, 1984

Maiman, 1960

Meighan et al, 1997

Mizushima and Okamoto,
1967

Nagel et al, 1984

Spectroscopy and Related Phenomena Vol 79, Pages
283-288

Kent L W J, Connerade J P, and Thorne AP 1987 The
Sp absorption spectrum of laser-excited barium J Phys
B At Mol Phys Vol 20, Page 2947

Kieffer, J C and Chaker, M 1994 X-Ray Sources Based
on Subpicosecond-Laser-Produced Plasmas Journal of
X-Ray Science and Technology Vol 4 Page 312

Koog, J , Iwasaki, K, Sato, K, Hamada, Y, Toi, K and
the JIPP T-IIU Group 1996 Development of an imaging
vacuum-ultraviolet monochromator in the normal
incidence region Rev Sct Instrum. Vol 67, No 11, Page
3871

Kuhne, M and Wende, B 1985 Vacuum uv and soft x-
ray radiometry Review article The wnstitute of Physics
0022-3735/85/080636 Page 637

Kuhne, M 1982 Radiometric comparison of a laser-
produced plasma and BRV-source plasma at normal
mcidence Applied Optics Vol 21, No 12, Page 2124
Lai, B and Cerrina, F 1986 Nucl Istrum Methods Phys
Res A Vol 266, Page 337

Lai, B Chapman, K and Cerrina, F 1988 Nucl Instrum
Methods Phys Res A Vol 266, Page 544

Lerner, JM and Thevenon, A 1988 The Opuics of
Spectroscopy A tutorial V2 0 Edition 2 Jobin Yvon
Optical Systems Instruments SA http //www [ Accessed
date 8/12/96 ]

Lucatorto T B and Mcllarth TJ 1980 Laser excitation
and 1onization of dense atomic vapours Applied optics
Vol 19, No 23, Page 3948

Lucatorto, T B , Mcllrath, T J and Roberts, J R 1979
Capillary array a new type of window for the vacuum
ultraviolet Applied Optics Vol 18, No 14, Page 2505
Luppy, R, Pecorella, F and Cerioni, I 1984 Pulsed
microchannel-plate mounting for subnanosecond x-ray
image intensifiers Rev Sci Instrum. Vol 55, No 12,
Page 2034

Maiman, TH 1960 Stimulated optical radiation n
Ruby Nature Vol 187, Page 493

Meighan, O, Costello, J T Lewis, CL S and MacPhee,
A 1997 Short-pulse, extreme-ultraviolet continuum
emission from a table-top laser plasma light source Appl
Phys Lett Vol 70, No 12, Page 1497

Mizushima Y and Okamoto Y 1967 Properties of
Avalanche Injection and 1t’s Applications to Fast Pulse
Generation and Switching IEEE Transactions on
Electron Devices Vol 14, No 3, Page 146

Nagel, DJ Brown, C M, Peckerar, M C, Ginter, M L,
Robinson, J A, Mclirath, J T and Carroll, P K 1984
Repetivity pulsed-plasma soft X-ray source Applied

143



Namioka, 1959
Namioka, 1961

NSRDS-NBS 60

O’Sulhvan, 1983

Ohchi et al, 1996

Orth et al, 1986

Oshephov ef al, 1960

Photometnics™

Reader ef al

Rose et al, 1978

Ryden, 1993

Samson, 1967

Schawlow and Townes,

1958

Shadow User’s Guide,
1994

Shevelko and Vainshtein,

1993

Steingruber et al, 1996

Optics Vol 23, No 9, Page 1428

Namioka, T 1959 Theory of the concave grating I J of
the Opt Soc of America Vol 49, No 5, Page 446
Namioka, TJ 1961 Opt Soc Of America Vol 51 Page
4

Atomic Energy Levels The Rare-Earth Elements U S
Department of Commerce / National Bureau of
Standards NSRDS-NBS 60

O’Sullivan, G 1983 The ongtn of line free X-UV
continuum emussion from laser produced plasmas of the
elements 62<7<74 J Physics B Atomic and Molecular
Physics Vol 16, Pages 3291-3304

Ohchy, T, Aoks, S and Sugisaki, K 1996 Micro x-ray
photoelectron spectroscopy of the laser ablated silicon
surface with laser-produced plasma x-ray source Journal
of electron spectroscopy and related phenomena Vol
80, Pages 37-40

Orth, F B , Ueda, K , Mcllrath, TJ and Ginter, M L
1986 High-resolution spectra of laser plasma hght
sources i1n the normal incidence XUV region Applied
Optics Vol 25,No 13

Oshephov, P K, Skvortsov, B N, Osanov, B A and
Siprikov, IV 1960 Pribory Tekh Eksper Vol 4, Page
89

Photometrics Ltd™ Image intensifiers Photek http //
www photomet com/ref/ref backCCD html [ Accessed
date 03/06/97 ]

Reader, I, Caliss, CH Wavelengths and transition
probabilities for Atoms and Atomic Ions Part |
Wavelengths Centre for Radiation Research National
Measurement Laboratory National Bureau of Standards
Washington DC 20234

Rose, ST, Pyper, N C , and Grant, [ P 1978 J Phys B
At Mol Phys Vol 11, Page 755

Ryden, A 1993 Installation of a I meter normal
incidence spectrometer for spectroscopic diagnostics of
laser produced plasmas M Sc Thesis DCU
Unpublished

Samson, ] AR 1967 Techmques of VUV spectroscopy
Wiley-Interscience New York

Schawlow, AL and Townes, CH 1958 Infrared and
optical masers Physical Review Vol 112, No 6, Page
1940

Shadow User’s Guide 1994 Centre for X-ray
Lithography, University of Wisconsin USA

Shevelko, VP and Vamnshtein, L A 1993 Atomic
physics for hot plasmas Institute of Physics Publishing
The Russian Academy of Sciences, Moscow, Russia
Stetngruber, J , Borgstrom, S, Starczewsk:, T and
Latzen, U 1996 Prepulse dependence of X-Ray emission
from plasmas created by IR femtosecond laser pulses on

144



Tang et al, 1991

Tebo, 1994

Teubner et al, 1992

Thomas et al, 1994

Tom and Wood, 1988

Tracy, 1977

Wiese et al

Wiese, 1993

Wilkins et al, 1989

Wiza, 1979

Wuilleumer, 1992

Zetex Semiconductors™,
1996

solids J Phys B At Mol Opt Phys Vol 29 PageL75
Tang, Z , Xu, Z and Kevan, S 1991 A normal incidence
vacuum ultrviolet emission spectrometer Rev Sci
Instrum Vol 63 No 3 Page 1896

Tebo, A 1994 Kumakhov optics provide new way to
deal with x-rays SPIE Available from

http //www spie org/web/oer/november/kumakhov html

[ Accessed date 8/12/96 ]

Teubner, U , Kuhnle, G and Schafer, F P 1992 Detailed
Study of the Effect of a Short Prepulse on Soft X-Ray
Spectra Generated by a High-Intensity KrF Laser Pulse
Appl Phys B Vol 54 Page 493

Thomas, S, Shumkunas, A R and Mauger, PE 1994
Sub-nanosecond intensifier gating using heavy and mesh
cathode underlays http //www-

dsed lInl gov/documents/diags/stspie90A html [
Accessed date 04/02/96 ]

Tom, HW K and Wood, O R 1989 App! Phys Lett
Vol 54, No 6, Page 517

Tracy, DH 1977 Photoabsorption structure in
lanthamides Sp subshell spectraof SmI, Eul Dyl Ho,
Er], TmIand YbI Proc R Soc Lond A Vol 357,
Page 485

Wiese, WL and Martin, G A Wavelengths and
transition probabilities for Atoms and Atomic lons Part
I Wavelengths Centre for Radiation Research National
Measurement Laboratory National Bureau of Standards
Washington DC 20234

Wiese, WL 1993 Atomic spectroscopic databases
Edition Place of publication Elsevier Science Publishers
BV

Wilkins, S W, Stevenson, A W , Nugent, K A |
Chapman, H and Steenstrup, S 1989 On the
concentration, focusing, and collimation of x-rays and
neutrons using microchannel plates and configurations of
holes Rev Sci Instruments Vol 60, No 6, Page 1026
Wiza, JL 1979 Microchannel plate detectors Nuc

Instr and Methods Vol 162, Page 587

Wuilleumier, F J 1992 Photoionization of atomic 1ons
In Proceedings, International conference on atomic
spectroscopy

Zetex Semiconductors™ http //www zetex co uk [
Accessed date 20/03/96 ]

145



Appendix I Acton™ VM-521 1 metre normal incidence spectrometer specifications

Model

Focal length

Optical system
Hornizontal aperture ratio

Grating
Manufacturer

Type
Grooves mm '
Concave radius
Coating
Blaze angle
Blaze wavelength
Ruled width
Ruled height
Wavelength range
Resolution capability
Reciprocal linear dispersion

Nomunal wavelength coverage

Wavelength accuracy
Wavelength reproducibility

Scanning mechamism

Focusing

VM - 521
09954 m
Near normal incidence 75°/75°

F/10 4 with 96 mm wide grating

Bausch & Lomb

Concave reflective

1200

995 4 mm

Indium

275°

80 nm ( First order )

96 mm

56 mm

30 - 325 nm ( Max mechanical movement )
0014 nm ( Entrance and exat slit width 10 pm)

0 83 nm mm !

~ 21 nm for both CEMA / PDA and back thinned

CCD based detectors

+ 0 05 nm ( mechanical mount movement )
+ 0 005 nm ( mechanical mount movement )
Sine drive mechanism with precision lead
screw external to the vacuum system

Cam controlled translation motion with

Micrometer adjustments external to vacuum

system for both short and long wavelength focus adjustments Long

wavelength adjustment micrometer closest to spectral drive

Micrometer settings for Galileo™ CEMA and Andor™ back thinned

CCD detector using present flanges

Short wavelength 2 21

Long wavelength 1 85
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Appendix I. EG&G™ photo diode array ( PDA ) detector specifications’

PDA model
Interface model

Detector type

Wavelength range

Quantum efficiency

Gam

Sensitivity

Maximum deviation from linear response
Dynamic range

Uniformity of sensitavity
Maximum geometric distortion
Line width

Array length

Pixel number and array size
Centre to centre spacing

Dark current tn counts

Maximum system noise
Temperature range

Gas requirements

! Specifications taken from ‘Models 1452, 1453, and 1454 silicon photodiode detectors” Operating and service

manual EG & G Pnnceton Applied Research

1453A

1471A.

Silicon photodiode array

Silicon behind fused silica face plate
180 nm to 1100 nm

70 % @ 650 nm

1350 photo electrons / count

1960 photons / count @ 550 nm

1 %

32768 @ 15 - bt

+5%

1 channel

2 channels FWHM

25 mm

1024 pixels, 25 6 mm * 2 S mm

25 um

1024 (800ms @ 5 °C)

120(1s @-20°C)

1 5 (counts/ scan )*

-40°Cto 18 °C

Must be flushed with dry nitrogen for
temperatures lower than room temperature
during operation and after operation untu
detector system has reached room

temperature
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Appendix Il Andor Technology™ back thinned CCD specifications.

CCD head model

Serial number

Array number

Pixel size

Thermal electric cooling
Controller card

A/D resolution

Readout specd

DH 425 -V

CCD - 359

1024 * 256

26 um?

3 - stage

CC100 (1 MHz)

16 - bt

1, 2, 16, 32 us per pixel

Readout noise
A/Drate |R/S CCD | Single | Full
gain pixel vertical
binning
1 MHz 1 us 10 40 40 6
500kHz [2us 10 38 379
62 kHz 16us |10 84 91
31kHz 32us |5 64 71
Base mean level
A/Drate | R/S Counts
IMHz |1ps |555
500kHz |[2pus |460
62kHz {16pus | 210
31kHz |32 us (234

CCD dark current

Mmmum dark current achievable

CCD dark current uniformity
Linearity
Response uniformity

Dark current defects

Response defects ( Dark pixels )

Please refer to user manual for graph

037 @ -54 3 °C with 12 °C water cooling
Better than 0 07 electrons / pixel / sec
Better than 1 % over 16 bits

Better than 33 %

No hot spots
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335,30 841,158
164,32 315,162
710,36 862,172
30,80 740,197
866,147 542,223
864,154
Power supply unt PS 150
Mult: /O box 10 159
CCD chip EEV CCD30 - 11
CCD chip serial number A4593 - 13- 11
Format Back idluminated
Coating None
62 0mm
32 0mm —— Vacuum seal O rieg groove
l4mm depth 2 mm width
Q O
4 |
= et &| =
& gl & &
=
Q ol
\ A Detector CCD array
444 d Dimensiwons 28*¢ mm
mm CAmEer cop gyrface 7 mm behimd
through holes seating face
Figure A 111-1 ( a ) Andor Technology™ back thinned CCD and ( b ) drawing

showing main dimensions of front flange



Appendix IV Galileo™ Channel Electron Multipher Array ( CEMA ) specifications

MCP model

Plate outside diameter
Plate thickness

Active area

Electrode matenal

Poie s1ze

Centre to centre spacing
Open area ratio

Bias angle

Solid glass border
Minimum electron gam
MCP / phosphor gap distance
Bias current

Maximum linear output density

Gahleo 6025 - FM MCP
3274 mm

043 mm

49 cm?

Inconal or nichrome

10 pm

12 pm

55 %

12°

Yes

3310

1 2 mm

4 * 10" pAmps per plate

10 % of bias current density

Fibre optic phosphor P20
Coating MgF, Magnesium fluoride
Maximum bakeable temperature 350 °C
VUV wavelength range
( detection efficiency > 10 % ) 20 - 180 nm
s |
SHY Connector SHV Connector
MCP 1nput V \\ Not used
SHV Connector
MCP output V,

ESHYV Connector
MCP Anode V,

Figure A IV-1 ( a ) Galileo™ CEMA and ( b ) vacuum assembly showing position of

feedshroughs with vacuum side showing
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Appendix V. Galileo™ glass capillary array ( GCA ) specifications.

Individual pore size 50 pm diameter
Percentage open area 60 %
Thickness 3 mm
Diameter 25 mm

Glass material Soda lime glass



Appendix VL Photographs of system.
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Figure AIX-1 Photograph showing system configuration used in helium gas

photoabsorption and barium photoabsorption




Figure AIX-3
CEMA / PDA detector

arrangement
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Figure AIX-4

(a) Mirror chamber
showing 40KF flanges at
15° and (b ) muror
holder and positioner for
both focusing and angle

alignment
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