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ABSTRACT

An comprehensive study has been carried out for the sudy and extenson of laser
induced shock wave plasma spectroscopy (LISPS) gpplication to non metdlic soft and
hard samples. For this purpose, a series of experiments were conducted to investigate
the dynamicad process taking place in the laser plasma generated by a high power and
short pulse laser irradiations on a non metd soft and hard samples. It was found that
in the case of non metd oft sample, the ablated aoms faled to induce a visble
plasma at the surface of the target due to the gushing speed of the aom is very low.
With the support of a sub target however, it became possble, after a few laser shots
depending on the target layer thickness, to generate the shock wave plasma emitting
the characterigtic spectra lines of the target materid.

Ancther relaed phenomenon dudied in this experiment is the preirradiation
effect observed on a non metd hard sample such as quatz sample, which was
characterized by the dbsence of seconday plasma a the initid shots The
disgppearance of this effect a a laer gage was found to be connected with the
gopearance of a craer of gppropriate depth on the sample surface created by initid
repested irradiations on the sample surface. The plasma produced theregfter exhibited
typicd features of a seconday plasma Further experiment employing atificid ring
crater on the sample surface has diminated the predirradiation effect completedy, and
has thus demondrated thet it is the confinement effect of the crater which was soldy
responsble for the generation of secondary plasma from the non metd hard target.
This concluson isin conformation with the shock wave mode proposed earlier.

Thee expeimentd dudies have thus condderably subdantiated our
understanding of the process of secondary plaama generation. In turn, this result helps
to improve the quality and extend the scope of LISPS gpplications in the future.

Keywords:

lasar-induced shock wave plasma, soft sample, sub target effect, spectrochemica
andyss, confinement effect
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Chapter One

GENERAL INTRODUCTION

Spectrochemica methods of andyss are among the most widely used andytica
methods. The application of spectrochemicd methods ranges from quditative andysis
to the determination of quantitative compogtion of materids as wel as detection of
trace dements of great importance. As a resault, they have been widdy used for
process control and product qudity assessment as wel as environmenta monitoring.
The mogt popular among the existing technique are Atomic Absorption Spectrometry
(AAS), Atomic Huorescence Spectrometry (AFS), and Atomic Emission
Spectrometry. Each method has its advantages and disadvantages. For ingance, AAS
method which has become the most widdy used sngle-dement technique for the
determination of metals, operates on the basis of absorption spectra from the neutrd,
ground-gtate atoms produced by an aomizer.) AAS has been used to determine
metds and some nonmeds in dmost every concevable type of samples Many
sandard procedures for water analysis are based on AAS, except for water samples
with a high sdt content; the andysis is usudly sraightforward. The use of AAS in the
metdlurgicd and mining indudries is common for andyss of meds dloys
geochemicd samples and eectroplaing solutions. However, this method requires
tedious sample preparation procedure. Andyss of petroleum products for example,
presents gpecid sample preparation difficulties. For biologicd and dinicd samples; it
is criticd to remove the organic matrix by digestion or some other method before
andyss.

The AFS method which is a sendgtive and powerful technique for detecting
molecules and aoms, boads the often cited advantages of low detection limit, large
linear dynamic ranges, multrelement capabiliies smplicity, and freedom from
spectrd interferences. Its overdl detection limit are not generdly better and often
worse than those reported for AAS except for few dements. In terms of dynamic
range and multtelement capability, aomic fluorescence spectrometry is superior to
AAS, but comparable to AES. Nondispersve AFS systems based on conventiona
excitation sources can be relatively smple and inexpensive®

The AES method hes great potentid as a quditative and quantitative tool since dl
dements can be made to emit characteristic spectra under the appropriate conditions.



Lockyer gated in 1874 that while the qualitative spectrum analysis depends on the
position of the lines, the quantitative analysis depends on their length, brightness,
thickness and number.? The spark discharges were first used to obtain spectra from
solution and various spark sources were developed with datic eectricd sources. It has
now become common to use high-voltage, low-current oscillatory discharge with
voltages of 10,000-50,000 V. The ac gave very intense and therefore sengtive
spectra, but the reproducibility was poor. The dectronic temperature was in the order
of 6000-8000 K, and under these conditions metd eectrodes mdted and vaporized
directly. This was an advantage because many metds and dloys can be andyzed
directly, avoiding any pretrestment which may introduce errors. The advantage of
usng AES is manly its direct gpplicability to dementd detection usng sSmple
equipment compared to any other method.

In the mean time, the advent of lasars has gredly expanded the fidd of
spectroscopy  in many aess Snce tundble lasers have now been obtaned a
wavelengths covering the range from far-infrared to ultraviolet region. The use of
laser sources are meaking it possble to obtan information tha was difficult or
impossible to obtain with conventional sources®

The method of laser atomic emisson spectrochemicd analysis (LAESA) weas first
introduced by Brech? in 1962. Its potentid as a senstive and convenient todl for
microandyds was henceforth  quickly recognized. Thanks to the continued
improvement in its detection sendtivity and sample applicability in addition to the
advantage of rapid anadlyss without the need of sample pretrestment, this method hes
ganed growing acceptance in wide ranging fiedd of spectrochemicd gpplications.
This technique has many advantages compared to other andyticd methods which
exhibits severd attractive features such as the ablated matter is sufficiently atomized
to permit andyds by auxiliay methods requiring materid in the atomic date, thus
diminating the timeconsuming deps which involved in sample preparation.
Moreover, the lasr pulse can ablae materid for in Stu andyss and microanayss
can be obtained due to the amdl sze of the laser gpot at its focd. Also, laser adlation
minimize the amount of sample used in the andysis? and reduced surface damaged
caused by laser bombardment.

Nevethdess the more conventiond LAESA mehod suffers from some
drawbacks, in paticular the intringcdly large background which can only be partidly
overcome by the use of expensve detecting sysem. This background of emisson is



vey drong due to high dendty and high temperaiure plasma which made the SB
raio redivdy low, and detection limit becomes low sengdtivity. Beddes oHf-
absorption of the emisson line tekes place to a remakable extent due to the
generdtion of large temperaiure difference between the indde and outsde of the
plaama, which brings aout the non-lineer cdibration curve? In addition to this in
LAESA method some problems were dso observed when andyss is done for non
meta soft sample or gpplied to non metd hard sample.

In a laer devdopment, an dternative method was initisted in the dudies of
plasma emisson induced by a high power and short pulse laser on a target surrounded
by air a reduced pressures®? It was found that the laser plasma produced invariably
condgs of two diginct pats. The fird pat occupies a smdl region of high
temperature (the primary plasma), which gives rise to an intense and continuous
emisson for a short time, right above the surface of the target. The second part (the
secondary  plasma) expands with time around the primary plasma, emitting sherp
aomic spectra lines. Thee characterigtics of the secondary plasma has led to its
specid  advantages for highly sendtive gpectrochemicd  andyss Among  these
favorable charecteridics are, the low background emisson gspectrum; the good
linearity between the emisson intengty and the content of the dement most
remarkable. The symmetricdl hemispherical shgpe which leads to high precison
andyss and high excitation temperature brings to high sengtive andyss ae d<o
advantages.

By means of time-resolved measurements in our experiments usng a TEA CO;,
laser” and an excimer laser? we were able to demongtrate that this secondary plasma
was induced by a shock wave generated in the surrounding gas, while the primary
plasma acted as a source of exploson energy. It was further shown tha the atomic
emisson in the plasma was dso the result of thermd excitation made possble by the
shock wave which proved by density jump experiment™® We refer to this method as
laser-induced shock wave plasma spectroscopy (LISPS). There are two obvious
practicd applications of LISPS;, one is its gpplication to the rapid inspection of
industrial products, such as sted® and glass samples? and the other is the application
to the field-based spectrochemica andysis of mining or geologicad samples.

It has been recognized generdly that the characteridtics of a laser plasma depend
on a number of factors involved in the process. Three of these factors are assumed to
be mogt important. One is the surrounding gas conditions such as the kind of gas and



its pressure. Another is the characterisics of the laser light itsdf such as the
wavelength, pulse energy, pulse width and the power dendty. In addition to this it
aso has been noticed in the case of LISPS, that harchess of the target dso influences
condderably the plasma characteridics In fact, the generation of dl secondary
plasmas reported previoudy were observed on solid metdlic targets®” In order to
examine the applicability of LISPS to non medlic samples the posshility of
generating secondary plasmas from such targets must be investigated.

In this sudy, two types of non metdlic targets are used. One condsts of non-
metdlic soft targets, and the other conssts of non metdlic hard target. In addition to
the purpose of extending the gpplication of LISPS to nonmetdlic samples, these
expaimenta works ae dso amed a examining the vdidity of the laser induced
shock wave modd which has been established for secondary plasma generaied from
metdlic targets. It will be shown that in the case of unsupported oft target, the
seconday plasma smply fals to show up, while the use of taget immediady
restores the condition for norma formation of the secondary plasma In the case of
hard target, the formation of secondary plasma is preceded by a pre-irrediation effect
in the few initid laser shots, which may lead to intolerable damage to the sample
aurface in some specific gpplications. 1t will be shown in this study that this problem
too can be properly overcome by the use of artificid crater.



Chapter Two

ROLE OF LASERSIN SPECTROCHEMICAL ANALYSIS

2.1. Spectrochemical Applicationsof Laser Ablation Technique

When a high irradiance (of the order of GW cm?) laser beam resches a solid
target, an exploson occurs and a plasma is formed (lasr spak). The mechanism of
interaction has been wel dudied but remans less than completedly dear. The name
‘laser dbldion’ is generdly used, and prefared to laser exploson, dthough the term
‘laser-materid interaction’ would seem more gppropriate sSnce it does not imply a
mechanisn.’® The plasma formed can be investigated by monitoring, in a time
resolved manner by its spectrd emisson behavior or by evduaing severd of its
paameters, a vaiable dday times with another laser tuned a a given aomic
trangtion energy and measuring the resulting absorption, fluorescence or ionization
sgnd. On the other hand, the materiad removed from the target can be transported
into precticdly every other andyticd source (flames, graphite furnaces glow
dicharge and egpecidly ICPs) for subsequent absorption, emisson or ionization
measurements. In the later case, the laser is only used for sampling. Laser sampling
has the obvious important advantage that it offers direct sampling from any materid
and without sample preparation. The physca mechanisms and associated methods of
technica implementation for spectrochemical gpplications are lisded and described in
table 2-1.

The andyticd use of the plasma formed by high intengty laser bombardment on
atarget has been well known since the early 1960s® There are severa reasons why
the interes in this wedl known laser method has been revived and is currently
enjoying o much success We can see the number of acronyms used for it, collected
in table 2-2, as wdl as the variety of taget materids and gpplications collected in
table 2-3. The increesng need to incorporae more ontline control devices in
industrid  processes has undoubtedly acted as trigger, but probably the mgor reasons
have to be found in the technologicd development of good, intendfied CCD detectors
together with the capability of handling a large amount data, and the availability of
compact, chegp and rdidble Nd:YAG lasars. The smultaneous multi-element
potential, coupled with the rapidity of andyss, is retained here and the senstivity is



adequate for many gpplications as indicated a table 2-3. When the technique is used
for quantitative microandyds, matrix effects are conddered to be the mgor
drawback, dthough normdizing parameters such as vaporized mass and the plasma
excitation temperature dlows for an efficient correction of such effects.

Table 2-1 A sample of commonly used techniques.

Absorption Use lasars as primary sources for aomic and molecular absorption
measurements. Absorbing species are generdly located outside the
laser cavity, but can dso be present ingide (intracavity aosorption)

Emisson Use lasars tightly focused on a solid, liquid or gaseous sample to
create plasma from which atomic and ionic emisson of the target
condtituents is measured

Fluorescence Use lasers as excitation sources to pump atoms into sdected excited
dates from which radigtive de-excitation is messured. Atoms are
generated independently outsde the laser cavity, but can dso be
present insde (intracavity fluorescence)

lonization Use lasers to pump aoms in highly excited levds from which
collisond ionization occurs or to photoionize Hectivdy the
aoms (resonance ionizaion). The charges produced are introduced
into atime-of-flight mass spectrometry

Ablation Use lasars as a sampling device to generate atoms, molecules and
paticles from a target sample, which are trangported into an
excitation source, e.g., aplasma

Table 2-2. Laser induced plasmas. semantical variationson thetheme.

LAAS Laser spark spectroscopy

LIBS L aser induced breskdown spectroscopy
TRELIBS TimeresolvedLIBS

FOLIBS  Fiber opticsLIBS

LIESA Laser induced emisson specira andyss
LAESA Laser ablation emisson spectrochemica andyds
LIPS L aser induced plasma spectroscopy

LISPS Laser induced shock wave gasma spectroscopy
LA-OES Laser ablation-opticd emission spectroscopy
LALM Laser ablationin aliqud medum

RSP Repstitive spark pair

Some of these techniques are characterized by extremely high detection sengtivity for
sected dements, while others can be used for red time, smultaneous monitoring of



many eements in different samples of environmentd interest. Referring to the
ionization technique, for ingance, it has been repeatedly <tresed theoreticdly and
demondrated experimentaly that it possesses severd unique characteristics such as
gngle @om or sngle molecule detection limit, spectrd resolution limited only by the
homogeneous linewidth, temporad resolution beow picosecond, spatid resolution of
the order of the De Broglie wavdength of the éectron or ion, sdectivity which can
rech 1 X 10° and findly applicability to any aom or molecule Single ion
absorption and fluorescence are dso possble from the theoretical point of view.

Table 2-3. Target materialsand selected applications of laser induced plasma spectr oscopy.

Electronic substrates

Nuclear materials

Glasses — ceramics

Polymer materids

Marbledeaning — art conservation
Chemicd imaging — eement mapping
Microandysis of dloys— depth profiling
Particulate in combustion environments
Trace pollutants in soil, sand, sewage
Metd aerosol emisson

Particle detection and counting
Atomization of solid targetsin aliquid medium

Despite these impressve characteridtics, it is known that the large mgority of
laser sysems used ae complex to operale and expendve to acquire. The many
datements made, both in the literature and in specific round table discussons hed a
scientific meetings, that the use of lasers in routine andytica gpplications will dways
be limited to few sdected gpplications were more or less judtified. Consequently, it
gopeared that laser methods could be diminaied as viable contenders for near-term
routine atomic spectrometric meesurements™ However, this picture has changed
dramaticaly thanks to a series of remarkable advances achieved in the near future due
to commercid devdopment of tuneble solid-dteate laser, as well as other developments
which will be described in the latest part of thischapter.

In the following sections, we will gat our discusson on lasr adlaion emisson
spectrochemica andyss (LAESA), and proceed with more recent developments in
the fiedd induding especidly the one applied & low pressure surrounding gas, where
during its gpplication we found phenomenon which will be darified in thisthess.



2.2. Laser Ablation Emission Spectrochemical Analysis (LAESA)

LAESA is a typicd gpplication for high power pulse lasers. This technique has
many laent advantages over other andyticd methods which exhibits severd
atractive features, especidly compared to ordinary AES method. Fird, in many cases,
the ablated matter is sufficiently aomized to permit andyss by auxiliary methods
requiring materid in the aomic dae thus diminaing the timeconsuming steps
sometimes involved in sample preparation. Second, the laser pulse can alate materid
for andyss a a remote location. Third, dl types of materid can be sampled with the
laser spark because ablation is accomplished by focused light energy and does not
rey on the dectricd propeties of the materid, as does ablaion via conventiond
dectrode sparks. Fourth, the smal spot size of a focused laser pulse can provide a
goatidly resolved microandyss of a suface Ffth, lasar adaion minimize the
amount of sample used in the andyss The las, many of the auxiliary techniques
have grester detection sengtivities, dynamic ranges, and freedom from matrix effects
than direct spectroscopic andyss of the lasa plasma Combining these techniques
with laser ablaion permits use of these improved capacities together with the rapid
sampling provided by the laser spark.’® On the other hand, the disadvantages of this
method is tha the background of this emisson spectrum is very drong due to high
dengty and high temperaure plasma, sdf-absorption of the emisson line tekes place
to a remarkable extent due to the generation of large temperature difference between
the indde and outsde of the plasma, which brings about the nontlinear cdibration
curve!” As the result, the LAESA method was mainly used only for qualitative
andyss or semi-quantitetive andyss, and the research of LAESA had become
inactive ance in the early of 1980s.

Nowadays good qudity laser sysem such as YAG is commercidly avalable
offering good shot to shot power dability and good beam qudity which brings high
focushility of the laser light. Also the development of opticd multi-channd andyzer
(OMA) has contributed to the study of laser spectroscopy. Supported by these new
ingruments, recently the study of LAESA has become revival because the LAESA is
dill dtractive to spectrochemist as the rapid quantitetive andyticd method for solid
samples.

Roughly spesking, nowadays there are two man sreams of development in this
sudy. The firs adopts a high-pressure surrounding gas, which has been developed by



Radziemski and Creme’s group and is usudly cdled lase-induced breskdown
spectroscopy  (LIBS)Z® In this method high pesk power with short duration laser
such as Nd:YAG laser was focused onto the sample a atmospheric pressure. In order
to remove the disurbing background spectrum coming from high temperature and
high density plasma, gated OMA was effectively incorporated in the detection system.
Another stream of development in LAESA is the use of low gas pressure and we refer
to this method as laser-induced shock-wave plasma spectroscopy (LISPS).5Y

2.3. Laser-Induced Shock -Wave Plasma Spectroscopy (L | SPS)

LAESA for low pressure surrounding gas™ is observed when laser plasma is
produced under reduced pressure aming the deduction of the background emisson
intendty in the spectrum. We have shown in our previous experiments that laser-
induced shock wave plasma is generated when a pulse laser such as N, laser, TEA
CO2 laser, or excimer laser and YAG laser, is focused onto a solid target a a reduced
gas pressure of around 1 Torr®® The laser plasma consists of two distinct region. The
firg is a smdl area of high temperature plasma (the primary plasma), which gives off
an intense, continuous emisson spectrum for a short time just above the surface of the
target. The second area (the secondary plasma) expands with time around the primary
plasma, emitting sharp aomic specrd line spectrum with negligibly low background
sgnas. Atoms in the secondary plasma ae excited by the shock wave, while the
primary plasma acts as an initid exploson energy source. We have referred this
method as |asar-induced shock wave plasma spectroscopy (L1SPS).

We have dso proved that the laser-induced shock wave plasma is excdlent light
source for emisson gpectrochemicad  andyss. In ordinary aomic  emisson
spectrometry, such as arc discharge method and spark discharge method, atoms are
excited by means of an dectric discharge. In generd, in aomic emisson spectrometry
the detection limit of the dements is manly determined by the intendty of the
background emisson, which arises from the process of dectron-ion recombination or
the dectrorrion brem$trd1lung.19) The lower the background emisson intengty, the
lower the minimum determinable concentration of the dements. In contrast to this, in
plasna induced by the shock wave a low pressures, the background emisson
intengty is expected to be consderably reduced, because in the shock wave plasma
the excitaion of the atoms takes place by means of a purdy therma process, without
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employing any dectric fidds and the exdtation process is subdantidly a non-
equilibrium process,

This secondary plasma has characterigics quite favorable to spectrochemica
andyss. Among these podtive characteristics are, low background emission spectrum
and good linearity between the emisson intensty and the content of the dement are
representetive. The symmetricadl  hemisphericd  shape which leads to high precison
andyss and high excitation temperature brings to high sengtive andyss ae ds0
advanteges. There ae two obvious practicd applications of LISPS, one is its
gopliction to the rapid ingpection of indudrid products such as ded and glass
samples, and the other is the gpplication to the fidd-based spectrochemicad andyss of
mining or geologicd samples

It can be sad that this LISPS method has subgtantialy high prospect to compete
with ICP spectrometry when we use this LISPS method for inspection of
homogeneous samples of indudrid products In order to prove this practicd
quantitative experiment should be made using polychromator in the neer future,

At present EPMA (Electron Probe Micro Anayss) is widdy used to make micro
andyds on the smdl minerds in rock samples. However, for this purpose the sample
surface mugst be polished flatly with high precison, and therefore it takes time for
pretreatment. In contrast to this in our method, rgpid quantitative andyds can be
made with more high sendtivity because in our method required flatness is not so
sever and the required pressure condition can be eedly obtained usng ar. Also in our
method compact requirement can be redized by combining smdl pulse laser with a
pulse energy of severd mJ and OMA for spectrum detection system. Such compeact
equipment can be easly moved by a car and quantitative andysis can be made in
outdoor. It is expected that our LISPS method will be used effectivdy in the fidd of
mining industry and geologica stience.

2.4. TheLimitation of LI SPS Method

Despite the remarkable progress described in the preceding action, demondrating
vidbility of the LISPS technique for various high sendtivity spectrochemica
detection, this method remains redricted to metdlic and certain hard targets (such as
ruby, ceramic and other hard oxide maeids). In the case of light oxide materids
(such as glass and agae), this technique suffers from predimradigion effect, and
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becomes ingpplicable to even softer target such as slicone grease. These problems are
expected to have their origin in the effectiveness in the generation of shock wave
required for the formation of the secondary plasma.

This research is amed & overcoming those limitation mentioned above. To this
end the condition of shock wave generation will be reexamined. A series of
experiments are performed for this sudy, and specid techniques are devised to get
aound the problems dated above in order to extend the gpplicability of the LISPS
technique. These experiments and the results obtained as wel as the techniques
developed will described respectively in the following sections.



Chapter Three

SuB TARGET EFFECT ON TEA CO, LASER INDUCED PLASMA
FROM SOFT SAMPLE

3.1. The Role of a Sub Target in Laser Plasma Generated at Low Pressure

3.1.1 Introduction

The characteridics of a laser plasma depend on some factors involved in the
process. Three kinds of factors are assumed to be most important. One is surrounding
gas conditions, another is the characteristics of the laser light itsdf and in addition to
this in the case of LISPS, hardness of the taget dso influences the plasma
generation. In fact in LISPS usng TEA CO, laser, some problems were observed in
the case of a soft maerid, such as low meting point glass® or biologica samples,
where shock wave plasma could not be generated. We understood this phenomenon
by assuming that the soft target absorbs recoil energy and a@oms gushing from the
primary plasma do not acquire sufficient speed to form a shock wave. If the process is
true, we can overcome this problem by setting the sub target on the back of the sample
0 as to produce the repulson force by which the gushing speed of the aoms is
increesed. In order to prove this the present study was undertaken using mainly

slicon grease as asample.

3.1.2. Plasma Generation at L ow Pressure Surrounding Air

A TEA CO, laser (Lumonics multiges laser, modd HE-440B, st a 100 mJ,
FWHM 100 ns) was used in the present experiments. The actud pulse energy,
however, which was focused on the target was roughly 50 mJ. During this experiment
the laser was operated shot by shot, and the power fluctuations were determined to be

less than 5%.

12
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The laser radiation was focused by a ZnSe lens (f = 100 mm) through a ZnSe
window onto the surface of the sample. The spot Sze of the focusing laser light on the
auface is about 100 ?m, and power dendty of the focusng laser light about 6
GW/cn?. The radiation of the laser plasma was observed a a right angle to the laser
beam with the use of an imaging quartz lens (f = 100 mm). The sample was placed in
a smdl, vacuum-tight metd chamber (75 mm X 75 mm X 75 mm), which could be
evacuated with a vacuum pump, and which was filled with the desired surrounding
gas. The chamber pressure was measured precisdy with a digitd Pirani gauge (Diavac
Ltd., model PT-1DA). Gas flow through the chamber was regulaied by a needle vave
in the gas line and a vdve in the pumping line For dl experiments, the ar pressure
indde the vacuum was maintaned a 1 Torr. The sample, together with the entire
chamber and focusing lens, could be moved in the y-direction reldive to the laser
beam by means of a $ep motor and, in the x-direction via a micrometer screw. In
addition to the window for tranamitting the laser rediation, two opticd windows were
postioned around the laser plasma for visud and spectrd observations. The windows
were aufficiently large to ensure that plasma light was not obstructed by the walls
when the position of the chamber was moved.

When no shock wave plasma was observed, the orange color incandescent
emisson light was imaged 1:1 by the quatz lens (f = 100 mm) with an aperture of 7
mm X 7 mm onto the plane of the entrance of two optica fibers which centers were
separated by a disance of 6 mm. The exit of the fibers was then sent to each
photomultiplier (Hamamatsu 1P28) and photocurrents from the photomultipliers were
then sent directly to different channds of a digitd sampling dorage scope (HP
54600B) after passing through a 500? resstance. The synchronization sgnd for the
digitd sampling storage scope was regulated by the externd trigger function of the
lasr system. The velocity of the entities which induces incandescent emisson was
measured by reading the time difference in the risng time of each emisson dgnd by
varying the position of the combined fibers

When the shock wave plasma was produced after the laser beam reached the sub
target, the plasma light was imaged 1.1 by the quartz lens with an aperture of 10 mm
X 10 mm on the plane of the entrance dit of a monochromator (Spex, modd M-750,
Czemmy Turner conFiguraion, focd length 750 mm, graing 1200 groovesmm blazed
a 500 nm). The output of the photomultiplier (Hamamatsu 1P-28) was then fed to a
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digita-sampling storage scope (HP 54610B, 500 MHz) &fter passng through a low -
impedance circuit.

When the emisson spectra of the shock wave plasma and the incandescent light
of the gushing patices were taken, a gated intendfied photo-dode-array (PDA,
Princeton IRY 700) was used and the synchronization sgna was dso regulaed by the
externd trigger function of the laser system.

The sample usad in this experiment was hightvacuum slicon grease which was
panted on the sub target materid issued in this experiment was manly copper (Rare
metalic, 4N, thickness 0.2 mm).

3.1.3. Resultsand Discussion

Figure 3.1 shows a series of photographs when a TEA CO, laser was irradiated
on the dlicon grease painted on the copper sub target & a reduced ar pressure of 1
Torr, (@ for the firg irradiation, and (b), (¢) and (d) for the second, third and fourth
irradiations a the same sample pogtion. It can be seen in Figs. 3.1 (@) and 3.1 (b) that
the laser light had not yet reached the hard sub target and, as a rexult, only the
incandescent emisson light can be seen. The orange-red color is supposed to be
associated with the heated particles coming from the greese sample. In Fig 3.1 (c), the
combination of the incandescent light and the bright laser plasma light can be seen. In
Fig 3.1 (d) a characterisic plasma shape is observed, which can be atributed to shock
wave plasma. The bright color is assumed to come from highly excited atoms. After
the laser light reached the sub target, two or three shots of laser irradiaion were
effective in producing the shock wave plasma, and after that no plasma generation
took place even though laser irradiaion was repested. This means that the grease
layer a the focused point on the surface was completely removed by the laser
irradiation.

Fig 3.2 shows the spectrum in the UV region obtained (@) when the laser radiation
has not attacked the sub target and (b) when the laser radiation has atacked the sub
target. These spectra were collected by single-shot irradiation usng the gated mode
with an exposure time of 100 ?s. It can be cealy seen that before the laser light
reaches the sub target, no domic emisson line was observed in the spectrum but only
a dark noise. The aomic emisson obsarved in (b) is atributed mainly to S a@oms. We
a0 confirmed the detection of astrong 288.1 nm emission line (3¢ * D-4s'p% whose
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(a) (b)
(c) (d)

Fig 3.1. A seriesof silicon grease plasma photographsfor (a) theinitial application of laser
radiation to the sample, (b), (c) and (d) the application of laser radiation for the second, third and
fourth timesto the sample surface at a fixed position

excitation energy is as high as 508 eV. Conddeing the srong emisson from the
excited date of S, it is assumed that the temperature of the secondary plasma is more
than severd thousand degrees. According to our previous experiments on the shock
wave plasma, the temperature was estimated to be around 8000°K .59

Here, it should be dSressed that under careful microscopic investigation, crater
formation and damage to the surface of the copper sub target were not observed after
the laser bombardment in both cases, with the dlicon greese and without the slicon
gresse. However, when we used brass as the sub target, a small crater was seen after
uccessive laser irrediation. This is because the threshold of its high reflectivity
(more than 90%) at araund 106 ?m. From this result we can say that the secondary
plasma conggss of only dlicon greese, and the copper plae plays the role of a
repulson subdrate only, enhancing the speed of the gushing aoms and it is never
evaporaed.
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Fig 3.2. Spedrum of thesilicon grease plasmain the UV region (a) when the laser radiation has
not reached the sub target and (b) when thelaser radiation reachesthe sub tar get

Fig 3.3 shows the speed of the particles and the atoms gushing from the sample. It
was found that, in the absence of a shock wave plasma, the speed of the incandescent
light from the gushing particles were very low, less than Mach 7 and dmost congant
during transmisson in the ambient gas. The sgnd was picked up using the
continuous emisson spectrum on the incandescent light with the ad of two fibers
The emission spectrum was examined in advance using the gated intendfied PDA in
the visble region. As a result only a week continuous spectrum was observed. From

these results it is seen that the particles which gives emisson are not light particles,
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but rather weight particles or droplets because if they are light particles that speed

would soon decrease due to callision with the ambient ges.

70

#Sil288.1nm
60 0 Zn1481.0 nm
A droplet's vapor

velocity, Mach
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position, mm

Fig 3.3. Therdationship between the velocity of the Si |1 298.7 nm, Zn | 481.0 nm and
incandescent light asa function of plasma position

The velocity and time position can be cdculated asfollows:

? starting point of twosgnas
length of 1scde time setting
distance between twofibers
time propagation
velocity
sound propagetio nin ar

? time setting ? time propagatio n (?7s)

2 velodity (Km/s)

? velocity (Mach)

When a shock wave plasma was generated, the speed of the slicon aoms was

measured usng S 1 298.7 nm and was as high as Mach 55 near the target (3 mm),

decreasing to Mach 30 a 6 mm above the sample surface. These data were derived
from the result of the reationship between the dit postion and the rising time, which
was obtaned by vaying postion of the chamber together with the focusng lens as
mentioned in the previous section. The time profile as the function of pogtion is

shown in Fig 34. In order to compare the result of S plasma with ordinary laser-

induced metd plasma, we used brass sample as the target without grease. The curve is

showninFg3.3.
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Fig 35 shows the reationship between time and the displacement distance of the
front of the emisson which was observed by reading the risng point of the secondary
plasma. It can be clearly seen that, for the both cases, the dopeisnear 0.4 whichis
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Fig 3.4. Incandescent light’ stime profile asthe function of position
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Fig 3.5. Thereationship between thetime and the distance of therising point of emission of Si |
298.7nmand Zn | 481.0nm at 1 Torr surrounding air in log-log plot
good with the agreement with the theoreticd result derived by Sedov for the blast
wave?) Based on these experimenta facts we have dready proved tha the zinc
plasma can dso be produced even in the soft materid when the suitable sub target is
placed at the back of the sample.



19

In addition to these experiments another experiment was performed. Namely
CuS0O45H20 powder was mixed with glicon grease in severa weight percertages.
The grease containing CuSO45H,O was panted on the copper sub target, and
irradiated in the same manner as described above. As the result, a smilar result was
obsarved, namely, no secondary plasma was observed a the beginning of the shots of
laser irradiation, but after the laser light reached the target very bright secondary
plasma was observed with a nearly hemisphericd shape after a few shots of laser
irradiation. The secondary plaama emitted very bright green emisson due to Cu atoms
in CuS04.5H 0. Therefore, it can be sad that this sub target technique can be gpplied
to the spectrochemicd andyss of powder samples in generd, such powder samples
can not be used as a sample for laser ablation atomic emission spectrometry.

It is assumed that when the surface of the target is soft, the expulson of aoms by
the surface is weakened because the softened surface absorbs the recoil energy and the
aoms gushing from the primary plasma do not acquire sufficent speed to form a
shock wave. On the other hand, when the hard sub target is placed on the back in tight
contact with the sample, the forward momentum of the gushed atoms does not weaken
without absorbing the energy. We have dready proposed the modd to explain the
generation of shock wave plasma®® Namey, by the action of atoms gushing from the
target, the induced adidbatic compresson of the surrounding ges crestes a shock
wave. As a result of the compresson, the kindic energy of the propelled aoms is
converted into heat energy in the dasma

The sub target effect was aso confirmed on a phosphor low-meting-point glass
As reported in the previous work, shock wave plasma could not be generated when a
TEA CO; laser (300 mJ) was focused on a phosphor low-mdting-point glass with a
power dendty of 0.6 GW/cm?, while under the irradiation of XeCl laser, a shock wave
plasma was produced.® We have checked the sub target effect on the phosphor low -
mdting-point glass usng the previous TEA CO: laser. As a result good shock wave
plasma was obsaved when we set a metd sub target on the back of the glass. Namdly,
before the laser beam penetrated the target, only jetlike orange color emisson was
observed. However, after severd laser shots of irradiation the bright hemispherica
plasma gppears suddenly when the laser beam attacked the sub target directly, and the
aomic emission assigned to phosphor was dearly observed.

Another experiment was performed to confirm the sub target effect on a pdlet
which was made by compressng KI powder mixed with tea leaf powder. The purpose
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of this experiment was to perform a quantitative andysis of the F dement in the tea
leaf. In order to increase the detection sengtivity, we increased the amount of tea leaf
powder content in the pdlet. In such a case the pdlet hardness was extremey
degraded, and it became difficult to produce a shock wave plasma because of the lack
of repulson force on the surface of the sample. However, when we set the sub target
on the back of the pelet, bright secondary plasma was produced after the laser beam
penetrated the pelet, and the generation of the bright secondary plasma was observed.
By this method, we succeeded in detecting F in the tea leaf usng severd ionic
emission line of F, such as F I 3505 nm and F 11 384.7 nm?? Therefore, we can say
that the sub target effect can be effectivdy employed for precticd gpplication in the
quantitative andyss of soft samples.

3.1.4. Conclusion

It has been proved that in the case of soft samples, such as slicon grease shock
wave plasma cannot be produced. However, when we placed a sub target on the back
of the sample, shock wave plasma is generated. It is believed that in the absence of a
ub target, the expulson of atoms is weskened because the soft surface absorbs recoil
energy, and aoms gushing from the primary plasma do not acquire sufficient speed to
form a shock wave. The main role of the sub target is to produce a repulsion force for
aoms gushing with high speed. That experimenta results obtained in this sudy ae
aso drong evidence that support our shock wave modd which explans the
mechanism of lasar-induced shock wave plasma. It should be noted that this sub target
method can be successfully utilized to redize highly sendtive and rgpid quantitative
andysis of soft sample, such as grease and biologica samples.
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3.2. Sub Target Effect on Laser Plasma Generated at Atmospheric Pressure

3.2.1. Introduction

In this experiment, we prove that even a 1 am the shock wave modd can well
explan the generation of the laser plasma Thus, the characterisics of the laser
plesma obtained a this atmospheric pressure were then andyzed based on our shock
wave modd proposed for low -pressure laser plasma, and the results showed that the
excitation mechanism of LIBS is essentialy the same as that our shock wave modd.
It is therefore beieved tha the breskdown mechaniam did not play a crucid role in
the generation of amospheric lasr plasma Initid quantitative andyss for dementa

cacium of water from the blow-off of a boiler syslem was aso carried out.

3.2.2. Plasma Generation in Surrounding He at Atmospheric Pressure

The expeaimentd arangement used here can be readily seen in Fig 3.6. In this
expeiment, laser irradiaion from a 106 ?m TEA CO:2 lasr (Lumonics, multiges
laser, model HE440) was operated shotwise, and the laser output energy was fixed at
100 mJ. The laser beam was focused by a ZnSe lens (f = 100 mm) through a ZnSe
window onto the surface of asample.

cooling system
TEA trigger signal =

—
v

Monochromato

igital sampling
storage scope

PMT
37 2 000
vgwc)e/u o laser printer

plasma 0/ fiber optic

target: Si grease

W \u b-target

concave mirror

Fig 3.6. Diagram of experimental setup for thisexperiment

The sample was placed in a meta chamber (75 mm X 75 mm X 90 mm) could be
evacuated with a vacuum pump and filled with the desred gas up to a cetan

pressure. Chamber pressure was measured precisaly by a digital manometer (Diavac
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PT-1DA). Gas flow through the chamber was regulated by a needle vave in the ar
line and another vadve in the pumping line The sample, together with the entire
chamber and the ZnSe lens, could be moved in two directions with the use of a sep
motor for movement in the laser beam direction. The sample was fixed a the same
pogtion during irradiation.

The radiation of the laser-induced plasma was obsarved through an opticd
window a right angles to the laser beam by means of an imaging quartz lens (f = 100
mm) with an gperture 10 mm X 10 mm. The plasma was imaged with an enlargement
(1:3) onto the entrance dit of a monochromator (Spex M-750, Czerny Turner
configuration, focd length 750 mm, grating of 1200 groovesmm blazed a 500 nm).
The entrance dit was st & 2 mm in height and 100 ?m in width so that the
obsarvation area could be redricted to the limited region. The dectric Sgnd output
from a photomultiplier (Hamamatsu IP-28) was fed through a time-resolved drcuit
(its RC time cangant was 30 ng) into the firg channd of a digitd sampling Storage
scope was obtained from the trigger output of the laser system.

When emisson spectrd daia were teken, a gaed intendfied photo diode aray
(PDA, Princeton IRY 700) with 700 sendtized chand was used and the
gsynchronization dgnd was regulated by the externd trigger function of the laser
system. The sample used in this experiment was high-vacuum slicon grease which
was panted on the subtarget surface with a thickness of roughly 100 microns. The
b-target materid used in this experiment mainly copper (Rare Medlic Co. 4N,
thickness of 0.2 mm). When quantitative andyss of water was carried out, water from
the blow-off of a boiler sysem which contained cadcium was used. The waer (50
cm’) was then dlowed to evaporate and the remaining solid was collected by using

dlicon gresse.
3.2.3. Results and Discussion

A TEA CO: laser was accurady focused on slicon gresse samples painted on
the copper surface as a sub-target in a surrounding ar of 1 am. At the first irradiation,
the laser light had not yet reached the hard sub-target and, as a result, the sound from
the exploson was very wesk until the fourth shot. For the fifth shot, the laser light
was assumed to have reached the sub-target st in the back surface of the sglicon
greese samples, and at this point, a loud sound due to the generation of shock waves
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could be clearly heard. The plasma was cone-shaped with a diameter around 4 mm in
the case of surrounding ar & 1 am. h the case of heium a 1 am, the plasma sze
was smdler than that in ar a the same lasr energy. It should dso be noted that
hdium emisson lines could be readily observed compared to ar, and this was why
we used hdium in dl of our experiments Here it should be Sressed that careful
microscopic investigation reveded no crater formation on or damage to the surface of
the copper sub-target after laser bombardment in either case with and without the
dlicon grease. On the basis of these results, we can say that the laser plasma consists
of only dlicon greese, and the copper plate plays the role of a repulson subdrate
only. Namdly, it is condgdered that when the surface of the slicon grease is oft, the
expulson of atoms is weskened because the soft surface absorbs the recoil energy and
the atoms gushing from the glicon grease is not weskened because the copper plate
actsasawadl on which atoms are reflected.
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Fig 3.7. Timeand spatially integrated emission intensity of Si | 288.1 nm and He587.5nm asa
function of the number of laser shotsat afixed position. Data weretaken in surrounding helium
gasof 1atm

In order to examine how the emisson intengty of He | 5875 nm and S | 288.1
nm varies with the number of repeated laser irradiation & a fixed pogtion, we
investigated the effect of laser bombardment on a slicon grease target on copper plate
in the presence of hedlium gas a 1 am. Figure 3.7 shows tha the emisson intensty
could not be found a the initid lasr bombardment but after five shots, the emisson
intengty appeared for both hdium and dglicon and increesed rapidly up to 200 laser
shots, after which it more or less became congtant and then decreased with the further
increase in the number of laser shots to 1000. It should be noted thet in our previous
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work conducted a reduced pressure in ar, only the third and fourth shots produced
shock wave plasma and theredfter the plasma disgppeared because the laser light
dready reached the surface of the sub-target. It is therefore considered thet in the
high-pressure case, the slicon grease around the laser focd point, mdted during the
repested laser irradigtion and the flow grease were then directed to the laser focd
point, yidding dmost a condant emission intengity of the slicon lines.
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Fig 3.8. Timeprofiles of the emission intensity of Si | 288.1 nm and He | 587.5 nm observed at 1.3
mm in helium at 1 atm

Figure 3.8 shows the time profiles of the emisson intendty of S 1 2881 nm and
He | 587.5 nm observed a 1.3 mm under helium gas a 1 am. Both curves show a
gmilar patern condsing of two components one is a degp ciimb obsarved a the
ealy stage of plasma irradiation and the other is the decline & a dower pace. These
emisson characterigics are conddered to correspond to the shock excitation stage and
the cooling dage, respectivdy, which have been proposed to explan laser plasma
generation a low pressures, namdy, the deep climb is rdaed to the process of
continuous compresson of the gushing aoms It has been proved in our previous
studies®® that the life time of the primary plasma is about twice that of the laser
pulse width (FWHM = 50 ns), and within the time, most of the atoms gush out from
the primary plasma a high speed. At the beginning of the expandon, the temperaure
of the aom duge gushing out from the primary plasma is rddivedy low. With time,
the compresson proceeds and intendfies. Consequently, the plasma temperature rises
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to enhance the aomic emisson. This process takes place in the shock excitation stage.
Soon afterward, the cluster of atoms begins to dow down while losing its energy to
the surrounding gas. As a result, no further exctatiion will take place, since the
compresson between the shock front and the propeling aoms can no longer be
sudained due to the increesng separation between them, while the cluster of atoms
continues to move forward with its resdud momentum. Since the surrounding ges
behind the shock wave is left with high temperature, and the condary plasma dso
contains a large amount of resdud themd energy, the codling of the plasma is bound
to proceed dowly with time. We cdl this pat of the process the cooling stage. It
should be noted tha the risng point of heium emisson comes later than that of
dlicon emisson. This means that the breskdown mechanism did not play a crucid
role in the amospheric plasma generation and therefore, by compressing of the atoms
gushing from the target, the surrounding gas was excited.
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Fig 3.9. Reationship between the propagation length of the secondary plasma front and helium
atomsasthefunction of time

In order to complete the ducidaion of the excitation mechanism of the secondary
plasma and the surrounding gas a@oms, one adso needs to know how the front of the
secondary plasma and He emisson moves with time. This key informaion on the
propagation of the seconday plasma and He emisson is provided by the daa
depicted in Fg 39. The plot congsts of one linear segment with a dope of 04. It
should be noted that the fronts of the S emisson and He emisson share the same
postion in curve. This means that S aoms and He emisson move with the same

soeed; namdy, S aoms function as a pigon in compressing the surrounding helium
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gas yielding the emisson of hdium aoms. The dope of 04 exactly supports the
shock wave model proposed by Sedov. 2

Initid quantitative andysis to confirm the sub target effect in the generation of
the amospheric shock wave plasma was dso caried out. In this experiment, water
from the blow-off a boiler sysem was used. This water, which contained cacium,
was then evgporated and the resdua solid was collected with the slicon grease which
was then painted on the copper surface. Figure 3.10 shows the emisson Spectra taken
usng the OMA system. From the spectra we can clearly see the appearance of Ca ll
3933 nm and Ca Il 396.8 nm. The detection limit in this experimentd Stage wes
edimated from the Sgnd to noise ratio in the emisson spectra in FHg 310, to be
aound 5 ppm for cacium in naturd water. It is expected that this detection limit will
be much lowered by increasing the energy of TEA CO: laser, because in this
experiment we used the TEA CO, lasar with ardatively low pulse energy.
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Fig 3.10. Emission spectra of a silicon grease sample containing calcium at low concentrations,
taken in surrounding helium gasof 1 atm

3.2.4. Conclusion

It has been proved that in the case of soft samples, such as slicon grease, a shock
wave plasma cannot be generated. However, when we place a sub target on the back
aurface of a sample, a shock wave plasma is generated followed by the loud exploson
sound. It is beieved that in the absence of a sub target, the expulson of aoms is
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weekened because the soft surface absorbs recoil energy, and aoms gushing from the
primary plasma do not acquire sufficient speed to form a shock wave. The main role
of the sub target is to produce a repulson force for aoms gushing with a high speed.
The experimentd results showed that the mechanism of lasa-induced breskdown
spectroscopy (LIBS) is essentidly the same as that proposed in our LISPS modd. It is
then believed that the breskdown mechanism did not play a crucd role in the
generation of amospheric laser plasma. Further experiments are being undertaken in
oder to goply sub target effect in gpectrochemicad applications in  high-pressure

surrounding gas, and the results will be reported e sewhere in the near future.



Chapter Four

CONFINEMENT EFFECT IN QUARTZ SAMPLE

4.1. Confinement Effect in Enhancing Shock Wave Plasma Generation at L ow

Pressure by TEA CO, Laser Bombardment on Quartz Sample

4.1.1 Introduction

In performing laser microprobe andyss, repested irradiation is usudly directed
to a fixed postion on the sample surface. Consequently a micro crater will be created
on the sample surface, which degpens as the shot number increases. We have
obsarved in a prdiminary experiment usng a TEA CO, laser irradiated on a quatz
sample that the depth of the crater was intimady related to the so-caled pre-
irradiation effect a the firsd few shots, charecterized by the generation of primary
plasma without being followed by the gppearance of the secondary plasma as
normally observed on metd samples. Only after a number of shots, when the crater
hes reached a certain depth, did the secondary plasma begin to develop in concurrence
with the generation of the primary plasma. Since the formation of secondary plasma is
a crucid condition for the application of LISPS, the effect of the craer must be
thoroughly investigated and undersood before the andyticd method can be properly
goplied to this and smilar samples. Recently, there gopeared some papers in which
crater characteristics were discussed with regad to laser ablation process®??
However, to the best of our knowledge, no report has been published on the laser
plasma confinement effect arisng from the crater. The am of this experimenta work
is to produce a dear description of the pre-irradiation phenomenon in reation to the
influence of the crater. This will in turn be gudied in terms of its confinement effect
on the primay as wedl as secondary plasmas generated from quartz samples a
reduced surrounding gas pressure. It will be shown that the corrdation between those
effects can be understood on the basis of our shock wave modd.

28
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4.1.2. Experimental Procedure

The complete experimenta setup is described in Fig. 4.1. In this experiment, the
106 ?m TEA CO; laser (Shibuya Kogyo, SQ-2000, 3J, 100 ns) was operaied shot to
shot with the laser output energy varied from 500 mJ to 800 mJ by usng the
appropriate gpertures. The laser beam was focused by a Ge lens (f = 100 mm) through
a ZnSe window onto the sample surface. The sample was placed in a vacuum tight
metal chamber measuring 125 mm x 100 mm x 100 mm. This chamber was evacuated
with a vacuum pump and filled with the desred ges up to a certan pressure, which
was measured and monitored by a digital manometer (Nishiyama Seisakusho, DM-
760). Gas flow through the chamber was regulaied by a needle vave in the ar line
and ancther vave in the pumping line. The sample, together with the entire chamber
and the Ge lens, could be moved in two directions by the use of a step motor for
movement in the laser beam direction and a micrometer for movement perpendicular
to the lasr beam direction. The sample was fixed a the same postion during
irradiation, while the emisson intensfies of the plasmas were deected through an

optical window of the chamber at right angle to the laser beam.

External Trigger

Fig 4.1. Diagram of the
experimental setup
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For the dudy of preirrediation effect, a time-evolution messurement was
performed on the gpatialy integrated emisson intersfies of both the primary and
secondary plasmas. In the measurement of the secondary plasma emisson, the
monochromator was set for the wavdength of S 1 288.1 nm with the podtion of the
entrance dit fixed at the center of the secondary plasma without using lens so that the
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entire emisson of the plasma was collected directly by monochromator 1. Meanwhile
for intengty measurement of the primary plasma, an imaging quartz lens (f = 40 mm)
was placed outside the chamber a a postion making an angle of aound 60° with the
beam direction. As indicated in the figure, this arangement dlows the primary
plasma to be imaged 11 onto the entrance dit in front of photomultiplier 2
Hamamatsu R585). This dit was st a& 2 mm in height and 2 mm in width behind a
UV band pass filter (UV D36B), s0 that only the image of the primary plasma was
detected by photomultiplier 2. The dectric Sgnads from two photomultipliers were
sparady fed through a 500 k? redgor to the digitd scope In this experiment,
different surrounding gases were employed to study ther different effects. The plasma
radiation of the primary plasma is detected by an opticad multichannd andyzer (OMA
system, Atago Macs-320) atached to a monochromator with a focd length of 320mm
and connected to an opticd fiber. Additiondly, an invedigation was conducted on the
confinement effect caused by the presence of a hole in a metd mask as wel as that
due to the crater created on the sample. In an efort to explain the physca origin of
the pre-irradiaion phenomenon, the craier effect and the rdlaed confinement effect
were examined in connection with the generation of shock wave, which is supposed to
be responsble for secondary plasma generaion. To this end, a unique dengity jump
detection method using rainbow interferometer®®29 was adopted. In this method, a
He-Ne laser light was sent perpendicular to the TEA CO:2 lasr beam into the
expangon region of the lasr plasma as depicted in Fg. 4.1. The outgoing probe beam
was sent into a cylindrica glass (60 mm in diameter) in such way thet the laser light
undergoes minimum deviaion. Under this condition, the beam emerging from the cdl
exhibits a fine interference fringe pattern. It should be dressed that using this
equipment, the interferometric experiment could be caried out without the use of an
additiond and ddicae amplitude splitting setup. In this experiment, the second order
fringe series of the rainbow interference was chosen for the detection of dendty jump.
The separation between adjacent fringes in this series is aout 0.5 mm. The dit of
monochromator 2 (0.1 mm) was s&t at the middle point between the minimum and the
pesk of the second fringe for detecting the shift of the fringe when a shock wave
arives & the probing aea The signd coming from photomultiplier 3 (Hamamatsu
R585) atached to monochromator 2 was fed into the second channd of the digitd
dorage soope through a 500 ? resgor. In dl the measurements the digitd Sorage
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scope was triggered by a fraction of the TEA CO lasr beam using a photon drag
detector (Hamaphoto B749).

4.1.3. Results and Discussion

It is found in these experiments that the primary and secondary plasmas generated
from quatz sample have didinctly different threshold energies. While the threshold
energy for primary plasma generaion is 500 mJ, no secondary plasma was observed
even after 50 shots when the laser energy was set lower than 638 mJ. On the other
hand, at laser energy higher than 638 mJ, for ingance 758 mJ, the secondary plasma is
found to be generated dong with the primary plasma right from the first shot.

(a) (b)

Fig 4.2. A plasma picturetaken by irradiating a quartz sasmpleusinga TEA CO, laser of 550 mJ
energy (@) at thefirst irradiation, only the primary plasma can be seen in thispictureand
(b) after 25'"repeated irradiationsin which the secondary plasma could clearly observable
The pre-irradiation effect obsarved in this expeiment with 550 mJ laser energy is
illusrated by the two photos presented in Fg. 4.2. Fig. 4.2(8) shows the primary
plasma generated a the firs shot of irrediation. The secondary plasma is ogtensbly
absent in the picture. As the crater crested on the sample surface deepens after
repegted shots of irradiation, the secondary plasma becomes fully developed around
the primary plasma as shown in Fg. 4.2(b). This obsarvation is further corroborated
by the result of intendgty messurement given in Fg. 43. There are two important
features to be noted in this figure. One is the delayed occurrence of the secondary
plasma a the tenth shot, dthough the primary plasma is dready observeble a the firg
shot. The other feature is indicated by a sharp rise of the primary plasma intengty
after aout 45 laser shots accompanied by a rdaivey milder increese of the
secondary plasma intendty. The delayed formation of the secondary plasma may be
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atributed to severd possble effects such as the prehedting effect, radiation induced
changes of opticd and physicd properties or the confinement effect due to the crater
crested by repested irradiations. Claification of the roles of these effects will be
given in the following andysis of the additiond experimentd data
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Fig 4.3. Therdationship between the occurrence of emission intensity of primary plasma and
secondary plasma asa function of laser shot number on quartz sample. The TEA CO2laser
energy was set at 550 mJ and using an air at 2 Torr asa surrounding gas

In order to examine the preheating effect, the laser irradiation was stopped after
the secondary plasma was produced. The presence of crater was clearly visble in this
case. Soon after the sample surface had cooled down, the irradiation was resumed and
directed a the same pogtion, and no preirradiation effect took place. In other words,
both primary and secondary plasma were produced from the firg irradiaion. This
result clearly diminates the role of preheating effect in the generation of secondary
plasma. We are thus left with the other two possible effects.

Thee posshilities are investigaied by usng an duminum plate measuring 1 mm
in thickness, which contains a hole with a diameter of 1 mm. This plate was used as a
mask in front of the new and unirradiated sample surface. Since the depth of the crater
formed after 100 shots is about 1 mm, the thickness chosen for the plate is certainly
gopropricte to demongrate the confinement effect of the crater. The laser irradiation
was then passed through the hole of the mask. It is found once again that both primary
and secondary plasmas could be generated a the firgt shot as dearly indicated in Fg.
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44. This result further diminates the possble effect of radiationrinduced changes of
opticd and physcd properties. This leaves us with the sole effect of plasmas
confinement due to the presence of the hole in the mask or the crater crested by
repeated irradiation prior to the generation of secondary plasma
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Fig 4.4. Therdationship between the occurrence of emission intensity of primary plasmaand
secondary plasma as a function of laser shot number on quartz sample. An aluminum mask with
adiameter of 1 mm and thicknessof 1 mm was put in front of the quartz sample. The TEA CO;

laser energy wasset at 550 mJ and using an air at 2 Torr asa surrounding gas

In our previous experiment, we have dready proposed the shock wave modd to
explan the generation of secondary plasma Namdy, a shock wave is created by the
adiabatic compresson of the surrounding gas induced by the action of atoms gushing
out from the target. The secondary plasma is in turn generated by the shock wave. As
a result of the compresson, the kinetic energy of the propdled aoms is converted into
thermd excitation energy in the plasma Obvioudy, dblaed aoms with less energies
will lead to an ineffective compresson process and hence unfavorable condition for
the generation of shock wave required for the formation of the secondary plasma

It is understood on generd ground that the confinement of plasma formation
region will lead to the enhancement of primary plasma and the suppresson of energy
disperson. Both of these effects are expected to result in higher gushing speed of the
ablated aoms, and hence more favorable condition for the formation of shock wave
responsble for the generation of secondary plasma and therefore the dimination of
pre-irradiation effect. This suggested effect of the crater was confirmed by the
detection of dendty jump with the experimenta satup described in Fg. 4.1 which
was explained in our previous papers®®? |t was found thet no sgnificant signd of
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dendty jump was obsarved a the initid shots of laser irradiaions. A sharp dendty
jump showed up a soon as the seconday plasma became dealy visible in
conjunction with the appearance of a craer. This obsarvation establishes the role of
the crater in giving rise to the confinement effect, which results in the enhancement of
shock wave formation. This shock wave plasma generation mechanism dso explans
naturdly the absence of pre-irradiation effect a higher laser energies.
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Fig 4.5. Thereationship between the secondary plasma emission intensity and laser shot number
for different mask thickness. The TEA CO; laser energy was set at 550 mJ and using an air at
2 Torr asasurrounding gas

The effect induced by the crater was further investigated by smulating it with
duminum measks of various thickness (0.2 mm, 1 mm and 2 mm), eech contaning a
hole with diameter of 1 mm. The result of secondary plasma emisson measurement is
presented in Fig. 45. It cdealy shows that the presence of the mask reduces
sgnificantly the preirradiation effect even with a thickness of 0.2 mm, and diminates
the effect completely when thicker masks are used. The presence of a hole on the
irradiated surface is thus indicative of the occurrence of confinement effect, which
enhances the formation of the secondary plasma In dl cases the plasma intendty
aways undergoes initid growth and more or less dabilizes henceforth. The generd
suppresson of intengty upon the introduction of a mask on the sample surfece is dso
cdealy visble The intengty reduction is mog likdy due to less effective thermd
excitaion process in the hole as hesat is more readily diffused by the metd mask. The
intengty variation with respect to thickness of the mask can be explaned as follows
In the case of the thinnet masks (0.2 mm), the wadl of the hole is amply not deep
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enough to enhance effectively the compresson process neeced for the shock wave
generation. The consderably higher intendty produced with the mesk of 1 mm
thickness clearly atest to a stronger confinement effect. The pronounced drop of
intengty caused by doubling the mask thickness may, on the other hand, due to the
ineffective ddivery of lasr power to the sample surface. In other words, given the
gze and the depth of the hole in the mask, the laser beam faled to pass through the
hole fredy without suffering from undesirable energy loss to the wal. A larger Sze of
the hole would have overcome this problem, but only a the expense of reducing the
confinement effect required to prevent the pre-irradiation phenomenon. It appears
from this experiment that a hole sze of 1 mm diameter for a laser beam of 0.5 mm
beam wag, and a hole depth of 1 mm are more or less the optimd trade-off between
the two counter acting effects of plasma confinement and reduced energy deivery.
This andyss ds heps to explan the trend toward Sabilization the intendty growth
after a large number of shots, when the two competing and opposite effects atain a
date of equilibrium as the crater deepens. The earlier atanment of this sate with
deeper holesis afurther verification of thisworking mechaniam.

at initial shot

after 25™ of laser shot

Fig 4.6. Time evolution of the primary plasma emission intensity at (&) for theinitial shot and
(b) for after 25" repeated shotswithout using an aluminum mask. The TEA CO,laser energy
was set at 550 mJ and was focused onto quartz sampleat surrounding air pressured 2 Torr

To complete the picture on the confinement effect, a time profile measurement of
the intengty evolution of the primary plasma was carried out employing the s&t-up for
secondary plasma measurement without the lens and with the 500 k? resistor

replaced by a 500 ? resstor. The result presented in Fig. 4.6 consds of the time
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profile meesured a the first shot and another one a the 25" shat, al taken without the
mask. Although the time integrated emisson intendty of the primary plasma taken at
the firs shot roughly is the same with that obtained a the 2™ shot as shown in Fig.
4.3, the asociated time profiles of the emisson intensty ae diginctly different as
indicated in Fg. 4.6. It is seen in the figure that the time profile measured during the
first shot (curve @) reaches its maximum a much lower pace compared to curve b
describing the time history of the primary plasma emisson a the 25" shot. It is
interesing to note that time profile of the primary plasma emisson is amilar to curve
b appearing a the firg shot when the duminum mask of 1 mm thickness was placed
on the sample surface. These observations imply the confinement effect of the crater
crested by repeated laser irradiaions. The formation of primary plasma in the crater
dlows grester containment of lasr energy resulting in a more effective explosve
energy source for the creetion of shock wave in the surrounding ges.

FHg. 4.7 shows the emisson spectra of the primary plasma measured with OMA
sysem in time-integrated mode covering a spectra range between 447 nm and 478
nm usng 550 mJ of TEA CO: laser pulses on quartz target. Part (8) in this figure is
the result of accumulaing the spectra o the firg 10 shot, namey during the pre-
iradiation stage. Part (b) is the result of accumulaing spectra of the next 10 shats,
namely after the appearance of the secondary plasma, while part () is obtained from
the folowing 40 shots It should be noted that Fg. 4.7 (a) is characterized by
continuous emisson pectrum without any atomic emisson line. The Si 1 2881 nm
line was dso absent in the UV region of the primary plasma emisson. This implies
that the S target is not effectivdly atomized. It was dso obsarved that the emisson
aea o the primay plasma was a little bit larger than that observed ordinarily,
implying less concentrated energy in the plasma. Both of these indicaions lead to the
concluson that the primary plasma produced is inadequaie to generae the strong
compression on the surrounding gas required for the generation of the shock wave. In
the contrary, severa broad aomic lines associated with S @oms are dready vishble
on top of the continuous emisson in FHg. 4.7 (b) and Fig. 4.7 (¢) These characterigtics
dosdy ressmble those of the ordinay primary plasma, as reported previously.?”
Combining these observations with the dow risng emisson time profile of the
primary plasma in the preirradiation sage, as described in FHg. 4.6, we ae led to
conclude that the plasma observed in the predirradidion stage is diginctly different
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from that obsarved previoudy, and could not serve as the exploson energy source for
the generation of shock wave.

One atempted explanation of the influence of the crater is to assume that
confinement of the ablated aoms by the crater will result in an effective acceleration
of the atoms and thereby enhances the generation of the shock wave. However, this
idea must be dismissed smply because this mechanism would lead to fader rise of
curve a smilar to curve b in FHg. 4.6, which represents the rapid energy accumulation
by the ablated atoms. Further, this assumption would lead to the gppearance of aomic
emisson lines in the spectrum. Another possble mechanism conddeed in this
connection is described in the fdlowing. As a consequence of the presence of the
crater, expangon of fa moving eectrons gected from the target will be suppressed,
keeping them rdativey close to the target to dlow effective adosorption of the laser
energy via inverse bremsstrahlung process. Note that the absorption coefficient of the
laser light due to the inverse bremsdrahlung is proportiond to the dendty of dectrons
in the iniid plasma® As a result, a locdized high temperature plasma would be
produced leading to drong ablation process which facilitates in turn the shock wave
generation. This effective energy accumulation and concentration  mechanism is
smply missing without the presence of acreter.

Given the crucid role of gas compresson and shock wave formation within the
framework of our shock wave plasma modd, the gas pressure is expected to have
important influences on the generation of secondary plasma It is therefore necessary
to invedtigate the effect of gas pressure in this experiment. The result of measurement
on that effect is described in Fig. 4.8. It is seen that increesing the pressure from 2
Torr to 300 Torr results in shorter dday in the occurrence of the secondary plasma
This is in agreement with the expected role of the surrounding gas in the formation of
shock wave, and the increased effectiveness of such a role a higher pressure?”)
Neverthdess, the surrounding ges is dso known to produce shidding effect at
pressure close to 1 am due to its large absorption of the laser energy. Consequently,
the lasr energy reaching the sample surface becomes effectively reduced. This
explans the oppodte effect obsarved in 1 am surrounding gas compared to those
mentioned above. The associated emisson intengty of the induced plasma shows an
initid decresse with increesing pressure, but reverses the trend a higher pressure, in
good quditative agreement with our previoudy reported result.r?” It must be pointed
out that the intengities detected at 300 Torr and 1 atm are bdlieved to have significant
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Fig 4.7. The emission spectra of the primary plasma taken with the use of OMA system using
time-integrated mode when 550 mJ pulse of TEA CO, laser wasfocused at a fixed point on
quartz surface. Part () in thisfigureis theresult of accumulating the spectraof thefirst 10 shot,
namely during the pre-irradiation stage. Part (b) istheresult of accumulating spectra of the next
10shots namely after theappearanceof thesecondary plasma, while part (c) is obtained from
thefollowing 40 shots.
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contribution from the primary plasma as the secondary plasma was seen to shrink a
those pressure. That is the reason why those intengties tend to decrease dightly dfter a
large number of shots, since the primary plasma generated in the crater becomes more
locdized ingde the hole as the crater degpens with increasing number of shot.

In the same vein, we further examine the issue on the influence of gas density on
the generation of the shock wave plasma versus that of the gas pressure itsdf. In this
experiment, different kinds of gas such as hdium, nitrogen and argon were employed
a properly chosen pressure of 14 Torr, 2 Torr and 1.4 Torr respectively to assure that
those surrounding gases are of Smilar dengty. The result given in Fg. 4.9 shows that
the secondary plasma begins to appear a the 18" shots in hdium, a the 21% shats in
nitrogen and a the 25" shots in argon. The dose proximity in terms of shot number
among the preirradiation effects in the three cases described above gpparently favors
the role of the density of the gas as reported previoudly.?”
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Fig 4.8. Thereationship between plasma emission intensity (Si | 288.1 nm) asa function of shot
number under different air pressures. The TEA CO; laser energy wasset at 550 mJ and was
focused onto quartz sample

It should be stressed here that pre-irradiation effect observed in the experiments

with N2 laser (5mJ or s0) on quartz sample was aso observedwhen YAG laser (20mJ
or s0) was focused on glass, quartz, and some stone samples.
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Fig 4.9. Thereationship between the secondary plasma emission intensity and laser shot number

for different gaskind. The TEA CO2laser energy wasset at 550 mJ and using helium, nitrogen
and argonat 14 Torr, 2 Torr and 1.4 Torr, respectively

Once the ordinay normd primay plasma is produced, hydrodynamic
confinement of the primary plasma flow will take place in the crater, while the
secondary  plasma intengty increases. This  hydrodynamic  confinement  effect is
indicated by the experimenta curve observed after about 45 laser dhots presented in
FHg. 4.3. It is seen that the primary intendty increases with higher dope together with
that of the secondary plasma The incresses of the emisson intengty of both the
primary and secondary plasma with increesing shot number shown in FHg. 4.4 is d
supposed to have the same origin.

As we mentioned before, this preirradiation effect did not take place with meta
samples. This is probably as a consequence of enhanced preheting of the sample
surface, which helped to promote the atomic ablation process. The hedting effect was
in turn due to the presence of gected free dectrons from the metd during the ariva
of the initid part of the laser pulse on the target surface. This free eectron cloud at the
target surface is known to absorb the laser irradiation effectivdly by means of inverse
bremsstrahlung. In other words, direct heating and softening of target surface by laser
irrediction done is gpparently not very effective. Therefore higher laser energy is
required to induce strong atomic ablation for the generation of secondary plasma This
explanation is condstent with the fact that the pre-irradiation effect occurring a lower

laser energies generdly disgppears as the energy is raised as we found in quartz and
other non metdlic samples.



41

4.1.4. Conclusion

We have shown in this experiment that in contrast to metdlic sample, the primary
plasma generated a the initid irradition on a quartz sample does not develop into a
secondary plasma as ordinary observed in metdlic sample. It is dso shown tha s
cdled pre-irradiation effect disgppears as the crater deepens due to repeated
irrediation or upon the application of metd mask of certain thickness on the sample
aurface. Andlyss of the experimenta data imply that the diminaion of this pre-
irrediation effect is supposed to have its origin confinement of the fast dectron as well
as accumulaion and locdization of laser absorption takes place by the dectron. This
results effectively in a locdized hot plasma from which aoms are propdled with
supersonic  speed.  Further  hydrodynamic  confinement adso tekes place indde the
crater after severa tens of shots enhancing the shock wave generation process and
hence the formation of secondary plasma
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4.2. Confinement Effect of Primary Plasma on Glass Sample Induced by

Irradiation of Nd-YAG Laser at Low Pressure

4.2.1 Introduction

In performing micro area andyss usng a laser, repested irradiaion onto a fixed
podtion with rdativey low pulse energy is required and then a micro craer will be
cregted on the sample surface. Therefore, the effect of the crater on the plasma
generation must be thoroughly investigated and undersood in order to completely
caify the technique of the laser microprobe emisson spectrochemicd andyss. Also,
the data obtained from this kind of experiment will provide useful knowledge needed
in the gpplication of plasma emisson for monitoring the laser ablaion processitsAlf.

The am of this experimentd work is to report the pre-irradiation phenomenon on
the glass samples in relaion to the influence of the crater. This will in tun be sudied
in teems of its confinement effect on the primary plasma generated a a reduced
surrounding ar pressure. It will be shown that these effects can be understood on the
basis of our shock wave modd.

4.2.2. Experimental Procedure

The experimental sgtup is described in FHg 4.10. In this experiment, the 1,064 nm
Nd:YAG laser (Spectra Physcs, GCR 12S, full power 400 mJ with pulse duration of
8 ns) was operated in manud mode (manudly repeating the operation a about 2 Hz)
with the output energy being varied from 20 mJ to 48 mJ by usng appropriate filters
The laser light was focused with a multilayer lens (f = 100 mm) through a BK-7
window onto the sample surface. The glass sample used in this experiment is museum
glass, which contains S 19%, Ca 4%, Na 9%, Al 0.5% and Mg 0.1%. The sample was
placed in a vacuum-tight metd chamber measuring 125 mm X 100 mm X 100 mm.
This chamber was evacuated with a vacuum pump and filled with air up to a certan
pressure, which was measured and monitored by a digital absolute vacuum meter. Gas
flow through the chamber was regulated by a needle vave in the ar line and another
vave in the pumping line The sample, together with the entire chamber and the
multilayer lens, could be moved in the laser beam direction and a micrometer for
movement perpendicular to the laser beam direction. The sample was fixed a the
same position during the irradiation.
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Fig 4.10. Diagram of the experimental setup

For the sudy of the pre-irradiation effect, a measurement was performed on
the gspatidly integrated emisson intendties for both the primay and secondary
plasmas. For the secondary plasma measurement, the monochromator (Spex, Czerny
Turner configuration, foca length of 750 mm, 1,200 groovesmm blazed a 500 nm)
was st @ S | 2881 nm, and emisson from the secondary plasma was collected
directly by the mirror of the monochromator without usng an imaging lens. The exit
dit of the monochromator was connected to photomultiplier 1 (Hamamatsu 1P-28).
Meanwhile, for the intendty messurement of the primary plasma, an imaging quartz
lens (f = 70 mm) was placed outsde the chamber a a podtion making an angle
aound 60° with the beam direction. This arrangement alows the primary plasma to
be imaged 3:1 onto the entrance of quartz opticd fiber so that dl of the emisson from
the image of the primary plasma can be detected. The exit of the fiber was then sent
into photomultiplier 2 (Hamamaisu R-1104) after passng through a UV pass filter
(UV D36B) and a smdl gperture which was set in order to dlow only the light
coming from the image of the primary plasma to come into the photomultiplier. The
dectric 9gnds from the two photomultipliers were separatdly fed through a 500 Kk?
resistor to the digital sampling storage scope (HR-54610B).
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For the secondary plasma spectrum messurement, the plasma radiaion is
detected by an opticd multichannd andyzer (OMA system, Princeton Instrument
IRY-700) atached to a monochromator with a foca length of 150 mm and connected
to an opticd fiber with its entrance placed in front of the observation window of the
vacuum chamber.

In this experiment, the surrounding air was used as abuffer gas and the pressure
was kept congtant & 2 Torr. The crater sizes produced by the laser bombardment are
160 ?m and 200 ?m in diameter for the pulse energies of the laser light of 20 mJ and
48 mJ, repectivdy. In addition to this an invedigaion was conducted on the
confinement effect caused by the presence of a hole in an duminum mask as well as
that caused by the crater created on the sample.

4.2.3. Results and Discussion

When the YAG laser light with around 20 mJ pulse energy was repeatedly
focused a a fixed podtion on the glass sample, a preirradiation effect was observed.
Namdy, a the beginning of the irradiation, only the primary plasma was produced
without any secondary plasma appesrance, but dfter severd shots, suddenly the
secondary plasma was generated.

Second order o
Sil252.8 nr

Call 396.8 nn

Sil288.1nr

Na1589.5 nn

]

Fig 4.11. Emission spectrataken after several laser shot irradiation at a fixed postion of theglass
sample; 2 shots, 4 shots, 6 shotsand 8 shots. Each spectrum was taken upon single shot
irradiation after the pre-irradiation. Thelaser irradiation was performed using a pulse ener gy of
28mJinthesurrounding air pressureof 2 Torr

Figure 4.11 shows the features of the predirradiation effect to demongrate how
the emission spectra changes with the number of shots. The spectra were taken at the
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pre-irradiation of shot number 2, 4, 6 and 8. The emission spectra were taken using
the OMA in time-integrated mode. It is dearly evident that during the initid shots of
laser irradiation, with less than six shots only a week continuous emisson spectrum is
observed without any atomic emisson lines This means tha the secondary plasma is
not produced until the sixth shot. On the other hand, the emisson spectrum teken at
nine shots contans severd aomic emisson lines together with the enhanced
continuous emission spectrum.

A dmilar pre-irradiation effect was obsarved in other samples, such as quartz and
some kinds of gone of which the host dement is silicon. However, phenomenon such
as the pre-irradiation effect have never been observed on metd samples in any range
of the pulse energy of laser light.
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Fig4.12. Relationship between thetime-integrated emission intensity of the primary plasma and
thelaser shot number at different laser energies, A for 20 mJ, B for 28 mJ, C for 48 mJ and D.
Curve D wasobtained in the experiment wherethe pre-irradiation was caused with 10 shots
using 48 mJ pulse energy and after sufficient cooling timetheirradiation wasresumed at the
same position with the same pulse energy of 28 mJ in the surrounding air pressureof 2 Torr

Figure 4.12 shows how the intengty of the primary plasma changes with the shot
number for different pulse energies of the YAG laser. The intendty of the primary
plasma was detected in time-integrated mode. In Fg 4.12, it is evident that when the
pulse energy of the laser light is reaivey low, the primary plasma is week in its
intendty a the beginning of the subsequent irradiation; however, discrete increments
of the primary plasma emisson teke place a 11 shots for 20 mJ pulse energy and &
eght shots for 28 mJ, and after the increment, the emisson increases dowly or
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remains dmog congant. In contrast to this, for 48 mJ pulse energy, from the first shot
the emisson intensity reaches a high vdue and no preirradiation effect is observed.
The tempord behavior of the primary plasma was dso detected by usng a 500 ? load
resstance atached to the photomultiplier. The primary plasma sgnd darted with a
growth time about 50 ns decayed with atime congant of around 200 ns.

140 -
120
100
80 -

60

secondary plasma intensity (counts

40

A—c—20mJ
B—0—-28mJ
D—®— 28 mJ (crater)
C—A—-48mJ

20 4

0 2 4 6 8 10 12 14 16 18 20
shot number

Fig 4.13. Relationship between the total emission intensity of the secondary plasma (S | 288.1
nm) and thelaser shot number at different laser energies. These data were obtained
simultaneoudy with thosein Fig 4.12, and notations A, B, C and D have the same meaning
asin Fig4.12. Thedata taken in surrounding air pressureat 2 Torr

Figure 413 shows how the gpaidly and time-integraied emisson of the
secondary plasma changes with the shot number for different pulse energies of the
YAG laser. The data in Figs 412 and 4.13 were taken Smultaneoudy using the
exparimentd sgtup shown in Fg 4.10. The feaiures of the curves in Fg 4.13 ae
dmilar to those shown in Fig 4.12. However, it should be noted that for the secondary
plasna no emisson takes place before the sudden increment. Also, the sudden
increment occurred with a one or two-shot ddlay compared to the case for the primary
plasma; namdy, for 20 mJ pulse energy, the increment occurs & 13 shots and for 28
mJ it occurs a nine shots. The tempora behavior of the secondary plasma sgnd was
adso detected by usng the 500 ? load resisance. The growth time of the signd was
about 500 ns and the decay time was about 2 ?s.

In order to daify the reason for the pre-irradiation effect, three possble
mechanism were conddered;, a prehedting effect due to the repeated irradiation, a
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confinement effect due to the crater created during the repeeted irrediation, and the
effect of opticd change in the glass sample, which might increese the absorption
coeffidency againg the laser light. The lest posshility can be diminated because the
wavelength of the laser used in this experiment is infrared, 1.06 ?m, and the photon
energy is too low to induce such photochemicad reection in the samge under this kind
of pulse energy. Also, during the pre-irradiation, vaporization tekes place from the
sample surface during every shot. Therefore, under the repested irrediation the
accumulaion of such a photochemica could not occur.

In order to clarify whether the preheeting effect is the mgor cause of the pre-
irradigtion effect, the following experiment was carried out. The laser radiation was
repeeted with a very low repetition rate at the same energy. It was confirmed that even
in such a case dmog identica curves were obtained for the reationship between the
emisson intengties and the shot numbers. This implies that the thermd process is not
responsible for the pre-irradiation effect.

In order to confirm that the predrradiation effect is relaed to the confinement
effect, due to the craer, another experiment was carried out. The laser irradiation was
st a an energy of 48 mJ and irradiation was repested up to ten shots and then
stopped to confirm the clear presence of the crater with a degh of aout 3 mm. Then,
the laser irradiation was resumed at the same position with a lower pulse energy of 28
mJ. In this case, no pre-irradiation effect was obsarved, which is different from the
curves B in FAg 410 and 411. In other words, both the primary and the secondary
plasma were produced from the firg shot, as shown by the curves D in Figs 412 and
4.13. This indicates that if the primary plasma is produced in the degp crater, the
threshold laser energy can be congderably reduced by the confinement effect due to
the crater. This confinement effect due to craier was confirmed by another
experiment. A mask made of an duminum plate (1 mm thickness), which had a hole
with a diameter of 1 mm, was firmly atached to the surface of the glass, and laser
irradigtion of 28 mJ was made through the hole of the mask onto the new glass
aurface. It was found that both primary and secondary plasma could be generated at
the first shot. Therefore, we can conclude that the pre-irradiation effect is due to the
confinement teking place in the hole or crater. In order to daify the physica
implications of this confinement, two possble mechanisms were conddered: 1)
confinement of the initid fast dectron expanson, and 2) confinement of the primary
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plasma to achieve geometricd focusng of the plasma flow. The key point to be
conddered is why the primary plasma emisson intendty is enhanced by the
confinement. If the lasr pulse energy were fully absorbed by the interaction with the
materid, the time-integrated emisson intendty of the primary plasma would be
amost the same irrespective of the presence of the confinement, even though the time
behavior of the emisson sgnd would change depending on whether the primary
plasma induces an exploson in the moment or not. However, as shown by curves A
and B in FHg 412, the time-integrated emisson intendty of the primary plasma is
weak in the preirradiaion stage. This implies that in this stage only a limited part of
the laser light is absorbed. In fact, the glass sample is badcdly transparent a the
wavelength of the laser light. We assume that the enhancement of the emission of the
primary plasma by the crater is due to the increment of the absorption of the laser
light. Namdly, it is believed that because o the presence of the crater or hole the laser
light is more efficiently absorbed in the initid plasma via inverse bremssrahlung due
to the suppression of the expansion of the fast dectrons gected from the target;® the
absorption  coefficient of the laser light due to the inverse bremsstrahlung is
proportiond to the densty of eectrons in the initid plasma® Once the intense
primay plasma is produced by sufficent absorption, confinement of the
hydrodynamics of the primary plasma motion will teke place due to the geometricd
focusing of plasmaflow in the crater, and as result the secondary plasmais produced.

In our previous sudy, we have proposed the shock wave modd to explain the
generation of the secondary plasma as follows® Firgt, the primary plasma is produced
by the bombardment of the laser light. From the primary plasma, atoms gush out a
high speed. The movement of the gushed aom is interrupted by collison with the
surrounding gas molecules, and dagnation tekes place a a certain digance from the
primary plasma By adidbatic compression, high-temperature plasma is produced. The
mogt important point of the shock wave modd is that the energy for producing the
secondary plasma is supplied in the form of kingtic energy, by which a@oms are
excited. Clearly, if the speed of the gushing atoms has less energy, insufficient
compresson tekes place, and the secondary plasma will not be produced. This
insufficient compresson case corresponds to the daa plots before the sudden
increment in curves A and B in Fig 4.13, where no emisson is observed. Once the
crater depth atains a certain vaue through repeated irradiation, the confinement effect
due to the wal of the crater takes place and enhances the generdtion of the intense
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primary plasma, according to the process described above. Under this condition, if a
grong exploson from the primary plasma takes place and thus, favorable conditions
ae provided for forming the secondary plasma and aoms can gush out from the
primary plasma with sufficiently high speed to form the shock wave. This is how the
primary plasma grows and subsequently the secondary plasma darts to be generated.
It should be noted here that the predirradiation effect reported in this paper can be
interpreted well according to our shock wave modd, while it basicdly cannot be
explaned saidectorily by other modds such as the dectron-ion recombination
process®® or eectron collison process™ even though such processes may occur to
some extent during the laser ablation.

As shown in Figs 412 and 4.13, the preirradiation effect does not occur when
we use a pulse energy higher than 48 mJ. Therefore, if we use a rddively high-power
puse energy to generate plasma, the preirradiaion effect can be completey
diminated. However, we mugt sdect conditions favorable for practicd
spectrochemicd anadyss. As we reported with reducing the laser pulse energy, the ion
production rate decreases, as a result, the background reduces and sengtivity
increases. Therefore, we nust employ a laser with a rdatively low pulse energy in the
laser-induced shock wave spectroscopy. In such case, the pre-irradiation effect cannot
be neglected when we perform anadlyss on glass or rock samples.

4.2.4. Conclusion

We have shown in this study tha in contrast to metalic samples, a characteristic
pre-irradiation effect is observed on a glass sample when the pulse energy is rdativey
low. During the preirradiaion period, only the primary plasma is observed with
increedng intendty. The gereration of secondary plasma tekes place only after the
firdg few laser shots. It is demondrated in this experiment that the preirrediaion
effect has its origin in the falure of shock wave formaton in the initid laser
irradiation. The occurrence of shock wave and secondary plasma in the shots is shown
to be connected with the cregtion of a craer on sample surface due to repested
bombardment on the sample. This gives rise to the much needed confinement effect
for the formation of shock wave and secondary plasma In addition to explaining the
pre-irradiation effect further confining the shock wave plasma modd, this experiment
result aso provide the bass for extending the L1SPS application to soft sample.



Chapter Five

GENERAL CONCLUSION

It is shown that laser induced shock wave plasma spectroscopy method which has
proved highly favorable for spectrochemicd andyss of metdlic samples, can not be
goplied directly to non metdlic soft samples. This is explained as a consegquence of
the falure in the generation of secondary plasma due to the weekened expulsion of
aoms by the soft surface which tends to absorbs the recoil energy in the form of
surface deformation. Therefore, atoms gushing out from the primary plasma do not
acquire sufficient speed to form a shock wave. It is demondrated nevertheless that the
presence of sub target behind the soft sample helps to overcome this weskness and
dlows the generation of secondary plasma adequate for spectrochemicd andyss. The
expaimentd rexults obtaned in this dudy, for both low and high pressure
surrounding gases, dso offer additiond evidence in support of the shock wave modd
which explains the mechanism of laser-induced shock wave plasma

Ancther interesting and important feature reveded in this dudy is a characteridic
pre-irrediation effect observed in the case of non metdlic hard target when a low
power pulsed laser is used. During this preirradiaion period, the primary plasma
generated a the initid Sage does not develop into a secondary plasma as ordinarily
observed in the metdlic case. It is dso found tha the preirradiation effect disgppears
as the craer deepens due to repeated initid irraditions. Andyss of the experimenta
data cealy indicates that the preirradiation effect is characterized by the absence of
shock wave in the surrounding gas. On the contrary, a shock wave is detected in
conjunction with the appearance of secondary plasma dfter a cetan number of
repested shots on the same spot. It is suggested in this connection that plasma
confinement effect plays the man role in the effective enhancement of the shock
wave generation and hence the appearance of secondary plasma.

In a futhe experiment employing a mak/atificid crater of agppropriae
thickness on the surface of non metdlic hard sample, the preirradiation effect was
completdly diminated. In addition to confirming the role of plasma confinement in
overcoming the preirradiaion effect, the experimenta result dso introduces a useful
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means to avoid the undesirable damage on the sample surface for laser microprobe
andyss.

In short, we have successfully demondrated in this study, useful secondary
plasma can be smply generaied by applying a sub target behind the non metdlic soft
sample and placing a smdl metalic mask on the surface of non metdlic hard sample.
As a reault, the LISPS method can be readily extended for highly sendtive and rapid
quantitative andyss to non metdlic samples.
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