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ABSTRACT

A novel experimental setup for laser-induced plasma spectroscopy for the
measurements in the vacuum ultraviolet (VUV) spectral region has been
developed. The method is based on use of a purge gas to eliminate atmospheric
absorption of VUV light emitted from plasma. A small Czerny-Turner
spectrograph was purged with argon or nitrogen to prevent atmospheric
absorption inside the spectrograph. The gas flow through the slit of the
spectrograph purged the optical path between the slit and the plasma, which
was generated near the spectrograph. Emission lines in the VUV region were
detected down to 130 nm with an intensified charge-coupled device equipped
with MgF2 input window.

The setup for VUV analysis was used in two different applications. The
potential of VUV detection in analysis of sulfide minerals was demonstrated
with drill core samples. Main minerals at each sampling location were identified
from their emission spectra in a fitting procedure, where a set of prerecorded
reference spectra served as a data base. It was suggested, that the determined
mineral distributions could be used to in situ sorting of the drill core samples in
mines.

Feasibility of the VUV setup in analysis of chlorine and bromine from
halogenated organic compounds was studied. In the purging arrangement
strong atmospheric absorption at the wavelengths below 160 nm was observed
and therefore a small sample chamber was used in these experiments. Carbon
emission lines were used as an internal standard and linear correlation was
found between the carbon and halogen emission intensity ratio and the
corresponding atomic ratio of the compound. According to the results
compounds containing 90 carbon atoms and one bromine atom could be
detected in VUV. For chlorine compounds the respective ratio was only 20:1 due
to the low transmission efficiency of the experimental setup.

In all measurements the plasma was generated with excimer lasers
operating at UV wavelengths. Therefore influence of plasma shielding was also
studied. It was observed, that at high irradiances (>1 GW cm?) from ArF and
KrF excimer lasers, emission intensities are significantly attenuated, also at
longer delay times, as less energy of the laser pulse can reach the surface of the
sample because of the plasma shielding. The influence of the laser repetition rate
on shielding was found negligible. In argon atmosphere the attenuation was
pronounced when compared to measurements in air, which may be caused by
breakdown of argon gas in front of the sample.
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Optical spectrum of the electromagnetic radiation. Wavelengths below ~10 nm are
considered as soft X-rays. In the ultraviolet spectral range EUV, i.e., extreme UV may also be
written as XUV if also wavelengths below 10 nm are included. There may be some small
variations of definitions of the regions depending on the reference.
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1 INTRODUCTION

Laser-induced plasma spectroscopy (LIPS), also known as laser-induced
breakdown spectroscopy (LIBS), is an analytical technique based on direct
spectral information of the plasma produced in laser ablation process. LIPS
analysis can be performed from samples in gaseous, liquid or solid state,
because with high laser irradiances, plasma can be generated from any sample.
The main advantages of LIPS are its capability of rapid, simultaneous
multielemental analysis and a possibility to perform direct analysis from solid
samples with minimal sample preparation. The method allows also
determination of spatial distributions of inhomogeneous materials and analysis
of depth profiles of coatings. The technique is well established in analysis of
various materials, which can be noted from several reviews,!”7 but LIPS analysis
is still under development and new applications and technical innovations are
introduced especially for on-line analysis.322

The emission spectrum is characteristic for each emitting element in the
plasma which allows reliable identification of the elements. The characteristic
emission intensity is proportional to the content of the element in the sample,
which allows quantitative analysis, provided that proper calibration samples are
available. The spectrum contains numerous emission lines from the atomic and
ionic transitions of the sample, which on the one hand is advantageous, when
qualitative information on the sample is needed, but on the other hand may lead
to spectral interferences. The interferences may be avoided if a spectral region
free of overlapping lines can be used. If the concentration of the element of
interest is low, an intensive characteristic emission line with least interference
from overlapping lines has to be selected. The wider the spectral range available,
the more versatile emission spectroscopy is for analysis.

Most of the LIPS analyses reported so far have been carried out in the
wavelength region between 200 nm and 800 nm. However, several elements
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with non-metallic character (for example S, Br, I, P, C, As, Cl) have intensive
emission lines in the vacuum ultraviolet (VUV) region, i.e., below 200 nm. For
example, the strongest lines of chlorine are located between 130 nm and 140 nm.
Detection in the VUV range allows analysis of some elements at lower
concentrations than is possible in the UV or in the visible spectral regions.
Spectral interference in the VUV may be smaller or negligible in complicated
sample matrices, because certain elements (like Fe, Ni) containing high density
of emission lines in the near-UV or in the visible, have fewer and/or less
intensive emission lines in the VUV. These advantages make VUV an interesting
spectral region for LIPS analysis, but only a few groups have so far worked in
this region. One reason may be that the detection of atomic emission in the VUV
becomes difficult with ordinary LIPS equipment because of atmospheric
absorption.

In this thesis conventional Czerny-Turner spectrograph and intensified
charge-coupled device were used in near VUV as low as 130 nm by eliminating
the atmospheric absorption with a purge gas. It was demonstrated, that
especially for detection of sulfur in VUV only a simple setup is needed. The
experimental setup was applied to analysis of chlorinated and brominated
organic samples and sulfide minerals. Because throughout the study excimer
lasers operating at UV wavelengths were used, their plasma generation and
shielding was also studied.



2  LASER-INDUCED PLASMA

2.1 General features of laser-induced plasma

Interaction of highly energetic, pulsed laser light with material leads to
explosion and a formation of plasma. The following description of ablation
process and plasma generation is restricted to lasers having pulse durations of
the order of nanoseconds, because they were used in the study.

2.1.1 Laser ablation

At the sample surface part of the laser radiation is reflected and part is absorbed,
depending on the optical properties of the material and the laser wavelength.
The absorptivity in most materials is higher at short than long wavelengths. The
penetration depth of the radiation for instance in metals is typically some tens of
Angstroms.? In the focal region the optical energy is instantaneously converted
to heat and vaporization at the surface begins. At high irradiances also the
layers below the surface reach their boiling temperature due to thermal
conduction in the material. The temperature in the layers below becomes soon
higher than at the surface because of the cooling vaporization at the surface of
the material. This leads to increased pressure in the sublayers and finally to
explosion, i.e., laser ablation.?324
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2.1.2 Plasma generation

Right after the ablation the material vapor is partly ionized due to thermal or
multi-photon ionization (MPI), the mechanism depending on the irradiation
wavelength. In the NIR and at longer wavelengths, the electron density
increases in the vapor mainly due to inverse bremsstrahlung (IB), first due to
collisions between the electrons and neutrals and later between electrons and
charged particles. At UV wavelengths the electron density growth is dominated
by photoionization processes, which is also seen at low pressures, where the
collision frequency is low.1?3 For example, the energy of one ArF laser photon at
193 nm (~6.4 eV) exceeds the first ionization potential of all alkaline metals, but
for Nd:YAG laser operating at 1064 nm (~1.2 eV) several photons are required
for photoionization of even the alkaline metals. In both cases also the thermal
ionization produces charged species during the laser irradiation. The absorption
of the laser pulse to the ablated material via IB and MPI and the resulting
temperature increase are typically so rapid processes, that only near the
threshold irradiances significant expansion of the hot material vapor occurs
before the formation of the ionized plasma plume.?

Threshold irradiances to initiate plasma depend on the material and are
typically 108-10° W cm?, although irradiances as low as 106 W cm? have been
successful in solid samples.?3 For example, an ArF excimer laser pulse having a
duration of 8 ns and energy of 1 m] gives irradiance of ~10° W cm if the spot
diameter is 125 pm.

The plasma contains free atoms, electrons, ions, molecules, small solid
particles, liquid droplets and clusters from the ablation process.?? When the hot,
high-pressured and luminous plasma expands to the surrounding atmosphere,
it generates a shock wave and an acoustic pulse. The expansion velocity
depends on the ambient pressure and e.g. for KrF laser initiated plasma average
plume velocities of 2000 — 8000 m/s have been measured at laser irradiances
from 0.08 to 0.4 GW cm2.27 The luminosity is caused mainly by the plasma from
the ablated material, but to some extent also by the shock-heated plasma from
the ambient gas particles.2

The energy of the laser pulse is coupled to the propagating plasma, but
also direct heating and ablation of the sample material continues in the early
stages of the plasma evolution. Vapor pariicles and dropleis can cause scattering
of laser radiation. Pulse energy is transferred to electrons in the plasma by IB
processes, thus increasing the plasma temperature and electron density. Because
IB is highly dependent on the electron concentration in the plasma, its
importance can increase during the ablation, when MPI serves as a seeding
mechanism. In case of very high laser irradiances, the plasma oscillation
frequency due to the high electron density may exceed the frequency
corresponding to the laser wavelength and the plasma core can become opaque
to the laser radiation. Heating of the sample can in this case continue only
indirectly by thermal radiation from the plasma plume. Also the heated ambient
gas in the path of the laser beam can absorb the energy of the laser pulse.?5



The energy density in the plasma is extremely high, which promotes the
expansion to the surroundings for a long time after laser pulse.?8 The energy of
the plasma is transferred to the surrounding atmosphere with combination of
several mechanisms, e.g. heating caused by the shock wave, radiative transfer
and thermal conduction.!?> The size of the bright core of the plasma decreases
with time, as expansion to the surroundings proceeds and cools the plasma.?
The temporal behavior of the laser-induced plasma depends mainly on the
sample material, laser irradiance, ambient gas composition and pressure.
Lifetime of the plasma can vary from ~300 ns to more than 40 ps.28 In liquids the
time-scales are typically shorter than in solid or gaseous samples.! At early
stages of the plasma evolution the spectrum is dominated by intense continuum
caused by the Bremsstrahlung and recombination of ions and electrons. At later
detection times ionic and atomic emission lines can be observed. The temporal
behavior of the emission lines is dependent on the sample matrix (see Fig 1).
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FIGURE 1: Spectra of metallic copper and copper carbonate hydroxide measured in the

VUV spectral region as a function of the delay time i.e. time between the laser pulse and the

detection. The pulse energy of the ArF laser was 1 m] and the spot size ~1x10-4 cm?. The
spectra at longer delay times are magnified in intensity for better comparison.
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When the expanding plasma cools, also new molecules composed of the atoms
of the plasma and the ambient gas may be formed. For example, in laser-
induced plasmas ablated in air from carbon-rich materials CN emission bands
can be observed (Fig. 2). For the spectroscopic analysis the suitable region in
time and space has to be determined for each sample type separately, because
the decay times of different emission lines in the plasma can vary significantly.
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FIGURE 2: Emission lines of CN violet band B’L* — X’E* from blue print ink

sample containing nitrogen, measured in air (solid) and in argon (dash line) with 10 pulses
from ArF excimer laser. The delay time was 100 ns and the gate width was 500 ns.

2.1.3 Influence of the ambient gas

In ablation of solids, noble gases may be chosen for the ambient gas instead of
air, because noble gas atoms slow down the expansion and thus cooling of the
plasma, when compared to air. Therefore higher emission intensities can be
obtained at spectroscopic measurements in noble gas atmosphere. The decay of
the emission line intensities is slower in argon atmosphere as shown in Fig. 3.
The ambient gas is also ionized and excited, which in the ablation process may
serve as a reservoir of the laser energy. On the other hand, the inverse
bremsstrahlung has been observed to be most effective in argon,3® which can
increase plasma shielding. Almost two times higher emission intensities have
been observed in argon under same experimental parameters than in air.!
However, the increase of the intensity level is pronounced at longer delay times
(see Fig. 3).
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FIGURE 3: Emission intensity of the 288.1 nm background corrected silicon emission

line measured from a glass sample in air (black) and in argon (gray) with 5 pulses from ArF
excimer laser at 0.5 m] pulse energy. The delay time was 100 ns and the gate width was 50
ns.

Emission of laser-induced plasma in various pressures has been mostly studied
in air, argon, helium and nitrogen. It has been observed, that maximum
intensity can be obtained in argon at reduced pressure. For example, in plasma
generated by a XeCl excimer laser the maximum intensity was obtained at a
pressure of ~70 mbar,* while for a Nd:YAG laser a pressure of ~140 mbar has
been found optimal.33 The optimal pressure regarding the maximum intensity
obtained from the measurement may depend somewhat on the laser wavelength,
but most likely on the different laser pulse energies used.

At very low ambient pressures the plasma energy losses are higher due to
the almost free expansion to the surroundings and the emission lines may
become weaker. Simultaneously the plasma shielding is less severe in the laser
beam path and thus the amount of ablated mass and the emission intensity can
increase at reduced pressure.34



2.2 Plasma generation with excimer lasers

In addition to the plasma formation mechanisms described in chapter 2.1.2 the
laser wavelength affects to the ablation efficiency. Absorption coefficients of
materials are wavelength dependent; typically the shorter the wavelength the
higher the absorbance of the material. Thus, with an excimer laser operating at
UV wavelengths, in principle, more material could be ablated per pulse. Such
behavior has also been observed in the measurements of mass ablation rates in
solid samples.?9:35

2.2.1 Excimer lasers

Excimer lasers are gas lasers, which contain rare-gas halide molecules, i.e.,
diatomic molecules composed of a rare-gas atom and a halogen atom, for
example argon and fluoride. The electronically excited state of such diatomic
molecule is a tightly bound exciplex, but the ground state of the molecule is
dissociative, leading to population inversion between the states. Transition from
the excited state to the ground state produces a UV photon at a characteristic
wavelength of the excited complex. Short wavelengths of the excimer lasers
offer high excitation energies and very efficient multiphoton ionization.

The excimer laser gas mixture consists of ~0.1% - 0.5% of halogen, ~5% -
10% of rare gas and the buffer gas, which is helium or neon, at total pressures
from 1.5x105 Pa to 6x10° Pa. High purity of the laser gases is important for
efficient lasing, as halide ions are very reactive. The lifetime of the excimer gas
mixture is typically limited to ~107 laser pulses because of chemical reactions
between the gas and the chamber walls. A high-voltage electric discharge is
applied to ionize the gas. Peak voltage can be up to 50 kV and peak current ~100
kA with a current rise times of 30 ns to 40 ns. Buffer gas is required to absorb
part of the kinetic energy when the excimer is formed, otherwise the molecule
would not remain in the bound state. The number of excited molecules leading
to laser action is typically 1014 cm3 to 101> cm-3.36

2.2.2 Focusing and ablation craters

Since the radius of the focal cross section of a laser beam is directly proportional
to wavelength of the laser,?® UV wavelengths offer smaller spot sizes and better
spatial resolution than visible or NIR lasers. In this thesis ArF and KrF excimer
lasers, operating at 193 nm and 248 nm, respectively, were used to generate
laser-induced plasma. The pulse duration of the ArF laser was 8 ns and that of
the KrF laser 9 ns. The beam profile in most excimer lasers is rectangular, having
a flat top spatial profile in the longer cross profile dimension, and more or less
near-Gaussian at the shorter dimension.3” For example, the beam size of ArF
laser is 4 x 7 mm and the divergence is ~ 1 x 2 mrad, but the divergence can be

even larger in excimer lasers.
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Tightness of focusing of the ArF excimer laser with a 40-mm focal length
planoconvex lens was studied by inspection of ablation craters in printed and
coated paper, using three aperture sizes from 1 to 3 mm (see Fig. 4). In the
craters ablated near the focal point, the influence of diffraction and divergence
of the excimer laser beam can be observed. Crater shapes vary depending on the
position of the focal point with respect to the sample surface. In principle the
plano-convex lens has low spherical aberration, but the influence of this effect
can be observed in craters at negative LTSD values, i.e., when the laser beam is
focused inside the sample. The bottom of the crater is not flat, which is most
likely caused by the difference in focal lengths of the incoming rays near and far
from the optical axis (see Fig. 5), resulting in varying irradiances at the sample
surface. The best ablation craters were obtained, when the LTSD value was
positive, i.e., the focal point was in front of the sample.

ALTSD >0

? 3,

1 mm

FIGURE 4: Ablation craters created with 100 pulses from an ArF laser on printed,
coated paﬁer with a 40-mm lens. Positive and negative values of lens-to-sample distance
indicate that the focal point is in front of the sample and behind the sample surface,
respectively. The laser energy was set to 4.0 mJ and with an aperture diameter of 3 mm
energy of 1.5 m] was selected. With diameter of 2 mm and 1 mm the respective energies
were 0.5 mJ and 0.25 m].

FIGURE 5: Spherical aberration in a planoconvex lens for rays near and far from the
optical axis.3
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The spot sizes for the three apertures as a function of LTSD are presented in Fig.
6. For excimer lasers the spot size is typically limited more by divergence than
diffraction (see Fig. 7), because the incident rays are not parallel. Difference in
the depth of focus caused by the spherical aberration can be observed in Fig. 6
from the relative LTSD values at the smallest spot size, i.e., with the smallest
aperture the effective focal length of the lens is longer than that of the largest
aperture.
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FIGURE é: Spot sizes determined from the craters shown in Fig. 4 neglecting the
ablation caused by diffraction.The error for the spot sizes was estimated to be of the order
of 1x10-* cm2.

FIGURE 7: Spot size generated in a lens with a focal length of f and a beam divergence
of .36
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With the excimer lasers nearly flat-top ablation craters have been obtained by
selecting the central part from the beam with a circular aperture and by focusing
the beam in front of the sample (see Fig. 8). However, the ablation rate depends
on the laser pulse energy and the spot size. Also the sample material (e.g.
hardness, thermal properties) has an effect on crater formation and shape.

[\M
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FIGURE 8: Ablation crater created by ArF laser on a coated paper. Microscope image
and the depth profile were generated using a confocal profilometer. For ablation 20 pulses
were used.

]
0

2.2.3 Plasma temperature

Plasma temperature is an important factor that contributes to dissociation,
atomization, ionization and excitation processes in the plasma. In laser-induced
plasma the electron density is typically of the order of 105 — 10! cm3and the
temperature is in range of 10¢- 105 K.38 The electron density in the plasma may
be estimated from the Stark broadening of emission lines from isolated atoms or
singly charged ions. In that case the effect of the Doppler broadening may be in
many cases considered negligible compared to the broadening caused by the
charged species. The emission lines should not suffer from the self-absorption,
i.e., the plasma should be optically thin for these lines. The plasma temperature
is typically spectroscopically determined by using the Boltzmann plot method,
in which the emission line intensity is related to the temperature T by
Boltzmann distribution given in Equation 1.
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w| Lot | _Ex (1)
8 Au kT

where Iy is the emission intensity of a transition between the upper energy level
k to the lower level I at wavelength A, gk is the statistical weight factor and Ex the
energy of the excited state, An is the Einstein transition probability and k is
Planck’s constant.! Plotting line intensities of an element against the energy of
the excited state provides the temperature.

For reliable determination of the temperature the plasma should be in
local thermodynamic equilibrium (LTE), which means that the electron collision
rate processes should dominate radiative decay and recombination.? In
addition to the lack of LTE in the measurements, uncertainties in temperature
determinations arise also from the inaccuracies of the reported values for
transition probabilities, which can vary up to 50 % depending on the
transition.*! Also the limited information of the transitions, especially in the
VUV, complicates the plasma temperature determinations. Therefore the
temperature of plasmas generated by ArF and KrF excimer lasers were analyzed
in the visible spectral range for copper and copper carbonate hydroxide. The six
copper emission lines used to determine the temperatures in both samples are
presented in Fig. 9 and the data of the transitions is given in Table 1.
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FIGURE 9: Copper emission lines for the estimation of plasma temperature in metallic
copper and copper carbonate hydroxide samples. Spectrum was measured from copper
carbonate hydroxide sample with a delay time of 150 ns and measurement gate width of

100 ns. Plasma was created with 10 KrF laser pulses of 0.45 mj pulse energy and a spot size
of ~1.0 x104 cm?2.
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TABLE 1: Parameters of the spectral transitions of copper used in the temperature
determinations.! Emission lines at 521.82 nm and 522.01 nm could not be resolved in the
spectra and therefore only data of 521.82 nm having higher transition probability Ax was
used in the fitting. For all these transition probabilities AA/A was 25%.

A [nm] Ex [cm!] gk A [108 s1]
458.70 62 948 6 0.320
465.11 62 403 8 0.320
510.55 30784 4 0.020
515.32 49 935 4 0.60
521.82 49 942 6 0.75
522.01 49 935 4 0.150
529.25 62 403 8 0.109

A typical Boltzmann plot for copper carbonate hydroxide using the background
corrected emission lines from Fig. 9 is presented in Fig. 10, giving the plasma
temperature of ~11200 K. The plasma temperature for metallic copper
measured under same conditions was ~13 150 K. Plasma temperatures as a
function of laser irradiance for both lasers in metallic copper and copper
carbonate hydroxide are shown in Fig. 11. The temperature increased almost
linearly, when the irradiance was varied in this range. However, the errors in
the temperatures for both samples, estimated from the fitting, increased from of
the order of 3 % to 13% at the lowest and highest irradiance, respectively. It
indicates that requirements of LTE and optically thin plasma are not fully
realized at high irradiances at the short measurement delays used in the study.
For both excimer lasers the similar behavior was observed; the temperature for
the metallic copper was higher than that for the copper compound. In a study of
copper in ArF laser generated plasma with 100 m] pulse energies Lee et al.42
obtained temperatures varying from 13 200 K to 17200 K, depending on the
measurement point in the plasma plume. Higher temperature values obtained
for copper in that study were most likely caused by higher laser irradiance (~2
GW cm?) at the sample.

For metallic copper the temperature of ArF laser-induced plasma is lower
than that of the KrF laser generated plasma. The lower plasma temperature in
case of ArF may be caused by more efficient scattering of the fewer, but more
energetic, photons by the plasma. Also the plasma heating via IB can be stronger
at 248 nm than at 193 nm. Nevertheless, these effects should influence also the
temperatures determined from copper carbonate hydroxide and therefore the
difference in the temperature can not be explained further by the current data
only.
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FIGURE 10: A Boltzmann plot for the copper carbonate hydroxide plasma temperature
determination using six copper emission lines presented in Fig. 9.
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FIGURE 11:  Plasma temperature as a function of laser irradiance in metallic copper and
copper carbonate hydroxide. Spot size at the sample was ~1.0 x104 e¢m? for hoth lasers.
Delay and gate times were 150 and 100 ns.



15
2.2.4 Plasma shielding

In a process called plasma shielding, the energy of the incident laser pulse is
attenuated by the plasma plume due to absorption and scattering. The plasma
shielding is more effective at same irradiances with larger spot sizes due to
increased volume of the ablated species along the beam path.#3 Also the pulse
duration affects to shielding because of the longer interaction time and as a
special case, plasma shielding is considered negligible with ultrashort laser
pulses, because the laser energy is deposited to the sample before plasma
expansion. The plasma shielding has been generally considered less severe at
UV wavelengths, because the laser energy is absorbed to the plasma by IB
processes, where the electron cascade growth rates are proportional to A3.23
However, the probability for scattering by the ablated particles is higher at short
wavelengths. In graphite targets the increase of irradiance of Nd:YAG laser at
1064 nm has been observed to decrease the particle size.## Thus at high
irradiances with UV wavelengths the scattering can be even stronger than at
lower irradiances. Also the absorption of UV wavelengths is stronger during the
plasma evolution, because the absorption probability in IB is highly dependent
on the electron concentration in the plasma and in fact photoionization
processes provide high electron concentrations.?5

Plasma shielding was studied in paper IV with ArF and KrF laser-
induced plasmas in a pure copper sample. The strongest emission lines of
copper are located around 325 nm; however, they suffer significantly from self-
absorption at high irradiances. Therefore, copper emission was detected in the
range between 430 nm to 560 nm because of the non-resonance transitions there.

There was no difference between emission lines regarding the
attenuation of the emission intensity due to the plasma shielding, and therefore
only the strongest peak at ~522 nm was used in the analysis. Irradiance at the
sample was varied by changing the lens-to-sample distance with a 40-mm focal
length lens. Optical attenuator was used to control the laser pulse energy at the
sample. The intensity profiles of the copper line against the irradiances as a
function of LTSD are presented in Fig. 12. At the focal point (ALTSD=0) the
irradiance was highest, but the maximum emission intensity for both lasers was
not observed this location, when high irradiances were used because of plasma
shielding. A similar behavior of the intensity maximum location has been also
observed in a study with a Nd:YAG laser.45> Below the threshold value of ~1 GW
cm? the influence of plasma shielding was not observed in LIPS intensities in
either laser in the present work.

According to the intensity profiles, the threshold irradiance for both
lasers in generation of the plasma at copper was of the order of 0.1 GW cm2. The
value is comparable to the plasma threshold irradiance, ~0.3 GW cm? measured
with Nd:YAG laser at 532 nm in other LIPS studies.®647 However, the plasma
threshold can somewhat vary with the laser wavelength, because the absorbance
of the sample depends on the wavelength.
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FIGURE 12:  Intensity profiles of copper (gray) and the calculated laser irradiance at the
sample (black) as a function of the lens-to-sample distance for (1) ArF and (2) KrF laser.
Negative and positive LTSD values indicate focusing inside and in front of the sample,
respectively. The delay and the gate times were 100 ns.
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The attenuation of the emission intensity due to plasma shielding was observed
also at longer delays (see Fig. 13). The width of the intensity profile is decreased
at the longer delay times. This is due to the faster decay of the emission intensity
at larger LTSD values having a smaller irradiance, as indicated by previous
study, where temporal behavior of intensities as a function of laser irradiance
was studied.#® At longer delay times emission intensity was observed in Fig. 13
only from smaller spots near the focal area and therefore rather short delays
were used throughout the study presented in paper IV.

Although the lifetime of the plasma at low pulse energies used in this
study is a lot shorter than the time delay between the consecutive laser pulses
(at 15 Hz ~70 ms), at high repetition rate there can still be some particles
originating from the previous ablation process, which may cause scattering and
absorption. Small particles may initiate plasma already in the gas above the
sample surface, and thus diminish the amount of energy coupled to the sample.
However, the influence of the repetition rate to the LIPS signal was not
significant in this study and it was observed only at the focal area.

Influence of the argon atmosphere to the plasma shielding was also
investigated (see Fig. 14). Stronger shielding, especially in the direction of
positive LTSD values, was observed, when argon flow towards the plasma was
applied. This can be caused by the breakdown of argon, which has been
observed before the main plasma at different focusing distances of a Nd:YAG
laser by Aguilera et al.#> Also the inverse bremsstrahlung has been observed to
be most effective in argon.30 Therefore the argon atmosphere can simultaneously
both increase and decrease the emission intensity observed in LIPS due to
higher plasma temperature and stronger plasma shielding, respectively.
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FIGURE 13:  Influence of the measurement delay to the copper emission line intensity

profile at the ArF laser energy of 0.8 mJ. The measurement gate width was 100 ns. The
errors were estimated as a standard deviation of 5 measurements.
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3 MEASUREMENTS IN VACUUM ULTRAVIOLET

3.1 Preventing atmospheric absorption in LIPS analysis

Spectral region from 100 nm to 200 nm is known as vacuum ultraviolet, VUV,
because the radiation at wavelengths <200 nm is strongly absorbed by air. The
Schumann-Runge bands of molecular oxygen below 200 nm are mainly
responsible for the atmospheric absorption. Nitrogen is practically transparent
for VUV radiation down to 100 nun, but carbon dioxide absorbs emission below
165 nm. Also water vapor absorbs radiation between 155 nm and 180 nm, and
below 140 nm.% The spectroscopic measurements in the VUV have to be carried
out in vacuum or in suitable gas atmosphere, for instance in nitrogen, argon or
helium. In addition to prevent the atmospheric absorption in LIPS gas chambers
are used also to enhance the signal by inert gas in other spectral regions, as
already discussed in previous chapters.

Vacuum techniques have been used in LIPS measurements of solid steel
in VUV, from which e.g. carbon and sulfur have been detected in the region
from 40 to 160 nm with a photodiode array detector.5! Instead of high vacuum,
the sample has also been installed to a chamber containing buffer gas and VUV
transparent windows, again for analysis of solid steel.5257 A special immersion
lance for LIPS analysis of liquid steel has been developed for measurements, in
which the lance is cooled with water flow and the optical path between the
plasma and collecting lens has been flushed with argon gas. The gas flow also
protected the lens against dust and splashes of the melt.!!
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Different purging arrangements of the optical paths have been applied in LIPS
analysis of sulfur in rubber,? solid steel,’® and sulfuric acid aerosols.?® In all the
above-mentioned experiments the spectrograph has either been in vacuum or
filled with inert gas, most often nitrogen. Recently VUV spectral range has also
been applied to analysis of brominated thermoplasts®® and geological samples to
demonstrate the potential of the method for space exploration.®! In both studies
a gas chamber was used, in the former case filled with in argon and in the latter
with CO; at reduced pressure to simulate the Martian atmosphere.

In this work the atmospheric absorption has been eliminated with a gas
flow through the spectrograph, but also a sample chamber has been used. The
purging arrangements used in the study are illustrated in Fig. 15. The Czerny-
Turner spectrograph was purged with nitrogen or argon through the inlet
installed to the lid of the spectrograph. Inert gas replaced air inside the
spectrograph after a few minutes of moderate flushing. A gas flow through the
spectrograph purged the optical path between the plasma and the entrance slit.
The sample was positioned close to the slit with an average distance of 10 — 20
mm. Metal cover with a small hole in front of the slit lead the gas flow
effectively towards the sample. The influence of the atmospheric absorption on
emission line intensities below 190 nm is illustrated in Fig. 16. The emission
lines of nickel can barely be detected around 185 nm in air, while under nitrogen
and argon purge intensive emission is detected. The significant enhancement of
the emission intensities, as well as the increased background in argon, can be
observed in the spectra measured under same experimental conditions.

A small sample chamber (50 mm x 50 mm x 50 mm) manufactured from
stainless steel has also been used. The quartz window of the chamber was used
for the laser input and the magnesium fluoride window for detection of
emission. The chamber was first evacuated and filled with argon to a reduced
pressure and placed close to the entrance slit of the spectrograph. The changing
of the sample was, however, slow in this setup. The emission signal level was
somewhat lower, because the distance between the plasma and the slit was
longer than in the direct purging arrangement.

It was also demonstrated, that optical fiber bundle made from UV-grade
fused silica could be used in the VUV measurements down to 180 nm. In
measurements using optical fiber cost effective nitrogen could be used in the
spectrograph and argon flow at the front end of the fiber. Argon flow towards
the sample through a metal cover at the end of the fiber purged the optical path
between the fiber end and the plasma. Such arrangement can be also used to
enhance signal intensity in other measurements in UV and visible regions. The
fiber end was installed close to the sample and therefore no vigorous gas flow
was needed. However, the signal is considerably attenuated by the fiber already
before the cutoff limit and therefore direct measurement of the plasma plume is
recommended for measurements of low concentrations samples or weak
emission lines.
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FIGURE 15:  Purge systems to prevent atmospheric absorption. In the photograph at left
the metal cover with a gas inlet for optical fiber is shown. In the middle picture the purge
gas flows from the slit of the spectrograph towards the plasma and the sample is in front of
the slit. On the right picture the sample is installed into a chamber, which can be used at
reduced pressure, with VUV transparent windows. The diagrams describe the various
purge geometries at the slit of the spectrograph.
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FIGURE 16: Emission spectrum of pure nickel measured from ArF excimer laser

generated plasma (A) in air (B) under Nz flow and (C) under argon flow with 10 laser pulses.
Delay time was 100 ns and the measurement gate width was 500 ns.
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3.2 Detection of the plasma emission in vacuum ultraviolet

The applicable optics and instrumentation in VUV has to be considered
carefully, as the regular optics can not be used in the VUV region. A thin layer
of high quality fused silica transmits down to 165 nm, but the selection of other
available materials for VUV optics is limited, see Table 2. Regardless of the low
nominal cutoff limit, the material can absorb significantly already at longer
wavelengths. For example, the UV grade fused silica lens used in this study,
absorbed ~20 % of the ArF laser pulse energy. For KrF laser the corresponding
value was ~10%. Transmission at shortest wavelengths is obtained with
fluorides, but as material they are technically more demanding due to the
crystalline form and they can also be susceptible to thermal shock. There is no
practical material that would widely transmit at range below ~105 nm, i.e.,
cutoff for LiF. Nevertheless, very thin foils of some metals like aluminum or
indium can be applied at certain wavelength ranges in EUV. In mirrors and
reflective gratings, aluminum coated with VUV transparent material (e.g. MgFz)
can provide ~70% reflectivities down to 115 nm.%2

TABLE 2: Transmission cutoffs of materials used in VUV optics and windows. 62
Material Cutoff

LiF 105 nm

MgF, 115 nm

CaF; 123 nm

SrF 128 nm

BaF: 135 nm

AlLOs (sapphire) 145 nm

SiOz (UV-grade) 165 nm
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3.2.1 Spectrographs

With a specially designed VUV spectrograph lines down to 40 nm have been
measured in LIPS applications under vacuum conditions.5¢ Recently the use of
an echelle type spectrograph in VUV range down to 150 nm has been
demonstrated.53 In the present work the plasma emission was dispersed in a 150
mm Czerny-Turner type imaging spectrograph (Acton, SP-150). The
holographic UV-grating used in the VUV measurements contained 2400 grooves
per millimeter. The working range for the grating used was 190-450 nm
according to the manufacturer. Neither the mirrors of the spectrograph nor the
grating were designed for VUV spectral range. Nevertheless, the performance of
a common spectrograph in VUV detection was demonstrated. The small volume
of the spectrograph container enabled fast replacement of air with a purge gas.
The lowest emission lines detected with the spectrograph were located at ~130
nm (see paper I) although the transmission efficiency of the grating was low in
the region. Only the plasma temperature and the plasma shielding
measurements were carried out in the visible and then a grating having 600
grooves per millimeter and blazed to 200 nm was used.

3.2.2 Detectors

Usually in the LIPS measurements the emussion is detected with a
photomultiplier tube (PMT), a photodiode array (PDA), or a charge-coupled
device (CCD). While PMT is highly sensitive in detection of UV and visible
radiation with extremely fast response time, several PMTs have to be used for
simultaneous multi-element analysis. In LIPS measurements the potential to
detect multiple emission lines simultaneously is a significant advantage, which
can be obtained solely with PDA or CCD detectors. These multichannel
detectors offer also linear response in a wide spectral range with low noise and
dark current and they have large dynamic range. Especially the sensitivity and
the possibility for time-gated detection with intensified charge-coupled devices
(ICCD) enable measurements at optimal phases of plasma evolution. In an ICCD
the sensitivity of the detector is enhanced with a micro-channel plate (MCP),
which multiplies the number of electrons arriving from the photocathode. The
cloud of electrons is converted at a phosphor coating into light, which can be
recorded with a CCD. In addition to the increment in the intensity, the image
intensifier allows also very fast gating at time-scales of 5 to 10 ns. In a LIPS
study where ICCD was compared to non-intensified, gated CCD detector, the
former detector has been observed to offer significantly better temporal and
spectral resolution, sensitivity and dynamic range.® The spectral response of an
ICCD is determined on the by the input window material of the intensifier and
the photocathode, from which the input window determines usually the lowest
detectable wavelength.®
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In paper I the performance of two different ICCDs in VUV LIPS measurements
was demonstrated. Only recently the use of ICCD detector in VUV spectral
region has been reported in other LIPS studies.t63 In the current work one
ICCD was equipped with quartz input window and another with a MgF; input
window. Quartz window enabled detection in the spectral ranges of 164-850 nm
and MgF, window in the range of 130-850 nm. Both detectors had 1024 x 256
pixel imaging area and a 18-mm image intensifier. The attenuation caused by
the quartz input window in ICCD detection is shown in Fig. 17.
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FIGURE 17:  Attenuation of the emission in ICCD containing quartz input window.
Spectra were measured from a mixture of potassium iodine and potassium bromide salts in
argon with 10 pulses from ArF excimer laser. The delay time was 100 ns and the gate width
was 1000 ns.
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4 LIPS STUDIES IN VACUUM ULTRAVIOLET

4.1 Sulfide minerals
4.1.1 LIPS in analysis of geological samples

In analysis of geological samples the minimal sample preparation for LIPS
measurements is a benefit, when a large number of samples are to be analyzed.
On the other hand, the material to be analyzed is inhomogeneous: rock samples
consist of countless number of small mineral crystallites, and finding a suitable
set of calibration samples can be time-consuming, if not impossible. Hence the
question of representative sampling has to be studied carefully in quantitative
analysis of geological samples. Grinding of the samples has been considered as a
one solution in getting a representative mineral composition in the LIPS
analysis.06-70 Also collecting a large number of sampling points have been
considered. For example, spectra for quantitative analysis have been collected as
an average over sampling points within lengths of 0.2 m - 2 m from a drill core
sample.”! On the other hand, information of the distribution of the elements in
sample can reveal the origin or the geological history of the sample and
therefore also mapping of geological samples have been found useful.”276

The future use of LIPS to the analysis of rock and soil samples at the
planets has also been studied by several groups.3477-7? Recently also the usability
of VUV spectral range under Martian conditions has been demonstrated in
analysis of geological samples.6!
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4.1.2 Analysis of drill core samples in VUV

Drill core samples are used routinely in mining industry for the exploration of
new ore locations or for the sampling from an existing ore deposit. Tens of
meters of drill core can be collected daily from different locations and depths.
Main ores in the sample are identified visually by a geologist and for the further
analysis the core is split and one half is sent to analytical laboratory. Because
thorough laboratory assays are time-consuming and expensive, all drill core
samples can not be sent to laboratory analysis. It has been suggested, that LIPS
could be applied to quantitative on-line analysis of minerals in drill core
samples.”! Good linear correlation of emission intensities against laboratory
assays were obtained in that study for Cr, Cu, Fe, Mn, and Ni (R?=0.92-0.99),
which were present at levels of 0.02% to 10%. However, the results showed only
semi-quantitative analytical potential, because of the different sampling
statistics in LIPS and laboratory assays and the highly inhomogeneous
composition of the samples.

If exact quantitative results are not of concern, rapid LIPS measurements
combined with an automatic identification of economically interesting ores
could be used in on-line sorting of the drill core samples for the further
laboratory analysis. In paper II the potential of LIPS method for identification of
minerals using VUV detection was demonstrated. Vacuum ultraviolet offers a
suitable spectral range for identification of commercially important sulfide
minerals. In Finland copper, zinc and nickel are most important metals refined
from sulfide minerals. The strongest emission lines of sulfur are located ~180
nm, while the visible spectral range contains only some weak emission lines at
~415 nm and ~458 nm. Strong sulfur lines can be found in the near infrared
region at ~920 nm, but it is out of the detection range of most ICCD detectors. It
can be noted, that the VUV lines can be detected also with a purged UV-grade
optical fiber presented in paper I, but only in high concentrations. In principle,
the direct purge trough the spectrograph is a convenient option, allowing also
measurements of samples containing only small amounts of sulfur.

Pieces of halved drill core samples (<15 cm in length) containing sulfide
minerals were obtained from the Pyhdsalmi mine, which has been in production
since 1962 and is the biggest mine in Finland. The rough composition of the
samples according to geological analysis is presented in Table 3.
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TABLE 3: Drill core samples from Pyhédsalmi mine used for LIPS analysis.
Sample Main mineral(s) Other

2505/1.3 (Zn,Fe)S, FeS; BaSO4, CaCO3, Mg,Ca(COs)2

2505/5.4 (Zn,Fe)S plenty of BaSO4, CaCO3, Mg,Ca(COs)2
2505/39 FeSy, CuFeS; CaCOs, Mg,Ca(COs)2

2505/58 FeS; CuFeS;, CaCOs, Mg,Ca(COs)2

2505/68.5  FeSy, CuFeS, (Zn,Fe)S  Heterogeneous sample

LIPS analysis from the surface of the drill core sample was carried out at 250
sampling points along a 5 cm line. The mineral in each sampling point was
determined by using reference spectra of the main minerals in the sample (see
Fig. 18). The reference spectra were measured from ore grains at known mineral
composition but barite (BaSO4) and calcite (CaCO3) were measured from pure
compounds. The optimal spectral region for the analysis of the drill core
samples was found between 170 and 210 nm. All the main minerals had a
characteristic emission spectrum in this region except pyrite (FeSz) and
pyrrhotite (FeS). These minerals differ only by the relative emission intensities
of sulfur and iron.

The spectra were measured under nitrogen purge, because it would be
cost-effective in industrial use for mineral sorting. Atomic nitrogen has strong
emission peak around 174.2 nm, but it was not dominating in any spectra
recorded (see Fig. 18). All spectra were normalized to their total intensity for the
identification procedure, since the intensity levels of the spectra varied from
point to point due to different materials and possible laser energy fluctuations.

Linear least square fitting of the each measured spectra against the
reference spectra set was carried out by using the Isgnonneg —function in Matlab
software package (Mathworks, Inc). The reference mineral having a highest
fitting coefficient was chosen as a representative of that sampling point, if its
coefficient would differ more than 5% from the following coefficient. A
constraint of nonnegative coefficients was set to the fitting procedure to simplify
the interpretation of the results. It was observed, that it was not possible to
automatically distinguish pyrite from a pyrrhotite in this fitting. Identification of
chalcopyrite from these two was also difficult based from the fitting coefficients,
as the three spectra are similar. Other four reference minerals were easily
distinguished by their fitting coefficients, if the sampling point contained the
mineral. Therefore if the highest fitting coefficients were obtained for FeS, FeS;
and CuFeS;, an additional fit to a spectrum against the reference spectra of only
these minerals was carried out in order to identify the mineral correctly.
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The quality of the drill core samples can be judged from the mineral distribution
graphs (Fig. 19). For example, the sample 1.3 is optimal if the main interest is the
sphalerite. On the other hand, the sample 5.4 contains only a very small amount
of chalcopyrite. Samples 39 and 58 are rich in pyrite, while in sample 68.5 a
considerable amount of dolomite was identified.

For some spectra the identification procedure did not work. When the
measured spectra did not clearly match any of the seven reference spectra, all
coefficients were close to each other. It has to be reminded, that the fitting was
carried out against the main minerals in the sample, only. Also when the
sampling point was at the boundary region of two or more mineral grains, the
spectrum was clearly a superposition of two or more reference spectra and
therefore the coefficients were too close to each other to be confidently classified
to one mineral, only. The percentage of non-classified sampling points varied
from 4 to 12 depending on the sample (see bar A in Fig. 19).

More representative analysis would need a denser sampling than in this
study and larger reference spectra library. However, the emphasis of this work
was to demonstrate the potential of LIPS for mineral identification, and thus
more efficient algorithms and programs for the spectra processing could be
selected for the real application. Moreover, the experimental instrumentation
should be specially designed for the harsh mining conditions. By choosing a
high power industrial laser the spot size at the sample could be increased
without reduction of the signal intensity. The experimental setup presented in
paper II would offer at best a sampling rate of 1 cm/s and even higher rates
could be obtained with different detection schemes. In these demonstrative
measurements the performance of the detector limited the repetition rate of the
laser to 15 Hz in order to minimize the background noise from the readout of
the data.
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FIGURE 19:

Mineral distribution in drill core samples according to the LIPS

measurements from 250 sampling points. Letter A stands for the percentage of the points,
which could not be classified, B is pyrrhotite FeS, C is pyrite FeS;, D is chalcopyrite CuFeS,,
E is sphalerite (Zn,Fe)S, F is barite BaSOs, G is calcite CaCOs; and H is dolomite
Ca,Mg(CO3),. The numbers above the panels refer to the different samples.
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4.2 Chlorinated and brominated organic compounds
42,1 LIPS in analysis of chlorine and bromine

The most sensitive emission lines of chlorine and bromine fall in the VUV
spectral region. Some lines of these halogens are also found in the NIR region;
strongest around 837 nm and 830 nm for chlorine and bromine, respectively.
Previously the LIPS analysis of chlorine has been carried out in the NIR spectral
region and it has been detected from air80-8 exhaust fumes,® liquids,8485
polymers,® solid organic compounds,”8 pharmaceutical products,® and
geological samples.t178 The NIR region has been used as well in the on-line
detection of bromine from polymers.!2 Only recently the VUV spectral range has
been applied to analysis of chlorine®! or bromine® in addition to this work.
Several emission lines occur in the UV and visible spectral range for both
halogens,*! they have shown too small intensities to be utilized in LIPS
analysis.6081

4.2.2 Analysis of solid organic compounds

Chlorinated and brominated organic compounds are used in industry for
example in production of polymers, synthetic solvents, pesticides,
pharmaceuticals, dyes, disinfectants etc. Because some chlorinated and
brominated organic compounds tend to be persistent and accumulative in
biological tissues their analysis is of great interest in environmental sciences,
especially in soil samples. Analysis of halogenated solid organic compounds
with LIPS method was first reported by Tran et al. in the NIR spectral region.8”
In paper III analysis of chlorine and bromine in solid organic compounds was
carried out in VUV spectral region, and the practical limits of the gas-purged
setup in detection of halogens were observed. The solid compounds selected for
the analysis are presented in Table 4. The emission line of chlorine at 134.7 nm
and bromine at 154 nm were chosen for the analysis (see Fig. 20 Carbon
emission peaks at ~143 nm and at ~156 nm were used as an internal standard in
the analysis of chlorine and bromine, respectively. Emission lines of the major
constituent of the sample has been used to internal standardization in carbon-
rich materials, 88990 but also in other samples.!16691-9 The procedure improved
the linear correlation of the emission intensities against the atomic ratio ratios,
especially in samples containing chlorine in the present work.
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TABLE 4 : Structures of the solid organic compounds analyzed in paper III.
Compound Structure Compound Structure
1-Chloro-9,10- Tetradecyl-
anthraquinone o cl trimethyl- /

ammonium- N—
O‘O bromide o |
C14H7ClO2
C17H3sNBr
o}

M.w=242.66 g/mol

4-Chlorobenzoic
acid

C7HsClO:

Mw=156.57 g/mol

2,3-Dichloro-
quinoxaline

CsH4Cl2N>

M,=199.04 g/mol

2,6-Dichloro-1,4-
benzoquinone

CsH2ClO,

My=176.98 g/mol

Mw=336.41 g/mol

1-Bromo-
adamantane

CioHisBr

M,,=215.13 g/mol

4-Bromobenzoic
acid

CyHsBrO:

M=201.02 g/mol

1,3-
Bis(bromomethyl)-
benzene

CsHsBr2

Mw=263.96 g/mol

e

Br \ /

Br :
Br

|
O/‘i;(lj
I




34

The normalized halogen/carbon intensity ratios did not give linear correlation
against the atomic ratio ratios under nitrogen purge (Fig. 21). Part of the
scattering of the data is most likely related to the turbulent nitrogen flow
between the plasma and the slit of the spectrograph, because the atmospheric
absorption is already severe at this spectral region. On the other hand, the
nitrogen can dissociate and form reactive radicals in the plasma and can
consequently generate molecules especially with atomic carbon abundant in the
plasma. As an indication of such reactions, where molecules are formed, is the
relative halogen/carbon intensity ratio that is higher in nitrogen flow than in
argon chamber. However, the reproducibility of the measurement under argon
flow was not significantly better because of the interference of atmospheric
absorption. Therefore a chamber filled with argon was used in the
measurements. Reduced pressure of ~70 mbar was observed to give optimal
emission intensities.

The least square fitting of the results in argon atmosphere (see Fig. 4 in
paper III) gave a limit of detection (LOD) for chlorine and bromine 0.054 and
0.011, respectively, expressed in halogen/carbon ratio. In the NIR region study
by others 87 the corresponding detection limits measured in air were 0.011 and
0.0028 for chlorine and bromine, respectively, and in helium flow the LOD
values were approximately magnitude smaller. Higher LOD values obtained in
the present study can be described to be caused by the low transmission
efficiency of the conventional spectrograph at these VUV wavelengths.
However, according to the present results compounds containing 90 carbon
atoms against one bromine atom can be determined from their bromine/carbon
ratios. For chlorine compounds the respective ratio was 20:1. For practical
analysis of chlorine at least a grating optimized for VUV analysis should be used.
Nevertheless, both elements can be measured also with the experimental setup
used, when the concentration of the element is high enough in the sample.
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FIGURE 21:

Influence of purging to the halogen/carbon intensity ratios. Plasma was

generated with KrF excimer laser at an irradiance of ~ 2 GW cm2. Error bars are standard
deviations of the intensities between 5 sampling points. The optimal delay time in nitrogen
flow was found to be 50 ns, while in Ar chamber at ~70 mbar pressure the respective delay
time was 150 ns. Measurement gate width was in 500 ns in both cases.
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5 SUMMARY

A new approach to laser-induced plasma spectroscopy, LIPS, in the vacuum
ultraviolet spectral region, i.e., below 200 nm, has been introduced in this thesis.
Several non-metallic elements (S, Br, I, P, C, As, Cl) have intensive emission lines
in the VUV region and it is more difficult to detect these elements in other
spectral regions. Working in VUV region requires transmission of plasma
radiation through the spectrograph to the VUV sensitive detector and the
atmospheric absorption must be negligible all the way through the optical path.
In paper I it was discovered that purging a conventional spectrograph and the
optical path between the plasma plume and the slit of the spectrograph was
enough to replace the air and prevent the atmospheric absorption. Also the
potential of intensified charge-coupled device in VUV detection of the LIPS
spectra was demonstrated. The capability of detect multiple emission lines
simultaneously is a significant advantage, when measurements from a samples
having a complicated matrix are carried out. With an ordinary ICCD equipped
with UV grade quartz input window emission lines down to 165 nm could be
detected. With an ICCD equipped with MgF> window emission lines of chlorine
above 130 nm were measured.

The setup with quartz ICCD was used in analysis of sulfide minerals in
the VUV region from drill core samples in paper II. It was demonstrated that
rapid LIPS analysis could be used in mining industry for on-line sorting of the
drill core samples for the further analysis. The potential of the experimental
setup in identification of main minerals from drill core samples was reported
and improvements for in sit work were suggested.
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Brominated and chlorinated solid organic compounds were analyzed in paper
III. It was observed, that the transmission efficiency of the spectrograph in the
wavelengths below 150 nm is significantly lower. Also the atmospheric
absorption was stronger and therefore a sample chamber with argon
atmosphere was introduced. Because of the different matrices of the samples
studied, internal standardization against carbon was used. A linear correlation
between the halogen/carbon emission line intensity ratio and atomic ratios in
the sample was verified. It was estimated, that compounds containing 90 carbon
atoms against one bromine atom could be determined from analysis of bromine
in VUV. For chlorine compounds the respective ratio was 20:1. It can be
concluded, that the gas-purged setup for VUV presented in the thesis is most
convenient at wavelengths above 165 nm. Thus ordinary ICCD could be used
for the detection. If the sample chambers are needed below 165 nm, then proper
vacuum chamber could be used, as well.

In the measurements of this thesis plasma was generated with excimer
lasers operating at UV wavelengths. Short wavelengths of the excimer lasers
offer high excitation energies and thus very efficient multiphoton ionization,
‘when laser-induced plasma is initiated. High absorbance of the UV wavelengths
in many materials leads to more efficient ablation at the sample provided that
the plasma shielding caused by the absorption and scattering of the laser pulse
to the plasma plume can be avoided. The shielding as a function of laser
irradiance and the focusing conditions was studied in paper IV by using ArF
and KrF excimer lasers, operating at 193 nm and 248 nm, respectively, to
generate plasma in copper sample. Attenuation of the emission intensities was
observed at irradiances above ~1 GW cm2 regardless the delay time between the
laser pulse and the detection. In argon atmosphere the shielding was increased,
especially, when focal point was in front of the sample surface. The influence of
the laser repetition rate on shielding in the range of 2-15 Hz was negligible. It
can be concluded, that with ArF and KrF, irradiances below 1 GW c¢m-2 should
be used for the optimal LIPS measurements, as the plasma shielding decreases
the detected emission level.
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A SPECTROSCOPIC STUDY OF SHIELDING IN PLASMAS
GENERATED BY EXCIMER LASER RADIATION
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Abstract:

Plasma shielding effect in UV plasma generation and its influence on laser-induced
plasma spectroscopy (LIPS) analysis was studied. Irradiance values on a pure copper
surface were changed by adjusting the focusing lens-to-sample distance. Effects of
focusing on plasma shielding in front of and behind the sample surface were studied.
Both ArF and KrF lasers were used to generate plasmas, and irradiances at the sample
varied in the range of 0.02 - 4 GW cm. Plasma shielding effect was observed for
both lasers at irradiations larger than 1 GW cm’?, even at longer time delays between
the laser pulse and the detection. In general, focusing in front of the sample produced
higher emission line intensities than focusing at the same distance behind the sample
surface. Shielding effect was somewhat stronger in argon flow than in air. Influence
of laser repetition rate on plasma shielding was negligible. Plasma threshold value for
copper was estimated to be about 0.1 GW cm™.

keywords: laser-induced plasma spectroscopy; LIPS; laser-induced breakdown spectroscopy; LIBS;

plasma shielding; copper; excimer laser



INTRODUCTION

When high-power laser light irradiates material, most of the radiation is reflected from
the surface and only a fraction is absorbed. Threshold irradiances to initiate the
plasma are typically 10%-10° W ecm™, depending on the sample, but irradiances as low
as 10° W cm™ have been used in plasma generation.' During the energy transfer to the
material, the local surface temperature rises nearly instantaneously and surface
vaporization begins. Rapidly in the layers below the surface, the thermal energy
exceeds the energy of vaporization of the material, resulting in laser ablation i.e.
explosion of the surface material and to plasma formation.'> Plasma generation
mechanism is dependent on the laser wavelength: the electron density growth in the
plasma at wavelengths > 1000 nm is mainly due to the electron — neutral collisions
resulting in inverse bremsstrahlung (IB), while at UV wavelengths it is dominated by
the photoionization processes.l'4

Nanosecond laser pulse interacts with an expanding plasma plume. For
example for the plasma generated with KrF laser at irradiances from 0.08 to 0.4
GW/cm?, the average plume velocities of 2 — 8 um/ns have been measured.® At high
laser irradiances, when the plume interacts with the incoming radiation, it produces a
partially ionized plasma that strongly absorbs/scatters laser light and blocks the target
from the subsequent exposure to the laser radiation, considerably reducing the
ablation efficiency. This effect is called plasma shielding. In cases where laser energy
is absorbed to the plasma through IB processes, the electron cascade growth rate is
proportional to A>.! Thus the influence of the plasma shielding is expected to be
reduced, when short wavelengths are used for plasma generation. However, as the
absorption probability through IB is highly dependent on the electron concentration of
the plasma, its importance may increase during the ablation via photoionization
processes that produce high electron concentrations.’ During the laser ablation also
small particles are generated in the plume and scattering of UV wavelengths will take
place. As the intensity of scattered light is proportional to A, this effect becomes
important at short laser wavelengths.

Plasma shielding has been studied by measuring directly the attenuated energy
via a small hole in the sample material using different KrF (248 nm) excimer laser
fluences. It was observed that at the irradiances of ~0.2 GW cm'z, less than 45 % of

the initial laser pulse energy reached the sample surface.® Plasma shielding thresholds



have also been estimated by measuring the temporal profiles of the reflected and/or
transmitted laser pulse, because the plasma shielding changes the pulse profile. In
such analysis with KrF laser generated plasmas, the shielding was observed at
irradiance of around 0.3 GW cm™ in several samples.” With XeCl (308 nm) laser

pulses as low as 0.05 GW cm™

threshold for YBa,CuzO; sample has been
reported.lo’11 In silicon carbide the shielding threshold was greater than 0.12 GW cm’?
for pulses of KrF laser.'? The variation in the reported shielding threshold values may
be due to the sample properties, but also due to the different experimental conditions.
Laser-induced plasma spectroscopy (LIPS), described in several review

33 utilizes direct optical emission from atoms and ions of the plasma for the

articles,
elemental analysis of the sample. In LIPS experiments the plasma shielding is
observed as a saturation of the emission line intensity as a function of laser irradiance.
Laser irradiance is inversely proportional to the spot size of the beam at the sample
and the pulse duration and directly proportional to the pulse energy. The influence of
the focusing in LIPS measurements has been previously studied for laser wavelengths
in the NIR and visible."*"'® At high irradiances at these wavelengths focusing in front
of the sample generates an air plasma and therefore focusing at negative lens-to-
sample distances (LTSD) is preferred i.e. the laser beam is focused behind the sample
surface. However, at irradiances below the breakdown threshold of air the Multari et
al."* showed, that ablation rates and emission intensity ratios were approximately the
same, independent of whether the focus was in front or behind the material surface.
Bulatov ef al." obtained in their imaging studies, the strongest intensities, when the
laser beam was focused in front of the sample. On the other hand, in the study of
spatial distribution of emission line intensities and plasma parameters by Aguilera et
al.'® the optimal focal conditions were found, when the beam was focused behind the
sample surface. In their study, with increasing pulse energy the maximum emission
intensity was obtained by moving the focus deeper inside the sample.

The LIPS signal is also dependent on laser wavelength used to generate
plasmas. In metal samples the saturation of line intensities occurs at lower laser
irradiances for the fundamental of Nd:YAG laser at 1064 nm than for the second
harmonic wavelength at 532 nm, for example in copper at 2.64 GW cm™ and >8 GW
cm?, respectively.19 However, in this study the spot size was ~ 4 times larger in case
of the fundamental than for the second harmonic beam, which may partly explain the

different saturation values. Plasma shielding has been reported to be stronger with
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larger spot sizes than with smaller spot sizes, which has been related to the physical
size of the plasma plume.&20

In the present work, in addition to varying the position of the focus of the laser
beam with respect to the sample surface, measurements at several laser pulse energies
were carried out. Irradiances at the sample were in range of 0.02 - 4 GW cm™. Plasma
shielding of ArF and KrF excimer laser pulses was studied by measuring LIPS spectra
of a pure copper sample. Also influences of argon atmosphere and laser repetition rate

on plasma shielding were studied.

EXPERIMENTAL

The experimental setup is presented in Fig. 1. Plasma was produced either by using
ATF excimer laser (Optex, Lambda Physik) operating at 193 nm with pulse duration
of 8 ns (FWHM) or KrF excimer laser (Optex, Lambda Physik) operating at 248 nm
with pulse duration of 9 ns (FWHM). Pulse durations were determined with a
Tektronix TDS 2002 oscilloscope and a fast DET 200 photodiode. The optical setup
was kept fixed in all experiments and only the lasers were interchanged.

A circular aperture with a diameter of 3 mm was used to select the central part
of the 4 x 7 mm laser beam. For the focusing a UV-grade fused silica 40-mm
planoconvex lens was used. Pulse energies at the sample were measured with an
energy meter (Ophir Optronics Ltd.) and they were adjusted with an optical
attenuator. Pulse energies of the ArF laser at the sample ranged from of 0.01 to 0.9 mJ
and pulse energies of the KrF laser from 0.01 to 1.6 mJ. The relative standard
deviation of the pulse to pulse energy fluctuations were about 1.2 % for the ArF and
2.8 % for the KrF laser. The spot size at the sample was varied by changing the
position of the focusing lens with respect to the sample surface. Lens-to-sample
distance was varied with 0.2 mm steps by using a translational stage. Spot sizes were
determined with a microscope by measuring the diameters of the holes ablated in
coated paper with 100 laser pulses at each LTSD. Smallest spot size created in paper
with ArF pulses was 0.3 x10™* cm? and with KrF laser pulses 0.6 x10* cm?. Errors in
the spot size determinations were estimated to be of the order of 0.1x10* cm?. Laser
irradiances at the sample were calculated from the determined spot sizes and

measured pulse energies.
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Figure 1: Experimental setup

A 150-mm Czerny-Turner spectrograph (Acton Research Corporation, SP-150) used
in the experiments had a grating with 600 grooves mm’. Plasma emission was
collected to the slit of the spectrograph with the aid of an optical fiber bundle (Oplatek
Oy) manufactured of UV grade fused silica. The fiber was at ~45 degrees angle from
the plasma axis. The slit width used was ~150 um and a cutoff filter at 435 nm was
used to prevent the appearance of the 2" order lines in the spectra. The resolution of
the spectrograph was about 0.8 nm in the spectral region used. Emission was detected
with an ICCD detector (Oriel, Instaspec V) having a 1024 x 256 pixel imaging area
and a 18 mm diameter intensifier. A delay generator (Stanford Research System, Inc.,
DG 535) was used to set the delay time, which were 100 ns in most measurements.
The measurement gate width was 100 ns.

Pure copper (Cu 99.999%) was used as a sample in the measurements. The
copper surface was mechanically polished to remove the dark oxide layer. In addition
20 cleaning pulses were used at each measurement point before spectra were
recorded. To increase signal-to-noise ratio, spectra were averaged from 20 laser
pulses. The error bars describing the intensity variations in the measurements were
estimated from 5 such spectra measured at a each lens-to-sample distance. The
repetition rate in the measurements was mainly 15 Hz. Non-resonance copper
emission lines were recorded in the range from 430 to 560 nm to avoid self-
absorption. The influence of atmosphere was investigated with argon gas flowing

towards plasma.



RESULTS AND DISCUSSION

The focal point of ArF laser beam was closer to the focusing lens than that of the KrF
laser beam. The focal distances given in the figures below have been measured from
the true focal point. Negative and positive values indicate focusing inside and in front
of the sample, respectively. Visually breakdown of air was not observed.

Intensity profiles of background corrected copper emission lines as a function
of LTSD are presented in Fig. 2. Although the pulse energies of both lasers were
adjusted to the same level, the maximum irradiance for ArF laser pulses was 4.0 GW
cm, while that for the KrF laser was pulses 1.7 GW cm™. This difference is a result
of a smaller spot size of the ArF laser beam at the focus. In the focal area the
irradiance is highest, but the emission intensity is attenuated because of the shielding.
A lot stronger shielding is observed in the profiles for ArF laser due to the higher
irradiance values, but influence of the shielding is similar in all emission lines in the
plasma generated with a same laser. Therefore the dependencies of the line intensities
on focusing distance are presented in the following only [or the strongest copper

emission peak in at ~ 522 nm and consisting of lines at 521.8 and 522.0 nm.
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Figure 2: Intensities of background corrected copper line as a function of LISD. The errors are
estimated as a standard deviation of 5 measurements. The delay and the gate times were 100 ns.



The emission intensity profiles at several laser energies are plotted against the laser
irradiance in Figs. 3 i and ii. The shielding can be still observed at 0.26 mJ pulse
energy i.e. maximum irradiance above 1.1 GW cm? at the sample. In the profiles
obtained for KrF laser pulses the shielding is as well present at irradiances of about 1
GW c¢m? (Fig. 4), but not at irradiances below this threshold value. The width of the
intensity profile as a function of LTSD is decreased, when the laser pulse energy is
reduced (Figs. 3 and 4). When the pulse energy is decreased, the intensity maximum
of the profile shifts towards the focal point in both lasers. A dip in the intensity profile
obtained for KrF laser can be observed at the high pulse energies, when the focus is in
front of the sample. A possible reason for this could be breakdown of air, although the
irradiances are lower than in the ArF laser beam focus.

With high irradiances from ArF laser, the maximum intensity is obtained,
when focal plane is in front of the sample. Analysis of the ablation craters generated
in coated paper (used for estimation of focal spot sizes) showed that the bottom of the
crater is not as flat at negative LTSD’s as for positive LTSD’s. This is most likely due
to the difference in focal length of the rays reaching focal area near and far from the
optical axis caused by the spherical aberration of the lens. Such an effect may result in
somewhat higher irradiance at the center of the laser beam and thus increased

shielding at negative LTSD values.
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Figure 3: Intensity profiles of the copper 522 nm emission peak (gray) and the calculated laser
irradiance at the sample (black) as a function of the lens-to-sample distance for ArF laser at (i) high
pulse energies and (ii) small pulse energies. The delay and the gate times were 100 ns. The dip in (i) at
0.52 mJ in the LTSD=-1.4 is an artifact.
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(black) as a function of the lens-to-sample distance.



According to the profile measurements, the plasma threshold irradiance for both lasers
in copper is of the order of 0.1 GW cm™, which it is comparable with the plasma
UH%hddhmdemgmm@hmmdyQ3G“Mmﬂdamnmwdwth¢YAGaﬁB2nm
LIPS measurements for the same material in other studies.'®?' The plasma threshold
somewhat depends on laser wavelength, because material absorption coefficients are
wavelength dependent.

However, the plasma threshold is also dependent on LTSD (Fig. S). The
plasma shielding can be observed when the emission intensity tapers off as a function
of the irradiance. At the focal point the saturation is observed at somewhat higher
irradiances, which is most likely caused by stronger shielding with larger spot sizes.
When the threshold irradiance is approached, the background corrected emission
intensity curves towards zero. The plasma threshold seems to be lowest at positive
LTSD and the highest at the focal point. The focusing parameters seem to have an
influence on plasma threshold and hence estimations obtained from LIPS
measurements presenting intensity against irradiance have to be considered with

caution.
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Figure 5: The behavior of copper intensity at different LTSD as a function of irradiance for KrF laser.
The influence of the plasma shielding can be observed at higher irradiances.



The influence of the delay time between the laser pulse and the measurement on
shielding observed at high irradiances was studied for both lasers. As illustrated in the
profiles of Fig. 6 for the ArF laser, the dip caused by the shielding in the region of the
focal plane can still be observed after 800 ns delay. The profile, however, is narrower
at the longer delay times. The plasma emission lifetime depends on the laser pulse
irradiance and it has been observed previously, that the decay of the line intensities is
faster at low than at high irradiances.? At longer delay times the intensity from the
larger spot sizes has decayed to lower levels than intensity for smaller spot sizes near
the focal area and therefore rather short delays were used through the study.

The decay of the copper emission line intensity was faster in plasmas
generated by ArF laser pulses (Fig. 7 i) at a same irradiance, although the shielding
behavior was similar for both lasers. Also the intensities of the ionic lines of around
490 nm were higher in KrF laser generated plasmas, indicating higher plasma
temperature (Fig. 7 ii). In these experiments both lasers had a spot size of ~2 x 10™
cm? and the pulse energy was ~0.8 mJ, giving the irradiance well below the observed
shielding threshold limit. Lower plasma temperature of ArF laser generated plasmas
may be a result of more efficient scattering of ArF laser photons than KrF photons
from the plasma. Plasma heating via IB can be stronger at 248 nm than at 193 nm
which would also result in slower decay of the KrF generated signal. Different
absorption coefficients of copper at plasma generation wavelengths could induce

different initial plasma temperatures and varying decay profiles, as well.
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Figure 6: Influence of the measurement delay to the copper emission line intensity profile at the energy
of 0.8 mJ. The measurement gate was 100 ns.
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The results described above were obtained at laser repetition rate of 15 Hz. Although
the plasma lifetime at the low energies used in the study is a lot shorter than the time
delay between the consecutive laser pulses, at higher repetition rates there is a
possibility that some small particles from the previous ablation process are still
present and cause scattering and absorption of the next incoming laser pulse. Plasma
from such particles flying above the sample surface may be generated and then the
amount of energy left for ablation of the sample would be reduced. To study such a
possibility the copper emission line intensity profiles at different LTSD’s were
recorded by using low repetition rates at fixed pulse energies (0.8 ml) for both lasers
(Fig. 8). Using repetition rates from 2 to 15 Hz did not show significant changes of
the line intensities at different LTSD’s and small deviation of the profiles at different

repetition rates is seen only ncar the focal planc, where the irradiance is highest.
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Figure 8: Influence of the repetition rate to the copper emission line intensity profile for (i) ArF and
(ii) KrF laser generated plasmas. The measurement delay and the gate were 100 ns.
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Argon is often used as a buffer gas in LIPS measurements to obtain higher emission
line intensities due to the slower expansion and cooling of the plasma. Argon is also
ionized and excited in the plasma and may serve as a reservoir of the laser energy in
the ablation process. On the other hand, the inverse bremsstrahlung has been observed
to be enhanced in argon.23 Breakdown of argon near the main plasma at different
focusing distances of Nd:YAG laser has been demonstrated by Aguilera et al.'®
leading to increased shielding.

Dependence of copper emission line intensities and shielding in UV laser
generated plasma at various LTSD’s under argon atmosphere is demonstrated in Fig.
9. The intensity profile is wider in argon atmosphere than in air. This is most likely
due to the different temporal behavior of the emission intensity in argon and air
because of higher plasma temperature in argon. That the dip caused by the attenuation
of the emission intensities wider in argon than in air indicates stronger plasma
shielding in argon, especially at positive LTSD values. This could be understood as
breakdown of the argon buffer when the laser beam is focused in front of the sample.
Nevertheless, the value of the shielding threshold in argon was similar to that

observed from the measurements in air.
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Figure 9: Influence of argon atmosphere on the emission intensity profile of copper peak at 522 nm

(gray) for Arl" and Kr[" laser generated plasmas when compared to the profile measured in air (bluck).

Maximum irradiancies were ~4 and ~3 GW cm? for ArF and KrF, respectively. The measurement
delay and the gate width were 100 ns.
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CONCLUSIONS

Shielding in UV laser generated plasma was studied by using laser-induced plasma
spectroscopy. Plasma shielding was observed at irradiances exceeding ~1 GW cm’
for both ArF and KrF excimer lasers pulses. Emission intensity profiles at varying
lens-to-sample distances from a pure copper showed attenuation of the emission
intensity on both sides of the focal plane where the irradiance is highest. Thus to
obtain maximum emission intensity in LIPS experiments one has to minimize the
effects of shielding by optimizing focusing of the laser on the sample surface.
According to the results of the present study of UV generated plasmas, highest
intensities are obtained, when the focal plane of the laser beam is in front of the
sample surface. The plasma shielding remained also at longer delay times. The laser
repetition rate did not significantly affect to the plasma shielding. In argon atmosphere
the shielding was somewhat stronger than in air, especially when the laser beam was

focused in front of the sample.
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