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Abstract

For further downscaling of the characteristic feature size of integrated circuits, resulting
in increased processor speed and chip memory size, future lithography devices will have
a light source with a wavelength of 13,5 nm, which is in the Extreme Ultraviolet (EUV)
region. Several compact EUV sources are currently being considered for application in
lithography. Among them is the laser plasma: a radiative plasma is generated by focusing
light of a high peak power laser onto a solid, liquid or gaseous target. In this study three
different experiments have been performed with a laser plasma EUV source based on a
supersonic xenon gas jet target.

Firstly a backlighting technique is used to determine the initial target gas density in the
supersonic jet. From shadowgraphs of the jet, giving the absorption profile of keV
radiation passing through the jet, the density profile can in principle be constructed.
Although no density profiles are calculated and presented yet in this report, the
shadowgraphs appear to be in reasonably good agreement with absorption profiles
expected using Laval nozzle theory.

In order to maximize conversion efficiency from laser light into EUV radiation,
understanding of the relevant processes in the gas jet laser plasma EUV source is needed.
Therefore a parameter study is performed, in which spectrally resolved EUV emission is
investigated for different laser pulse intensities and target gas densities (known from
backlighting). The dependence of spectral intensity on initial target gas density is
explained by a theoretical model. This model makes a distinction between emission
directly from the EUV emitting plasma and the absorption of the EUV radiation in the jet
by neutral (and weakly ionized) xenon surrounding the plasma. The emission directly
from the plasma is found to increase linearly with the initial target gas density squared.
The increase in intensity, when increasing target gas density, is however ‘counter acted’
by increased absorption in the surrounding neutral xenon.

The third experiment is aimed at increasing the conversion efficiency, by applying a laser
prepulse, which modifies initial target conditions, prior to the laser main pulse. Enhanced
EUYV yield is found for time delays between the two laser pulses up to 250 ns, with a
maximum increase in 13,5 nm yield by a factor 2,5 at 140 ns delay. Most probably the
prepulse causes a density shockwave in the xenon jet. The resulting local increase in
target gas density at the main laser pulse focal spot (during a certain delay time interval)
gives the observed enhancement of EUV emission.
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Section 1. Introduction

1. Introduction

1.1 Soft X-ray sources

Currently there is a large interest in research on soft X-ray sources. The soft X-ray part of
the electromagnetic spectrum with wavelength in the order of nanometers has
applications in for example lithography, (water window) microscopy and radiobiology
[1]. At present a high power, bright source of soft X-ray radiation is available, namely the
synchrotron [1,2]. This is basically a ring-shaped tube in which accelerated electrons
propagate. Magnetic fields are applied to keep the electrons in orbit. The thus induced
change in direction of the electrons’ speed results in the generation of synchrotron
radiation. Furthermore the electrons in the synchrotron can be directed through the
alternating magnetic field of an undulator. This results in an oscillating motion of the
electrons, and therefore generation of the required radiation. Figure 1.1 shows a
schematic view of a synchrotron and an undulator. Due to the large dimensions of these
facilities -which can measure up to several tens of meters in diameter- and their
inherently high costs synchrotrons are however not very practical soft X-ray sources.
Several ‘laboratory-sized’ sources, which can meet and even surpass synchrotron
specifications in terms of power and brightness, are therefore currently being considered
as an alternative. Most of these sources are discharge- or laser generated plasmas with
relatively high density and temperature.

2) b)
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Figure 1: a) Example of a synchrotron, schematic view. Electrons are accelerated by the linear accelerator
and booster ring and subsequently injected in the storage ring. Bending magnets keep the electron beams
in orbit. The induced change in the electrons’ direction of motion results in the generation of synchrotron
(X-ray) radiation Furthermore the synchrotron storage ring contains undulators for X-ray generation and
accelerators (not shown) to compensate for the radiation losses of the electrons. b) Schematic view of an
undulator. Electrons perform an oscillating motion by moving in an alternating magnetic field.
Consequently radiation is generated. Note that the oscillation of the electrons actually is perpendicular to
the figure.
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1.2 Application of soft X-rays in lithography

As mentioned previously one of the applications of soft X-ray radiation is in (optical)
lithography. Lithography is a crucial process in the production of integrated circuits
(IC’s), commonly known as chips. In the lithography process, shown in figure 1.2, a
pattern from a mask (also called reticle), containing the ‘master-copy’ of the circuitry, is
projected by a light source on a photoresist coated silicon wafer, usually with about 4
times demagnification. Subsequently either the exposed or the unexposed part of the
polymer photoresist is removed. The IC can then be constructed by applying processes
such as etching, deposition and diffusion or implantation of dopants to generate
transistors and interconnections. This whole process can be repeated several times with
the same wafer to obtain a 3-dimensional IC structure. Among the most important
parameters of lithography devices, the so-called wafer steppers and —scanners, is feature
resolution. This is the smallest achievable characteristic dimension of the IC’s features.
Processor speed and chip memory size can be increased by improving resolution, thus
scaling down these characteristic dimensions. The resolution R is given by [1, p8]:

Ry
NA

R (1.1)

with k; a constant in the order of unity, A the wavelength of the light source, and NA the
numerical aperture of the projection optics of the lithography device, see figure 1.3.
Clearly resolution can be improved by decreasing the wavelength or by increasing the
numerical aperture. However the depth of focus DOF, defined as the distance over which
the focus is smallest, see figure 1.3, should be larger than the photoresist coating of the
wafer to avoid alignment difficulties.

reticle —#

photoresist layer fens  —»

system

semiconductor
material

) ICs

Figure 1.2: Schematic view of the IC production process. In the lithography step a pattern of the circuitry
contained by a mask, or reticle, is imaged on a silicon wafer coated with a photoresist layer. Subsequently
either the exposed or the unexposed part of the layer is removed, and IC features can be constructed by e.g.
etching- and deposition processes. The whole process can be repeated several times with the same wafer to
obtain 3-dimensional structures.
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light

lens system

DOF I
Figure 1.3: Schematic view of an optical lens system used in a lithography device to project an image on

the wafer. The numerical aperture NA is the tangent of half the focusing angle, or NA=a/b in the picture.
The depth of focus DOF is the distance over which the focus is smallest.

The DOF is given by [1, p8]:

k,A

DOF =2 (1.2)

with &, a constant in the order of unity. Decreasing the wavelength and/or increasing the
numerical aperture in order to improve resolution, will thus also have the negative effect
of decreasing the depth of focus. Since the NA appears to the first power in the
denominator of equation (1.1), but to the second power in the denominator of equation
(1.2), resolution can however still be improved, without affecting the DOF too much, by
decreasing the wavelength and possibly compensating with the NA. Currently Deep
Ultraviolet (DUV) lithography is able to produce IC’s with feature size of about 130 nm
using 248 nm or 193 nm light from excimer lasers (KrF respectively ArF). Downscaling
to 70 nm feature size is already demonstrated using 157 nm F, laser light. However a
disadvantage of using shorter wavelengths is the increased absorption in the optical
system. In order to keep wafer throughput the same, light source power has to be
increased. Overheating of the optical lens system may result, which leads to a decrease in
imaging quality. Therefore several new technologies such as electron beam writing, X-
ray proximity printing and soft X-ray projection lithography are considered to succeed
conventional DUV lithography. Soft X-ray projection lithography is basically the same as
the DUV lithography process described above, however light source wavelength is
drastically downscaled to the nanometer region. Light with this wavelength is strongly
absorbed in all matter. Consequently lenses can not be used, and the optical system,
which has to reside in vacuum, will consist of multilayer mirrors [3,4]. A multilayer
mirror (MLM) is a stack of layers of alternating reflecting and ‘transparent’ material,
figure 1.4a. Reflection from one surface is very small for incident angles above the
critical angle. However by choosing the thickness of the transparent layers such that the
Bragg condition is fulfilled, constructive interference can occur between the radiation
reflected from the different surfaces. Taking into account the absorption in the layers,
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Figure 1.4: a) Multilayer mirror consisting of a stack of alternating reflecting and transparent layers,
usually 50 to 100 ‘bi-layers’ are used. Constructive interference occurs if the Bragg condition, 2dsin@ =
nA, is fulfilled. Commonly multilayers are used in the’ n=1 mode’, so for e.g. A=13 nm and normal
incidence (6=90°), d =6,5 nm. Note that reflection at the backside of each reflecting layer (not drawn) also
gives constructive interference, since it occurs with a 180° phase shift,. b) Example of the dependence of

reflectivity on wavelength for a Mo/Si multilayer mirror measured at near normal incidence (6=88,5°). The
bandwidth (BW) is the FWHM of the reflectance, and is 0,50 nm or 3,8% in this case. Reproduced from

[7]-

the total reflectivity can theoretically be up to 75 %. Experimentally about 70 %
reflectivity at near normal incidence is achieved with Mo/Si at 13 nm [5] and Mo/Be at
11 nm [6]. Figure 1.4b shows the dependence of reflectivity on wavelength for a Mo/Si
multilayer mirror. It can be seen that maximum reflectivity is only within a small band of
the mentioned 13 nm, a MLM therefore acts as a monochromator. Furthermore the
wavelength, at which the maximum reflectivity of about 70% occurs, can only be
adjusted within a limited range. Consequently light source wavelength to be used for
lithography applications will be determined by the multilayer mirrors, and will therefore
be in the 10-15 nm range known as Extreme Ultraviolet (EUV). Since Mo/Si multilayers
are most preferable, especially wavelengths around 13 nm are of interest.

1.3 Laser plasma as EUV source

Several plasma light sources for application in Extreme Ultraviolet Lithography (EUVL)
are currently considered. Examples are various discharge plasmas and the laser produced
plasma (LPP). A laser plasma is generated by focusing light of a pulsed, high peak power
laser to sufficiently high intensity (>101° W/cmz) onto solid, liquid or gaseous target
material. The strong electromagnetic field at the laser focus ionizes and heats the target
material to a plasma, which subsequently radiates in a wide range of wavelengths (the
physical processes in laser plasmas will be discussed in section 2). From this radiation a
specific EUV wavelength can be selected for application. Figure 1.5 shows a schematic
view of a laser plasma sourced EUV lithography device. So far often solids have been
used as target material because of their relatively high conversion efficiency from laser
light into soft X-rays.
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Figure 1.5: Schematic view of a lithography device with a laser plasma as EUV source. The specific EUV
wavelength is selected by the as monochromator acting multilayer mirrors. The reflection mask is a
multilayer mirror coated with an absorbing pattern. This pattern is imaged on the wafer by the
demagnifying multilayer optics.

However using a solid target laser plasma in a EUV lithography device has two large
disadvantages. Firstly ablated material from the target will partly condensate on the
optics, and high velocity ions from the plasma can etch the multilayers, or can even be
implanted in the MLM’s up to a depth of several nanometers. This severely affects the
performance and lifetime of the MLM optics. The problem of contamination by debris
can be reduced by using a fast rotating disc as target in combination with a jet of buffer
gas to direct the material away from the optics, see figure 1.6.

fast rotating target

buffer gas

debris exhaust

foil trap

laser beam

VNN PN N

radiation

(in direction of optics)

Figure 1.6: Debris reduction in a solid target laser plasma. The fast rotating disc target changes the
angular velocity distribution of the plasma debris particulates. As result less particulates will move in the
direction of the optics. Buffer gas directs the particulates to an exhaust. Furthermore especially small
atomic debris is captured on a foil trap by adsorption. Thermalization of the debris atoms is provided by
multiple collisions with buffer gas atoms. This increases the chance that a debris atom collides with- and
sticks to the foil.
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Furthermore a foil trap between plasma and optics can be applied to capture particles
while transmitting the radiation [8,9]. Nevertheless target debris remains a large concern.
The second disadvantage of using solid target material is its supply. EUV lithography
machines with a sufficiently high wafer throughput will have to use large amounts of
solid target material. Since the part of the machine in which the plasma is situated has to
be under vacuum, the supply of this solid material will be very impractical. Moreover the
high consumption of target material quickly leads to large amounts of captured material
on the foil trap, which therefore has to be replaced frequently. To illustrate this, a typical
demand of industry is that a lithography system has to operate continuously for 10"
laser/EUV pulses. Taking a realistic 1 pg of ablated target material per laser pulse, this
gives 100 kg of consumed and ablated target material, which (mainly) will be condensed
on the foil trap. To avoid these problems with material supply and to suppress
contamination inherent with the use of solid targets, EUV laser plasma sources based on
gaseous as well as liquid droplet targets have been proposed. Gaseous targets (as well as
cluster or liquid targets) can be produced by a sonic [10] or supersonic [11] expansion of
gas through a nozzle. The use of chemically inert noble gases (helium, argon, krypton
and xenon) is preferable because contamination of the multilayer optics is minimized
(only the problem of fast ions remains). Especially Xenon is of interest, its spectrum
contains broad structures of high intensity around 11 nm and 13,5 nm. Since Mo/Si
multilayer mirrors, with peak reflectivity around 13 nm, are most perspective for EUVL,
the radiation at 13,5 nm is the most important.

1.4 Laser plasma EUYV source based on a gas jet target

At the Laser Plasma and XUV-optics (LPX) group at the FOM institute for plasma fysics
Rijnhuizen research is being conducted on a laser plasma EUV source based on gas-jet
target produced by a pulsed operated nozzle. A disadvantage of using a gas-jet target is
its low density compared to solid or liquid targets, resulting in lower conversion
efficiency. Moreover to avoid damage to the nozzle due to interaction with the laser
plasma, a minimum safe distance between the nozzle’s orifice and the plasma is required.
And especially for sonic nozzles the density decreases rapidly with distance from the
nozzle (approximately density is inversely proportional with distance squared). A second
disadvantage is that most perspective gases, which show large emission at EUV
wavelengths (like Xenon), also have considerable absorption at these wavelengths. In the
case of the gas-jet this yields strong absorption of EUV radiation in the low density tail of
neutral gas expanded into the area outside the plasma. By applying a co-axial double-jet
geometry the absorption of EUV can be strongly reduced [12,13], see figure 1.7. The
double-jet consists of target gas puffed from a central circular nozzle (as with the normal
single jet nozzle) and a co-axial sheet of EUV transparent buffer gas puffed from an outer
annular nozzle. The buffer gas confines the target gas, resulting in a higher density at the
position where plasma is produced. Furthermore low density target gas outside the
plasma volume is replaced by the buffer gas, reducing the above mentioned ‘self-
absorption’. Best results are achieved by using Xenon as target gas and H; as buffer gas.
In case of a sonic nozzle an increase up to a factor 20 in EUV yield (at 13 nm) is obtained
with respect to the single jet, when applying a distance of 0,5 mm between nozzle orifice
and laser focus [12]. Target gas expanded from a supersonic nozzle is better confined and
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Figure 1.7: Schematic drawings of gas expansions from a single sonic nozzle (a), and a double co-axial
sonic nozzle (b). In case of the double nozzle buffer gas is applied to confine the target gas and to ‘blow
away’ low density EUV absorbing regions of target gas. This results in higher EUV yield.

shows less decrease in density with increasing distance from the nozzle. Furthermore the
density gradient at the gas jet-vacuum boundary is steeper in the supersonic case,
reducing EUV ‘self-absorption’. Therefore the effect of applying buffer gas with a
supersonic nozzle is less than with the sonic nozzle. An increase in EUV yield up to a
factor of 5 can be achieved.

1.5 Report outline

This report discusses three different experiments performed with a supersonic xenon gas
jet laser plasma EUV source. Section 3 treats backlighting experiments. In these
experiments the (initial) neutral xenon gas mass density profile in the supersonic jet is
determined by using an absorption technique; keV radiation from a solid target laser
plasma is imaged after passing through the jet. Since the radiation is partly absorbed by
the neutral xenon a shadowgraph is obtained. From this shadowgraph of the jet the
density profile can be constructed. In order to optimize the conversion efficiency,
understanding of the relevant processes in the xenon gas jet EUV source is needed.
Therefore spectrally resolved EUV emission from the xenon plasma is studied in section
5 for different laser intensities and initial target gas densities (known from section 3). A
simple theoretical model, describing the dependence of spectral intensity on initial target
gas density, is presented. The model separately quantifies the dependence of spectral
intensity (directly) from the plasma on initial target gas density and the dependence of
EUYV absorption by neutral xenon surrounding the plasma volume on initial target gas
density. Although no experiments with buffer gas are performed, the model can in
principal also be used to separately quantify the two effects of using buffer gas, namely
an increase in initial target gas density and a reduction of EUV ‘self’- absorption in the
jet, which result in a higher EUV yield, as discussed in section 1.4. Section 6 discusses
experiments aimed at increasing the EUV conversion efficiency of the xenon laser
plasma by using a double laser pulse scheme; a laser prepulse is used to adjust the target
conditions for the subsequent main pulse. Section 4 gives an overview of the EUV
diagnostics used in the experiments of sections 5 and 6. Section 2 deals with theory
concerning laser plasmas.




Section 2: Laser plasma processes

2. Laser plasma processes

In this section some characteristics of- and main physical processes in laser produced
plasmas will be discussed. Subsection 2.1 discusses the general characteristics of EUV
emitting laser produced plasmas in terms of temperature and density compared to other
plasmas. Subsections 2.2 to 2.6 discuss the physical processes concerning laser plasmas.

2.1 EUY laser plasma characteristics

The discharge- and laser generated plasmas, which are currently considered as EUV
source, are rather dense and hot compared to most other plasmas. Figure 2.1 shows
various plasmas in a graph of electron density #. versus electron temperature T, the two
most important parameters for any plasma. Figure 2.2 shows different plasmas in a graph
of n./n, versus n,, where n, is the dens1ty of neutrals. EUV/soft X- ray laser produced
plasmas typically have n, = 10 m” to 107 m™, and T, = 10 eV to 10° eV. Note that
when assuming EUV plasma to be a blackbody radlator, see subsection 2.6.5 below, a
maximum in intensity around 13 nm wavelength yields a temperature of about 19 eV, cf.
figure 2.5c. Practically all atoms are ionized to relatively high stages in EUV emitting
(laser) plasmas. Xenon has to be ionized to Xe10+ for high emission at a wavelength of
13,5 nm, see Appendix.

Drelive Bapth Gal

n, (m)

o 100 fose

T, (K)

Figure 2.1:Different plasmas (artifical and natural) in a n, versus T, diagram. Also pressure as well as
Debye length are indicated. Reproduced from [14].
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Figure 2.2: Different plasmas in a nc/n, versus n. diagram. Plasmas without magnetic field: thermal
plasmas (1), vacuum arc (va), inductively coupled plasma (icp) anomalous glow (ag), microwave discharge
(ud),glow discharge (gd). Plasmas with magnetic field: Tokamaks, Ar+-laser, hollow cathode arc (hca)
expanding plasma beam (epb) RF inductive plasma (rfi), helicon discharge (h) electron cyclotron
resonance discharge (ecr). Plasmas without magnetic confinement are roughly ordered around the line
ne/na~(10%*n,)"; [nJ=m>. Here electron production and - losses due to diffusion are in equilibrium. Due to
the rapid pressure driven expansion, see subsection 2.5, such an equilibrium will hardly be reached for
LPP’s. The position of laser produced plasmas at this line is therefore to be discussed. Magnetically
confined plasmas have a relatively high n./n, ratio: no high n, is needed to limit losses due to diffusion.
Reproduced from [14].

2.2 In general: conversion of energy

As plasma is generated by focusing laser light on a target, (part of) the laser energy is
converted. In case of a solid or liquid target some energy is initially needed to ablate
respectively vaporize and possibly dissociate the material to an (atomic) gas state. In case
of a (super)sonic nozzle, cooling due to the expansion of the gas will result in a target
material ‘mixture’ of gas and condensed clusters. Absorption of laser radiation mainly by
the solid density clusters heats the material initially. Eventually a more or less
homogeneous weakly ionized gas is obtained. Initial ionization of atoms will take place
by photo-ionization processes. The freed electrons gain kinetic energy by oscillating in
the electric field of the laser. Inelastic collisions of these electrons with atoms or ions can
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cause further ionization. Since each ionization produces an extra electron, which in its
turn can cause a subsequent ionization, a cascade or avalanche behaviour occurs. The
oscillating electrons can also elastically collide with ions. The electrons’ kinetic energy is
then converted into thermal energy. This process of plasma heating by (laser) radiation is
known as inverse Bremsstrahlung. Expansion of the plasma governed by the gigantic
pressure gradient yields that part of the thermal energy is converted again into ordered
kinetic energy of particles, the plasma therefore cools. Furthermore additional cooling
takes place by several radiation processes. lonization, heating, expansion and radiation
processes will be discussed in more detail in the following subsections. It has to be noted
that especially with so-called mass-limited targets, such as liquid droplets, gaseous
targets and thin solid films, possibly part of the laser energy is transmitted through the
plasma without being absorbed at all. Furthermore in case of high electron densities
(especially the case with solid targets), laser light may be reflected where the critical
density is reached. For laser plasma EUV sources the conversion efficiency (CE) of laser
light into EUV radiation is a key parameter. It is defined as:

CE = Erp [_;%___] (2.1)
E 27sr - % BW

laser

where Ey,., is the total energy of the laser pulse and Egyy is the total energy of the EUV
pulse at a specific wavelength within a certain bandwidth (BW). The bandwidth is
determined by the used multilayer mirrors, cf. figure 1.4b, and is typically about 4%. As
the plasma radiates in all directions the EUV yield is usually given in a maximum
collection angle of 2m sr (semi-sphere). The CE for a certain EUV wavelength is
therefore expressed in % /(2n st %BW) as indicated. Note that when multiple MLMs are
used in series, as in the optical system of a EUV lithography device, the bandwidth
decreases. Typically a BW of 2 % is given for EUVL optical systems, which consist of
about 10 multilayer mirrors.

2.3 Photo-ionization

Initial ionization of laser plasma target material takes place by photo-ionization
processes. This means that laser radiation directly ionizes the material. If the intensity of
the laser radiation is high enough an atom is ionized by absorbing several photons, this
process is called multiphoton ionization [16]. For higher intensities tunnel ionization
becomes dominant [19], in this process the strong electric field of the laser is able to tilt
the atomic potential energy of the electron, enabling it to tunnel ‘out of the atom’.
Multiphoton ionization and tunneling will be discussed in more detail below.

2.3.1 Multiphoton ionization (MPI)
The energy of a photon is given by:

hv = — (22)

photon = /l
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with # Plank’s constant, v and A the frequency respectively wavelength of the radiation
and c the speed of light. For laser light with wavelength of 200 nm to 1000 nm the photon
energy is about 5 eV to 1 eV. However the ionization potential of e.g. a xenon atom is
12,13 eV [15]. Therefore the ionization can not be a single photon act. However at very
high radiation intensities [Wm'z], or photon fluxes [photonS°s'1m'2], ionization takes place
by simultaneous absorption of several photons. This effect is known as multiphoton
ionization (MPI). In the MPI process an atom can absorb a photon to create a virtually
excited state. The lifetime Ar of this virtual state is limited by Heisenberg’s uncertainty
principle:

At = h =l

- 2.3)

photon

For radiation with photon energy of several eV’s At typically is in the order of 107 s. If
the excited atom is able to absorb a second photon during this brief time interval, it can

reach a next virtual state of higher energy with life time At 1/2,,. Subsequently a third
photon may be absorbed, and so on. By the successive absorption of photons into
intermediate virtual states of increasingly higher energy and shorter lifetimes the state of
ionization can be reached eventually. The MPI process is schematically shown in figure
2.3a. The probability per unit time for ionization (ionization frequency) of an atom by
MPI can be given by [16]:

Vi = AF = A'T* (24)

where F and I are the photon flux and radiation intensity respectively, related by
I=Epho0nl’, and k is the first integer larger than E/E,p.,,, with E; the ionization energy.
The coefficients A and A’ depend on atomic species, radiation wavelength and laser light
polarization. In idealized and simplest form A respectively A’ can be expressed as:

a) b)
E K E
) r ~N r
4
/ bound state -—

Figure 2.3: Photo-ionization processes. The atomic potential energy is shown as function of distance r
from the nucleus, an electron is in a bound state; a) Multiphoton ionization: ionization occurs by the
absorption of several photons. b) Tunneling: the electric field of the laser radiation is strong enough to tilt
the potential energy, ionization occurs by tunneling through (or even over) the reduced energy barrier.
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k

o
= 7{% (2.5a)
and:
k
a4 Ter (2.5b)

E k = thZk——l(k___l)!

photon

where oOypy is the cross section for photon absorption into a virtual state. The dependence
of the multiphoton ionization frequency vypr on photon flux F, as given in equation (2.4),
can intuitively be understood by the fact that if F increases by e.g. a factor 2, the
probability per unit time of each photon absorption also increases by a factor 2. The total
probability per unit time of absorption of the required k photons, and thus ionization
frequency, then increases by a factor 2. 1t is clear that the ionization rate strongly
depends on radiation intensity. The longer the radiation wavelength (lower photon
energy), the larger k, thus the stronger this dependence will be. Furthermore atoms with
lower ionization energy and/or radiation with shorter wavelength yield smaller & values.
This results in higher ionization frequency at the same radiation intensity. As an
indication table 2.1 shows multiphoton ionization times zyp; for argon at different laser
wavelengths and intensities. The ionization time is the inverse of ionization frequency:
TPl =vMp1'1 . Finally it should be noted that if an atomic energy level is in resonance with
the photon energy, so that (e.g.) one photon is absorbed into an allowed excited state
instead of a virtual state, the multiphoton ionization frequency is strongly enhanced [18].

R . .. . -1 . ..
Table 2.1: Theoretical multiphoton ionization times Typ=1/Vmpr for argon at different radiation

wavelengths A and intensities I. The dependence on intensity is in agreement with equation (2.4).
Reproduced from [17].

I(Wem™)

A (nm) 510" 10" K
586 2 ns 25 ps 6,3
520 1,1ns 16 ps 6,1
350 0,1 ns 5ps 4,3

2.3.2 Tunneling

As the intensity of the laser radiation increases ionization will occur by tunneling rather
than by MPI [19]. In this situation the bound states of the atom shift significantly in
energy due to the electric field of the laser radiation. This energy shift, known as AC-
Stark shift, is the highest for the bound states. The shift of the Rydberg states and the
continuum states of the atom (most weakly bound) approximately equals the
ponderomotive energy, given by:

2

2
_eEO

E =
4m w*

p

(2.6)

which is the cycle-averaged kinetic energy of a free electron oscillating in the electric

12
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field of the laser; m. and e are the electron mass and charge respectively, Ey is the
amplitude of the oscillating electric field, E=Egsin(a#), with @ =2xv the angular
frequency of the laser radiation. E, is related to the radiation intensity / by Poynting’s
theorem:

I= %gonch2 2.7

with g the permittivity of vacuum and » the refractive index. If, by increasing the
intensity, the ponderomotive energy approaches the ionization potential E; of the atom
such that:

1
Ep > EEI (28)

ionization by tunneling becomes dominant. The electric field then becomes strong
enough to tilt the atomic potential energy and a potential barrier through which the
electron can tunnel (or even escape over) is created. The process of tunneling is shown
schematically in figure 2.3b. Note that equation (2.8) is equal to the classical virial
theorem, which states that a kinetic energy equal to half the potential energy has to be
added to free the electron. Using the equations above with E;= 10 eV and e.g A = 248 nm,
I has to be in the order of 10"> Wem™ for tunneling to become significant. Note that since
the ponderomotive energy increases with increasing wavelength (cf. equation (2.6)), the
required intensity decreases for longer wavelengths. An estimate for the ion charge Z that
can be obtained by tunneling ionization is given by the threshold intensity:

1,[Wem™]=4-10°

Ei,z—14[eV]
— (2.9)

needed to completely suppress the potential barrier, assuming that no ionization occurs
before the barrier is suppressed. Ei’z_l is the ionization potential from Z-1 to Z, and is

given in electronvolts.

2.4 Laser-plasma coupling

The electrons freed by photo-ionization processes, described above, gain kinetic energy
by oscillating in the electric field of the laser. Inelastic collisions between these electrons
and atoms or ions result in a further cascade of ionization. Elastic collisions with ions
yield conversion of the electrons’ kinetic energy into thermal energy of the plasma. This
process of plasma heating by (laser) radiation is known as inverse Bremsstrahlung. The
energy coupling from the electromagnetic field of the laser to the plasma will now be
discussed in more detail.

Since the ions have much larger mass than the electrons the interaction of the
electromagnetic field with the ions can be neglected with respect to the interaction with
the electrons. The electrons’ equation of motion in the electromagnetic field is:

13
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&5, - #
m, % ——eE-v,m3, (2.10)

withv, the electron velocity, v, the electron-heavy particle collision frequency for

momentum transfer andE the electric field of the laser. (2.10) equates the temporal
change of the electrons’ momentum (left hand side) to the electric field force and the
resistive force due to collisions with heavy particles (first respectively second term of

right-hand side). Since the electric field is harmonic, E o« exp(iat), and thus also the
electron velocity is harmonic, equation (2.10) gives:

v, = __—_eE___ (2.11)
m, (v, +iw)

The current density due to the movement of the electrons is:

-

J =-eny, = of (2.12)

e e

with o the conductivity. Combining (2.11) and (2.12) yields:

2
o=l (2.13)
m,(v,, +io)

The real and imaginary components of this complex conductivity are:

e’n, v, e’n w
—t— resp. Im(0)=-—F——- (2.14)

Re(o) = >
m, v, +o m, v,”+w

For the electric- and magnetic field E respectively H the Maxwell equations hold:

vE=2u V- (u,H)=0
€9
VXE=_@ Vxﬁ=eo‘2—E+f 2.15)
t t

where o, is the charge density, and & and 4 are the permittivity respectively
permeability of vacuum. Using the complex algebra for E and H, such that
E(¢) = Re(E, exp(iax)) and H () = Re(H , exp(iewn)) , with E,and H, the amplitudes of
the field, the Maxwell equations can be written as:

V-(e,E)=0 V- (u,H)=0
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VxE = ~iou,H VxH =iweys  E (2.16)

where equation (2.12) and a harmonic form of o, is used: 9,0, /dt=iwp,. Furthermore the
relative (plasma) permittivity &, is introduced:

o

£, =1+- (2.17)
iwe,
Using (2.13) ¢, can be written as:
w,’ v v
£p=1—%(1+i e")=1—x(1+ii) (2.18)
W +v, w W
where @, is the electron plasma frequency:
2
w,, = = (2.19)
meEO
and yis:
2
@,
X=—7—> (2.20)
v, +w

The speed of light in vacuum is c=1/¥(&uy), and the speed of light in a medium is ¢/n=
\/(speoyo), with n the refractive index. The real refractive index is therefore:

fi, =Re [c, = —j?‘/(l—x)+ \/(l-x)z + (x%’)2 (2.21)

where the equality Re(Vz)=V(Y4Re(z)+%|z]) and equation (2.18) are used. In absence of
collisions between electrons and heavy particles, v,;,=0, the conductivity is a pure
imaginary number, cf. equation (2.13), and the relative permittivity is a pure real number,
cf. equation (2.17). The plasma then behaves as a medium without losses, the electronic
movement being an orderly oscillation with a n/2 phase shift with respect to the electric
field. In this case there is no energy transfer from the laser field to the plasma, and the
field is not damped. However in presence of collisions, =0, the conductivity and
relative permittivity are not pure imaginary respectively pure real. The orderly oscillation
of the electrons with respect to the field is broken up (shift =n/2) due to the collisions
with heavy particles. Energy will flow from the electromagnetic field of the laser to the
electrons and from the electrons to the rest of the plasma. The associated time-averaged
power dissipation per unit volume in the plasma is:
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.. 1 1e*nE’
Py = (E@O) T @) = SR(0)E,* = =2 e=t

(2.22)
m, v, +w*

where Re(o) is given by (2.14). Note that E(f)and J(f)are both real, with
J() = Re(olj?0 exp(iawt)) , where o is complex, cf. equation (2.13). The dissipated power
can be used for ionization in case of inelastic collisions between electrons and atoms or
ions, a cascade or avalanche effect of ionization then occurs [16]. Elastic collisions
between electrons and ions yield that the dissipated power is used for plasma heating,
thus thermal motion of ions and electrons [20]. Although elastic and inelastic collisions
generally take place at the same time, the effect of both collision types will be discussed
separately. Subsection 2.4.1 deals with cascade ionization, which is especially important
in the starting phase of the plasma. Subsection 2.4.2 discusses inverse Bremsstrahlung
heating,

2.4.1 Cascade Ionization

As an illustration only collisional ionization of neutral atoms to single charged ions is
considered. This is the case when the plasma is still weakly ionized. The dissipated power
P,; in the plasma is given by equation (2.22), where in this case V=V, with v, the
collision frequency for electron-atom momentum transfer:

2 E 2
= le ne 0 Vea (223)

P, 5 >
me (Vea tw )

cl

If the dissipated power is entirely used for ionization the following energy balance holds:

EY_p (2.24)
dt

with »; the ion density, and E; the ionization potential. The left hand side of the equation
represents the power density involved with the ion production. Since only single
ionization is considered n;=n. and dn./dt=dn;/dt. Combining this with equations (2.23)
and (2.24) gives for the time dependence of electron and ion density:

n,(f) = n.(f) = n, ex 1B, Ve (2.25)
e i 0 p 2 meEl. (’Vea2+w2) .

with ny the initial electron and ion density at ¢=0. Note that E; is in V/m, whereas E; is in
joule. The exponent in equation (2.25) clearly reflects the avalanche or cascade behaviour
of the ionization process. The collision frequency v, is given by [14]:

na ‘Te

Vo= 01<7T, <10eV (2.262)
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v, ~—2 T. >10eV (2.26b)

ea

where C,, and K., are factors depending on atomic species, n, is the density of neutral
atoms, and T , is the electron temperature in electronvolts: T . =kgT./e with kg Boltzmann’s

constant and 7, in Kelvin. E.g. for argon C,, = 3,5 m>eV-s and K, = 310 ms (no data
for xenon is found). For the supersonic gas jet under study the initial gas density n, is in
the order of 10%° m> (cf. section 3). For argon v,, is then in the order of 10'-10'% s, For
laser light in the wavelength range 200-1000 nm, @ is in the order of 10" s, Thus w
>>V,, is generally the case in this study. This condition implies that the factor v, /(
Veaz + a)z) in equation (2.25) becomes ., /af. With Veq linear with n,, the exponential
factor is then also linear with n,. Electron density at a certain point in time ¢=t’ thus
depends exponentially on neutral atom density: n.(t=t’) e exp(n,). However it has to be
noted that, as ionization occurs, n, decreases and #; increases. lonization to higher charge
states will take place, with the only difference with the discussion above that electron-ion
inelastic collisions are involved.

2.4.2 Inverse bremsstrahlung

Considering a completely ionized plasma, elastic collisions between electrons and ions
yield that the dissipated power given by (2.22) heats the plasma. This process is called
inverse Bremsstrahlung (IB), since it is the inverse of the Bremsstrahlung radiation
process, which will be discussed in subsection 2.6.1. The intensity I of laser light
absorbed in plasma by inverse Bremsstrahlung decays according to:

TE) . (1) (2.272)
dz
I(z)=1, exp(— ]a,B (z')- dz‘] (2.27b)

where z is the direction of light propagation, I, the initial intensity (at z = 0), and as(z)
the absorption coefficient for inverse Bremsstrahlung (as function of z). This absorption
coefficient can be deduced from the energy balance of laser light interacting with (e.g.) a
cylindrical volume of plasma with infinitesimal length dz and area A, see figure 2.4. The
incident radiation power IA equals the outgoing radiation power (I+dI)A plus the power
PpAdz dissipated in the volume:

A
I Py i I+dl
d

y4

Figure 2.4: Laser light absorption by inverse Bremstrahlung in a volume A -dz of plasma. The incident
radiation power IA equals the outcoming radiation power (I+dDA plus the power Pg Adz dissipated in the
volume. From this the absorption coefficient for IB can be deduced.
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IA=(I +d)A + PyAdz = Z—I =-P, (2.28)
z

The dissipated power Pz per unit volume is given by equation (2.22), where in this case
Ven= Vei, With v,; the collision frequency for electron-ion momentum transfer:

2 2
E .
P, - %e Pefo Ve (2.29)
m, v, +w

et

Combining equations (2.27a) and (2.28) gives:

2
PIB a)pe v,
— = £ 2.30
. (230

a =
” an (Vei2 +6()2)

where equation (2.7) is used to relate the laser intensity / to the amplitude E, of the
electric field. The electron plasma frequency w,. and real refractive index 7, are as given

in equation (2.19) and (2.21) respectively. With the conditions w >>wp, and w >>v,;,
which generally apply for the plasmas under study, equations (2.20) and (2.21) give

i, =,/1- (@,,/w) w)® =\1-n,/n_, with n. the critical density (at which ap.=w in

equation (2.19)) given by:

(2.31a)

n [m>]=1,12-10" - 17*[m] (2.31b)

Furthermore .7 can be neglected with respect to « in the denominator of the second
factor in the right hand side of equation (2.30). By substituting v.;, @, and 7, in

equation (2.30), the absorption coefficient for inverse Bremsstrahlung can then be written
as [1, p133] [21]:

-5 2
¢ * 1
_10810° (n] nA 1 232)

1277 Pp

where Z" is the average ion charge, and InA the coulomb logarithm:

InA = In| SKeledT6o |EoksT (2.33a)
Ze? e’n,
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]'—\163/2
InA = 1n[1,55 ‘10" P MJ (2.33b)

€

For laser light with wavelength 200-1000 nm #, is ~ 3-10% to 10?” m™. Therefore n. will
be well below the critical density #. (which is equal to @, <<w) in case of gaseous target
laser plasmas. The absorption coefficient for inverse Bremsstrahlung is then proportional
to the electron density squared (neglecting the #. dependence of the Coulomb logarithm).
If electron density approaches the critical density absorption increases very strongly. In
the limit of n, — n., or w — @y, resonant energy transfer to a plasma motion takes place.
This process referred to as resonant absorption is also described as ‘the excitation of
plasma waves’. For n, above the critical density laser radiation is completely reflected.

2.5 Plasma expansion
As soon as plasma is generated it will expand into the surrounding vacuum. A first
estimate for the plasma expansion velocity can be given by the ion acoustic velocity [14]:

/k T /f"
c, = -2 ~10* |-% (2.34)
M, A,

where M=~A;m, is the ion mass, with A; the ion mass number (atomic weight) and m, the
proton mass. ¢, is the maximum velocity with which ambipolair diffusion of the plasma
can occur. In this process the relatively mobile electrons diffuse out of the plasma more
rapidly than the relatively immobile ions. Hence an electric field is created which slows
down the electrons and accelerates the ions outwards. So effectively diffusion takes place
with the velocity (thus temperature) of the electrons and the inertia (thus mass) of the
ions, as can be seen in equation (2.34). However, given the densities 7, = O(10°° m™) and

n; = 0(10” m™)) and the temperatures T, < T . = O0(10 eV), the pressure p in the plasma:

p=ky(nI; +nT,) (2.35)

will be in the order of 10® Pa. This causes the plasma rather to ‘explode’ into the
surrounding vacuum. Thermal energy is then converted into directed kinetic energy. With
the acoustic ion speed estimate the expansion velocity of a xenon plasma with A;= 131

and T . in the order of 10 eV is in the order of 10>-10* m/s. In [22] the pressure driven

expansion velocities are higher than the ¢, estimate. The expansion of laser generated
plasmas leads to a rapid decrease of the electron (and ion) density. This results in less
absorption by inverse Bremsstrahlung, equation (2.32). Some time after the generation of
the plasma began a considerable part of the laser radiation will therefore be transmitted.
This is especially the case with gaseous targets, where initial density already is relatively
low. Hence to obtain high conversion efficiency laser pulses should not be too long.
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2.6 Radiation

In general radiation emitted by plasmas can be divided in continuum- and line radiation.
Continuum radiation incorporates Bremsstrahlung (“brake radiation’) and recombination
radiation, both involve an interaction between a free electron and an ion. Line radiation is
generated by transitions of electrons between bound (excited) states in an atom or ion.
The population of the different excited states must be calculated with a collisional
radiative model. Heavier elements show quasi continuum radiation, consisting of many
(unresolvable) close lines. If plasma is optically thick blackbody radiation occurs. The
various radiation processes will be discussed in more detail below.

2.6.1 Continuum radiation

Bremsstrahlung occurs when an electron elastically collides with an ion (or atom), its
deflection results in generation of radiation. Since a transition between free states of
electrons is concerned, this type of radiation is also known as free-free (ff) radiation. For
example Bremsstrahlung with a Xe”* ion:

Xe’* +e— Xe’* +e+hv (2.36)

Recombination radiation occurs when an ion with charge Z+ recombines with an electron
to an excited state or the ground-state of the resulting ion with charge (Z-1)+. This is
associated with a transition from a free electron state into a bound electron state; hence
recombination radiation is also called free-bound radiation. Example:

Xe’* +e— Xe" ™ (p)+hv (2.37)

where p indicates an excited state. The photon energy is minimum the ionization energy
of the resulting (excited) ion. This leads to a ‘comb structure’ in the spectrum, see figure
2.5a. The radiation density for continuum radiation (thus free-free electron-ion
Bremsstrahlung and free-bound recombination radiation) per unit wavelength and 4 sr
solid angle can be given by [20, (2.68)] or [22]:

jl,cont (A”Te’ n

fine m he
= < < —exp| — n,(Z2* (G, (AT,)+G (AT, Z
e) 3\/57[503”16262},2 ZJdCBTe p( MBTe ; l( )Z ( jf( ) ﬂ)( ))
w
{W} (2.38)

Where the sum is carried out over the present ionization stages with charge Z and
corresponding ion density n,(Z). For the refractive index 7. equation (2.21) holds, where

the wavelength or angular frequency of the continuum radiation has to be substituted. G
is the Gaunt factor for Bremsstrahlung given by [20, (2.75)]:

NE) [hc )Ko[ hc}zﬁﬂe_ he

G,(A4T,)=—ex for —>>k,T,
g (A1) = ~exp 26,1, ) O\ 22k, ) T 7V ke PR
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Figure 2.5: Appearance of different radiation processes in spectrum: a) Comb structure of continuum
recombination radiation. b) Line radiation with Lorentz-profile line broadening. In a wavelength interval
containing many close lying transitions, the spectrum becomes unresolved, an unresolved transition array
(UTA) can be observed. ¢) Blackbody radiation, Planck intensity distribution I, for three different
temperatures T=15 eV, 17 eV and 19 €V, corresponding to wavelength of maximum intensity Ay, = 16,7
nm, 14,7 nm and 13,2 nm respectively.

=£ln A2k, T, for h—c<<kBTe (2.39)
4 ¥ he A

with Ky(x) the modified Bessel function and y, = exp(y.) =1,781 with y. = 0.577 Euler’s
constant. Gy, is the Gaunt factor for recombination radiation and is given by [22]:

Ei,Z—l
kBTe

iZ-1 " Ep

kBTe

G(AT,,Z)= 78, exp( )grp (A (2.40)

where the sum is carried out over all the excited states with principal quantum number p
of the ionization stage with charge Z-1. E; 7.; is the ionization energy from Z-1 to Z, g, is
the degeneracy of the excited level p and E,, its energy with respect to the ground level of
the ion with charge Z-1. g,(A) is the Gaunt factor for the related transition (equation

(2.37)). Note that a Maxwellian electron energy distribution is assumed, which results in
the exponent factor in (2.38). From equation (2.38) and (2.39) the following hold for the
radiation density due to Bremsstrahlung:
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2
. n,Z hc hc
Jag * peE exp( MBTJ for 7>> kT,
. n,’Zn(C - AT,) hc hc
oc £ - exp| — for —<<k,T 2.41
Jag FE p( MBTeJ 7 Ble (2.41)

with C constant. For simplicity a single ionization stage with charge Z is considered, and
thus n.=n;Z. Note that the refractive index, given by equation (2.21), is considered to be
constant and equal to unity. This is justified since for EUV wavelengths w will be much
larger than a,.. It can be calculated that for the EUV wavelength range (A=10 nm to 20

nm), the condition hc/A>kpT, is valid for T < 63eV. Since this will be generally the case

with the laser plasmas under study (cf. figure 2.6), the upper approximation in (2.41) for
jg can be taken. However in both cases of eguation (2.41) the free-free radiation density at
a spe01f1c wavelength is proportional to n.°Z and increases with temperature T, as exp(-
T,"). The approximation for hc/A<<ksT, has an additional (weak) dependence on T,
giving an ‘extra’ increase in radiation density with increasing electron temperature. From
equations (2.38) and (2.40) the radiation density jg for recombination is:

. n, Ei,Z—l -E ~
Jip ® yCEa exp{— T ]Zn ZZEIZ_IZp g, exl{k—ijg” %)) (2.42)
e B"e B e

In case a single ionization stage is considered the first sum in the equation can be
omitted. Equation (2.42) yields that the free-bound radiation density, like free-free
radiation dens1ty, is proportional to nmZ°, or n°Z. Furthermore it also increases with 7,
as exp(-T, ) The first exponential factor in (2.42) gives an increase with increasing 7,
whereas the exponential factor in the (second) sum gives a decrease with increasing Te.
However the energy of the emitted photon is minimum the ionization energy of the
excited ion resulting from the recombination, or hc/A =z E;z.;-E,. This means that the
radiation density indeed increases exponentially with electron temperature as exp(-T, h.
Note that the free-bound radiation density also is proportional to T, This yields that
the recombination radiation density only increases with electron temperature, djp/Jdl.>0,
for (hc/2)-(E;iz.1-Ep) > /ngT Note that the fact that Bremsstrahlung- and recombination
radiation densities are proportional nmZ° can easily be understood, since in both
continuum radiation processes electron-ion collisions are involved. The radiation (power)
density will therefore be proportional to the amount of colhslons per unit volume and
time. The electron-ion colhsmn frequency is proportional to #Z°, hence the radiation
density is proportional to neniZ’.

2.6.2 Line radiation

Line radiation is generated by electronic transitions between excited states of atoms or
ions. Only bound states of electrons are involved, therefore it is also known as bound-
bound (bb) radiation. E.g.:

Xe”* (q) = Xe" (p)+ hv,, (2.43)
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with p and ¢ indicating the excited states. Note that in the classification of spectral lines a
neutral atom, e.g. neutral xenon, is often indicated as Xel, single ionized xenon (Xe") as
Xell, and so on. The radiation density of the spectral line corresponding with the
transition g—p can be written as:

w
Jbb,qp = nqupAqu [?:l (2.44)

with n, the density of the level p, and AE,,=E-E,=hv,,=hc/A,, the difference in energy
between level p and g (which is equal to the photon energy of the emitted radiation). A4,
is the related transition probability given by:

2.7%2 2

pq

qu = fqp Eomeh263 (2.45)

where fg, is the so-called oscillator strength. The radiation density is thus proportional
with the density of the excited level g, which in principal can be calculated by using a
collisional radiative model, see subsection 2.6.3 below. Note that a spectral line is
broadened by several broadening mechanisms, which will not be discussed here. Figure
2.5b schematically shows a spectrum containing lines, broadened with a Lorentz profile.

2.6.3 Collisional radiative models

Both collisional and radiative ionization, recombination, excitation and de-excitation
processes occur in a plasma. If the rates of all these processes are known, the population -
thus density- of all ionization stages and their excited levels can be calculated. Usually
more simplified collisional radiative models (CRM’s) are used. These models only take
into account the most dominant (=fast) processes.

As for instance the density of a plasma increases, collisional processes will become more
important than radiative processes. Collisional ionization is then balanced by three-body
recombination:

Xe”* +e <> Xe®* 1e+e (2.46)

and collisional excitation and de-excitation are balanced:
Xe’*(p)+e <> Xe’*(q)+e (2.47)

In this situation, known as local thermal equilibrium (LTE), the populations of the
ionization stages and their excited levels are thus entirely controlled by electron
collisions, and determined by electron temperature and density. The density of the
different ionization stages are interrelated by Saha’s equation [20, (2.57)], the densities of
the excited levels within the same ionization stage are interrelated by Boltzmann’s
equation [20, (2.56)]. These can be combined to the Saha-Boltzmann equation, giving the
density n,(Z) of excited level p of ionization stage Z:
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n,@) _nm@+D(_w )" (En-E,(2) (2.48)
8@ 20 2kt "\ |

8p(Z) is the corresponding statistical weight of excited level p, n(Z+1) is the total density
of the ionization stage Z+1. E;z is the ionization energy from the ground level of Z to the
ground level of Z+1. E,(Z) is the energy of the excited level p of ionization stage Z with
respect to the ground level of this ion. Q(Z+1) is the partition function of ion Z+1:

QZ+D= D g,(Z+1) exp(— Eﬁ(ii)} (2.49)
p(Z+1) kBTe

where the sum is carried out over all the excited levels p(Z+1) of ionization stage Z+1,
with statistical weights g,(Z+1) and energies E,(Z+1). For optically thin plasmas (see
subsection 2.6.5 ‘blackbody radiation’ below) it is shown that LTE is valid for electron
densities [20, (2.59)]:

n, =8,6-10°7 £} (LTE) (2.50)

i, max

with n, in m>, f’e the electron temperature in eV and E ;.max the highest ionization energy

in eV of any of the atoms or ions present in the plasma. For optically thick plasmas LTE
is already valid at lower electron densities. Furthermore note that in case of LTE electron
temperature equals ion temperature: T,=T;.

If electron density is relatively low, radiative processes become more important than
collisional processes. In this case of coronal equilibrium, collisional ionization is
balanced by radiative recombination (equation (2.37)), and collisional excitation is
balanced by spontaneous radiative de-excitation (equation (2.43)). Note that excitation by
the absorption of a photon is considered to be negligible in case of optically thin plasmas.
Since both collisional ionization and radiative recombination are proportional to the
electron density, the relative population of the different ionization stages is independent
of electron density [20, (2.60)]:

n (Z) 71174 E.
— 7 =810 —2 77 €Xp “2 | (Coronal Equilibrium) (2.51)
n(Z +1) (k,T.) kT,

B e

From equations (2.48) and (2.51) it is clear that both for LTE and Corona higher
ionization stages become more populated with increasing temperature. Furthermore in
case of LTE lower ionization stages become relatively more populated than higher
ionization stages as electron density increases.

Theorgr and experiments presented in section 3 give an initial gas density in the order of
ny=10 > m™ for the xenon target used in this study. With ionization to Xe'™ for optimal
EUV emission, this yields that the electron density is in the order of n,=10*° m>. Since
the plasma expands, this number for the electron density actually is a maximum estimate.
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Equation (2.50) implies that for LTE n, > 2,410% m?, where T,~ 30 eV (see below) and

E,__=80 eV is taken. The plasmas in this study are therefore rather in coronal

equilibrium than in LTE.

A collisional radiative model, which lies between the corona- and LTE limit is given by
[45]. The dominant ionization stage as a function of electron temperature in a solid xenon
target laser plasma calculated with this model is given in [46] and is shown in figure 2.6.
It can be seen that Xe'” as dominant ionization stage yields an electron temperature of
34 eV. Solid xenon target laser plasmas will be closer to LTE than the gaseous xenon
target laser plasmas in this study, because of their higher density. Three body
recombination, shifting the balance to lower ionization stages, cf. equation (2.46), will
thus be faster in solid xenon plasmas than in gaseous target plasmas. Therefore in the
laser plasmas under study a specific ionization stage will become dominant at a lower
electron temperature than indicated in figure 2.6.

dominant ionization stage

0 T T T T T T T T T T T L
0 10 20 30 40 50 60 70 80 90 100 110 120
T, (eV)

Figure 2.6: Dominant ionization stage as function of electron temperature in a solid xenon target laser
plasma according to the model of Colombant and Tonon [45]. Reproduced from [46].

2.6.4 Quasi continuum radiation

Radiative plasmas containing atomic species with a relatively low atomic number Z,
show spectra containing well distinguishable lines. As Z, increases the number of
possible transitions also increases. Consequently spectra will consist of broadband
structures containing many lines. In some wavelength intervals lines may lie so close that
they completely overlap (due to line broadening) and merge into a band of quasi
continuum radiation up to 1 nm wide. Such a band is called a unresolved transition array
(UTA). Xenon is known to have an unresolved transition array in the EUV region at 11
nm [36]. An UTA is shown schematically in figure 2.5b.

2.6.5 Blackbody radiation

Besides emission of radiation also absorption takes place in plasmas. Dependent on the
amount of absorption a distinction between optically thick and optically thin radiation can
be made. For optically thick radiation, absorption is large:

25



Section 2

R
7= [k(A,r)dr >>1 (optically thick) (2.52)

where k(A) is the absorption coefficient dependent on wavelength and R the plasma
radius. In case of thermal equilibrium the plasma then acts as a black body surface
emitter with temperature 7, for which Planck’s intensity distribution holds:

I, - ¢ [KJ 2.53)
5 hc m
A (exp(M T)_lj

giving the intensity per unit wavelength (over 4 st angle). The wavelength of maximum
intensity is given by Wien’s law:

th =2,9-107T" (2.54)

A =02

B
And the total intensity / integrated over A is given by:
I=oT* (2.55)

with o Stefan-Boltzmann’s constant. Note that the intensity of radiation at each
wavelength from any plasma (optically thick or thin) cannot exceed the value given by
the Planck distribution. This distribution thus also indicates a limit in spectral intensity ;.
As an example figure 2.5¢ shows the spectrum of a blackbody emitter at three different
temperatures T=15 ¢V, 17 eV and 19 eV. The corresponding wavelengths of maximum
intensity are Amq =16,7 nm, 14,7 nm and 13,2 nm respectively.

For optically thin radiation:

T <<1 (optically thin) (2.56)

Absorption can be neglected. However for an intermediate case, where 7 =0(1),
absorption has to be taken into account.
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Section 3: Backlighting

3. Backlighting

The laser plasmas under study are produced by focusing laser light on a supersonic xenon
gas jet. This gas jet is produced by a Laval nozzle. An important parameter is the initial
mass density of the neutral xenon gas in the jet. In this section experiments to determine
the gas density in the jet using a backlighting technique are discussed. The technique
yields the construction of the density profile of the jet from the measured absorption of
keV radiation passing through the jet. In subsection 3.1 Laval nozzle theory will be
discussed and applied to the nozzle used in the experiments. Subsection 3.2 treats the
theoretical principle of the backlighting technique. The set-up and a ‘monochromatic
approximation’ used in the experiments are discussed in subsection 3.3. Results are
presented in subsection 3.4.

3.1 Laval nozzle

The supersonic gas jet used as laser plasma target is produced by a Laval nozzle, which is
basically a convergent-divergent cylindrical structure, see figure 3.1. Two nozzles, a
small one and a large one, are used in this study. A schematic cross section of these
nozzles is also shown in figure 3.1. The central nozzle for the target gas clearly has a
‘Laval structure’, the co-axial sonic nozzle for buffer gas (not used in this study) has a
constant cross-section. For the velocity V of gas flowing through a Laval nozzle in
direction x the following equation can be deduced [23] [24, (8.10)]:

1dv 1 1dA

Vd 1-M?Adx

(3.1)

using conservation of mass and Bernoulli for isentropic flow. M=V/V, is the Mach
number, with V; the speed of sound: V=(dp/dp)s, with p the pressure, p the density, and
subscript s denoting constant entropy (isentropic). A is the area of cross-section.

a) b) central Laval nozz{e/ annular sonic nozzle

w s

Py

Ty

Vs

V=00 \ \ \ \ «— buffer gas
- I

target gas

Figure 3.1: a) Convergent-divergent geometry of a Laval nozzle. At the left side the nozzle is connected
with a reservoir with py, py Tg, Vie, V=0. b) Schematic cross section of the double nozzles used in this
study. The central target gas nozzle clearly has a convergent-divergent Laval structure. The sonic annular
buffer gas nozzle has constant cross section. Electromagnetic valves (not shown) provide a pulsed
operation of the nozzle.
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From (3.1) it can be seen that there are several possibilities: if the flow through the nozzle
is subsonic, M<1, the velocity V will increase with decreasing cross-section area A and
vice versa. For supersonic flow, M >1, the velocity V will however increase with
increasing cross-section area A, and decrease with decreasing area. M=1 gives a
singularity in (3.1), and is only possible at the throat of the nozzle where A is minimum
and dA/dx=0. In practice one side of the nozzle is connected to a gas bottle, i.e. a
reservoir of gas with p=py, o=, V=0, V;=V,, and temperature T=T,. When the pressure
at the opposite exit side of the nozzle is (slightly) smaller than py, gas will flow through
the nozzle. In first instance the flow will be subsonic, M<1, everywhere in the nozzle.
When the pressure at the exit side is further decreased the velocity of the flow will
increase everywhere in the nozzle. Eventually the Mach number at the throat becomes 1,
while everywhere else still M<1. This situation is known as choking, since the velocity
and Mach number at the throat cannot be increased anymore. If namely the Mach number
at the throat would be larger than one, this would mean that there is a transition from
M<1 to M>1, and that consequently M=1, at a position in front of the throat. However as
stated above the situation M=1 is only possible at the throat. Nevertheless lowering
pressure at the exit side even more in case of choking does result in a transition from
subsonic to supersonic flow at the throat. The flow in the divergent part of the nozzle
then becomes supersonic instead of subsonic. So lowering pressure at the exit of the
nozzle will continuously increase the velocity and Mach number throughout the nozzle
until choking is reached. Lowering the pressure even more results in a further increase in
velocity and Mach number in the divergent part of the nozzle, where a supersonic flow is
then established. Figure 3.2 shows the dependence of the Mach number as function of
position in the nozzle as discussed. M, p, p, T and V; are coupled by the isentropic
relations for a perfect gas [23]:

1 1 2 1

> P -1 _ -
N 0 L O 0 L B =(1+7’_1M2)“ (3.2)
Po Do T, Vo 2

where 7 = ¢,/c,, with ¢, and ¢, the specific heat of the gas at constant pressure and
constant mass density respectively. In case of choking the mach number M at certain
point x with cross-section area A can be found by using equation (3.2) and conservation
of mass, pVA = constant:

A L{(L} .[1,, (7_‘1}\42}}% (3.3)
A M|\y+1 2

with Ay the cross-section area at the throat. Equation (3.3) has two solutions for M,
namely the subsonic one, M < 1, and the supersonic one, M > 1. At the throat, with area
Ap, M =1.

The small nozzle used in this study has a diameter at the throat of 0,15 mm, the diameter
at the exit of the nozzle is 0,41 mm. The large nozzle has a throat diameter of 0,33 mm
and an exit diameter of 1,14 mm.
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Figure 3.2: Mach number M as function of position x in the nozzle for different situations. The two lower
graphs represent situations in which the flow is subsonic throughout the nozzle, and where choking does
not occur. The upper graph is the situation of choking, M=1 at the throat. The flow in the divergent part of
the nozzle has two (isentropic) solutions in this case: subsonic (lower branch) and supersonic (upper
branch). Note that a Mach number lower than given by the supersonic branch can be established by a non-
isentropic shock. Examples of two shocks are given by the two dotted lines originating from the upper
supersonic branch.

The Mach number at the exit of the nozzles M., can thus be found by substituting
A/Ax=(0,41/0,15)*=7,5 for the small nozzle and A/Ax=(1,14/0,33)*=11,9 for the large
nozzle in the left hand side of (3.3). For xenon with y=5/3 the result is M,,;=4,5 and
Mei=5,4 for the small and large nozzle respectively. Note that, because pressure
difference between reservoir and exit will be sufficiently high, the supersonic solution
can be taken. In practice the ‘backing pressure’ pp.c¢=po in the reservoir can be measured.
For an ideal gas the following equation holds:

M at p back

3.4
6T, (3.4)

Po =

where M, is the mass of the gas atom or —-molecule [kg] and k3 Boltzmann’s constant.
Combining the results for M.y, with egs. (3.2) and (3.4) gives the density at the nozzle
exit O for xenon:

O.oulkgm™]=0,25- p, .. [bar] (small nozzle) (3.52)

P.ilkgm™>1=0,15- p,,.[bar] (large nozzle) (3.5b)

where M, = 2,19-10'25 kg, Tp = 293 K and 1 bar = 10° Pa is used. For xenon a mass
density of p=1 kg/m’ corresponds to a particle density of n, = 4,6'10** m. With ppac in
the order of 10 bar the mass density o will be in the order of 1 kg/m’>, and n, in the order
of 10% m™. It has to be noted that temperature at the nozzle exit in this case is 7= 33 K,
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according to equation (3.2). The boiling point of xenon is at 166 K, so clearly a
supersaturated state is reached and cluster formation will take place. This complicates the
physics of the Laval nozzle described above.

3.2 Backlighting principle

With the backlighting technique the mass density profile of gas in the jet can be
determined from the absorption of radiation passing through the jet. This will be
discussed in the following. Absorption by the neutral gas leads to attenuation of radiation
passing through the jet, according to:

AD) k12 (36)
dy

with I(4) the (spectral) intensity of the radiation propagating in the y-direction and k,(4)
the absorption coefficient. This absorption coefficient depends on the mass density p of
the gas by:

k,(A) =k (A)- p 3.7)

with x(4) [kg'm?] the specific absorption coefficient of the gas, which is only dependent
on the wavelength of the radiation. Assuming a radially symmetric mass density in the
jet, p(r), the intensity I(x) of monochromatic radiation passed through the jet at position
x, see figure 3.3, is given by:

I(x)=1,(x)" exp[— 2 yj‘Kp(r)dyJ (3.8

y=0

with Ip(x) the initial intensity at position x. For x the value at the specific wavelength of
the monochromatic radiation has to be taken. Using x*+y°=r" and x*+y,"=R’, where R is
the radius of the jet, the integral in equation (3.8) can be rewritten:

I(%) / . - 1)

Figure 3.3: Schematic cross-section of the gas-jet. From the absorption of radiation by the neutral gas the
gas mass density as function of radius can be determined by using an inverse Abel transform.
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I(x)=1,(x)- exp[— 2 1] 0 Sr)rdr] 3.9

Defining P(x) as:
P(x)=1n ( 0(")] j "p(’)’d’ (3.10)

O(r) can be found by using the inverse Abel transform [25,26]:

1 Rf (dP(x)/ dx)

K o x2 _r2

p(r) = - (3.11)

Note that P(x) actually is the integrated absorption coefficient at position x. In practice
P(x) can be measured. However due to noise the curve of P(x) will not be smooth so that
the derivative dP(x)/dx generally cannot be determined (numerically) from the data. By
applying a curve-fit to smoothen the measured P(x) this problem could be solved.

3.3 Experimental set-up and monochromatic approximation

The set-up used to perform the backlighting experiments is shown in figure 3.4. A plasma
is produced by focusing a laser beam (Continuum PL 8010 frequency doubled Nd:YAG)
on a solid copper target. Radiation from the plasma passes through the jet and is recorded
on a CCD camera (Reflex s.r.o, 512 x 512 pixels, 24um x 24um pixel size). The thus
obtained shadowgraph of the gas jet is imaged on the CCD with a magnification of M =
12,2 + 0,2. A shadowgraph of a mesh with a known period, placed above the nozzle, is
recorded.

vacuum chamber

CCh

solid target

laser beam

Figure 3.4: Experimental set-up for backlighting. A plasma is generated by focusing a laser beam on a
solid copper target. Radiation from the plasma passes through the jet, and is recorded on a CCD. From the
shadowgraph, representing the absorption of the radiation in the jet ‘projected’ on the CCD, the radial gas
density profile of the jet can be constructed. A 8 um Al | 25 pm Be filter is used to select only a small
wavelength band of radiation.
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The magnification is determined from the size of the period in the image on the CCD. In
principle P(x) of equation (3.10) can be determined from the measured intensity with and
without gas jet, and hence with (3.11) also the density as function of radius and height
above the nozzle can be determined. However the equations derived in the previous
subsection are valid for a constant specific absorption coefficient, which implies
monochromatic radiation. In order to approach this monochromatic condition a filter of 8
um aluminium and 25 wm beryllium is placed between gas jet and CCD to select a small
wavelength band of radiation, roughly from 0,8 nm to 1,2 nm (1000 eV to 1550 eV). The
transmission of the Al/Be filter and the specific absorption coefficient x{4) of xenon in
this range are shown in figure 3.5 respectively figure 3.6, data from [27] is used.
Although only a small wavelength band of radiation is selected, it can be seen that the
specific absorption coefficient still varies considerable. It however appears that a
reasonable monochromatic approximation can be done by taking an ‘effective’ specific
absorption coefficient of . =0,49-10° kg'm?. Because the Al/Be filter has its highest
transmission in the range 1400 to 1550 eV, & is close to the actual x{4)-value in that
range. Figure 3.7 shows the relative error in P, defined in equation (3.10), versus density
p times path length Ax when using this constant &g for all wavelengths in the range of
the filter. P is the real value when the wavelength dependence of &{4), according to figure
3.6, is considered. P, is the value obtained when using the constant i,z =0,49-10° kg’
'm?. Note that thus also the wavelength dependence of the filter has been taken into
account. With equation (3.5) it can be estimated that mass density in the jet will be about
7,5 kgm™ and 4,5 kgm™ at 30 bar backing pressure (no higher backing pressures will be
used) for the small and large nozzle respectively. Taking the diameter of the jet (at the
exit of the nozzle) 0,41 mm and 1,14 mm, gives a maximum value for pAx of 3,1-10°
kgm? and 5,1-10” kgm™ for the small resp. large nozzle. According to figure 3.7 this
corresponds to a maximum relative error in P of about 5-10”. Note that in the
monochromatic approximation above it is assumed that in the wavelength range of the
filter the intensity of the radiation from the plasma is (approximately) constant with
respect to wavelength. Cluster formation, as mentioned in subsection 3.1, yields that the
xenon mass density in the jet is locally very high (solid state density).

0.25 4 1.0
0.20 0.8 A
o SN
£ 0.15 -£ 056 -
4 o
E o
£0.10 2 0.4 -
= z
0.05 - 0.2 |
0.00 T T T T T 1 0.0 T T T T T 1
1000 1100 1200 1300 1400 1500 1600 1000 1100 1200 1300 1400 1500 1600
photon energy (eV) photon energy (eV)
Figure 3.5: Transmission of the 8 yum Aluminium / Figure 3.6: Specific absorption coefficient kK(A)
25 um Beryllium filter. Data from [27] is used. of Xenon for radiation in the range of 1000 eV to

1600 eV. Data from [27] is used.
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Figure 3.7: Relative error in P, defined in equation (3.10), when using an ‘effective’ Ko =0,49 10° kg'm?
independent of wavelength.

Solid state density is about a factor 10” larger than the gaseous state density. If the xenon
in the jet is entirely condensed in clusters, each spheroid space in the jet with a diameter
of 1 um then contains one cluster, which has a diameter of about 100 nm [28]. The spatial
resolution of the backlighting technique (roughly) equals the size of the keV radiation
emitting plasma, which is in the order of several um (however probably smaller than the
laser focal spot, which is ~30 um in diameter), this is thus several times larger than the
volume in which one cluster is contained. Assuming that they are distributed
homogeneously throughout the jet, no individual clusters can be ‘observed’ therefore.
Since for the absorption of the radiation passing through the jet it is the total mass of
xenon along the line of radiation that counts, the same absorption will be measured as if
the xenon in the jet is entirely in a gaseous state.

3.4 Results

Shadowgraphs have been recorded of the large nozzle at 10 and 20 bar and of the small
nozzle at 10, 15, 20, 25 and 30 bar backing pressure. Also ‘flatfield” images without gas
jet, giving Ip(x) (cf. subsection 3.2), have been recorded. From these measurements P(x),
defined in equation (3.10), is determined. Results are presented below.

3.4.1 Large nozzle

Figure 3.8 shows a ‘flatfield’ image, giving the intensity from the solid target laser
plasma without gas jet, as well as a shadowgraph of the large nozzle gas jet at 20 bar
backing pressure. The circular shape of the light spot in the images reflects the projection
of the circular (Al/Be) filter holder. The dark area at the bottom of the images is the
shadow of the nozzle. Note that the shadow of the gas jet does not fit completely on the
CCD. The intensity of the flatfield image as well as the shadowgraphs of the jet at 10 and
20 bar backing pressure at a cross-section right above the nozzle’s exit is shown in figure
3.9. The (horizontal) position x is given in CCD pixels. Note that the offset in the
intensities is due to the dark current of the CCD. From these intensities the value of
P(x)=In(Iy(x)/I(x)), defined in equation (3.10), is determined.
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a) b)

Figure 3.8: a) Flatfield: CCD image without gas jet, giving the intensity Iy (see subsection 3.2). b)
Shadowgraph: CCD image of the large nozzle at 20 bar backing pressure. The circular holder for the
Al/Be filter causes the circular shape of the light spot. The dark area beneath the light spot is the nozzle.

The result is shown in figure 3.10. The position x in this graph is calculated using the
known magnification on the CCD, M =12,2 + (,2. The point x=0 (center of the jet) is
determined from the symmetry of P(x). As discussed in subsection 3.2 the density profile
of the jet p(r) can in principle be calculated by applying an inverse Abel transform to
P(x).

30000 - 0 mm above nozzle exit — flatfield

25000 -

20000 -

15000 -

Intensity (a.u)

10000 -

5000 -

0 o T T - f“
0 50 100 150 200 250 300 350 400 450 500
x (pixels)
Figure 3.9: Intensities of the flatfield image and the shadowgraphs at 10 bar and 20 bar backing pressure

along a cross-section directly above the large nozzle’s exit. The position x is given in pixel number of the
CCD camera.
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3.0 5 0 mm above nozzle exit 10 bar
----- 10 bar theory
2.5 —20 bar

----20 bar theor

Figure 3.10: P(x) -as defined in equation (3.10)- directly above the large nozzle’s exit for 10 bar and 20
bar backing pressure, calculated from the data displayed in figure 3.9. The position x is given in mm and is
obtained from determining the center of the jet and using the known magnification on the CCD. Also the
‘theoretical expected’ P(x) is indicated. This is the value obtained from equation (3.10) when taking p(r)=
Pexio 8iven by equation (3.5b). The theoretical density profile is thus flat. Note that at the edges only noise
is seen, because the flatfield and shadowgraphs images do not cover the complete CCD horizontally, see
figure 3.8.

Instead the measured P(x) is compared to the P(x) expected from the Laval nozzle theory
discussed in subsection 3.1. This theoretical P(x), also shown in figure 3.10, is calculated
from eq. (3.10) by taking o(r) = .., given by equation (3.5b) (note that the theoretical
density profile is therefore flat). It can be seen that the measured and theoretical P(x)
correspond reasonably well. At 20 bar backing pressure the value of P(x) is above the
theoretical value, whereas P(x) is below the theoretical value at 10 bar. The ‘shape’ of
P(x) however is in good agreement with theory, especially for 20 bar. This indicates that
the density profile is indeed flat. Remarkable however is that for 10 bar the measured
P(x) shows a relatively large deviation from theory around x = 0,3 mm; this also affects
the symmetry of the measured P(x). The (general) deviation in figure 3.10 could be due
to a different density in the experiment compared to theory. The measured and theoretical
values of P(x) then differ by a constant factor. This is investigated in figure 3.11, where
the measured P(x) is divided by the theoretical P(x). For 20 bar backing pressure indeed a
constant factor of ~1,17 can be found, indicated by the dashed line. For 10 bar the factor
is ~0,79 (although for x > 0,1 mm a large deviation can be seen). The gas mass density
then is 1,2 kgm™ and 3,5 kgm™ at 10 bar resp. 20 bar backing pressure instead of 1,5
kgm'3 resp. 3,0 kgm™ calculated with eq. (3.5b). The fact that the density at 10 bar
backing pressure is lower than the theoretical value, whereas at 20 bar it is higher is not
completely understood. A deviation in the nozzle’s dimensions would give the same
relative deviation of the density at each backing pressure. Furthermore the error in the
measured backing pressure (about 1 bar) is too little to explain the measured deviations
from theory.
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Figure 3.11: Measured P(x) divided by theoretical P(x) (both given in figure 3.10) for 10 and 20 bar
backing pressure.

It is more likely that the intensity of the keV radiation from the plasma fluctuates. If the
intensity from the plasma in case of the flatfield differs by a factor C from the plasma
intensity in- case of the shadowgraph, then the measured value of Iy(x)/I(x) will be
‘incorrect’ by a factor C. The value of P(x)=In(Iy(x)/I(x)) then has an offset of In(C). Note
that this factor C may depend on position x (and height z above the nozzle). According to
figure 3.10 the offset In(C) in P(x) is about -0,2 and 0,3 for 10 bar and 20 bar
respectively, giving a factor C = 0,8 resp. C = 1,3, which is plausible.

Figure 3.12 shows P(x) at 0,5 mm above the nozzle’s exit; this is the position in the gas
jet at which a laser beam is usually focused when generating xenon laser plasma.

2.5 - 0,5 mm above nozzle exit ~--10) bar
-+~ 10 bar theory
— 20 bar
----20 bar theory

0.0 : : e
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Figure 3.12: P(x) 0,5 mm above the large nozzle’s exit for 10 bar and 20 bar backing pressure.
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As in figure 3.10, also the theoretical value (at the nozzle’s exit) is shown. It can be seen
that, especially for 20 bar backing pressure, the measured P(x) is in good agreement with
the theoretical P(x) at the nozzle’s exit. This indicates that the gas jet remains well
‘confined’ up to this distance from the exit. The density and diameter of the jet is thus is
about the same as at the nozzle exit. However a slightly lower P(x) is found than directly
above the nozzle’s exit, cf. figure 3.10, which could be due to fluctuations in the plasma
intensity as discussed above.

3.4.2 Small nozzle

Shadowgraphs of the gas jet using the small nozzle are recorded for 10, 15, 20, 25 and 30
bar backing pressure. The shadowgraphs at 15 bar and 30 bar are shown in figure 3.14.
The nozzle’s exit diameter of 0,41 mm is indicated. From the shadowgraphs P(x) directly
above the nozzle’s exit is determined, the result is shown in figure 3.15. The figure also
displays the theoretical expected P(x), calculated with eq. (3.10) using a constant o(r) =
Pexit, given by eq. (3.5a). Well outside the jet, where no absorption is present, P(x) should
be 0. The graphs in figure 3.15 are therefore (tentatively) corrected for an offset In(C), as
discussed above in subsection 3.4.1. It can be seen the measured P(x) differs from the
theoretical P(x) for all backing pressures, especially at the edges. The shape of the
measured P(x) is similar for all backing pressures, and does in any case not correspond
with a flat density profile. The radius of the jet appears to be larger than the nozzle’s exit
diameter. The above indicates that the jet radially expands. Because especially at the edge
of the jet the density will therefore be lower than the theoretical gy (for |x| smaller than
the radius of the nozzle exit), the deviation between the measured and theoretical P(x) is
there the largest. For x close to 0, P(x) will also be lower than theoretically expected due
to the lower density at the edges. However, since the density at the center of the jet,
which remains higher than at the edges of the jet, is relatively more important for the total
absorption (thus P(x)) in case of |x| close to 0, the deviation is less.

a) b)

"""""""""""""""" A A
0,41 mm 0,41 mm

Figure 3.14: Shadowgraphs of the small nozzle at 15 bar (a) and 30 bar (b) backing pressure. The nozzle’s
exit diameter of 410 ym is indicated.
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Figure 3.15: Measured P(x) and theoretically expected P(x) at the small nozzle’s exit for 10, 15, 20, 25 and
30 bar backing pressure.

This can be seen in figure 3.15. Note that in the discussion above radial expansion of the
jet results in a decreased density but also in an increased path length of absorption.
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However, because density decreases as R’ (2-dimensional) and the path length only
increases as R, the total absorption measured along a line through the jet at x, thus P(x)
will indeed decrease.
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4. EUV diagnostics

This section gives an overview of the EUV diagnostics used in the experiments of
sections 5 and 6. Subsection 4.1 treats the EUV narrowband diagnostic. The broadband
EUV pinhole camera is described in the subsection 4.2. Subsection 4.3 discusses the
transmission grating spectrograph used in the experiments of section 5. The reflection
grating spectrograph used in the prepulse experiments, cf. section 6, will not be
discussed.

4.1 EUV narrowband diagnostic

In order to monitor the EUV yield emitted in a small wavelength band (which is of
interest for lithography application), a narrowband diagnostic consisting of a curved
multilayer mirror and a filtered junction photodiode is used [47,48], see figure 4.1.
Radiation emitted from the plasma is collected on the multilayer mirror. The curvature of
the mirror allows the reflected light to be focused on a photodiode. Since the MLM acts
as a monochromator (see section 1.2, figure 1.4b in particular), only a small band around
a certain EUV wavelength is collected on the diode. However the diode has to be
shielded from out of band radiation, e.g. visible light, which is also reflected by the
MLM. A filter of 50 nm thick SisN4 and 100 nm thick Nb is used for this purpose. The
transmission of this filter in two different wavelength intervals is shown in figure 4.2.
Furthermore the diode is placed in a sealed house to block direct or scattered radiation
from the plasma. The radiation power collected on the diode produces a current. The
diode is connected to an oscilloscope with an impedance Rype = 50 €, so that a diode
signal (in volts) is obtained. The time integrated diode signal (over one EUV pulse) on
the scope Saiode 1S then given by:

k diode L cot (4- 1)

scope

Sdiode [VS] = Rscope J.kdiodePcoll dt =R

pulse

with kgioge [A/W] the amount of current produced per watt collected radiation (note that
this equals the number of electrons ‘produced’ per eV photon energy). Py is the
radiation power collected by the diode, and E.,y the total collected radiation energy of
one EUV pulse. If the radiation energy emitted from the plasma in the bandwidth of the
MLM and in 2z sr solid angle is Egyy, the collected energy E . on the diode equals:

diode house

photodiode filter multilayer mirror

Figure 4.1: Narrowband EUV diagnostic consisting of a curved multilayer mirror and a filtered junction
photodiode placed in a house to block direct and scattered radiation from the plasma.
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Figure 4.2: Transmission of the 50 nm SisN, /| 100 nm Nb filter in two different wavelength intervals. Data
is from [27].

A
E coll = E EUV %RMLM T filter (4-2)

pl-MLM

where the collection angle of the multilayer mirror is AMLM/RPI_MLMZ, with Appas the area
of the multilayer and R,z the distance from plasma to MLM. Rugu is the (peak)
reflectivity of the multilayer and Tpy., the transmission of the filter at the specific EUV
wavelength. With the equations above the conversion efficiency as defined in equation
(2.1)is:

CE =100-

2R ) vim ZSdiode { % } 3)
K gioae Avss Bosme T per BW 27sr - % BW '

laser R scope

where the bandwidth BW of the multilayer is in %. Both multilayer mirrors and diodes
are usually calibrated at a synchrotron (section 1.1). The reflectivity Rpy s and bandwidth
BW (figure 1.4b) of the MLM as well as kgioqe (as function of wavelength) are therefore
known. Absolute measurement of the conversion efficiency CE with eq. (4.3) is thus
possible. Note that it is assumed that the EUV radiation collected on the multilayer can be
completely focused onto the diode, so that all radiation collected with the MLM is
measured. Two different diodes can be used, a ‘fast’ IRD HS5 and an IRD AXUV 100.
The HSS has a rise time in the order of 1 ns, so that the EUV pulses with duration of a
few nanoseconds can be recorded with sufficient time resolution. With the AXUV 100
only measurements of total EUV pulse energy are possible, because of its longer rise
time, which is in the order of 1 us. For both diodes kj,4e = 0,26 A/W at EUV
wavelengths.

4.2 Broadband EUYV pinhole camera
The broadband EUV emission of the plasma (time-integrated over the EUV pulse) is
spatially imaged with a pinhole camera, see figure 4.3. The plasma is imaged through a
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plasma l

filter pinhole
CCD camera

Figure 4.3: Schematic view of the broadband EUV pinhole camera.

small circular pinhole on a CCD camera (Reflex s.r.o., 512 x 512 pixels, 24um x 24um
pixel size). In order to image only the emission of the plasma in the (broadband) EUV
wavelength region, a filter is placed between the plasma and the pinhole. A 50 nm Si3Ny /
100 nm Nb filter, see figure 4.2, or a 211 nm thick zirconium (Zr) filter can be used. The
transmission of the Zr filter in two different wavelength intervals is given in figure 4.4.
The magnification M,;, of the broadband EUV plasma image is:

d in-CCD
M pin = dP— (44)

pl-pin
where dpin-ccp and dppin is the distance from pinhole to CCD and from plasma to pinhole

respectively. For the pinhole camera used My, = 10,0 = 0,5. The resolution R,;, of the
image on the CCD due to the diameter of the pinhole is:

Rpin = d pinholeM pin (45 )
whereas the diffraction-limited resolution of the image on the CCD is:
Ad,,
pin-CCD
Ry = — (4.6)
pinhole
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Figure 4.4: Transmission of the 211 nm zirconium filter for two different wavelength intervals. Data is

from [27].
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with dpinnoie the diameter of the pinhole. Equations (4.4) to (4.6) give an optimal pinhole
diameter, where Ry, = Ruyy:
d

A-d @.7)

pinkole,opt = pl-pin
With dppin = 10 cm and A =17 nm at maximum, the optimal diameter of the pinhole is
Apinhole,opt = 40 pum. In this study a pinhole with diameter of 50 um is used. The resolution
is thus limited by Ry;,. The resolving power of the pinhole image equals (dpwsmaMpin)/Rpin
= dplasmal Apinholes With dpjaems the diameter of the plasma. With the diameter of the plasma
being ~250 wm at most (see results in sections 5 and 6) the resolving power is ~5 at
maximum. Note that R, =~ 500 um is much larger than the 24 um pixel size of the CCD,
resolution is thus not limited by the CCD. The total broadband EUV emission from the
plasma can be obtained by integrating the intensity of the CCD image. Since the response
of the CCD is linear with intensity, the emission from different plasmas can be compared
quantitatively.

4.3 Transmission grating spectrograph

To record the spectrally resolved (time integrated) emission from the plasma in a broad
EUYV region a spectrograph consisting of a transmission grating and a CCD (Reflex s.r.0)
is used, see figure 4.5. The radiation from the plasma is diffracted by the grating, and the
normalized intensity /(6) on the CCD, with & the angle as defined in the figure, is given
by [29, p.404]:

16) =(sinNaJ2 sin )’
Nsina p

- %sin&, = %Sma (4.8)

CCD camera

|
Zr filter l transmission grating

L L
Figure 4.5: Schematic view of the transmission grating spectrograph. Emission from the plasma in a broad
EUV wavelength region is spectrally resolved on a CCD camera by the diffraction of a transmission
grating. A zirconium filter is used to block longer wavelengths to prevent a large intensity in the 0" order,
and to suppress out of band radiation. The grating used in this study has N=700 slits, its period a is 100
nm, and the slit width b is 50 nm.
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with N the number of slits of the grating, a the spacing between the slits (grating period)
and b the width of the slits (see also figure 4.5), A is the wavelength of the radiation. An
example of the intensity distribution as in equation (4.8) is given in figure 4.6¢c for a
grating with N=5 and b=0,3a. It has the form of a rapidly varying function
(sinN a/Nsina)*, cf. figure 4.6a, representing the interference between different slits,
modulated by the function (sing/8)’, cf. figure 4.6b, which represents the diffraction of a
single slit. The maxima of the rapidly varying function occur when a = ms; or:

asing = mi (4.9)

with m = 0, £1, +2,.. . Minima occur when N = n, or:
. n
asind=—A4 (4.10)
N

with n = #1, +£2... and #n/N is not an integer, because then a maximum is present
according to eq. (4.9). Equation (4.10) explains the N-1 minima between two maxima in
figure 4.6a. The modulating function has minima for g = p, or:

bsinf = pA (4.11)

with p = =1, #2,...The maxima in intensity given by eq. (4.9) are dependent on
wavelength, thus emission from the plasma can be spectrally resolved on the CCD. For
all wavelengths there is a maximum in intensity in the 0™ order (m = 0, sinf = 0).
Therefore, to protect the CCD against high intensity, a zirconium filter is used to block
longer wavelengths. For the grating used in this study N = 700, @ = 100 nm and b = 50
nm. The fact that in this case a = 2b yields that even maxima (m = *2, +4,..) vanish
because also the condition for a minimum (p = +1, +2,..) is fulfilled. This is illustrated in
figure 4.7 where the two intensity functions as in figures 4.6a and 4.6b are shown for this
grating. In practice the spectrograph is aligned such that 1% order maxima of a spectrum
between roughly 5 and 20 nm are recorded. ‘Disturbance’ by higher order maxima (3rd,
5™ etc.) of shorter wavelengths is neglected because of their low intensity due to the

a) b) <)

1 1 1

1 I 1

0- 0 v x 0 \/\A P
124 sin® p) 24 sin® A A sin@®
aa b b a b

Figure 4.6: Intensity distribution for a wavelength A from a transmission grating with N=5 slits and
b=0,3a. a) Rapidly varying intensity representing the interference of N slits. b) Modulation function
representing the diffraction by a single slit. ¢) Product of (a) and (b): total intensity distribution of the
grating according to equation (4.8), also the modulation ‘envelope’ of (b) is shown.
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Figure 4.7: Intensity distributions for a wavelength A as in figure 4.6a and b for the grating used in this
study with N=700, a=100nm and b=50 nm. Since a=2b even order maxima vanish.

modulation part of equation (4.8) (see also figure 4.7).

The spectral resolution A4g,=A>-A; achievable with the grating is deduced from the fact
that the two wavelengths A; and A,, with A;>4;, are resolved when the maximum of 4,
(given by eq. (4.9)) coincides with the first minimum of 4; after a maximum (given by
(4.10)). Thus mA; = (n/N)A;, with m =(n-1)/N. The result for the resolving power is:

A N 4.12)
A%,

with A=4;~4,. With N = 700 and first order diffraction, m =1, the resolving power is thus
700. For wavelengths in the 7-17 nm range (FWHM of the Zr filter) this yields a
resolution of A4, = 0.10-0.24 A. However resolution is also determined by geometrical
aspects of the spectrograph. The finite size of the plasma and the grating namely result in
a spreading of the plasma emission imaged on the CCD. The distance Ax over which
radiation from the plasma is spread on the CCD is:

+d +d (4.13)

grating plasma ) grating

-t

1

with /; and [, the distance from plasma to grating and from grating to CCD respectively,
cf. figure 4.5. dgraiing is the total width of the grating, dyiom, the diameter of the plasma.
The condition for a maximum in intensity eq. (4.9) can be written as mA=a(x/l;) for small
angles, siné ~@ =~x/l,, where x is the distance on the CCD from axis to the m™ order
maximum. The geometrical resolution is then given by:

Ay = he =l
ml, m

d N
(M_ + ﬂj (4.14)

ll lZ

using eq. (4.13) and dgrasing = aN. In the set-up /; = 0,61 m and /; = 0,090 m. This gives a
resolution of 1,3 fo\, when taking dpigme = 250 pm (result from pinhole pictures, see
section 5) and m=1. Note that from equation (4.14) the CCD resolution is
AAccp=(a/ml;) Ax, where Ax=24 pum is the CCD pixel size in this case, giving Adccp =
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0,26A. The resolution of the spectrograph is thus limited by geometrical aspects (size of
the plasma and grating) and equals ~1,3 A

Calibration of the wavelength scale of the spectrum on the CCD is done by identification
of four intense O* lines from plasma generated on CO, target gas. The wavelength and
transition corresponding with these lines are given in table 4.1. A spectrum of ‘CO,
plasma’ is shown in figure 4.8, the lines used for calibration are indicated. To obtain the
real (relative) intensity at each wavelength, the spectrum recorded on the CCD has to be
corrected for the Zr filter transmission, cf. figure 4.4, and for the grating efficiency. This
grating efficiency reflects the wavelength dependence of the transmission of the grating,
and is given in figure 4.9 using [31] for the grating of the spectrograph used in this study.

Table 4.1: Transitions in O°* and corresponding wavelengths of the lines used for the calibration of the
wavelength scale of the spectrograph. Data is from [30].

Transition Wavelength (A)
Configuration J-J
1s72s - 1s°4p -3 115.822
1s°2p - 1574d -3 129.785
1s°2s - 1s3p -3 150.089
1s°2p - 1s”3d 32-"1y 173.082
800 l Figure 4.8: Spectrum of
plasma generated on CO,
700 7 target gas. The lines used
for wavelength calibration
600 7 are indicated.
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S
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. ] Figure 4.9: Grating efficiency for the grating of the
2 015 1 spectrograph used in this study, calculated using [31].
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5. Laser plasma parameter study

EUV emission from laser plasma generated on a supersonic xenon jet has been
investigated for different laser intensities and initial target gas densities. Subsection 5.1
presents spectrally resolved emission from xenon plasma generated with a KrF excimer
laser for these different laser- and target conditions. The KrF laser intensities are in the
order of 10'2 Wem™. The results led to the development of a simple theoretical model for
the dependence of spectral intensity on initial target gas density. This model will be
discussed in subsection 5.2. Results of narrowband EUV yield as function of target gas
density are presented and compared to the model in subsection 5.3, also the KrF excimer
laser is used in these measurements. Subsection 5.4 presents spectra of xenon plasma
generated at higher laser intensities, in the order 10> Wem™, using a Nd:YAG laser. Also
in these measurements the dependence of spectral intensity on initial target gas density
has been investigated, and is compared with the results from the KrF laser plasmas, and
the theoretical model. Spectral lines of Xe® to Xe'®* in the EUV wavelength region,
which are classified in literature [32,33,34], see Appendix, are used in the analysis of
xenon spectra. The set-up used for the laser plasma parameter study is shown in figure
5.1. The laser beam is coupled into the vacuum chamber through a window, and is
focused on the gas jet by a lens. The focal spot of the laser is positioned 0,5 mm above
the nozzle exit. The used diagnostics, which are described in section 4, are indicated.

vacuum

chamber Broadband EUV pinhole

camera

diode

Q [
nozzle *-,,

Transmission grating spectrograph

Figure 5.1: Experimental set-up used for the laser plasma parameter study. The EUV diagnostics,
described in section 4, are indicated. The pinhole camera and spectrograph are both differentially pumped.

5.1 Spectrally resolved emission using a KrF excimer laser

Xenon plasma is generated with a KrF excimer laser (lambda physik LPX 350). The large
nozzle (cf. section 3) is used. Spectra are recorded at four different laser pulse energies at
10 bar and 20 bar backing pressure. The used laser pulse energies are 480 + 10 mJ, 670
10 mJ, 780 = 10 mJ and 850 + 10 mJ. With the excimer laser pulse length being 27 ns
(FWHM) and the focal spot diameter being ~50 um these energies correspond to laser
intensities of ~0,9-10" W/em®, ~1,3-10" W/em®, ~1,5-10" W/cm? and ~1,6-10"
W/cm? respectively. However, with this laser, decreasing the pulse energy can increase
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the divergence of the beam and thus increase the focal spot size. The given intensities are
therefore a global indication.

5.1.1 Xenon spectrum

Figure 5.2 shows xenon spectra for 480 mJ and 850 mJ laser pulse energy at 10 bar
backing pressure. A (tentative) classification of the spectrum at 850 mJ is indicated in the
figure and will be discussed below The lines at 170,1 A, 173,3 A 175,8 A, 1773 A, and
179,9 A can be attributed to Xe’*. Lines of Xe7+ at 1233 A and 166,7 A given in
literature can not be seen in the spectrum. Most probably these lines can not be resolved
from other neighboring lines. The lines at 85,4 A, 88, 5 A, 96,2 A, 100,9 A 103,5 A
119,5 A, 161,3 A and 165,4 A can be attributed to Xe®* - The lines at 110,2 A 1123 A
and 116,4 A, and line emission between 140 A and 160 A can be attributed to Xe9+.
Remarkable is that at 150 A, where Xe9+ should have high emission, the intensity is low.
Absorption at this wavelength by Xe could give an explanatlon but is however not yet
understood. The absorption at 150 A could also be from O°*, due to contamination of the
target gas with oxygen or CO,. Absorption from O°* at other wavelengths (see table 4.1)
can not be seen, however the (emission) line at 173,3 A could also be from o’
Emission between 108 A and 112 A and the intense line at 124,6 A could be from Xe10+
however if Xe'™ population would be considerable also high intensity between 130 A
and 140 A (especially at 135 A) should be seen, which is not the case The three lines
from Xe®* given in the Appendix are difficult to distinguish from Xe’* lines, except the
line at 185,4 A. Emission at this wavelength is low in the spectrum of figure 5.2. The
lines of relatively high intensity at 92,1 A, 1283 A and 164,4 A, indicated by a question
mark, could not be attributed to any of the ionization stages in the Appendix. The weak
lines between 130 A and 140 A are tentatively attributed to Xe'™, however the lines at
133,4 A, 134,5 A, 137,0 A and 138,6 A could in principle also be from Xe’*.

8+
Xe’ xe
4000 W g ‘ — 850 mJ

3500 A

3000

2500 -

2000 - e T

Intensity (a.u)
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1000 -

“ [T
500 4 W) b

WY ”Nf i, v,n, Yy
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Figure 5.2: Xenon spectrum for 480 mJ and 850 mJ excimer laser pulse energy at 10 bar backing pressure.
A classification is given using the data in the Appendix.

faf ,vwvy

48



Laser plasma parameter study

In conclusion, it can be stated that the main ionization stages present are Xe'*, Xe®* and
X e9+

5.1.2 Dependence of spectral intensity on laser pulse energy

The dependence of spectral intensity on laser pulse energy at 10 bar backing pressure is
shown in figure 5.3a. The spectral intensities at 670 mJ, 780 mJ and 850 mJ pulse energy
are divided by the spectral intensity at 480 mJ pulse energy. Figure 5.3b shows the
dependence of the conversion efficiency on laser pulse energy. The conversion
efficiencies at 670 mJ, 780 mJ and 850 mJ pulse energy are divided by the conversion
efficiency at 480 mJ pulse energy. In this case the conversion efficiency is obtained by
dividing the spectral intensity by the corresponding laser pulse energy. Note that each
graph in figure 5.3b thus only differs by a constant factor (independent of wavelength)
from the corresponding graph in figure 5.3a. From figure 5.3a, an increase in intensity
over the whole spectrum can be seen for each graph. The increase of spectral intensity
with laser pulse energy is the highest between 110 A and 120 A and between 140 A and
160 A. Also a relatively large increase in 1nten51ty at 854 A can be seen The two
mentioned wavelengths reglons where increase is highest, correspond to Xe’, the line at
85,4 A corresponds to Xe . From flgure 5. 3b the i increase in conversion efflclency in the
wavelength regions 110 A - 120 A and 140 A - 160 A, is at maximum about a factor 1,9
respectively 2, comparing the highest pulse energy, 850 mJ, with the lowest pulse energy,
480 mJ. The conversion efficiency at the 85,4 A line increases by a factor 2,2 at
maximum. In the wavelength region 120 A-140 A conversion also efficiency increases
with laser pulse ene _gy, maximum increase at 135 A is about a factor 1,3. The conversion
efficiency of the Xe'* lines above 170 A does not increase much with pulse energy; the
CE ratio in figure 5.3b is close to 1. As the temperature of the plasma is increased by
increasing the laser intensity, higher ionization stages become relatively more populated,
whereas lower ionization stages become relatively less populated, see section 2.6.3.

a) b)
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Figure 5.3: Dependence of spectral intensity on excimer laser pulse energy at 10 bar backing pressure. a)
The intensities at 670 mJ, 780 mJ and 850 mJ pulse energy divided by the intensity at 480 mJ pulse energy.
This is indicated by the labels. b) Conversion efficiencies at 670 mJ, 780 mJ and 850 mJ laser pulse energy
divided by conversion efficiency at480 mJ pulse energy. The (spectrally resolved) conversion efficiency is
obtained by dividing the spectral intensity by the corresponding laser pulse energy.
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The increase in population of an ionization stage relative to the first lower ionization
stage (thus the population of Xe®D* relative to population of Xe” *) is the largest for the
highest ionization stage. From equation (2.51), which gives the relative population of two
subsequent ionization stages for coronal equilibrium, it can namely be deduced that:

a(ni(Z+1))

") L[zE] 6
af_(n,.(zn)] T 4 T

n,(Z)

From this equation it can be seen that the larger the ionization potential E .z from Z to
Z+1, the larger the increase in population n(Z+1) relative to ny(Z) with increasing
electron temperature is. Since E ;7 increases with charge number Z, the population of the

highest ionization stage present will relatively increase the most with increasing
temperature. Coronal equilibrium is assumed above, since it will apply to the plasmas in
this study, as discussed in section 2.6.3. It has to be noted however that the present
discussion also holds for other colhslonal radiative models, like LTE. The fact that the
intensity of lines attrlbuted to Xe’* increase the most in figure 5.3, indicate that the
(relative) population of Xe®* increases the most with increasing laser pulse energy, or
laser intensity and thus temperature. It is essential that the intensity of the Xe’* lines
(also) have the largest increase relative to the lines attributed to the flrst lower ionization
stage, Xe** (except for the line at 85,4 A tentatively attributed to Xe® "), this is about a
factor 1,4 comparing 480 mJ with 850 mJ laser pulse energy. The increase in intensity of
the Xe8 lines is in this case about a factor 1,2 relative to the increase 1n 1ntens1ty of the
Xe”* lines, thus lower. Furthermore the increase in intensity of the Xe’* lines is higher
than the 1ncrease in intensity of lines that could be attributed to Xe'®* (around 135 A).
Consequently Xe”* will be the highest ionization stage (significantly) populated.

5.1.3 Dependence of spectral intensity on target gas density

Figure 5.4 shows xenon spectra for 10 bar and 20 bar backing pressure at 850 mJ laser
pulse energy. It can be seen that, when increasing the backing pressure (and thus
increasing the target gas density), the intensity over the whole spectrum increases.
However the intensity increases the most in the wavelength regions below ~110 A and
above ~145 A. In the wavelength region 110 A -145 A the increase in intensity is
relatively low. It is remarkable that the absorption of EUV radiation by neutral xenon has
a similar wavelength dependence; absorption is the highest between 110 A and 145 A.
Apparently increasing the target gas density results in an increase in spectral intensity
from the plasma, but also results in higher absorption of EUV radiation by surrounding
neutral xenon. This is analyzed in more detail in figure 5.5; the spectrum at 20 bar
backing pressure is divided by the spectrum at 10 bar backing pressure for each of the
four laser pulse energies. It can be seen that all four graphs match well; the dependence
of spectral intensity on target gas density is thus approximately the same for all laser
pulse energies/intensities.
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Figure 5.4: Xenon spectra at 10 and 20 bar backing pressure. Excimer laser pulse energy is 850 mJ.
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Figure 5.5: Dependence of spectral intensity on target gas density. For each excimer laser pulse energy the
spectrum at 20 bar backing pressure is divided by the spectrum at 10 bar backing pressure. A curve fit
given by equation (5.2) is applied to the data.

A curve of the form:

L(A)

2 G~ Kool (1) ;) (5:2)

is fitted to the data for 850 mJ pulse energy in figure 5.5. I,(4) is the measured spectral
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intensity, subscripts 10 and 20 denote 10 respectively 20 bar backing pressure. The fit
thus implies that the spectral intensity increase by a constant factor K (independent of
wavelength). The exponential term in (5.2) describes the (increased) EUV absorption by
neutral xenon, with x(4) the specific absorption coefficient of xenon (as defined in
equation (3.7)), and (pAx)s; a certain xenon mass density times path length. The specific
absorption (/) coefficient of xenon in the wavelength range 70 A — 180 A is given in
figure 5.6, data from [27] is used. Subsection 5.2 will give a more detailed theoretical
model for the applied fit.

The result of the least square fit is Kz=4,64 = 0,20 and (pAx)s = (10,6 + 1,1)10° kgm™.
The result for (p4x)s; corresponds to a (more commonly used) xenon pressure times path
length of pAx=1,50 = 0,15 Torr-cm at a temperature of 295 K. Note that the error bars
given for the fit parameters Kp and (pAx)s indicate the range of possible values at which
the least square fit is obtained. The two fit parameters are however coupled, since a
certain value for K within its given range implies a fixed value for (pAx)s. This is
shown in figure 5.7, where the isolines indicate the sum of the squared errors between the

measured data and the fit of figure 5.5 as function of Kz and (pAx)s.
1.4
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Figure 5.6: Specific absorption coefficient () of neutral xenon in the wavelength range 70 A — 180 A.
Data from [27] is used.
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Figure 5.7: Sum of squared error between measured data and fit of figure 5.5 as function of the two fit
parameters Kg; and (pAx)g. The minimum value is 29,6.
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5.2 Model for dependence of spectral intensity on target gas density

In analyzing the dependence of the spectral intensity on initial target gas density, as
shown in figure 5.5, it apparently has to be taken into account that, when increasing the
target gas density, the absorption of EUV radiation from the plasma by surrounding
neutral xenon will increases as well. The measured spectral intensities /,,(4) at 10 bar
respectively 20 bar backing pressure may therefore be written as:

1,10(A) = I ,,0(A) - exp(= k() - (pAx),, )
I, 0(A) =1, 5 (A)-exp(- k(1) (pAx)) (53)

where I;(4) is the spectral intensity directly from the plasma, as if no EUV absorption by
neutral xenon is present. The exponential terms represent the absorption of the EUV
radiation, with x{4) the specific absorption coefficient of xenon, given in figure 5.6, and
(pAx) the xenon mass density times the path length of absorption. From equation (5.3) the
ratio of the measured spectral intensities becomes:

Lp20(4)

I,0() K(2)-exp(- k(A)- ((0AX) - (0AX),)

Ly 0(4)

KA = 1.0

(5.4)

Comparing this with the fit formula, given in equation (5.2), thus implies that (o4x)s=
(pAx)29 - (pAx)10 and K5=K(A). The factor (pAx)s thus indeed indicates the increased
absorption of EUV radiation by the neutral surrounding xenon, when increasing the
backing pressure from 10 bar to 20 bar. The obtained result of (pAx)s = (10,6 = 1,1)10°
kgm™, yields that the transmission of EUV at a wavelength of 13,5 nm is a factor 3,5 =
0,4 lower at 20 bar backing pressure than at 10 bar. The initial neutral xenon density is
linear with the backing pressure, see also subsection 3.1, equation (3.5). In that case
(0Ax)20 =2+ (pAX) 19, and thus (pAx)zp =2+ (pAx) 10 = (21,2 = 2,2)-10° kgm™. This yields a
transmission of 0,29 + 0,04 and 0,08 + 0,02 at 10 and 20 bar backing pressure
respectively for 13,5 nm EUV radiation.

Ky is the ratio of intensities I,(4) at 20 and 10 bar backing pressure. A model for Kg
(which is independent of wavelength) will be given below. In this model coronal
equilibrium is applied, the validity of coronal equilibrium for the plasmas under study is
discussed in section 2.6.3. Furthermore it is assumed that the electron temperature and the
dimensions of the plasma are approximately independent of initial target gas density. The
latter assumption is confirmed by pinhole measurements.

The electron collisional excitation rate of an atom or ion from level p to g, averaged over
a Maxwellian electron velocity distribution, is given by [35]:
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A

AE
n,<o,v, > —A—ni—mexp - qu [s] (5.5)

pq e

with o, Pq the cross-section for collisional excitation and v, the electron veloc1ty

AE g = E E is the difference in energy between level p and g in eV, and s, and T

are the electron density and temperature (in eV) respectively. If the plasma is in coronal
equilibrium, a balance exists between collisional excitation of a xenon ion from the
ground state to an excited state and radiative de-excitation of this excited state to the
ground state:

€ 5

Xe”* (0) Xe’* (q) (5-6)

hvy,
This implies that the collisional excitation rate equals the radiative de-excitation rate:

_ Mo, <04,V >

nyh, < 0y, V, >=n,A, > n, ¢

0
q q A

q0

with ny the density of the ground state, n, the density of the excited state g, and A the
transition probability for radiative de-excitation given by equation (2.45). Note that since
Agp is proportional to Ep, squared, radiative de-excitation of an excited state to the ground
state (E,q = Ep, is maximum) will be dominant as compared to de-excitation to a lower
excited state. Population of excited states by collisional excitation will be mainly from
the ground state, since the density of the ground state is (much) higher than of the excited
states (despite the fact that the collisional excitation rate decreases with higher AE,,).
This justifies the equilibrium balance, equations (5.6) and (5.7). The radiation density J,,
of a spectral line corresponding with the transition g—p is given by equation (2.44).
Substituting equations (2.45), (5.5) and (5.7) in eq. (2.44) results in:

A~ 3 A
AE AE

Jp * ’folr/l; P4 |- exp| - —2 (5.8)
Te Aqu Te

If it is assumed now that the electron temperature of the generated plasma is
approximately independent of the initial target gas density, the relative population of the
different ionization stages will not change with initial target gas density. The relative
population of ionization stages is namely only dependent on electron temperature for
coronal equilibrium, cf. equation (2.51). Hence the electron density #, is proportional to
the initial target gas density n,, since the average degree of ionization (Z') does not
change. The increase in n, with increasing n, will shift the corona balance from the
ground state to the excited states, equation (5.7). The density n of the ground states of the
ions will therefore increase less then proportional with increasing n,9. However, since the
density np will be (much) higher than the density of the excited states, it can actually be
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stated that ny is approximately proportional to n,. Pinhole pictures taken of the plasma
for the different backing pressures and laser pulse energies show no significant change in
the dimensions of the (broadband EUV emitting part of the) plasma. All plasmas measure
120 + 10 um FWHM vertically (perpendicular to the laser beam) and 250 + 20 um
FWHM horizontally (parallel to the laser beam). The volume (and surface) of the
generated plasma is about the same for different initial target gas densities. The ratio of
two spectral intensities at different backing pressures or laser pulse energies then equals
the ratio of the two corresponding radiation densities. The above then finally gives the

following result for K(4):

2/ A N2
I A T N

K(A) = p1,20( ) _ (”ao,zo) 10 exp| AB,, Al : Al (5.9)
1 130(4) Maon0 ) \ Too T.o T.x

where for the electron temperatures at 10 and 20 bar backing pressure T 10 = T .20 holds

(such that the relative population of ionization stages remains about the same). An
increase in backing pressure from 10 bar to 20 bar will result in a increase in initial xenon
target gas density by a factor 2, as discussed above. If electron temperature remains
exactly the same, this yields that K(A)=L,;20(A)/1p110(M) = 2% = 4, which is already in good
agreement with the value Kﬁ,—K(A) 4,64 = 0,20 obtained from the fit in figure 5.5.

The additional increase in intensity, such that Ks > 4, can be explained by a (small)
increase dT’ ..2010 electron temperature T .20 With respect to Te 10 - From equation (5.9) it

can namely be deduced that:

(')K(/l) e,20 = AEO(I _l (5.10)
K(4) aTe’ZO f 2

For the spectral range considered in figures 5.4 and 5.5 AE g 18 minimum 69 eV,

corresponding with A,,=180 A. Since AE| . AE _, also AEO , > 69 eV. Considering the

rq’
ionization stages present, the electron temperature will be about 30 eV, see section 2.6.3,
figure 2.6 in particular. With K(4) being 4,64 ‘instead’ of 4, JK(A/K(4) = 0,16.
Substituting the above in eq. (5.10) then yields that T e20 /! T .20 < 0,09, thus increase in

electron temperature is smaller than 9 % (or smaller than 2,7 eV, when taking an electron
temperature of 30 eV at 10 bar backing pressure). An increase in electron temperature,
although small, will also change the relative population of the ionization stages. The
highest ionization stages present become relatively more populated, the lower ionization
stages less. This results in an additional increase in electron density, and thus an increase
in spectral intensity, cf. egs. (5.8) and (5.9). The increase in temperature when increasing
backing pressure may therefore be even less than discussed above, where equation (5.10)
was used. A change in the relative population of the ionization stages due to an increase
in temperature may also explain the fact that the increase in spectral intensity in the
wavelength regions 105 A-113 A and 130 A-160 A is relatively large and exceeds the
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fitted value, while the increase in the wavelength region 170 A -180 A is less than the
fitted value. The first two regions namely contain lines corresponding with ionization
stages Xe” and Xe'®*, which become relatively higher populated. The region 170 A-180
A contains lines of Xe”*, which becomes less populated Note that a relatively large
increase in intensity of the line at 85,4 A (from Xe®*) when increasing the target gas
density can be seen in figure 5.5. Increasing the laser pulse energy also resulted in a
relatively large increase in intensity of this line, see figure 5.3.

As discussed in section 2.6.1 continuum radiation density is proportional to n, ’Z. From
the discussion above the intensity of continuum radiation then also is, as line radiation,
proportional to na02 . An increase in spectral intensity higher than a factor (740,20 /70, 10)2,
when increasing backing pressure from 10 bar to 20 bar, could also be explained by an
additional increase in temperature.

According to the model discussed above, the temperature of the generated plasma, and
therefore the energy per particle (electrons and ions), is approximately independent on
initial target gas density. As the initial target gas density increases by e.g. a factor C, the
electron and ion density increase by the same factor, and hence the total number of
particles in the plasma increases by a factor C (the dimensions of the plasma remains the
same). The total energy in the plasma, thus the absorbed laser energy, then also increases
by a factor C. From equation (2.32) the absorption coefficient for inverse Bremsstrahlung
g 18 proportlonal to the electron density squared, ne This yields that g increases by a
factor C°. The part of the laser light absorbed in the plasma by inverse Bremstrahlung is
1-exp(- aypAz) (see also equation (2.27)), with Az the length of the plasma over which the
absorption takes place. In the case that absorptlon of laser light is low, appdz << 1, the
absorbed laser light also increases by a factor C°. In the (limiting) case that all laser light
is absorbed, appAz >>1, the absorbed laser light will be independent on the electron
density in the plasma. For example in the measurements presented in section 5.1.3, the
initial target gas density increased approximately by a factor C = 2, by increasing backing
pressure from 10 to 20 bar. An increase in absorbed laser light also by a factor C = 2, as
discussed, would yield that: (1-exp(-4ap4z))/(1-exp(-oqpAz)) = 2, where g in this case
is the value for the lowest density (at 10 bar backing pressure). The result is oAz = 0,6.
This yields that for 10 bar backing pressure 1-exp(-0,6) = 0,45 part of the laser light is
absorbed and for 20 bar backing pressure 1-exp(-2,4) = 0,90 part of the laser light is
absorbed.

5.3 EUV narrowband yield versus target density using a KrF excimer laser

The EUV yield at both 11, 4 nm and 13,0 nm is measured as function of backing pressure
with two separate narrowband diagnostics. The small nozzle (cf. section 3) is used in this
experiment. The KrF excimer laser (lambda physik LPX 350) is used to generate the laser
plasmas. The pulse energy is 890 + 10 mJ, which corresponds to an intensity of (1,7 +
0,2)-10" W/cm?. Figure 5.8 shows the conversion efficiencies CE, as given by equations
(2.1) and (4.3), at 11,4 nm and 13,0 nm versus backing pressure. Maximum conversion
efficiency is (3,1 = 0,2)-10™ % / (2nsr-%BW) and (0,72 = 0,04)-10™ % / 2nsr-%BW) at
11,4 nm and 13,0 nm respectively. A curvefit is applied to both graphs. It has the form
CE « Pback2 ‘exp(-kfirPract), corresponding with the theoretical model discussed in
subsection 5.2, where the initial target gas density n, is linear with the backing pressure
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Dback, and kg; is a constant. Note that ks, is thus ‘analogue’ to (pAx)s;, used above. Both fit
parameters involve the absorption by neutral xenon, ks should thus not be confused with
the parameter Kp used above. Here Kj actually equals the squared quotient of two
backing pressures (e.g. 20 bar divided by 10 bar). Note that an increase in intensity from
the plasma additional to the factor n,° by an increase in temperature, as discussed in
subsection 5.2, equation (5.10) in particular, is thus neglected in the fit applied here. The
result of the fit is k5 = 0.084 = 0.002 for 11,4 nm and kg = 0.077 = 0.002 for 13,0 nm.
This yields that the xenon mass density times path length of absorption at 10 bar backing
pressure is (p4x)zp = (7,4 = 0,2)-10”° kg/m? and (pdx);o = (6,2 = 0,2)-10° kg/m? at 11,4
nm and 13,0 nm respectively calculated with the result for kg and the specific absorption
coefficient x{A), cf. figure 5.6,. This is close to the result (pAx);9 = (10,6 = 1,1)~10'5 kgm™
found from the curve fitted to the spectrally resolved data in figure 5.5. The deviation can
be explained by the fact that the orientation of the spectrograph and the narrowband
diagnostics with respect to the gas jet is not the same, this may result in a different path
(length) of radiation through the EUV absorbing neutral xenon surrounding the plasma.
Moreover a different nozzle is used. The fact that the results for (pA4x);p found with the
two narrowband measurements at 11,4 nm and 13,0 nm respectively are not consistent,
could be explained in a similar way. The two narrowband diagnostics are namely also not
orientated exactly the same with respect to the gas jet. Note that the model discussed in
subsection 5.2, predicts a decrease in EUV yield (and thus conversion efficiency) above a
certain backing pressure, where the increase in absorption by the neutral xenon becomes
larger than the increase in intensity from the plasma. This can also be seen from the curve
fits in figure 5.8, for backing pressures higher than ~25 bar. However no measurements
could be done at these high backing pressures to verify this prediction.
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Figure 5.8: Conversion efficiency at 11,4 nm (a) and 13,0 nm (b) versus backing pressure. A curve fit,
corresponding to the model discussed in subsection 5.2, is applied to both graphs. The excimer laser pulse

energy is 890 + 10 mJ.
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5.4 Spectrally resolved emission using a Nd:YAG laser

In the experiments discussed in this subsection xenon plasmas are generated using a
Nd:YAG laser (Continuum PL 8010) and the large nozzle (cf. section 3). Spectra are
recorded at 10 and 20 bar backing pressure at 3 different laser pulse energies. The laser
pulse energies are 380 = 5 mJ, 452 = 5 mJ and 650 = 5 mJ. With the laser pulse length
being 6 ns (FWHM) and a focal spot diameter of typically ~30 um, this yields laser
intensities of (0,90 = 0,01)-10"” Wem?, (1,07 = 0,01)-10° Wem? and (1,53 =
0,01)- 10" Wem™ respectively. These intensities are an order in magnitude higher than
the laser intensities obtained with the KrF excimer laser, see subsection 5.1. It is therefore
expected that a higher plasma temperature can be reached with the Nd:YAG laser. Note
that with this laser the focal spot size will not change with pulse energy.

5.4.1 Xenon spectrum
Figure 5.9 shows xenon spectra for all three laser pulse energies at 10 bar backing

pressure. A tentative classification of the spectrum at 650 mJ is indicated. The lines at
181,3 A and 184.9 A can be attributed to both Xe® and Xe*. The lines at 170,8 A, 175,5
;\, 178,2 A and 179,2 A can be attributed to Xe”*. The line at 173,1 A could be from
Xe™*, but also from O**, due to CO, contamination of the xenon target gas (see table 4.1).
The line at 129,2 A also indicates the presence of O°*. Note that O°" lines at 115,8 A and
150,1 A, which also should be seen in this case, probably can not be resolved from other
lines. The lines at 85,3 ;\, 85,5 A, 162,1 A, 165,3 A and 168,4 A can be attributed to
Xe®". Lines in the wavelength interval 140 A t0 160 A can be attributed to Xe”*. The line
at 1241 A and lines in the wavelength interval 131,5 Ato 140,3 A can be attributed to

Xe10+.
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Figure 5.9: Xenon spectra for 380 mJ, 452 mJ and 850 mJ Nd:YAG laser pulse energies at 10 bar backing
pressure. A tentative classification is given using the Appendix.
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The unresolved transition array (UTA) around 110 A, can contain lines from Xe'® in the

wavelength interval 105,2 A to 113,0 A and from Xe”* in the wavelength interval 110 A
to 116,5 A. Also higher ionization stages than Xe'® can contribute to lines around 110 A
[36]. Lines at 92,1 A and 128,3 A, which are present in the spectra of figure 5.2, and
which could not be attributed, can also be seen in the spectra in figure 5.9. Note that some
of the lines from Xe’* and Xe®* that are present in the spectra in figure 5.2 are not seen in
the spectrum in figure 5.9. Comparing this xenon spectrum recorded using the Nd:YAG
laser with the spectrum recorded using the KrF excimer laser, cf. figure 5.2, it is clear that
emission from Xe'®" is (relatively) much higher. This is expected, since higher plasma
temperatures can be obtained with the Nd:YAG laser, due to the higher laser intensity.
Consequently higher ionization stages become relatively more populated. Remarkable is
the high intensity at short wavelengths (from roughly 70 A to 80 A) which is probably
from ionization stages >Xe'**.

5.4.2 Dependence of spectral intensity on laser pulse energy

In figure 5.9 it can be seen that, when increasing the laser pulse energy from 380 mJ to
452 mlJ, the spectral intensity increases by roughly the same amount for all wavelengths;
the relative intensity of the structures approximately remains the same. Increasing the
pulse energy to 650 mJ leads to a relatively high increase in intensity in the wavelength
intervals 70 A - 80 A, 105 A - 113 A and 145 A - 155 A. The dependence of spectral
intensity on laser pulse energy is analyzed in more detail in figure 5.10a. The spectral
intensities at 650 mJ and 452 m] pulse energy are divided by the spectral intensity at 380
mJ pulse energy. Figure 5.10b shows the dependence of the conversion efficiency on
laser pulse energy, analogue to figure 5.3b. The conversion efficiencies at 650 mJ and
452 m]J pulse energy are divided by the conversion efficiency at 380 mJ pulse energy. It
can be seen that the conversion efficiency increases by a factor 1 (thus no increase) to 2,
by increasing the laser pulse energy from 380 mJ to 452 mJ.
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Figure 5.10: Dependence of spectral intensity on Nd:YAG laser pulse energy at 10 bar backing pressure.
(a) The intensities at 650 mJ and 452 mJ pulse energy divided by the intensity at 380 mJ pulse energy. (b)
Conversion efficiencies at 650 mJ and 452 mJ laser pulse energy divided by conversion efficiency at 452
mJ pulse energy. The (spectrally resolved) conversion efficiency is obtained by dividing the spectral
intensity by the corresponding laser pulse energy.
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The increase is the largest at 94,3 A, 124,9 A, 139,0 A and 159,0 A and around 110 A.
Increasing the pulse energy from 380 mJ to 650 mJ gives an increase in conversion
efficiency by a factor 1 ,5 to 6, 5 The 1ncrease is especially large 1n the wavelength
intervals 70 A to ~80 A and 105 A to 113 A, and for the lines at 139,0 A and 157,8 A. As
discussed in subsectlon 5.4.1, the wavelength interval 105 Ato113 A corresponds with
emission from Xe!'™ and poss1b1y higher ionization stages. The lines at 124,9 A and 139,
0 A can be attributed to Xe' . The line at 157,8 A can in principal be attributed to
Xe’*emission. The line at 159 0 A could be from Xe”* or from O* [(due to CO,
contamlnatlon) Note that in the spectra, cf. figure 5.9, absorption at 159,0 A can be seen.
The increase in intensity at this wavelength, when increasing the pulse energy, thus yields
less absorption. The line at 94,3 A only appears (resolvable) in the spectrum at 452 mJ
laser pulse energy. From the relatively high increase of the UTA in the wavelength
interval 105 A to 113 A, it can be deduced that the population of Xe'® and/or possibly
higher ionization stages are most sensitive to the laser pulse energy. Remarkable is that
emission from Xe'®* around 135 A does not increase as much as the intensity of this UTA
(except the line at 139,0 A). The relatively high increase in the wavelength region 70 A to
~80 A, confirms that possibly higher ionization stage than Xe'®* are present, and are
(most) sensitive to laser pulse ener§y In conclusion it can be stated that the highest
ionization stage present is above Xe'

5.4.3 Dependence of spectral intensity on target gas density

The dependence of spectral intensity on initial target gas density is shown in figure 5.11.
The spectrum at 20 bar backing pressure is divided by the spectrum at 10 bar backing
pressure for all three laser pulse energies.

— 650 mJ
452 mJ

— fitcurve

Im,2(}/Im,10 (')

0.0 - T T T T T T T T T T — 1
70 8 90 100 110 120 130 140 150 160 170 180
A(A)
Figure 5.11: Dependence of spectral intensity on target gas density. The spectrum at 20 bar backing
pressure is divided by the spectrum at 10 bar backing pressure for each laser pulse energy. A curvefit, see
equation (5.2), according to the model described in subsection 5.2 is applied .The result is Kg, = 4.74 =
0,20 and (pAx)=(13,0 -_1-1,1)~10'5kgm'2, or (pAx)p=1,84 0,15 Torr -cm.
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It can be seen that all three graphs match well, as was also the case for the measurements
with the KrF laser, see subsection 5.1.3, figure 5.5 in particular. Thus also in this case the
dependence of spectral intensity on target gas density is approximately the same for all
laser pulse energies/intensities. A curve fit given by equation (5.2), according to the
model discussed in subsection 5.2, is applied to the graph. The result is K5 = 4.74 = 0,20
and (p4x)s=(13,0 = 1,1)-10’5 kgm™, or (pAx)s: = 1,84 + 0,15 Torr-cm at a temperature of
295 K. K is thus consistent with the value of Kg = 4,64 + 0,20 obtained from the
measurements with the KrF laser. The value for (pAx)g is not consistent with the result
(pAx)s = (10,6 = 1,1)'10° kgm™. However the difference is only 2%, taking the
maximum value of (pAx)s=11,7 107 kgm'2 for the measurements with the KrF laser and
the minimum value of ( pr)ﬁ,f=11,9~10'5 kgm'2 for the measurements with the Nd:YAG
laser. Although the spectra recorded using the KrF- and the Nd:YAG laser are (very)
different, the dependence of spectral intensity on initial target density is thus the same.
Note that a difference in (pAx)s can be caused by a difference in alignment of the laser
beam between the two experiments. The focus of the laser beam is then not at the exact
same position in the gas jet, and hence the plasma is not generated at the exact same
position in the jet. Consequently absorption of EUV radiation from the plasma by
surrounding neutral (and weakly ionized) xenon differs, due to a different path length of
absorption. Furthermore note that, as discussed in subsection 5.2, deviations from the fit
in figure 5.11 in certain wavelength intervals could be explained by an additional increase
in temperature, which results in a slightly different relative population of ionization
stages. The population of ionization stages in the plasmas generated with the Nd:YAG is
different from population of ionization stages in the KrF laser plasmas. Therefore the
wavelength intervals in figures 5.11 and 5.5, where a deviation from the fit is seen, differ.
In figure 5.5 a deviation in wavelength intervals corresponding with Xe”* (and possibly
Xe10+) emission is seen. In figure 5.11 the deviation is in wavelength intervals
corresponding with Xe'** and >Xe'®* emission.
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6. Prepulse experiments

The application of a prepulse - main pulse laser scheme to increase conversion efficiency
from laser light into EUV radiation has been investigated experimentally. This technique
implies the use of two successive laser pulses. First a pre pulse of relatively short
duration (4 ps), high intensity (~3-10" W/em®) but low total energy (10 mlJ) ionizes and
heats the xenon gas jet target. Then after a certain time delay the target is further heated
by the main pulse, which has parameters more commonly used for EUV LPPs (6 ns,
~8-10" W/cm?, 350 mJ ). The prepulse thus modifies target conditions for the subsequent
main pulse, possibly resulting in a higher CE. This principle of prepulse application is
discussed in more detail in subsection 6.1. The set-up used in the experiments is outlined
in subsection 6.2. EUV emission from the plasma generated with the main pulse has been
studied for different delays between prepulse and main pulse using several diagnostics.
The results are presented in subsection 6.3. Finally a discussion is given in subsection
6.4.

6.1 Principle of prepulse application

The application of a short, intense laser prepulse prior to the main laser pulse in order to
enhance EUV radiation from xenon plasma is investigated. The main laser pulse
(Continuum PL 8000 Nd:YAG) has a wavelength of 532 nm, 6 ns (FWHM) duration, 350
m)J total energy and an intensity of about 810" W/cm?® at the focal spot. It is thus
comparable to the Nd:YAG laser used in the experiments discussed in section 5.4. The
laser prepulse (description of laser in [37]) has a wavelength of 248 nm, 4 ps (FWHM)
duration, 10 mJ energy and an intensity of about 3-10"> W/cm®.

As discussed in section 2 first ionization of laser plasma target material takes place by
multiphoton ionization (MPI) or possibly tunneling for laser intensities above ~10"
W/cm?. If electron density becomes high enough, heating by inverse Bremsstrahlung and
collisional ionization to higher stages occurs. According to the example in table 2.1
multiphoton ionization time for argon at 510" W/cm? is 1,1 ns with 530 nm laser light.
For the main pulse used in this experiment this would yield an ionization time as large as
Tup; ~ 66 ps taking the laser intensity of ~8-10' W/cm®. Moreover the actual laser
intensity will initially be lower than the pulse-averaged value mentioned above due to the
temporal profile of the pulse. This results in even longer MPI ionization times. Clearly
the gas target gets only weakly ionized by MPI and laser absorption will be small in the
first “stage’ of the laser pulse. Eventually higher electron densities are reached by cascade
ionization and laser absorption will be considerable though. The relatively high intensity
(and short wavelength) of the prepulse yields a much shorter photo-ionization time.
According to table 2.1 a laser intensity of ~10'° W/cm? already gives a multiphoton
ionization time of ~0,25 fs for argon at a laser wavelength of 350 nm. Moreover tunnel
ionization probably becomes significant at this intensity. Clearly the laser prepulse leads
to a more efficient ionization of the target gas than the main pulse. When the prepulse is
applied prior to the main pulse, the electron density is higher in the first stage of the main
pulse. This results in more (main pulse) laser absorption, and thus possibly a higher
conversion efficiency from laser light into narrowband EUV radiation. Note that
increased absorption of the main laser pulse could also result in a lower CE if overheating
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occurs. In this case the plasma temperature increases (too much), higher ionization stages
are reached and relatively more radiation at shorter wavelengths and less at the
concerning EUV wavelength is emitted.

In general it can be stated that the laser prepulse preconditions the target material. In first
instance the prepulse namely ionizes and heats the target material. Subsequently the
generated preplasma evolves, i.e. it expands, recombines, cools, etc, and the preplasma
parameters, such as electron density, temperature and average charge of the ions, thus
change. By varying the time delay between prepulse and main pulse the preplasma
parameters, and thus actually the target conditions, at the moment that the main pulse
arrives can be changed. Changing these target conditions changes the coupling of the
main pulse -and consequently the EUV yield from the generated main pulse plasma. This
is schematically shown in figure 6.1. At a certain time delay between the two laser pulses
an optimum in target conditions may be reached, where EUV yield is maximum.

Note that the effect of a prepulse has also been investigated by others [8, 38-44].
Enhanced X-ray emission from solid target LPPs by a factor 2 to 3 in the 6 - 12 nm and
0,25 - 1,2 nm range [38-41] and by a factor 7 in the 7 - 17 nm EUV range [42] when
applying a prepulse has been reported. An 8 fold increase of X-ray emission in the water
window (2,5 - 4 nm) from a liquid droplet ethanol target is reported in [43]. In all of the
above references the prepulse has the same pulse length as the main pulse, which is in the
order of 100 ps. Furthermore the prepulse has lower energy than the main pulse (about 1
to 2 orders in magnitude in most cases), and consequently less intensity. In all cases the
optimum delay between pre- and main pulse is in the order of nanoseconds. The
discussed mechanism for the observed enhanced X-ray yield is increased absorption of
the main pulse energy in combination with an increase in the emitting plasma volume.

preplasma generation conditions for main pulse
Jt- volution of preplasma _
~10% W/cm?
4 ps FWHM ~1013 W/em?
!
Py
« o »
‘s elay

Figure 6.1: Schematic representation of the prepulse application principle. A short intense laser prepulse
focused on the xenon gas jet target produces a preplasma. Temporal evolution of the preplasma
subsequently takes place. Conditions for the main pulse coupling, in terms of preplasma parameters, are
changed by varying the delay between the two pulses. The prepulse thus preconditions the target material
for the subsequent main pulse, which possibly results in an increased EUV yield.
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[8] reports a maximum 2 fold increase in 9 nm EUV yield from W and Mo solid targets
when using two successive 2,5 ns pulses with the same intensity at delays in the order of
several nanoseconds. In [44] the effect of a prepulse on an aluminum solid target LPP on
a longer (us) delay time scale has been investigated. A decrease in X-ray emission in the
0,4 nm-1,2 nm range is found, with a maximum 3 fold decrease at 200 ns delay.

6.2 Experimental set-up

The set-up used in the prepulse experiments is shown in figure 6.2. The laser prepulse
and main pulse are coupled into the vacuum vessel through optical windows, and are
focused onto the gas-jet by two separate lenses. The small nozzle is used (cf. section 3).
The angle between the two laser beams is about 20°. Both laser beams are accurately
focused 0,5 mm above the nozzle’s orifice, by taking use of the crater they produce on a
metal slab placed above the nozzle. The focal spots of the pre- and main pulse are
measured to coincide within 30 wm and have diameters of ~10 pum and ~30 pum
respectively. A certain time delay between the pre- and main pulse can be applied. This
delay is checked on a photodiode placed behind a window at the opposite side of the
chamber. Two 13,5 nm narrowband EUV diagnostics (one with a HS5 diode and one
with a AXUV 100 diode) are used, cf. section 4.1. The pinhole camera, cf. section 4.2, is
filtered with SisN4/Nb in this case. A spectrometer consisting of a 1200 lines/mm
reflection grating and a CCD (Andor DH425-V, 1024x256 pixels, 26um x 26um pixel
size), filtered with 211 nm thick zirconium to block visible light is used to obtain spectra
from the plasma in the 7-17 nm range.

EUV narrowband
diagnostics

i, lenses

gas e Onozzle
feedthroug]
Vacuum vessel

Electrical feedthrough

&

/ ' turbopump

Figure 5.2: Set-up used in the prepulse experiments. The pre- and main laser pulse are focused on the gas
jet by two separate lenses. Both lenses as well as the nozzle are positioned on translation stages. Two 13,5
nm narrowband diagnostics (with a HS5 and AXUV 100 diode respectively) are used. Furthermore the 50
um pinhole camera, filtered with SiN,/Nb, and a Zr filtered reflection grating spectrograph with CCD are
used. The pinhole camera and spectrograph are differentially pumped.

reflection grating
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6.3 Results

Diode signals of the narrowband EUV diagnostics and pinhole images are recorded for
different delays between pre-and main pulse and for different backing pressures at the
laser intensities as given above (section 6.1). From this the 13,5 nm narrowband yield and
the EUV broadband yield as well as the plasma size and —(relative) position are
determined for these different conditions. Only a spectrum of the xenon plasma generated
by the main pulse only, thus without prepulse, could be recorded. The results are
presented below.

6.3.1 Narrowband and broadband EUV emission.

Figures 6.3 to 6.5 show for different backing pressures the EUV yield at 13,5 nm versus
time delay normalized to the yield when no prepulse is applied. The average of 10 EUV
pulses recorded with the AXUV 100 diode is taken. Also the broadband EUV yield
obtained by integrating the intensity of the CCD pinhole image is displayed in these
figures, this yield is also normalized to the case when no prepulse is applied. 10 EUV
pulses are recorded on each pinhole image. For all three backing pressures the EUV
narrowband and broadband yield increase with increasing delay until a maximum in yield
is reached at an optimum delay. After that the yield decreases with increasing delay.
However for 10 bar xenon backing pressure the narrowband and especially the broadband
yield appear to decrease initially for 20 ns delay. At 10 bar backing pressure a maximum
narrowband yield increase of a factor ~2,5 and a maximum broadband yield increase of
~1,8 times is found at 140 ns respectively 160 ns delay. At 15 bar maximum narrowband
yield increase is a factor ~2,2 at about 130 ns and maximum broadband yield increase is
~1,8 times at 150 ns delay. At 20 bar backing pressure maximum narrowband and
broadband yield increase is a factor ~2,2 and ~1,5 respectively at 100 ns delay. The
optimum delay, where yield increase is maximum, appears to decrease with increasing
backing pressure. Remarkable is that for delays longer than about 200 ns the broadband
yield decreases with respect to the ‘no prepulse case’ with a maximum factor of ~3 .

3.0
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Figure 6.3: Narrowband EUYV yield at 13,5 nm and broadband EUV yield from xenon plasma versus
prepulse - main pulse delay at 10 bar backing pressure. Both are normalized to the yield when no prepulse
is applied.
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Figure 6.4: Narrowband EUV yield at 13,5 nm and broadband EUYV yield from xenon plasma versus

prepulse - main pulse delay at 15 bar backing pressure. Both are normalized to the yield when no prepulse
is applied.
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Figure 6.5: Narrowband EUYV yield at 13,5 nm and broadband EUYV yield from xenon plasma versus

prepulse - main pulse delay at 20 bar backing pressure. Both are normalized to the yield when no prepulse
is applied.

The narrowband yield remains about the same as the yield without prepulse for these
delay times. The error bars in the figures represent errors in determining narrowband
diode signals and integrated CCD signals. However fluctuations in prepulse laser energy
and focal spot position are most likely responsible for the deviation of some points from a
‘smooth’ yield versus delay graph for 10 bar backing pressure, figure 6.3. Note that the
mentioned optimum delay times of 100 ns to 160 ns are much longer than those in the
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order of several nanoseconds (at maximum) reported in previous prepulse experiments
[38-43]. [44] Investigated the effect of a prepulse at comparably long delay times, but
reported a decrease in yield, cf. section 6.1.

Since the yield for the different backing pressures in figures 6.3 to 6.5 are separately
normalized to the yield with no prepulse, figure 6.6 shows for comparison the narrow-
and broadband yield in case of no prepulse for the three backing pressures. The EUV
broadband yield depends very weakly on backing pressure, only the yield at 20 bar is
significantly higher than at 15 bar. The 13,5 nm narrowband EUV yield does not depend
significantly on backing pressure. In first instance this seems to be in contradiction with
the narrowband EUV yield measurements presented in section 5.3 (performed with the
same small nozzle). However it can in principal also be explained by the model for the
dependence of spectral intensity on target gas density, discussed in section 5.2. In this
case the increase in spectral intensity from the plasma by increasing the backing pressure
(and thus increasing the initial target gas density) from 10 bar to 15 bar and 20 bar is
(almost) compensated by the increase in EUV absorption in the gas jet. With the
narrowband EUV yield measurements presented in section 5.3, using the KrF excimer
laser and the same nozzle, such a behaviour can also be seen in figure 5.8 between 20 bar
and 30 bar backing pressure. The fact that this 'behaviour' already occurs at a lower
backing pressure (and thus lower target gas density) in the measurements presented here
in figure 6.6b, yields that EUV absorption is relatively higher. This could be explained by
a difference in position of the plasma in the jet (due to a different alignment of the laser),
giving a longer absorption path length for the measurements presented here with respect
to the measurements of section 5.3. Note that the dependence of broadband yield on
backing pressure, cf. figure 6.6a, can not be explained in a similar way; the yield shows a
minimum at 15 bar rather than the maximum, which should be expected. Note that a
maximum at 15 bar can be seen for the 13,5 nm yield in figure 6.6b (although not
significant). Furthermore the broadband yield should in this case increase with backing
pressure. A large intensity can namely be expected at short wavelengths (< 9 nm)
according to the results to be presented in subsection 6.3.3 and the xenon spectra
recorded using a comparable Nd:YAG laser with 380 mJ pulse energy, cf. figure 5.9.
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Figure 6.6: Broadband (a) and 13,5 nm narrowband (b) EUV yield at the backing pressures 10, 15 and 20
bar relative to each other in case of no prepulse.
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For these wavelengths EUV absorption by neutral xenon is much less than for 13,5 nm
radiation. Therefore an increase in broadband yield directly from the plasma can not be
compensated by increased EUV absorption as much as the increase in 13,5 nm yield.
When only the prepulse was fired on the target, a plasma was visible. However no EUV
radiation could be measured from this preplasma with the narrowband diagnostics or the
pinhole camera. The length of the EUV narrowband pulse is measured with the HSS
diode. It is 8,0 = 0,5 ns (FWHM), and does not change significantly with backing
pressure or delay.

The size of the plasma measured with the pinhole camera is 66 + 6 um FWHM in the
vertical direction and 130 + 10 um in the horizontal direction (thus ‘parallel to the laser
beam), and does not change significantly for different backing pressures and delays. The
position of the (broadband EUV emitting part of the) plasma however appears to shift
horizontally in the direction of the incident laser beams when applying a prepulse. Figure
6.7 shows for the three different backing pressures the displacement of the plasma
Mpiasma, 1.€. the position of the plasma when a prepulse is applied minus the position of
the plasma with no prepulse, versus delay. Note that Axp,am, is the measured projection of
the plasma displacement on the pinhole CCD camera. The position of the plasma does
not shift (significantly) until a certain ‘threshold’ delay. The threshold delay decreases
with increasing backing pressure, and is about 145 = 5 ns, 120 = 20 ns and 65 = 15 ns for
10, 15 and 20 bar respectively. Comparing these results with those presented in figures
6.3 to 6.5, it appears that, at least for 10 bar and 15 bar backing pressure, the threshold
delay coincides with the optimum delays, at which EUV yield increase is highest. The
shift in the position of the plasma indicates that the main pulse interacts with expanding
target material. Note that on the considered (delay) timescale in the order of 100 ns the
preplasma is most likely completely recombined before the main pulse arrives.

120 1
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Figure 6.7: Horizontal displacement of the plasma in the direction of the incident laser beams versus delay

for the three different backing pressures. Axpjsmg is the position of the plasma when a prepulse is applied
minus the position of the plasma without prepulse.
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The main pulse therefore rather interacts with neutral xenon instead of a ionized xenon
preplasma.

6.3.2 Spectrally resolved emission

Only spectrally resolved emission in the wavelength interval 105 A - 135 A from xenon
plasma generated by the main pulse only, thus without prepulse, could be recorded at a
backing pressure of 10 bar. The spectrum is shown in figure 6.8. Calibration of the
wavelength scale is done by identifying oxygen lines from plasma generated on CO,
target gas, see also section 4.3. A relatively high intensity around 110 A can be seen. This
suggests a relatively high population of Xe'®* and/or hlgher ionization stages (see
Appendix and [36]). Since the 1nten31ty at 135 A (Xe'™) is actually low, probably
ionization stages higher than Xe'®* are dominant. The intensity around 110 A is about a
factor 5 higher than the intensity around 135 A. In the spectrum, which was recorded
using a similar Nd:YAG laser at a slightly higher pulse energy of 380 mJ, shown in
figure 5.9, section 5.4, the intensity around 110 A is however approximately equal to the
intensity around 135 A. The spectrum in figure 6.8 is more similar to the ‘hotter’
spectrum in figure 5.9 taken at a higher laser pulse energy of 650 mJ. The intensity at 110
A is a factor 1,6 higher than the intensity at 135 A for that spectrum. Since the difference
in intensity between 110 A and 135 A in the spectrum presented here in figure 6.8 is
actually even higher (a factor 5), the plasma may be even hotter than the plasma
generated with the 650 mJ pulse. This could in principal be explained by a smaller laser
focal spot size in the prepulse experiments compared to the experiments of section 5.4,
resulting in a higher 1nten51ty at the same pulse energy. As discussed in section 5.4,
ionization stages above Xe'* are already significantly populated in case of the 650 mJ
pulse, since they show relatively the largest increase, when pulse energy was increased
from 380 mJ to 650 mJ. The fact that in the experiments here the plasma generated with
the main pulse only is even hotter yields that in this plasma ionization stages (well) above
Xe'" may be dominant.
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Figure 6.8: Spectrum of xenon at 10 bar backing pressure and with main laser pulse only.
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6.4 Discussion

Although an increase in EUV yield from the plasma generated with the main pulse is
observed when a prepulse is applied, it remains an ongoing discussion in what manner
target conditions are precisely changed by the prepulse.

Considering the fact that the recombination times in the preplasma, <O(1ns), will be
much shorter than the relatively long delay times O(10” ns) between prepulse and main
pulse, it can be assumed that the main pulse in any case interacts with neutral xenon
target gas. It can therefore be excluded that the increase in EUV yield results from
increased inverse Bremsstrahlung absorption of the main laser pulse due to pre-ionization
of the target gas (and thus higher initial electron density), as discussed in the second
paragraph of subsection 6.1.

The prepulse most likely has a gasdynamical effect. Note that the fact that the focal spots
of the prepulse and main pulse do not (exactly) coincide may be important in this
explanation. The expansion of the preplasma causes a density shockwave, which
propagates with a certain velocity v in the surrounding neutral xenon away from the
initial preplasma. There is thus a local increase in target gas density in the jet, which
propagates through the jet. This is schematically shown in figure 6.9. During a certain
time interval after the prepulse the local increase in target gas density propagates through
the focus of the main laser pulse. The initial target gas density in the volume with which
the main pulse interacts is then (partly) increased. As discussed extensively in section 5
(subsection 5.2 in particular), an increase in initial target gas density will result in
enhanced EUV emission directly from the plasma generated by the main pulse. Since the
gas density in the region surrounding the main pulse plasma does not (necessarily)
increase, the EUV absorption by neutral gas in the jet remains the same. The increase in
EUV emission will start as soon as the shockwave gets in the focal spot of the main
pulse, and will be maximum if the main pulse focal spot completely ‘contains’ the
density shock. If the shockwave leaves the focal spot, the EUV yield will decrease again.
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Figure 6.9: Schematic one dimensional representation of the density shockwave propagating through the
gas jet. The shockwave moves away from the prepulse focal spot (where the preplasma is formed). Due to
the increased target gas density, the EUV yield from the main laser pulse plasma increases as soon as the
shockwave arrives at the main pulse focal spot. The yield increase is the highest when the focal spot
completely contains the density shock. The EUV yield decreases again as soon as the shockwave leaves the
main pulse focal spot.
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This explains thus the dependence of the EUV yield increase on the delay between
prepulse and main pulse, cf figures 6.3 to 6.5. Note that the observed maximum yield
increase by about a factor 2,5 yields a (average) density increase by a factor V(2,5) = 1,6.
From figures 6.3 to 6.5 also the velocity of the density shockwave can be estimated
roughly. The time interval in which a EUV yield increase is observed is about 200 ns to
300 ns. According to the discussion above the density shockwave propagates through the
main pulse focal spot during this time interval. Taking the focal spot size of ~30 um then
gives a shockwave velocity of ~10> m/s. As should be expected this is in the order of the
sound of speed in the gas jet. From equation (3.2) it can namely be calculated that the
sound of speed is V; = 63 m/s at the nozzle’s exit, using y = °/5 M = 4,5 (see subsection
3.1), and the speed of sound in xenon Vs = 176 m/s at 295 K. Note that the actual
orientation of the two laser beams and the EUV diagnostics with respect to each other in
the experiment complicates the discussion above, which is basically a 1-dimensional
sketch of the situation. For instance the fact that measured broadband yield decreases for
delays longer than ~250 ns when using the prepulse may be explained by an increase in
xenon density (and thus EUV absorption) between the main pulse plasma and the pinhole
camera due to the shockwave. Also the fact that the position of the main pulse plasma
shifts above certain delays when using the prepulse may be because the shockwave
changes the position at which the main pulse interacts with the target gas. Note that from
the slopes of the graphs in figure 6.7 the velocity of the shift in plasma position is in the
order of several times 10° m/s, and thus higher than the shockwave velocity of ~10% m/s
estimated in the discussion above.
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Conclusion

In this study three different experiments concerning a laser plasma EUV source based on a
supersonic xenon gas jet target are performed.

Firstly a backlighting technique is used to determine the initial gas mass density in the
supersonic xenon jet. Shadowgraphs of the gas jet are recorded, giving the absorption (profile) of
keV radiation from a solid target laser plasma passing through the gas jet. From these
shadowgraphs the gas mass density profile in the jet can in principle be deduced by using an
inverse Abel transform. Although no density profiles are calculated and presented (yet) in this
report, the shadowgraphs are in first instance compared with absorption profiles expected from
Laval nozzle theory. Especially the shadowgraphs of the large nozzle used in this study appear to
be in good agreement with theory. The shadowgraphs of the small nozzle display a larger
deviation from theory at the edges of the jet, indicating that the density profile is not flat (as in
theory) and that the density at the edges of the jet is lower than in theory.

Secondly, to increase the understanding of the relevant processes in the gas jet laser plasma EUV
source, a parameter study is performed, in which spectrally resolved EUV emission from laser
plasma generated on the supersonic xenon jet is investigated for different laser pulse intensities
and initial target gas densities (known from backlighting). A KrF excimer laser and a Nd:YAG
laser with intensities in the order of 10'> Wem™ and 10" Wem™ respectively are used. Spectra of
KiF laser plasmas indicate that the highest ionization stage significantly populated is Xe’*
(whereas Xe'®" is needed for high 13,5 nm EUV emission). Spectra of Nd:YAG laser plasmas
show a relatively larger line emission corresponding with Xe'%" transitions. lonization stages
above Xe'"* are significantly populated in these plasmas. The measured dependence of spectral
intensity on initial target gas density is quantitatively explained by a theoretical model. The
model makes a distinction between the spectral intensity directly from the EUV emitting plasma
and the transmission of the EUV radiation through the neutral (and weakly ionized) gas in the jet
surrounding the plasma. By applying coronal equilibrium (which is justified for the concerning
plasmas), and by assuming that the electron temperature and plasma size do not depend on target
gas density (the latter assumption is confirmed by pinhole camera measurements), it is found that
the spectral intensity directly from the plasma is proportional to the initial target gas density
squared. An additional increase in spectral intensity measured when increasing target gas density
is explained by a small electron temperature increase of less than 9%. However the increase in
intensity from the plasma when increasing target gas density is ‘counter acted’ by an increase in
absorption by the surrounding neutral xenon. By using the fact that the absorption coefficient of
xenon surrounding the plasma is proportional to the target gas density, a ‘self’ absorption of
about 70% and 90% is found for the large nozzle at 10 bar rep. 20 bar backing pressure.

Finally, increasing the conversion efficiency from laser light into EUV radiation, by applying a
laser prepulse, which modifies initial target conditions, prior to the laser main pulse, is
investigated experimentally. An increase in 13,5 nm EUV narrowband and 6-16 nm EUV
broadband emission is found for time delays between pre- and main pulse up to 250 ns. A
maximum narrowband yield and broadband yield increase by a factor 2,5 resp. 1,8 is found at a
delay of 140 ns when applying the prepulse. Considering the large time delays between the two
laser pulses, the prepulse most likely has a gasdynamical effect; The laser prepulse causes a
density shockwave propagating in the xenon gas jet. The resulting local increase in target gas
density at the main laser pulse focal spot (during a certain time delay interval) gives the observed
enhancement of EUV emission.
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Appendix

Spectral data of Xe** to Xe'*

Spectral lines of Xe® to Xe'®* below 200 A are given in tables A.1 to A.5 res;o)ectively.
Data of Xe®" is from [32], data of Xe”*, Xe®* and Xe®* is from [33], data of Xe'* is from
[34]. The tables also give the corresponding transition and transition probability gA
(equal to A,y defined in eq. (2.45)). Note that also some lines of O* and O°* are given in

the tables.

Table A.1: Spectral lines of XeVII (Xe®*) below 200 A. Data is from [32]. The 4d9 552 5p and 4d9 552 4f
configurations are designed as d5p and d4f.

A(A) transition gA (10%s™) I
123.242 5s2 1S0 - d4f 1P1 6645.0 30?
181.876 5s2 1S0 -ds5p 3D1 37.2 20
185.438 5s2 1S0 - dsp 1P1 222.5 50

Table A.2: Spectral lines of XeVIII (Xe”*) below 200 A. Data is from [33]. Configuration designations: sp

= 4d9 5s5p, sf = 4d9 5s4f.

A(A) transition gA (10°s™) I
123.243 5528 0.5-sf2P 1.5 20
123.265 5528 0.5 - sf 2P 0.5 15
166.671 55 28 0.5 - sp 2Pb0.5 32
170.861 55 28 0.5 - sp 2Pbl.5 37
174.155 5s280.5-sp4D 1.5 4
175.886 5528 0.5-sp 4D 0.5 6
177.271 55 25 0.5 - sp 2Pa0.5 30
177.721 5525 0.5 - sp 2Pal.5 38
179.669 5525 0.5 - sp 2Dal.5 14
180.129 5528 0.5-sp4P 0.5 8
181.682 5528 0.5-sp4F 1.5 6
184.665 55250.5-sp4P1.5 6

Table A.3: Spectral lines of XeIX (Xe®*) below 200 A. Data is from [33]. ? indicates tentative classification

A(A) transition gA (10°s™) I
168.202 1S0-5p 3P1 0.2 ?
165.323 ¢ ‘1P1 241 100
161.742 ¢ ‘3D1 45 70
150.274 ? 1S0-4f 3P1 1 2
143.614 ¢ ‘ 3D1 6 10
120.133 ¢ ‘¢ 1P1 4554 40
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Table A.3 continued.

A(d) transition gA (10°s™) I
103.808 1S0-6p 3P1 89 12
102.815 ¢ ¢ 1P1 111 10
102.115 ¢ ¢ 3D1 8
100.732 1S0-5f 3P1 3
99.553 ¢ ¢ 3D1 66 5
96.449 ¢ ‘ 1P1 1538 25
88.444 1S0-7p 3P1 58 5
87.517 7 ¢ ‘1P1 40 2
87.190 ¢ ‘3D1 1
87.294 1S0-6f 3P1 1
86.718 ¢ ¢ 3D1 95
85.420 ¢ ¢ 1P1 370 3

Table A.4: Spectral lines of XeX (Xe’*) below 200 A. Data is from [33]. The spectral lines correspond to
the 4d9 - (4d8 5p + 4d8 4f + 4p5 4d9) transitions. bl - blended line, m - masked line, ? —tentatively

classified line.

A(A) Transition gA (10°%s7) I
110.133 2D 3/2 - pd (1/2) 3796 15
112.714 2D 5/2 - 4f (5/2) 97 3
113.438 2D 5/2 - 4f (3/2) 2263 15
114.312 2D 5/2 - 4f (3/2) 4942 30
114.880 2D 5/2 - 41 (7/2) 14400 80
115.632 2D 3/2 - 4f (3/2) 4676 30
115.661 2D 2.5 - 4f (5/2) 9796 60
116.541 2D 3/2 - 4f (3/2) 1895 12
133.390 2D 5/2 - 4f (3/2) 12 7
134.189 2D 5/2 - 5p (3/2) 13 6
135.729 2D 3/2 - 4f (1/2) 62 10
137.272 2D 3/2 - 5p (3/2) 18 10
138.529 2D 5/2 - 4f (5/2) 4 3
138.816 2D 3/2 - 4f (1/2) 21 7
140.126 2D 5/2 - 4f (5/2) 3 4
141.032 2D 3/2 - 4f (1/2) 3 5
141.094 2D 5/2 - 4f (7/2) 10 9
141.545 2D 3/2 - 5p (1/2) 11 6
142.046 2D 5/2-5p(7/2) 42 25
142.502 2D 5/2-5p (5/2) 4 3
143.381 2D 5/2 - 4f (3/2) 9 8
143.478 2D 5/2 - 5p (3/2) 14 10m
143.488 2D 3/2 - 4f (5/2) 6 7m

78




Appendix

Table A.4 continued.

A(A) Transition gA (10°s™h I
143.954 2D 3/2- 4t (572) 3 2
144.079 2D 52 - 5p (52) 5 2
144.655 2D 5/2- 5p (312) 25 20
144.771 2D 5/2-5p (572) 14 7
145.09 2D 5/2- 4f (312) 19 5
145.150 2D 3/2 - 5p (12) 201 35
145.325 2D 5/2- 5p (312) %4 %5
145.397 2D 5/2- 4f (772) 3 4
145715 2D 572 - 4 (572) 3 4
145.788 3D 3/2- 4 (1/2) 2 3
145.983 2D 3/2-5p (572) 181 55
146.107 2D 3/2- 4 (512) 16 17
146.148 2D 5/2-5p (772) 10 8
146.413 2D 5/2-5p (3/2) 24 15
146,448 2D 5/2- 5p (5/2) 13 5
146.532 2D 5/2- 4f (372) 16 4
146.622 2D 3/2- 4f (5/2) 11 5
147.005 2D 3/2-5p (312) 5 2
147.381 2D 3/2-5p (12) 19 8
147.418 2D 5/2- 4f (572) 6 6
147.618 2D 5/2 - 5p (3/2) 226 72
147.640 2D 3/2-5p (5/2) 66 34
147.734 2D 52 - 4f (772) 13 6
147.956 2D 5/2-5p (1/2) 321 100
148.005 2D 5/2- 5p (5/2) 143 56
148.238 2D 3/2- 5p (32) 16 10
148333 2D 52 - 5p (3/2) 52 30
148359 2D 3/2-5p (5/2) 129 52
148.641 2D 5/2- 5p (772) <0.1 67
148.709 2D 3/2- 4f (372) 28 3
148.942 2D 3/2 - 5p (32) 133 44
149.020 2D 5/2-5p (572) 133 75
149.358 2D 5/2 - 5p (7/2) 195 80
149.583 2D 5/2-5p (5/2) 66 22
149.682 2D 3/2- 4f (1/2) 9 4
150.089 2D 3/2-5p (372) 242 15061

O VI
150.124 2D 3/2-5p (5/2) 56 95bl
0OVl
150216 2D 3/2- 4t (32) 26 5
150.444 2D 3/2- 5p (1/2) 14 9
150.544 2D 5/2-5p (572) 238 90
151.020 2D 5/2- 5p (372) 13 10
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Table A.4 continued.

A Transition gA (10°s™) I
151.141 2D 3/2 - 4f (5/2) 7 9
151.291 2D 3/2 - 5p (1/2) 8 6
151.356 2D 3/2 - 5p (3/2) 7 4
151.747 2D 5/2 - 5p (7/2) 86 80
151.762 2D 3/2 - 5p (5/2) 40 27
152.058 2D 5/2 - 5p (5/2) 110 78
152.832 2D 3/2 - 5p (5/2) 13 6
152.849 2D 5/2 - 5p (3/2) 4 5
154.433 2D 3/2 - 5p (5/2) 12 6
154.588 2D 5/2 - 5p (7/2) 3 8
154.680 2D 5/2 - 5p (5/2) 19 24
154.935 2D 3/2 - 5p (3/2) 13 15
155.248 2D 5/2 - 5p (3/2) 2 4
156.300 2D 3/2 - 5p (1/2) 1 3
156.857 2D 3/2-5p (3/2) 2 5
158.924 2D 5/2 - pd (3/2) 12 7
158.972 2D 5/2 - 5p (7/2) 2 3
159.388 2D 3/2 - 5p (3/2) 5 10m

oV
163.262 2D 3/2 - pd (3/2) 2 3

Table A.5: Spectral lines of XeXI (Xe'*) below 200 A. Data is from [34]. The lines correspond to the

4p6 4d8 - (4p6 4d7 5p + 4p6_4d7 4f + 4p5_4d9) transitions.

A(R) Transition gA (10°s™) I
105.198 1D2 - 4f (1) 127
107.242 3F3 - pd (2) 32
108.411 3P1 - pd (2) 45
108.472 1G4 - pd(3) 69
108.572 3P2 - pd (2) 52
108.724 1D2 - pd (3) 34
109.409 1D2 - pd (2) 14701
109.488 3P1 - pd (2) 85
110.289 1D2 - 4 (1) 47
110.408 180 - 4f (1) 37
110.997 3F2 - 4 (2) 23
110.515 1D2 - pd (2) 70
111.120 3F3 - 4f(3) 112
111.262 3F3 - 4f (2) 20
111.290 3P1 - 4f (1) 28
111.385 1G4 - 4£(5) 139
111.434 3F4 - 4f (3) 133
111.490 3F2 - 4 (2) 40
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Table A.5 continued.

A(A) Transition gA (10°s™) I
111.552 3P2 - 4f (3) 43
111.622 3F4 - 4 (5) 199
111.653 3F2 - 4f (3) 115
111.704 3F3 - 4f (4) 148
111.737 3P0 - 4f (1) 148
111.784 3F4 - 4f (4) 96

1G4 - 4£(3)
112.053 1D2-4£(3) 170
113.019 1G4 - 4f (4) 106
118.286 3F4-4£(3) 27
119.371 3F4 - 5p (3) 38
124.249 1G4 - 4£ (3) 51
131.516 1G4 - 5p (3) 113
131.632 3P2-5p (2) 56
131.732 3F4 - 5p (5) 9
132.442 3F4 - 5p (4) 38
132.573 1G4 - 5p (3) 107
132.985 3P1 - 5p (2) 95
133.514 1D2 - 5p (1) 80
133.654 1G4 - 5p 5) 226
134.038 3F3-5p (3) 180
134.092 1D2 - 5p (3) 111
134.122 3F4 - 4 (3) 91
134.312 1S0 - 5p (1) 92
134.529 3F2 - 5p (2) 61
134.749 3F2-5p (1) 72
134.926 1D2 - 5p (1) 137
134.986 3F3 - 5p (4) 189
135.070 3F4 - 5p (5) 297
135.099 3P2 - 5p (3) 110
135.146 3F3 - 5p (4) 127
135.217 3F4 - 5p (4) 99
135.301 3F2 - 5p (3) 85
135.332 3F3 - 5p(2) 97
135.395 1D2 - 5p (2) 50
135.613 3F4 - 5p (4) 190
135.881 1G4 - 4f (4) 80
135.962 1G4-5p(4) 57
136.211 3F3 - 5p (3) 179
136.345 1G4 - 5p (4) 87
136.401 1G4 - 4f (4) 129
136.452 1G4 - 5p(5) 59
136.514 1G4 -5p (3) 116
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Table A.5 continued

AA) Transition gA (10°s™) I
136.605 3F4 - 5p (4) 151
136.916 1D2 - 5p (3) 35
137.237 3F2-5p (3) 102
137.778 3F4 - 4£ (3) 68
138.458 1G4 - 5p (4) 132
138.934 3P1-5p (2) 55
139.175 1G4 -5p (5) 92
140.294 3F2 - 4£ (3) 35
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