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Summary

This thesis describes the apphcation o f planar Langmuir probes in laser produced plasmas. 

The influence o f the ion flow on the probe behaviour and its effect on the measured plasma 

parameters has been investigated for different probe orientations. The expansion dynamics 

o f the laser produced plasma were studied using the probes and the results obtained were 

compared to adiabatic expansion models.

The application of Langmuir probes to the plasma was considered in terms of the 

possible perturbation o f the plasma and sheath effects. It was suggested that rotating the 

probe so that its surface was aligned parallel to the flow would eliminate the ion current 

due to the flow and so increase the accuracy o f the results. In this orientation better 

agreement was found with the isentropic expansion models. In addition we showed that the 

plasma immersion implantation models could be used to describe the ion current to the 

probe and indirectly determine the electron temperature.

Finally the plume was analysed using an energy selective-time o f flight mass 

analyser. The mass-to-charge ratios and the energy distributions o f the various ions could 

be determined and compared to the energy distributions obtained from the ion probe 

results.
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Introduction

In 1954, Charles Townes and Arthur Schawlow invented the maser (microwave 

amplification by stimulated emission of radiation), using ammonia gas and microwave 

radiation. By the late 1950s scientists all over the world were trying to develop an optical 

maser. While employed at Hughes Research Laboratories as a section head in May 1960, 

Theodore Maiman developed, demonstrated, and patented a laser using a pink ruby 

medium with silvered ends, for which he gained worldwide recognition. His ruby laser was 

eight inches long and produced a single pure frequency of deep red light (694.3 nm). The 

first gas laser, a helium-neon with a wavelength of 1150 nm, was produced in December of 

the same year and during the following years the area exploded with the CO2 and Nd:YAG 

lasers created by 1964.

Initially, theoretical and experimental studies on the interaction o f laser beams with
f

solid, liquid, and gaseous materials were carried out. The ease with which material could 

be vaporised led to the first deposition of a thin film by Smith and Turner in 1965 [1]. 

However the limitations in the wavelength and the peak power meant that the material 

selection was limited and the film quality was poor in comparison to other techniques 

available at the time. It was not until the mid 1970s with two major developments that 

greater interest in laser technology took place. First, electrically Q-switched lasers became 

available. These could generate very short pulses with a peak power exceeding 10* Wcm'^. 

The second advance was the development of a high-efficiency second harmonic generator 

to deliver shorter wavelength light. Up until the 1990s the most common lasers used in 

material science were the CO2 and the Nd:YAG but the availability of lasers in the 

ultraviolet regime resulted in a lower absorption depth and hence heated volume. In 

general, the most useful range of laser wavelengths for material processing lie between 200 

to 400 nm, as most materials show strong absorption in this region. Together these two 

developments widened the material choice and improved the overall film quality.

For the laser material interaction the main parameters are the surface reflectivity at 

the particular laser wavelength, the optical absorption depth and the thermal diffusion

A,
depth. The optical absorption depth is given by: d^ j = ------, where k is the extinction

Auk

coefficient.
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The therm al diffusivity is given by:

w here k , a n d  Cp are the thermal conductivity, density and specific heat capacity 

respectively. The heat diffusion depth is then defined as:

d„=2(Dt,)̂

where ip is the length o f  the laser pulse. In m etals the laser radiation is absorbed by the 

excitation o f  free electrons. The excited electrons therm alise rapidly by electron-electron 

collisions, with a characteristic relaxation time; . Energy from the electrons is then

transferred to the lattice by electron-phonon interactions characterised by; r , , where

Te « T , .

For various pulse lengths three situations can arise. For relatively long pulses, i.e. 

nanosecond pulses, - ^ T p .  The pulse length is sufficiently long for extensive heating

o f  the target to occur resulting in a large m olten zone. For a 6 nanosecond (ns) pulse the 

heat diffusion depth in silver, the best conductor o f  all, is dth ~  1 fxm, which is much larger 

than the optical absorption depth dopt ~  20 nm at a w avelength o f  250 nm. For picoseconds 

pulses (ps), T e < ^ T ,  ! ^ T p ,  the pulse length is at least com parable w ith the electron-phonon 

relaxation time. In this regim e dth ~  10 nm for m etals and heating o f  the target allows 

m olten m aterial to form. For fem tosecond pulses, (fs), <sc «sc r , , the pulse length is

shorter than the electron-phonon relaxation by three orders o f  m agnitude so in this regime 

dth is confined to the surface and heat conduction into the target can be neglected within 

the time duration o f  the pulse. The choice o f pulse length and w avelength finally depends 

on the choice o f  laser application.

U p until the late 1980s the principle application o f  laser ablation was in optical and 

m ass spectrom etry for chem ical analysis. It now  includes a grow ing num ber o f 

applications such as Pulsed Laser Deposition (PLD), nanoparticle production, micro 

m achining and surgery. The PLD process becam e w idespread after the production o f a thin 

film o f  the high tem perature superconductor YBCO by V enkatesan [2] in 1987.
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It is now used to deposit multi-component targets, dielectrics and glasses. Laser 

ablation using fs pulses has many interesting features. It has been shown recently to 

produce nanoparticles during ablation and can have several advantages over more standard 

techniques.

Laser ablation can also be used in several analytical technique. These include 

matrix assisted laser desorption ionisation (MALDI), laser micro-probe mass spectrometry 

(LMMS) and laser induced breakdown spectrometry (LIBS). For example LIBS uses a 

short-pulsed laser (~7 ns) focused on the sample to be analysed to create a plasma. The 

plasma consists o f neutrals and charged species and radiates at specific wavelengths 

depending on the elements. By capturing the light the elements are identified by, their 

specific wavelengths and the abundances are measured by the intensity o f the light at 

specific wavelengths.

Diagnostic Techniques:

A plasma, by definition, is charge neutral with equal number o f positive and negative

charges. Its key parameters are the density and temperature o f its constituents. There are

many techniques available to determine these parameters such as optical spectroscopy,

photographic techniques, mass spectroscopy and charge collection. Optical spectroscopy

and interferometry techniques are particularly useful in analysing the plume expansion

close to the target. Among other methods, relative line intensity measurements are the most
/

common technique to determine the temperature in a laser-produced plasma. This

technique is due to the fact that densities o f atoms in various states are proportional to the

exponentials o f the negative ratios between the excitation energy and the thermal energy.

Photographic techniques such as gated ICCD photography can be used to characterise the

expansion o f the plume in vacuum or in the presence o f a background gas [3].

The characterisation by charged species analysis is important as the plasma can be

highly ionised with energetic ions (10 -  200 eV), which can influence the growth process

during PLD. Techniques such as time-of-flight mass spectroscopy (TOFMS) allows mass

identification and energy analysis to be performed simultaneously and on a shot to shot

basis. TOFMS contains various methods such as linear-TOFMS where the spectrometer is

mounted along the direction o f the plume expansion, and reflectron-TOFMS where an ion
/

reflector is used to improve mass resolution.
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Charge collection techniques are possibly the most common diagnostic technique

used to characterise a plasma. The charge is collected using an electrostatic probe
/

immersed in the plasma. The use of electrostatic probes to obtain localised information of 

plasma parameters is a well-established technique dating back to 1923, where it was first 

introduced by Langmuir and Mott-Smith [4], and as such it is commonly referred to as a 

Langmuir probe. The literature provides numerous experiments and review articles 

concerning the device with some of the most comprehensive being by Demidov et al [5] 

and Chen [6].

Conceptually a Langmuir probe is a very simple device. It consists o f a small 

metallic electrode inserted into the plasma and connected externally to an electrical circuit. 

In some cases a honeycombed structure is used to overcome secondary electron emission. 

The circuit allows the probe be biased positively or negatively with respect to the plasma 

potential and an oscilloscope is then used to determine the voltage drop across a resistor. 

Its most common application is in recording the TOF spectra o f positive ions within the 

plume. If  the laser produced plasma can be considered to have rapid acceleration then the 

TOF spectra can be converted into kinetic energy distributions. When the current to the 

probe is measured for a range o f probe potentials a current-voltage (IV) characteristic is 

obtained from which several plasma parameters such as density and temperature can be 

determined.

Unfortunately, in contrast to the simple design, the theory for describing the probe 

response is rather complicated. The reason is that the probe is a boundary to the plasma 

and due to charge neutrality the probe potential will only affect the electrons a short 

distance from the probe. This region is called the sheath and within it the equations of 

motion change and quasi-neutrality cease to be fulfilled [7]. A full description and analysis 

o f the theory used to interpret the probe results will be presented in the following chapters.



Introduction 5

Outline of the thesis

The aim of this thesis is to advance the understanding and application of Langmuir probes 

in laser produced plasmas. We attempt to understand the effect o f the plasma flow on the 

probe behaviour and provide a new method to determine the plasma parameters.

This thesis can be divided into two main themes; a description o f the ablation

process, plasma formation and subsequent expansion, and the identification and
/

characterisation o f the plasma using various techniques. The individual chapter content can 

be summarised as follows.

Chapter 1: Theory and modelling
This chapter introduces the theory used to develop a number o f models o f the ablation 

process. These include a model for the laser heating o f a target and the subsequent 

evaporation o f material[8]. We also introduce the isentropic hydrodynamic expansion 

model for a plume into vacuum by Anisimov [9] and the isothermal model o f Singh and 

Narayan [10].

Chapter 2: Experimental method
The experimental setup is presented in this chapter. Techniques that are used for the 

analysis o f the plasma such as a Langmuir probe and a mass-to-charge analyser will be 

introduced. Finally estimates o f the errors will be presented.

Chapter 3: Langmuir probe
This chapter describes the general theory for Langmuir probes. Particular emphasis is 

placed on its application to a laser produced plasma. A model to describe the probe 

behaviour for when its surface is aligned parallel to the ion flow is presented.
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Chapter 4: Results
This final chapter presents the general results obtained for the ablation o f silver. The 

results o f particle density and temperature from different probe orientations are compared 

and finally the results from the mass-to-charge analyser are presented.

Appendix A:
Laser heating model 

Appendix B:
Light transmission technique 

Appendix C:
List o f Publications
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1. Theory and modelling

The laser solid interaction and plasma formation is a complicated process since the laser 

absorption and subsequent material removal are characterised by different but 

interconnectmg processes. The laser ablation process is generally broken into two stages. 

The first is the evaporation and ionisation of material from the target and the second is the 

plume expansion. The laser light strikes the target and interacts with the electrons in the 

solid. The excited electrons then collide with the lattice phonons and transfer the absorbed 

energy to the lattice. Since the energy relaxation time is o f the order o f ps for metals [1,2] 

the optical energy can be thought of as being instanteously turned into heat for ns ablation.

The reflection o f the laser light from the target is an important parameter which 

affects the efficiency o f the ablation. For metals in the UV regime it can be quite low, for 

example silver at 248 nm the reflectivity is 0.25. As the laser heats the target the 

temperature increases rapidly with temperatures up to several thousand Kelvin easily 

achieved and as a result vaporisation becomes significant. The plasma, which primarily 

consists o f atoms, ions and electrons may also contain nano and micro-particles. As the 

plasma is produced in front o f the target, it will begin to absorb the incoming light leading 

to further heating and ionising o f the plume and a reduction in the laser intensity reaching 

the target. The laser light is absorbed primarily by inverse Bremsstrahlung (IB) (electron- 

neutral or electron-ion), which involves the absorption o f a photon by a free electron 

(within the field o f a heavy particle to conserve momentum) and by direct single-photon 

excitation processes. For IR laser ablation absorption by IB is dominant while for visible 

and UV wavelengths, photoionisation is the dominant ionisation process. At the end of the 

pulse the layer o f plasma can be tens o f microns thick and have a high internal pressure 

which drives its subsequent expansion.

In the literature a variety o f models for laser ablation exist for various experimental 

conditions [3]. A large number are based on thermal processes, which describe the kser- 

target interaction using the thermal heat conduction equation [4]. This is suitable for ns 

pulses whereas for ps and fs a two-temperature model is needed as the optical energy 

cannot be considered as being instantaneously turned into heat [5].

The first step o f modelling laser ablation for a solid is usually to determine the 

surface temperature.
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1.1 Laser heating of the target

The following model is similar to that developed by Jordan and Lunney [6] and we present 

the main features here. We described in the introduction that for ns pulses the penetration 

depth is much less than the heat diffusion depth and so the energy flux from the laser can 

be treated as a source term at the surface. One-dimensional heat conduction equations can 

be used since the laser spot dimensions are orders o f magnitude larger than the heat 

conduction depth. It is then possible to use Duhamel’s theorem [7] to describe the surface 

temperature change o f the target for a time-varying heat source [8].
/

, N 1 V l ( t - T )
T s (t) = - ^ = ( - V ^ T  (1.1)

^ K pK C p  J Vt

where I is the energy flux at the target surface, and k, p and Cp are the thermal conductivity, 

mass density and specific heat capacity o f the target respectively. The irradiance. I, 

contains a term that takes into account absorption by the evaporated particles, . The 

irradiance is expressed as follows:

[(t ) = ( l - R ) l | ( t ) e x p *^vapPvap

COS0
( 1.2)

vap

I

( t )  =  j j v a p d - C

Ii is the input laser intensity at the target before accounting for the reflectivity o f the 

target surface, R. The intensity was obtained by fitting the laser pulse profile measured 

using a fast photodiode, is the photo-absorption cross-section at the laser wavelength 

and is taken as the threshold value o f the hydrogen-like photoionisation cross-section. 

From [9] it is o f the order 10^'^cm^. 0 is the angle o f incidence o f the laser beam with 

respect to the target normal , p̂ p̂ is the total number o f vapour particles accumulated up to

a time t, and finally jvap is the evaporation rate.

The evaporation rate is determined by the surface temperature and pressure and can 

be calculated using the Hertz-Knudsen equation for evaporation:
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( 1.3)

where u is the atomic mass unit, Mmoi is the molar mass and ps is the pressure above the 

surface. An additional factor is sometimes included to account for recondensation at the 

surface and is referred to as the sticking coefficient ‘s ’.

In the case where a material evaporates as single atoms or molecules the vapour 

pressure above the surface is commonly expressed in terms o f latent heat o f evaporation 

per particle ( L ^ ) in the form of the Clausius-Clapeyron equation;

Ps—  = exp
Po B V 0 ‘ s y

( 1.4)

where pg is the equilibrium vapour pressure at a specific temperature Tq , which is usually 

taken as the boiling point. The calculation was carried out using the Mathematica software 

and the code is presented in Appendix A.
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1.1.1 Model Output

From the previous calculations it is possible to estimate some of the ablation parameters. 

Fig. 1.1 shows the output from the model for the change in surface temperature and ablation 

rate with fluence. As yet, other parameters that affect the ablation process such as re

radiation from the plasma and change in reflectivity due to surface roughening are not 

included.

4000-

 3.1 Jem'
-  -2.1 Jem 
- — 1.1 Jem3000-

B  2 00 0 -

I-  1000-

0 20 6040 80 100

Time (ns)

 3.1 Jem'
 -2.1 Jem'
 1.1 Jem'

10° -

Q .

10'  -

-9 10
40 6(

Time (ns)

100

Fig.l.l(a) The surface temperature for a range of fluences (b) The ablation rate determined 

from (1.3). Note the log scale on the y-axis.
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Table 1 Estimates from the model for the ablation of silver with a spot size o f 2 x 1.5 mm^

Fluence (J cm'^) Mass Loss (ng) Ablation Depth (nm)

1 0.0056 0.0002

1.5 1.3 0.04

2 24.3 0.8

5 561 18

If we look at the results obtained for a fluence o f 2 J cm'^, the mass loss

corresponds to an ablation rate o f 1.3 xlO’‘* atoms / pulse. It is important to note that in 

these calculations, material removal is solely attributed to vaporisation, whereas in laser 

ablation splashing o f the molten material can be significant. The results should therefore be 

considered to represent a lower limit of the ablation depth.
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1.2 Plasma Ionisation
f

A mean ionisation, Z , is often assigned to the plasma. We shall estimate the mean 

ionisation o f the plume using the semi-analytical approach by Zel’dovich and Raizer [9]. A 

comparison with a plasma physics code “FLY” by Lee [10] was carried out in the thesis of

by Zel’dovich and Raizer starts with the Saha-equation relating the particle populations of 

the various ionisation stages in the plasma, with the plasma assumed to be in local 

thermodynamic equilibrium. From the Saha equation:

where ne and n^ are the electron density and ion density o f the m ionised ion. gm is the 

statistical weight o f an m-ion in its ground state and Im+i is the ionisation potential o f the 

m-ion in its ground state.

The method is based on two steps. First it is assumed that the ion number density 

Hm and the ionisation potentials Im+i are considered to be continuous functions o f the ionic 

charge m. These are obtained by connecting the discrete values o f nm and Im+i by a 

continuous curve. The system o f recurrence relations defined by the Saha equation can 

then be transformed into a differential equation for the fijnction n(m) by replacing the finite 

differences by differentials:

Hansen [11] and showed good agreement with the analytical approach. The approximation

(1.5)

( 1.6)

The Saha equations can then be replaced with one differential equation:

V \ /

(1.7)

where A = 2 x = 4.8x10 IV m ^ = 6 x l 0  w  cm ^ . It is assumed that

the ratio o f the statistical weights is ~1.
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The distribution function n(m) has a very narrow and sharp peak about some value 

nimax which depends on the density and temperature o f the plasma. The second step is to 

assume that the average value o f the ionic charge, in , is equal to the value mmax where the 

function n(m) has a maximum. The narrower and more sharp this peak is, the better the 

approximation.

Finally it is argued that the average value o f the ionisation potential should be 

referred to the point m + ^  on the graph o f Im+i vs. m. This results in the following

transcendental equation for iri(T ,n), which can be used to predict the mean ionisation:

l |m  + ̂ j  = kTln mn ( 1.8)

Starting with a value o f m and temperature, the right hand side can be calculated. 

Then using the interpolation curve o f Im+i vs. m a new value o f m is found and this is 

continued until the value converges. This is then the average ionic charge, Z = m .

40
■ S ilv e r  io n isa tio n  p>otential 

 In te rp o la tio n
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«
'co
c
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S

0 .5 -
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D en sity , n (cm  )

(a) (b)

Fig. 1. 2 (a) The interpolation curve to the ionisation potential used with

(1.8) for the calculations in (b). (b) The average ionic charge as a function o f density.

If we take the results from the model in the previous section, for a fluence o f 2 J

cm'^ the ablation rate was 1.3 x lO'"̂  atoms / pulse. For the spot size o f 2 x 1.5 mm^ and
18 ^taking a thickness o f 50 fim, the density corresponds to -10  cm' . From Fig. 1.2 (b) for a 

temperature between 2 ^  eV, the mean ionisation falls between 2-3.
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1.3 Expansion of the laser ablation plume

At the end of the laser pulse there remains a dense layer o f plasma (lO’  ̂-  lO’  ̂atoms) with 

initial dimensions X^.Y^and Zo(Fig.l.3). and Y(,correspond to the laser spot 

dimensions and can be tens o f microns thick.

Fig.1.3. The initial dimensions o f the plasma plume at the end o f the laser pulse, t = 0, and 

its dimensions after a time t.

As there is little further energy or mass contribution to the plume, its expansion can 

be considered as adiabatic. The behaviour of the plasma expansion depends primarily on 

the initial plume dimensions and background gas pressure. At low gas pressures

(<  10“  ̂mbar) the expansion is essentially self-similar after an initial acceleration phase of 

a few mm. After this phase the plume velocity remains nearly constant. In the presence o f a 

background gas the expanding plasma interacts with the gas molecules leading primarily to 

spatial confinement. Plume splitting and braking o f the expansion can occur with even the 

possibility o f the plume moving backwards. Plume splitting occurs when a component o f
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the plasma travels through the gas experiencing little or no collisions, while a slower 

component is formed after it interacts with the gas, losing momentum and decelerating. 

After a period o f time the two components will be spatially separated. It is generally 

characterised by the detection o f two peaks in TOF studies o f the plasma.

The plume expansion can be investigated using hydrodynamic models, by Monte 

Carlo simulations or a combination o f both [12], and in a background gas, shock wave 

theories such as the Sedov-Taylor and Freiwald-Axford models have been used [13]. In 

this work we concentrate on the isentropic model developed by Anisimov [14] and the 

isothermal model o f Singh and Narayan [15] for vacuum.
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1.3.1 Isentropic plasma expansion

Anisimov treated the adiabatic expansion o f a one-component vapour cloud into vacuum 

using a particular solution o f the gas-dynamic equations, which applies when describing 

flows with self similar expansion. It is assumed that the formation time of the vapour cloud 

is much less than its expansion time and that the focal spot o f the laser has an elliptical 

shape with semi-axes and Yq. The expansion is modeled as a triaxial gaseous semi

ellipsoid whose semi-axes are initially equal to and » CgXp, where Xp is the

duration o f the laser pulse, and ĉ  is the sound speed in the vaporised material given by:

y is the ratio o f the plasma specific heats and e = j ( Ep is the energy o f the plume and

Mp is its mass) . The adiabatic index, y, o f a gas is the ratio o f its specific heat capacity at 

constant pressure (Cp) to its specific heat capacity at constant volume (Cv). To understand 

the definition, consider the following experiment: A closed cylinder with a locked piston 

is filled with air. This cylinder is heated. Since the piston cannot move the volume is  ̂

constant. Temperature and pressure rise. Heating is stopped and the energy added to the 

system, which is proportional to Cv, is noted. The piston is now freed and moves outwards, 

expanding without absorbing energy (adiabatic expansion). Doing this work (proportional 

to Cp) cools the air to below its starting temperature. To return to the starting temperature 

the air must be heated. This extra heat amounts to about 40% of the previous amount.

Thus air has an adiabatic index o f approximately 1.4. For a laser produced plasma values 

in the range o f 1.1 -  1.4 have been reported [16].

The gasdynamic equations are:

p

—  + div(pv) = 0
at
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w here p, p, v and S are the density, pressure, velocity and entropy o f  the gas respectively. 

It is assum ed that the flow param eters are constant on ellipsoidal surfaces and the density 

and pressure profiles can be w ritten as:

P(r ,t)  = 

P(r,t) =

M
I.(Y)XYZ

E

y^

I , ( y)X Y Z

r x o Y o Z j
T-l

r,
XYZ

1

X s> N
1

( 1. 10)

where M = jp ( r ,t )d V  is the m ass and E = (y -1 )  ' |p ( r ,0 ) d V  is the initial energy o f the 

vapor cloud. Ii and I2 are functions o f  gam m a and are equal to:

I,(Y) =
i r a  +  -

( 1 . 1 1 )

h ( y ) = -
n^r{a + 2)

2(y-\)r 1
a  + — 

2

where F(z) is the G am m a-function. For the pressure and density profiles defined by (1.10) 

and w hen the initial vapour cloud is isentropic (a= l/y -7 ), the entropy depends on the 

coordinates and tim e as:

-ln<
Y-1 ^(y) X oYoZ„

I , ( y ) X oY qZ,

M

Y - l

( Y- l ) (1.12)

Using (1.10) and (1.11), the gas-dynam ic equations can be reduced to a set o f  ordinary 

differential equations:
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U = -

5 U

d X

5 U

5 Y

5 U

d Z

5 y - 3  E [ X oY oZ o T

Y - l  M X Y Z

(1.13)

The initial conditions for (1.13) are set as:

X ( 0 ) =  X „ , Y ( 0 ) =  Y „ , Z ( 0 ) =  Zo 

X ( 0 ) =  Y ( 0 ) =  Z ( 0 ) =  0
(1.14)

In order to integrate (1.13) numerically, the following dimensionless quantities are 

introduced, using Xo as a spatial scale length:

^  ̂= Tin = CC = HoCo
Y - l

(1.15)

with initial conditions:

^(0) = l,ri(0) = Ti„,C(0) = i;o 
4(0) = fi(0)=4(0) = 0

(1.16)

where:

 ̂ X Y ^ Z
V YA q A q A q

t p ^  Yo 
T = — , n o = ^

X„ M„

(1.17)

Where Ep is the plume energy and Mp is the plume mass. Eqn (1.15) is solved using a 

fourth order Runge-Kutta-Nystrom method. The details o f the program and the
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m athem atical m ethod used can be found in [11], From  (1.10) we can obtain the m ass flux 

in the Z  direction:

F(z, t) = p(x , y, z, t)v^ (x , y, z, t) 

v , ( x ,y ,z , t )  = ^ Z
(1.18)

The tim e-of-flight distribution for a plum e can be expressed in units o f j / ^  :

F((t),t) dt ^
mI,(Y)z-

 ̂ l + tan^(j)
3 / 2

I--' dt
l^l + k^tan^(j); t^ < .

(1.19)

tf is the leading edge arrival tim e and k  is the plum e edge ratios. The expression for 

tem perature from the m odel is:

T  =
8(5 y - 3 ) ( y -1 ) ^  y  V 7 ^

Y - 1

1
2y I XYZ ; U J ( 1.20)

where e = Pm (5y - l )  ' is the energy per particle. It can be seen that the m odel depends on

two pure geom etric param eters (Xo and Yo), w hich are related to the shape o f  the laser 

spot, and a third param eter related to the dim ension o f  the plasm a perpendicular to the 

target surface after the laser pulse has elapsed (Zo). This param eter depends on the physical 

properties o f  the plasm a through y. For a sudden expansion o f  a gas into vacuum the 

velocity o f  the expansion front (v/) is related to the sound speed through the following 

expression [11]: ,

Vf = 2 (y - 1 ) - ’c , ( 1.21 )
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Fig. 1.4 (a) The spatial variation of the density, temperature and velocity within the plume. 

Z is the plume edge and y  was taken as 1.25. (b) The flux (1.19) and the temperature (1.20) 

variation at a distance from the origin. The time is normalised to the front arrival time, tf.

Fig. 1.5 shows the solution for some typical experimental conditions. For these results we 

took a rectangular spot with the ratios Xq: Yq: Zq = 1; 0.4: 0.13 and y = 1.25. We can see 

that at T > 1, the Y dimension is greater than the X dimension showing the rotation of the 

semi-axis of the ellipsoid. We can also see that the acceleration phase lasts until t  ~ 5.

2 .0 -

 Y / X

0 .5 -

0.0
1 10 1000.1

T

Fig.1.5 The evolution of the plume edge ratios.
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The angular dependence of the number of particles arriving per unit area normal to the 

flow, (<})), can be found by integrating (1.18) from the arrival time, tf, to infinity. /

If tf »Xo/p'^^ the analytical expression for F((j)) /F(0) in the plane x-z will be:

M -

F(0)
1 + tan^ (j)

(l + (k^)tan^{|))
( 1.22)

k is the ratio of the plume edges, eg kx = Z/X and ky = ZfY,  and essentially describes the 

plume elongation. For example, k = 1 describes a spherical expansion.

Equation (1.22) describes the deposition per unit area on a hemisphere, whereas for a
/

planar surface this is rewritten as:

(1.23)

From the Anisimov model the ion flux along the z axis can be written as:

N ■Ak2 ZVf
Ii ( y) (Vft)' ( v )

/y -1

(1.24)

By simplifying this equation, an experimental ion flux signal can be fitted where: '■

1 = B
ZVf

(vftr (vft)

V1
(1.25)

The parameter B, depends on the initial parameters and can be let vary to obtain the best 

fit. z is the distance from the target andvj- is the plasma front velocity. From (1.25), the

dl ^maximum current occurs when — = 0.
dt
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Vft 1 +
(1.26)

where is Y i ■ various y , — ^—  will have the following values;

7 V/  p̂eak

1.1 0.408

1.25 0.577

1.3 0.612

Fig. 1.6 shows a typical ion flux signal. The peak time-of-flight, tp^^ ,̂ can be determined 

accurately hence a value of v^can be calculated for various y. Fig. 1.6 shows the fits 

obtained using (1.25) and the above values of y . The fits indicate that y falls between 

1.1 -  1.3.

Experiment

0 ,8 -

.2  0 .6 -
■ D
<Dto
03
E
o2

0 .4 -

0 .2 -

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Fig.1.6 An ion flux signal fitted using (1.25) for various y.
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1.3.2 Isothermal plume expansion

The plasma expansion has also been modeled by Singh and Narayan [15], using a uniform 

temperature, self-similar solution o f the gas dynamic equations. In their work the laser- 

solid interaction is divided into (i) interaction o f the beam with the bulk target, and (ii) 

plasma formation, heating and initial isothermal expansion. After the laser pulse they 

describe the adiabatic expansion o f the plume. From the model the density (n) o f the 

plasma at any point (x, y, z) at time t, can be expressed as a Gaussian function given by:

where N j is the total number o f particles at the end o f the laser pulse, A is the probe area, 

and X ,Y  and Z are the dimensions o f the expanding plasma, and correspond to the 

distance at which the plasma density decreases to 60.65 % of its maximum. Similar to the 

previous model we can fit this equation to an experimental signal.

(1.27)

from which the ion flux can be written as:

(1.28)

1 0 -  , 1̂  ■ E xper im ent
■

oz

c

X
D

CO

Eu.

0 5 10 15 20 25 30

T im e (^s)

Fig.L7 Ion signal fitted with Eqn.(L28)
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The Anisimov as well as the Singh and Narayan models have the following 

differential equations, which describe the propagation o f the plume.

d'X d'Y d^Z
dt^ dt"

rX oY oZ o '
v-i 1

o<
1

XYZ V

v-i
(1.29)

where A = (5 y -3 )  for Anisimov and A = ® p/^  for Singh and Narayan’s model.

This equation includes all the plume features observed experimentally such as:

•  Strongly peaked in the direction perpendicular to the target surface

• The flip-over effect

The strong peaking o f the plume is due to the fact that the acceleration o f the front

in the Z direction j  proportional t o ^ . Since Zo is less than either Xo or Yo, the

acceleration is much greater away from the target. The flip-over effect will occur because 

if  Xo is less than Yq, the plume will have greater acceleration in the X-direction.

The adiabatic expansion models o f Anisimov and Singh and Narayan have proved 

to be very useful for the understanding and interpretation o f laser ablation experiments. 

Both models consider the adiabatic expansion o f a small volume of hot gas into vacuum, 

with the dimensions o f the volume of gas chosen to correspond to the dimensions of the 

vaporised material at the time when evolution and heating o f the ablated material is 

complete. For ns ablation this time corresponds to the end o f the laser pulse. The Anisimov 

model considers the expansion o f the plume to be isentropic, which essentially means that 

there is no heat conduction between parts o f the plume. On the other hand the Singh and 

Narayan model makes the assumption that the plume is isothermal at all times. There is 

clearly a need to establish which o f these extreme constraints is more appropriate [17].

Though the expansion model o f Anisimov was developed for the expansion o f a 

neutral gas, it seems to agree with Langmuir probe measurements in ablation plumes [ 16, 

18]. The density gradients in the plasma drive the expansion, which leads to supersonic 

flow. Since the gradient is greatest normal to the target the acceleration o f flow is greatest 

in the same direction, resulting in the usual forward directed ablation plume. Considering 

the expression for the electron-ion equipartition, it is clear that the electron-ion collision
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rate is sufficient to maintain the equality o f temperature between the electrons and ions, i.e 

Te=Tj=T. Thus the plasma pressure will be:

where nj is the ion density, Z is the mean ion charge, k is the Boltzmann constant and T is 

the temperature. Since the Debye length is much smaller than the plasma dimension we

analysis o f Attwood [19], it can be seen that there are two contributions to the gradient of 

plasma pressure. The first is due to the ion density gradient:

where y is the ratio o f specific heats. This is the same starting point as used by Anisimov in 

his analysis o f the expansion o f a small volume o f hot vapour. Thus it is valid to use the 

models developed by Anisimov and Singh and Narayan to describe the expansion of 

ionised laser ablation plumes. However the following question remains; is the expansion 

isentropic or isothermal? Essentially we want to know if  electron heat diffusion is 

sufficiently rapid to keep pace with the plasma expansion. Taking the Spitzer formula [20] 

for the thermal conductivity o f a plasma it can be shown that heat will diffuse a distance s, 

in time t, given by:

P = nj(Z + l)kT (1.30)

/

can ignore the influence o f charge separation on the expansion dynamics. Following the

5x 9x
(1.31)

Secondly the gradient of electron density gives rise to an ambipolar electric field:

en^ dx eng (?x
(1.32)

which o f course will act on the ions. The ion momentum equation is given by:

(1.33)
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2 9 . 3 x l O ' ^ T ^
s -  t ( 1 , 3 4 )

Z ( Z  +  ljrij

where T is in eV  and n; in cm '^ The rate o f  plasm a expansion is o f  the same order o f the 

ion sound speed , and in one dim ension the length /, o f  a freely expanding plasm a after 

tim e t, is approxim ately:

/ = c t = 9 .79x l0^
^yZT^^2

^  j (1.35)

where M is the atom ic weight. For as long as the expression is approxim ately one

dim ensional; rij/ = n^d , where ns is the atom density in the target and d is the ablation 

depth. Thus:

Substituting for nj in (1.34) leads to:

n - ^  (1.36)

2 9 .3 x lO '^ T ^ ,
s = 7 / 7 ^ , X ■ (1.37)ZlZ + ljn^d

For an isentropic plasm a expansion we require that s < / ,  w hich from (1.35) and Q .37) 

yields:

T^ < 1 .0 5 x l0 - ‘V ^ Z ^ ( Z  + l ) n , d M '^  (1.38)

Taking y = 5/3 , Z = 1, d = 10'^ cm  and for Ag, ns = 5.86 x 10^^ cm^ and M = 108 we get:

T < 1 2 .4 e V  (1.39)

Thus it would seem  that for typical ns ablation conditions the plum e expansion m ay be 

treated as isentropic if  the plasm a tem perature is less than about 12 eV, w hich is norm ally 

the case [6 , 2 1 ],
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1.4 Conclusions

This chapter set out to describe the laser ablation process and to indicate some typical
f

plasma conditions. The ablation model in section 1.1 enables us to estimate the plasma

yield for a range o f fluences. For a typical fluence used throughout this of
2 121.5 J cm' the model predicts an ablation yield o f 7 x 10 particles / pulse. The thickness of

the plasma at the end o f the pulse is calculated indirectly from an estimate o f the initial 

sound speed in the plume as described in the isentropic model o f Anisimov. The thickness 

was determined to be approximately 50 fim, which gives a density o f 5 x lO'^ particles / 

cm^. The ionisation model can then be used to assign a mean ionisation to the plasma. At 

the end of the laser pulse, the electron temperature can be between 2 - 3  eV. The average 

ionisation is then predicted to be between 2.5 -  3.5.

The behaviour o f the plume has been modelled by Anisimov and can be used to

describe the expansion and distribution in vacuum. It provides a description o f the ion flux 

and temperature in terms o f the ratio o f the specific heat capacities (y). Fits to some 

experimental data indicate it lies between 1.1 -  1.3. The sharp edges o f the pressure and

density profiles at the front at which the density is equal to zero, means that the

temperature at the edge approaches zero as well. This is in contrast to Singh and Narayan’s 

model, in which the temperature o f the plume is considered constant. Singh and Narayan’s 

model assumes the plume is isothermal, i.e.VT = 0, and that the variation o f the density is 

Gaussian throughout the laser irradiation and the subsequent expansion.
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2. Experimental Methods

The basic equipment required for plasma production and characterisation has been 

discussed in detail elsewhere [1]. This chapter only serves to summarise the features o f the 

setup used for the plasma formation and the specifications o f the characterisation 

techniques used throughout this thesis. In general the requirements can be split into two 

distinct sections. The first consists o f the laser, capable o f delivering up to a few hundred 

millijoules per pulse, a vacuum chamber in which the ablation is carried out and a substrate 

if  required where the plasma plume deposits a thin film. The second section includes the 

various methods and techniques used for the characterisation or monitoring o f the 

deposition process. These can include RHEED and surface reflectivity for analysing thin 

films, and electrostatic probes, optical absorption / emission spectroscopy and energy 

analysers for characterising the laser ablation plume.

2.7 Experimental Setup

In this thesis a Lambda Physic KrF (LPX 100, 248 nm, 26 ns pulse width) excimer 

laser was used for most o f the ablation. We used an aperture to select a rectangular part of 

the beam to minimise hotspots and imaged it onto the target using a 30 cm focal length 

lens. This results in a final spot o f approximately 1 mm x 0.5 mm. The fluence was varied 

using the focusing lens. The average energy per pulse was measured inside the chamber 

using a Scientech thermopile joulemeter, which was calibrated against a known electrical 

power input yielding a sensitivity o f 96 mV W"'.
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Focusing Lens

Aperture

Rotating Target

Fig.2.1 A Schematic o f the laser ablation setup.

The work was carried out in a stainless steel barrel chamber (15 litres) with an

obtainable base pressure of 5xlO ”^mbar (with baking) using a Pfeiffer-Balzers TSH 050 

turbo molecular system (50 1 s '). A Balzers Penning gauge was used for the 10'^ to 10'^ 

mbar regime. For the region o f 0.2-1 mbar an Edwards Pirani gauge was used. The latter 

was calibrated using a Hastings HPM-2002-OBE wide range gauge, which consists o f a 

dual sensor unit containing a piezoresistive direct force sensor and a thin film Pirani type 

sensor.
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2.2 Plasma characterisation techniques

2.2.1 Langmuir probe

The technique of using an electrostatic probe to measure the properties of a plasma 

was introduced in 1923 by Langmuir [2], The theory was presented for steady and 

collisionless plasmas in which the electron energy distribution function (EEDF) is 

Maxwellian. In general the basis o f the theory and the experimental set up are relatively 

simple. The electric probe is a conducting object inserted into the plasma and is connected 

outside the chamber to some circuit. Probe theory creates a connection between the 

measured probe currents or voltages and the parameters o f the undisturbed plasma. 

However, in contrast to the simple operation o f probes the theoretical interpretation o f the 

results remains complicated. The use o f electrostatic probes in a flowing plasma was 

further developed by Koopman [3].

Fig.2.2(a) shows a schematic o f the typical Koopman bias circuit used for a flowing 

plasma. The operating principle o f a Langmuir probe at first glance is very simple' The 

electrical circuit allows variation o f the probe voltage, V, with respect to the plasma and to 

measure the current voltage characteristic I(V). Generally a few guidelines need to be 

followed when deciding on the components for the circuit.

1. The total collected integrated charge in a pulse must be much less than that stored in 

the blocking capacitor (Cb).

2. The voltage measured over the load resistor (R l) should be much less than the bias 

voltage ( V b ) applied to the probe at all times.

For example, the RC time (R = Rc = 22 kQ, .’.RC = 14 ms), restricts the rate at which the 

experiment can be carried out. Once the capacitor is charged only transient currents from 

the plasma are allowed.
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(a) (b)
'  Grounded collar

Probe

^  Bias

Insulator

Collecting area

' Osc

Fig.2.2 (a) A RC ‘K oopm an’ circuit for flowing plasmas. The bias voltage (V b) could be 

varied between ± 30 V and the load resistor (R l) could be varied to keep Vqsc to a 

minimum. The blocking capacitor (C b) remained fixed at 0.65 fiF. (b) An example o f  a 

planar probe which has dimensions 3 x 2  mm.

Throughout the experiments a small planar probe with dimensions 4.5 x 2 mm^ was 

positioned 10 cm from the target. Its purpose was to ensure reproducibility o f  the ablation 

plume and was orientated to face the target. It was biased at -30 V to record the ion signal 

due to the plasma flow, and by maintaining a constant ion flux to this probe using the 

focusing lens, any variation in laser energy and ablation rate could be corrected. For probe 

experiments a second probe o f  typically 5 x 5  mm^ was used. This probe was positioned 

close to the target normal and could be rotated around its axis so as to change its 

orientation relative to the plasma flow. For both probes, the current was determined by 

using a digital oscilloscope to measure the voltage across a load resistor and was averaged 

over 10 laser shots.
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2.2.2 Energy Selective-Time of Flight Mass Spectrometer

Throughout this w ork we will show how  Langm uir probes can be used to m easure the 

plasm a density and tem perature, the plasm a flow velocity and the shape o f  the ablation 

plum e expansion. H owever one clear disadvantage o f  these probes is their inability to 

distinguish betw een different ion species and charge states. An energy spectrom eter is a 

useful addition to the Langm uir probe in determ ining the plasm a param eters. Many 

principles have been  used to achieve energy analysis o f  charged particles such as the 

m easurem ent o f  the time o f  flight, the retardation by a potential barrier and the dispersion 

in a deflecting field.

In this w ork the Energy Selective -  Tim e o f  Flight M ass Spectrom eter (ES- 

TOFM S), achieves m ass separation o f  ions by accelerating them  in a constant electric 

field. Since the kinetic energy is the same for all ions o f  equal charge those o f  low er mass 

reach a higher velocity and arrive at the detector earlier. To date m ost energy analysers use 

m icro-channel plates (M CP) as detectors, how ever we used cylindrical w ires coupled 

through an operational am plifier to detect the ionic current. W e will be particularly 

interested in identifying the charge state o f  the species and the energy distribution o f  ions 

from single and m ulti com ponent targets. Fig.2.3 shows a schem atic o f  the Energy 

Selective-Tim e o f  Flight M ass Spectrom eter (ES-TOFM S). It consists o f  an entrance slit o f 

typically tens o f  microns, two curved parallel electrodes o f  radii Ri and R 2, and a wire 

detector. The plates are biased with equal and opposite voltages using a dual output pow er 

supply capable o f  delivering up to 32 V.
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Detectors

-Ri (Inner Plate) 

Rj (Outer Plate)Ion Path

Fig.2.3 The ES-TOFMS, with the ion trajectory and detectors. The inset shows the circuit 

used to measure the current collected.

When a voltage is applied to the plates and an electric field established, the 

spectrometer acts as an energy filter, allowing only ions with certain energies to reach the 

detector. The pass energy of the spectrometer is given by:

ZAVRn
^ F il te r  ~  ^  ( 2  - 1 )

where Z is the ion charge, AV is the voltage applied between the plates, Ro is the centreline 

radius of curvature and d is the plate separation. By choosing suitable values of Ro and d 

we can determine the energy range of the spectrometer. We selected Ro = 3.5 cm and d = 

3.25 mm which gives the analyser an energy range of 0 -350  eV assuming Z = 1. The 

device was isolated inside a grounded aluminium box, (7 x 10 x 2 cm), with a 1 cm 

diameter entrance to mount the entrance slit (3 mm x 50 fim). It was situated along the 

target normal at a distance of 29 cm with all electrical connections made through grounded 

BNC connectors. The charge collected by the detector was determined using an operational 

amplifier operating in inverting mode with a feedback resistor (Rf) of 220 kQ.

One limitation of the device is that low energy ions cannot be reliably detected due 

to space charge effects at low transmission energies. The space charge causes shifts in the 

positions of the peaks and corresponding errors in determining their TOF. Its magnitude 

can be determined as;
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E s p a c e = ^  ( 2 - 2 )

where w is the sHt width and nj is the ion density at the slit. For a slit of 50 |xm and a 

typical ion density of lO'^ cm'^ at 29 cm then Espace ~ 4000 V m''.

Only ions with the same energy,
f  2 ^

£■■ l̂on ^
V 2 e  ,

as the pass energy of the

spectrometer will travel the length of the analyser to reach the detector. The output of the 

analyser then gives the time of flight and hence the velocity of the ions. The mass-to- 

charge ratio is then determined by balancing both energy equations:

= (2.3)
Z dv,^

Resolution
As the energy is determined using (2.1), the associated error can be calculated as:

AR
^ n i t e r  -^ f i lte r  ( 2 - 4 )

Taking AR = 3 mm (the diameter of the wire detector) and R =Ro, then 

AEfiiter = O.OQ̂ fiiter- It is also possible to estimate the error in the TOF from:
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2.3 Estimated errors

The following tables sum m arise the errors for some o f  the frequently used quantities.

Quantity Symbol Units Error

Probe distance D cm 0.2 cm

Laser spot dim ensions x, y mm 0.1 mm

Pow erm eter voltage V mV 5 m V

Tim e o f  flight t to f |0,S 0.05 )a,s

Definition Explicit error Approx

Fluence
F = 1

A
^ fA E  AA AV Ax Ay^
Fx —  + -----= ------+ —  + —

 ̂ E A V X y ,

0.3F

Tim e o f  flight d
V to f = —  

to f

Xo

f  Ad ^  At^„f ^ 0.15v,„f

Ion energy P 1 2
E io n ^ lo n  ^

V .o f

0-2Ei„„

Ion flux , t

F =  fv (t )d t  
RAe J  ̂ ’

/

Fx
\

'A R  AA^ 0.2F
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3. Langmuir Probe

The full characterisation o f a plasma plume requires many different techniques, each 

giving information about a particular aspect. Diagnostics o f plasmas can generally be 

divided into two main categories: active non-contact methods, such as optical 

spectroscopy, and contact methods, such as energy analysers and electrostatic probes. In 

this thesis we restrict ourselves primarily to the electrostatic probe. It was one of the first 

techniques for measuring the properties o f a plasma, and has proved itself to be a versatile 

and robust device. The subject o f electric probes in plasmas is immense with thousands of 

references in the literature.
/

Electric probes come in all sizes and shapes, but the more common are spheres, 

cylinders and flat discs. They are usually made out o f materials like molybdenum, tungsten 

or graphite and the holders can be made from glass, quartz or ceramic materials. Some 

general requirements must be satisfied before using the probes. These include that the 

probe tip must be able to withstand the heat load from the plasma and that the probe should 

not perturb the overall state o f the plasma. The first requires a small probe size compared 

with the typical plasma scale lengths. The second is not as easy to satisfy. The perturbation 

o f the plasma occurs primarily through changes o f the electric potential and hence the 

particle density and energy. The perturbation depends on the potential o f the probe and the 

current drawn by it. Therefore a good understanding o f the perturbative effects o f the probe 

is important before interpreting the results.

In this chapter we shall discuss the probe-plasma interaction, the relevant probe 

theories and some parameters such as density and temperature obtained using electrostatic 

probes.
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3.1 Plasma equilibrium

Various collisional and radiative processes between charged and neutral particles take 

place within the plasma, with their relative importance depending upon the density, 

temperature and degree o f ionisation. There are two basic ionisation processes; impact 

ionisation, where an electron strikes an atom resulting in an ion and two electrons; and 

radiative ionisation where a photon with sufficient energy is absorbed by an atom, 

dissociating it into an ion and an electron. Recombination processes are the reverse of the 

ionisation processes and are: three-body recombination, where two electrons and an ion 

join to make an atom and free electron; and radiative recombination, where an electron and 

ion combine into an atom with the release o f a photon. All these rates depend on the 

electron temperature and density.

Different plasma equilibrium models assume different relative strengths o f these
o 0

various processes. For example, in low-density (< 10 cm ' ) plasmas, radiative
f

recombination is larger than three-body recombination and the model o f ‘coronal 

equilibrium’ can be used. In this case impact ionisation and radiative recombination are in 

balance. At high densities, (> lO'^ cm'^) the ‘Local Thermal Equilibrium’ model is 

applicable and the atom, ion and electron densities will be described by the Saha-Boltzman 

model. The collisional processes within a plasma are discussed in detail in [1] so we shall 

just present the relevant equations here.

If we have a density, n„, o f neutral atoms with a cross sectional area, a , then an

electron will travel a distance ^  ^  before it has a reasonable probability o f colliding 

with an atom. This quantity is called the mean-free path for collisions, and for

electrons o f velocity, Vg, the mean time between collisions is given by x =
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The collisional frequency is usually defined in terms o f an average over all velocities in the 

Maxwellian distribution and is written as:

v = ( f ‘) = n „ (av ) (3.1)

For a hydrogen atom, the Bohr radius is given by a^ « 5 x lO '"  m. The cross-section for 

elastic scattering o f an electron by a neutral atom can then be estimated roughly as:

a„ ~7iao ~10"“  m^ '(3.2)

At a distance ao from a neutral atom an incoming electron has a substantial chance 

o f undergoing a collision. However when an electron approaches an ion it will experience 

an attractive Coulomb force, which deflects the electron trajectory towards the ion. The 

interaction with the Coulomb force of another charged particle is essentially the same as a 

‘collision’. We then define an effective ‘Coulomb cross-section’ o f the ion in terms o f the 

distance o f closest approach ‘b ’ o f the electron to the ion:

Tie" 1 0 ^ ' 'a. ~ 7 ib '------------  m ' (3.3)
(4ns„)^T/ t

where Te is given in eV. If we compare the two cross sections we see that Coulomb 

collisions will dominate over collisions with neutrals in any plasma that is just a few 

percent ionised. Only if  the ionisation level is very small can neutral collisions dominate.

The effective Coulomb cross-section is actually considerably larger than the 

estimate above because o f the long-range nature o f the Coulomb force. In practise, small- 

angle collisions are much more frequent than large-angle collisions with the cumulative 

effect o f the many small-angle collisions turning out to be larger than the relatively fewer 

large-angle collisions.

The electron-ion collision rate is defined by:

v,i =47mv^bolnA

n ,Z V  in A (3-4)
4 T O o m /v ,^
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where A = . bo is the im pact param eter for scattering through 90 , and bmax is the

m axim um  im pact param eter [1], In a plasm a electrons will gather near a positive charge 

and will tend to screen out the electric field from the charge preventing it from penetrating 

into the plasma. The distance over which the field is shielded is one o f  the m ain 

characteristic length scales in a plasm a and is called the D ebye length, :

(3.5)

where 8g is the perm ittivity in vacuum. The Debye shielding gives rise to an exponential 

decrease in the electric potential for distances greater than the Debye length. As a result the 

m axim um  im pact param eter, bmax is taken to be . Therefore:

A

b o  - ■

Z e ' f ^ 1r 1 ^
127T8qT

The average electron-ion collision rate is then defined as:

2^2nZVlnA

(3.6)

(3.7)

In the case o f  electron-electron collisions, it is a little m ore difficult to analyse, as the 

scattering particle can no longer be taken as fixed. How ever, as the Coulom b force has the 

same m agnitude and the electron will be deflected by the same am ount, an approxim ation 

can be taken as:

n̂ eMnA  ̂ {v,j)
(3.8)
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Ions make Coulomb-collisions with other ions and electrons, with the average ion-ion 

collision frequency defined by:

(3.9)

The ratio o f the mean time between collisions, t  = , for the charged particles is then:

T : T • : X-ee ei ii

1. 47n, , n̂  
w l }  n,

/ \  m̂ h f T , l

U e J TV e y

K y127t/2 (3.10)

10’

10""

10'̂

io’° io“ 10̂®10’“

Particle density, n .̂n. (m'^)

Fig.3.1 Collision times in a fully ionised plasma with a Maxwellian electron distribution. 

The factor In A is taken from Phipps to be 7 [2],

Fig.3.1 shows the scaling of the collision times with particle density for an electron and ion 

temperature o f 1 eV. From these results we see that the collision times for a typical plasma
■̂ ■3 -5

density at the end o f the laser pulse of 10 m ' , are less than the typical time of the plasma 

evolution (10'^ s) studied in this thesis with:

Tii: Tei : Tee = 3 X 10''* :̂ 6 X 10“'^ : 1 x lO’’"* s.



3. Langmuir Probe 45

From (3.9), the ion-ion collision time is inversely proportional to Z‘‘and proportional to
y

T /^ . If  we take for comparison an ionisation o f Z = 2 and an ion temperature ofTj =0.1 eV
I T  1 rt '7

then Tii reduces to 10' s from 10' s for a density o f 10 m ' .

3.2 Probe Regime
/

The application o f probe theories describing these plasmas is rather complex and has been 

developed for specific cases such as planar, cylindrical or spherical probe geometries [3]. 

There are also different regimes o f probe operation in which only certain theories apply. 

The different regimes are defined by the plasma and probe features such as the mean free 

path between electron and ion collisions (>tm(p,e,i), energy relaxation length (Â eix) (also 

described using the equilibration time between electrons and ions, XeiE), characteristic 

probe dimension (dprobe) and sheath thickness (h). The main regimes can be identified as 

follows:

• Collisionless: Xmfp »  dprobe + h

•  N o n lo ca l. ^elx ^^dprobe b ^^fp

• Hydrodynamic: dprobe + h »  Xreix

Furthermore each o f the above regimes can be further divided into different 

subregimes [4], In order to decide which plasma theory to use, we must first determine 

which plasma regime we are operating in. At the end o f the laser pulse the plasma has a
9 ^ -3

typical density o f 10 m ' and a temperature o f a few eV [5, 6]. For the following

estimates we take T = 4 eV. The cross section for elastic scattering o f an electron by a
20 2neutral atom can then be estimated as roughly ~ 10' m . The mean free path, (1/na), for 

electron-neutral collisions is then ~ 10 |xm. For ions the Coulomb cross section is
— 1 7 /  1 0 9approximately 10 /Tg(eV) ~ 6 x 10' m . The mean free path between electron-ion

/

collisions is then ~  0.2 |om. (If we take into account multiple small angle collisions the 

mean free path will become even smaller). It is clear however, that Coulomb collisions will 

dominate over collisions with neutrals.
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Taking n = nj = ne, T = Te = Tj and Z = 4, the time between charged-particle collisions can 

be determined using (3.7) - (3.9) as:

■'̂ ee 3.2 ps: 4.4 fs 1 0.84 fs (3.11)

The time an electron needs to lose its energy in collisional processes is called the energy 

relaxation time or equilibration time, TeiE- If electron-electron collisions are dominant this 

requires only one collision and the energy relaxation length, >̂ eix, corresponds to the mean 

free path. The electron -  ion energy transfer time or equilibration time is defined as:

■^eiE -

37i(2K)^egm|T/^ 

ngZ^e'‘mg'^ In A 2m.
■Tgj w 0.5 ns C3.12)

Thus it is valid to assume that T =  Te =  Tj. The density in the plume at a typical probe 

distance o f  ~  5 cm is between lO’  ̂ to lO'^m'^. Taking n = lO'^ m'^, T = 1 eV and Z = 2;

■̂ii • "'̂ ei ■ '̂ ee ^ 2 ms: 1.2 |js : 104 ns (3.13)

Taking an electron thermal velocity o f  10  ̂ ms'' (Te = 4 eV) and an average ion velocity o f  

lO'* m s'’ the mean free paths (A, = v i)  are estimated as:

= ViXii = 20 m
= 7 c m  (3.14)

As was mentioned in the previous section, probably the most fundamental length scale in 

plasma science is the Debye length.

b i  (3.15)
Ve no

/
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For a distance larger than the Debye length, the plasm a will tend to remain neutral. 

For a density o f  lO'^ m'^ and an electron tem perature range Te = 0.1 -  1 eV, the Debye 

length could vary from 24 -  74 (4,m. The characteristic probe dim ension, d, for a disk probe

is given by d » [7], where R is the probe radius. For a typical probe where R  can be

between 1 -  5 mm , d can vary betw een 0 . 8 - 4  mm.

An initial estim ate o f  the sheath thickness, h, can be calculated using the simplest 

high-voltage sheath w ith a uniform  ion density know n as a m atrix sheath [8 ]. It is defined

as: h = • For a bias voltage o f 30 V and an ion density o f  lO'^ m'^, h = 0.6 mm.

From a com parison o f  these scale lengths we are in a position to say 

that: ^mfp,e,i »  d + h »  ^ 0  . U nder these conditions, a collisionless sheath theory can be

used to interpret the Langm uir probe characteristics.
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3.3 Probe theory

An image o f a typical planar probe used in this work was shown in the previous chapter. It 

is introduced in the plasma and biased with respect to ground. The bias voltage is swept 

from negative to positive voltages allowing for the measurement o f ions or electrons 

respectively. Due to charge neutrality in the plasma, the probe potential will only affect the 

electrons located a few Debye lengths from the probe. This region is called the sheath. 

Both theory and experiment show [9] that at negative voltages, high enough to prevent the 

electrons with the highest thermal energies in the plasma from reaching the probe, the 

detected ionic current saturates. This current is proportional to the density o f ions (nj) in 

the plasma through the following expression:

where e is the electron charge, Vj is the flow velocity o f the ions and A is the collecting 

area of the probe. The above equation assumes the presence o f singly ionised species. By 

moving the bias voltage toward positive values, ion repulsion takes place and the current 

due to electrons increases.

measured current is zero. This bias corresponds to the floating potential Vf. For bias 

voltages greater than Vf the current is related to the electron energy distribution function 

(EEDF). For a Maxwellian distribution the measured electron current is defined as:

(3.16)

At a certain bias the current due to the ions and electrons are equal and so the

(3.17)

where Vp is the plasma potential, Tg is the electron temperature and Ie,sat is the saturation 

electron current [4]. The saturation electron current region is reached with further increase 

in voltage to values greater than the plasma potential.
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The measured current will be proportional to the density of electrons (ne) and the average
f

thermal velocity in the plasma (Ve), and is defined as:

(3-18)

8kT,
. From (3.17) kTe can be readily found from aVe is the thermal velocity given by

plot of the electron-retarding region. As was mentioned before, this is possible only
dV

if the EEDF is Maxwellian. More general methods exist that allow the determination of the

EEDF from the measured I-V curve. Druyvesteyn [10] demonstrated the proportionality
/

between the EEDF and the second derivative of the electron current with respect to the 

probe potential. If F(E) is the EEDF, the plasma parameters such as electron density and 

average electron energy can be obtained as follows:

n, = jF(E)dE

” (3.19)1 »

(E) = — J e  F(E)dE

When the first derivative of the I-V characteristic goes through a maximum, the

current and voltage at which this occurs and the value of the derivative itself can be used to
/

determine the electron temperature and the plasma potential.

An example of ion time-of-flight (TOF) signals obtained from a planar Langmuir 

probe for various bias voltages is shown in Fig.3.2(a). The probe distance was 6.5 cm and 

the plasma was produced by the ablation of silver at a fluence of 1 J cm'^. The TOF signal 

is characterised by a sudden rise, which relates to the arrival of the plasma front to the 

probe. It reaches a maximum that indicates the ion velocity corresponding to the maximum 

ion flux and then falls slowly to return to the zero value. At this point the plasma has 

moved past the probe. If at a specific time the value of the current is plotted versus the 

applied voltage the IV characteristic is obtained. Fig.3.2(b) shows the IV characteristic 

obtained for a TOF of 7 |j .s .
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Fig.3.2 (a) Ion TOF signals for different bias voltages are shown, during the ablation of 

silver at a fluence o f 1 Jem' . The probe distance was 6.5 cm. (b) An IV charactenstic 

obtained at the peak TOF of 7 jus.

The expansion dynamics o f the plume can be monitored quite accurately with a 

Langmuir probe. If the probe is biased sufficiently negative so as to repel all electrons it 

will detect a pulse o f ion current due to the flow o f the plasma past its position. The flow 

velocity o f the ions can be initially estimated from the TOF measured by the probe

(Vj = ^ ) ,  while the kinetic energy associated with a particular time is simply J /^ m ,v f.

However these equations do not take into account the plasma formation and acceleration 

time. We discuss this problem in more detail in section 3.7.

2.5 cm
25-

2 0 -

c  15-

10 - 4 cm

6.5 cm

0 3 6 9 12

Time (ns)

Fig.3.3 Ion TOF signals for various target-probe distances.
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Fig.3.4 (a)The integrated ion flux vs. distance from a silver target during ablation in 

vacuum at 1 J cm' . (b) A log-log plot of the data.

Fig.3.3 shows how the TOF signal varies with distance. The variation with distance 

of the integrated ion flux in vacuum is shown in Fig.3.4(a). The log-log plot on the right 

shows that the ion flux reduces as approximately ̂ 2 ’ the slope being -1.9. This indicates

that little recombination occurs.
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3.4 Probe Perturbation

Before carrying out any experiments we need to look at the probe itself and whether any 

perturbation of the plasma occurs. To estimate whether the probe was perturbing the 

plasma a method developed by Waymouth [11] can be used. Waymouth states that, if the 

drain of electron current is sufficiently large in relation to the processes replenishing the 

high energy “tail” of the electron-energy distribution, the shape of the distribution will be 

perturbed by the act of measurement and hence any deductions made from the shape of the 

I-V characteristic would be incorrect. His work essentially compares the time constant with 

which a given probe will deplete (depletion time) a given plasma of electrons of a 

particular velocity, with the time constant required to replenish (replenishment time) a 

Maxwellian “tail” with electrons of a particular velocity. This replenishment time comes 

from the “self-collision time”, defined by Spitzer [12] as the time constant with which an 

originally non-Maxwellian distribution approaches a Maxwellian by Coulomb collisions 

only. We summarise the calculations here.

For an isotropic distribution of electron velocities, the particle current of electrons 

of velocity v, which flows to the probe is given by:

is defined by the bias voltage and A  is the area of the probe. If N e (v )  is the total number of 

electrons with velocity v  in the plasma then, '

1 / V Ir(v )  = n (v )-v A  1- ^
4  ̂ V j

(3.20)

where vo is the critical velocity that electrons have to overcome to reach the probe, which

(3.21)

where V  is the volume of the plasma. The time rate of change of N e (v ) resulting from the 

loss of electrons of velocity v to the probe is:
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d N e ( v )

dt
= -r(v)

d N , ( v ) _ N , ( v ) v^^ 
dt V 4

N e ( v )  = N o ( v ) e x p

A. ,

V V

\

V

(3.22)

where is the depletion time given by:

IX
Av

(3.23)

Tj becomes infinitely long for electrons o f velocity vo, but for electrons with v » v o  it 

approaches a limiting value:

4V—  (3.24)
Av

At this point Waymouth discusses the issue of which is the proper value of time 

constant to use in the criterion and selects a time constant ( i d ) ,  such that half of the electron 

current drawn by a probe at the potential -mVg/2e ,  is characterised by a depletion time

constant shorter than t̂ . The electron current drawn by a probe biased at -mVp / 2 e , from a

Maxwellian plasma is proportional to exp(-mVg /2kT^). Half of the total electron current

drawn by the probe at this potential is due to electrons with velocity greater than v where:
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Therefore half the electron current drawn by the probe is characterised by a depletion time 

constant shorter than;

 ̂2.9V
Av kT

(3.26)

Then comparing equation (3.26) with the replenishment time constant Xr

T .  = ■
m \^

Snn.e''
p . 27)

with the condition that Td»Xr and using equation (3.21), the condition for the absence o f a 

depletion effect becomes a determination o f the minimum number o f electrons in the 

plasma:

N , »1 .5 x lO 'T ^ 'A  (3.28)

• 2 •Te is the electron temperature in degrees Kelvin, A is the area o f the probe m cm and Ng is 

the total number o f electrons. In other words (3.28) gives the maximum number of 

electrons that can be drained by a probe o f a given area from a plasma at a given 

temperature. In the last step it was assumed that the maximum electron velocity obtained in

. . mv̂  T3kT.̂
any experiment will be given by: -------= 10
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Fig.3.5 Plots of N = rigV = 1.5xlO‘̂ Tĝ A for various temperatures and a probe with an area

of 1 cm .

For a plasma produced by laser ablation o f silver at a fluence of 1.5 J cm'^ we have 

determined an ablation rate o f approximately 40 ng (2 x lO'"' atoms) per pulse. An 

ionisation fraction of 0.2 corresponds to ~10'^ charged particles. From (3.28) taking 

Te = 1 eV and a probe area o f 0.25 cm^ results in Ne > lO". It is clear that the actual 

number o f electrons far exceeds this minimum number and so there should not be any 

perturbation of the electron-energy distribution by our probes.
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3.5 Probe size, sheath and edge effects

Theories are most fully developed for probes with highly symmetric geometries such as 

spheres, infinite planes and infinitely long cylinders. As a result end and edge effects,

which could influence the probe characteristic, have only received modest attention due to
/

the difficulty in their analysis. Hopkins et a / [13] carried out Langmuir probe analysis o f a 

medium-density plasma (lO'® - lO’* m'^) produced using a tandem multi-pole ion source. 

Both planar (d = 0.5 cm) and cylindrical (d = 1.9 mm) probes were used for the analysis. 

The plane probe was initially chosen due to the apparently simple theory required to 

understand its behaviour [14], The predicted saturation o f the electron current above the 

plasma potential should make determination o f the electron density possible using 

relatively small bias voltages. Similarly the predicted saturation o f the positive ion current 

should allow determination o f the ion density at probe biases sufficiently negative to avoid 

high-energy electrons. In practise however it was found the IV characteristic did not 

saturate. The ion current was found to change nonlinearly with voltage resulting in 

difficulty in extrapolating the ion current.

W eber et al [15] used a plane Langmuir probe ( d = 1 cm) to detect a low energy 

ion beam in a low pressure, nearly collisionless plasma produced using a double plasma 

machine. The parameters were a gas pressure o f 6 x 10"̂  mbar, an electron temperature of 1 

eV, an ion temperature o f 0.1 eV and an electron density o f lO'^ m'^. This setup is 

somewhat comparable to our laser produced plasma where we have a highly directional 

supersonic flow o f ions. It was found that the presence o f an ion beam arriving 

perpendicular to the plane o f the probe produced a double knee in the IV characteristic at a 

positive bias with respect to the plasma potential. They suggested that when the beam was 

stopped and reflected, the ions constitute a large space charge region. This changes the 

planar symmetry and results in an increase in the electron current to the probe. Electrons 

are drawn in sideways by the disturbed space-charge field, which acted to increase the 

effective collecting area o f the probe. For a cylindrical probe there was no effect o f the ion 

beam on the IV characteristic. In this case the ion beam would not be stopped but only 

deflected around the probe and therefore not contribute to the space charge effect.

Stamate et a / [16] looked at the surface condition o f a plane disk probe in a reactive 

plasma. The measurements were carried out in Ar and O2 plasmas (discharge current,

Id = 10 -  100 mA and a gas pressure o f 0.5 to 10 mTorr) and the plane probes were gold, 

with a diameter o f 1 cm and thickness o f 0.3 mm.
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The probe bias for the experiments varied from -1 0 0  to -150  V. The probe surfaces 

showed rings where significant sputtering took place. A two-face plane probe was also 

used and this showed similar rings on the back surface though not as distinct as the front. 

They found that the edge effect o f  the probe induced an elliptic-like sheath structure that 

acted as an electrostatic lens. This focussed the charged particles onto different regions o f 

the probe dividing the probe into distinct areas with different work functions.

The collecting area o f a double-sided, planar Langmuir probe was investigated by 

Sheridan [17] using a hybrid simulation with cold, collisionless ions and Boltzmarm 

electrons.

20 ^eO

N 10

20

M 10

0 10 20 30 40 50

(a)

8 Probe radius: r = rx
‘e,0

7

6

5

4

3

2

1
0 10 20 30 40 50 60

Normalised Bias (ti^)

Fig.3.6(a)’ The expansion o f  the steady-state sheath with probe bias for two probes o f 

different radii (a)rp = 15A,go and (b) rp=30A,g o where q is the electron Debye length.

k T  /
The probe bias ranges from rip = -5  -> -30 with Te = 0.5 eV.

(b) Potential dependence, rip = , o f  the normalised sheath area for disks o f  various

radii, .
/■ ^e,0

' Fig.3 Sheridan e t al, Phys. Plasmas, Vol. 7, July 2000
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Sheridan et al looked at how the collecting area depended on the probe bias and 

radius. To determine the sheath structure around the disk, a two-dimensional code" with 

PIC (Particle in Cell) ions was used. The sheath edge was taken to be the surface on which 

the average ion velocity equals the Bohm speed, and the sheath area was normalised by the

found that the sheath showed an oblate ellipsoid-like shape, becoming more spherical as 

the probe bias was increased. The sheath was seen to be nearest the probe at the edge of the 

disk, while for the same probe bias the sheath was much closer to the proportionally 

smaller probe. If we take for comparison a probe which we would consider small, (a plane 

disk with a diameter of 1 mm) and assume an electron temperature of Tg = 0.5 eV and an

1 7  — ^ion density of iij = 2x 10 m we get the following parameters:

where rp is the probe radius normalised to the Debye length and Z is the sheath thickness 

estimated using the matrix sheath formula. Fig.3.6 (b) shows the potential dependence of

double-sided probe area (A  = 27ti^). Fig.3.6(a) shows the results from the model. It was

(3.29)

the normalised sheath area range of probe radii. The computed values,

A were fitted with the following function:

(3.30)

where t|pis the probe bias given by r|p =
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According to the model our probe would be considered relatively large showing a 

minimal in edge effects, (Fig.3.6(b), pink line). However we see that the area of the sheath 

exceeds that of the disk by up to a factor of 2.5 depending on the probe bias. The value of 

rp= 10 would correspond to a probe with radius, r = 0.1 mm.

While these results are for a collisionless, steady-state sheath surrounding a two- 

sided conducting disk and include a number of uncertainties as discussed in the paper, it 

provides a useful guide along with the model developed by Waymouth in deciding on the 

probe geometry and size.

3.6 Conclusion I

As a result of the previous calculations we have designed probes of suitable dimensions to 

measure the properties of an expanding silver plasma. We saw from Fig.3.2(a) that the 

magnitude of the ion signal did not vary greatly with bias voltages greater than -3  V. 

Hence to obtain the ion saturation current, biases greater than this were applied.
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3.7 Ion velocity and energy distribution
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Fig.3.7 (a) Ion signal from a planar probe, biased at -1 0  V at 4.1 cm from a silver target. 

The black square is the measured signal while the red circle is the signal corrected for the 

acceleration time, (b) The front velocity determined using z/t, compared to the velocity 

determined from the Anisimov model, (dZ/dt). z is the plume front position and t is the 

arrival time.

The ion flow velocity is probably the simplest plasma parameter to determine using 

a Langmuir probe. The flow velocity is determined from data like that in Fig.3.7(a), by

using the equation: Vj = ^ , where z is the probe distance. However as we mentioned

previously this disregards the time taken for the ablation, plume formation and the initial 

acceleration o f  the plasma. Fig.3.7(a) shows a measured ion TOF signal from a plane probe 

4.1 cm from a silver target ablated at a fluence o f  2 J cm'^. Fig.3.7(b) shows the ion front 

velocity determined from the Anisimov model using the plume front position, (z / t), 

compared to the instantaneous velocity, dZ/dt, also determined from the Anisimov model.

The discrepancy, while small, can be corrected for quite easily. We can 

approximate the plume front as accelerating from rest for a time ta, after which it reaches a

constant velocity, Vf. The distance traveled is then,s = z = . From Fig.3.7(b)

we can calculate ta for each distance, z. The average acceleration time was determined to 

be approximately 50 ns. The ion TOF signal can now be corrected, by replacing t

with, t -  . Fig.3.7(a) shows the corrected TOF signal in red.
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The ion density can now be determined from the TOF signal using (3.16). 

Fig.3.8(a) shows how the ion density varies with time. The ion energy distribution within

the plasma can also be determined from the ion TOF signals using the following

relationship:

d F  1
I(t) = e —  & E  = —m:vf 

dt 2 ' '
3 (3.31)
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Fig.3.8 (a) Ion density vs. time, 4.1 cm from the target. The peak in the ion density 

corresponds to the time o f  maximum ion flux, (b) The corresponding ion energy 

distribution calculated from the TOF spectrum using (3.31).

Fig.3.8 (b) indicates a mean ion energy o f -  110 eV and a most probable energy o f 

~  30 eV for the ablation o f silver at 2 J cm ' . Ions with this range o f  energies (10 -  500 eV) 

can still reach the probe even with a positive bias o f  1 to 3 V applied. W hile it is possible 

to correct for this by subtracting the ion current from the IV characteristic [9] it is not yet 

established that this method yields reliable values o f  electron temperature. We have studied 

the behaviour o f  the planar probe where it is orientated so that the plasm a flow is parallel 

to the surface o f  the probe, 0 = 90° (Fig.3.9(a)). In this way the ion current due to the 

plasm a flow can be eliminated.
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3.8 Probe rotation

The current measured by the probe at a particular time is proportional to the density o f ions 

(nj) in the plasma through Ij = ev^Anj, where Vi is the ion flow velocity. Other work [18]

has included an additional term to include the thermal ion flux to the probe satisfying the 

Bohm criterion. I f  we compare the plasma flow velocity to the Bohm velocity,

U3  = 5 for ^ typical electron temperature o f Tg = 0.5 eV and silver ions, we see that

Vj = 23 ug . Thus for a negatively biased planar probe orientated normal to the plasma flow, 

the ion current w ill be dominated by the ion flux due to the flow. Fig.3.9 (b) shows the ion 

TOF signals as the probe is rotated.

Smtace nonnal
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Angle (8) 
—  0“  

10°  

— ^ 20°  

30°

0 -t—
0

(a)

Fig.3.9 (a) Probe orientation (0) relative to the plasma flow. In this example, 

0 = 90°. (b) The ion TOF signals with increasing angle.
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Fig.3.10(a) shows the ion current variation to the probe for 0 = 0 °  and 90°. It is clear that 

when the probe surface is parallel to the plasma flow the ion current has a strong 

dependence on the bias voltage.
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Fig,3.10(a) Ion current variation with 0 = 0 °  and 90°. (b) A log-log plot o f the ion current 

parallel to the flow.

The results from Fig.3.10(a) in the parallel case resemble the trend that would be 

obtained from a cylindrical probe, where increasing the magnitude o f the bias voltage 

increases the sheath size, thus increasing the collecting area. From the literature [19] the

1/
current to a cylindrical probe should have a V/2 dependence. The log-log plot o f 

Fig.3.10(b) shows this dependence.
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Work has been carried out with plasma jets flowing parallel to a probe surface [20, 

21], It has been suggested by Clements et al [22] that for most experimental situatijons a 

negative probe surrounded by a flowing high-pressure plasma operated in one of two 

regimes. Diffusion-convection or sheath-convection. In the case of diffusion-convection 

the ions diffuse from the plasma as it moves past the probe and a saturation current 

independent of the bias voltage is obtained providing the bias was sufficiently negative to 

repel the electrons. In the sheath-convection regime the sheath expands beyond the 

diffusion layer extracting more ions from the plasma. No saturation is obtained as an 

increase in the bias voltage increases the sheath thickness with a corresponding increase in 

probe current. The various regimes may be categorised using the following parameters:

When Re is less than unity, the plasma is considered at rest and the conventional diffusion 

relations may be applied. When Re is greater than unity, the ions are convected to the probe

eV and Vq = 30 V we see that: R^a^x^ ^  1 • For a negatively biased planar probe 

operating in the sheath-convection regime the current is given by [23]:

The electronic Reynolds number, Re, given by,  ̂ where |j,i is the

ion mobility.

by a boundary diffusion layer if R^a^x^ < 1, or via a convection supported ion sheath if 

Rgtt^X^ > 1. If we take some typical values such as Vj = 1.5x10'^ ms"', L = 7 mm, kT^= 0.5

(3.32)

where hq is the ion and electron density in the plasma, L is the length of the probe, parallel 

to the flow, z is the width of the probe and |ij is the ion mobility.
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Fig,3.11 The resuU o f (3.32) compared to the experimental result. The value for the ion 

mobility was taken to be 2 x 1 0 ”  ̂ m^ V 's " ' from [24]-.

This model was developed for a high-pressure plasma where the mean free paths o f 

the charged particles are much less than the probe dimensions and the current to the probe 

is determined by a diffusion or mobility controlled process. We have shown in section 2.2 

that we lie in the collisionless-sheath regime and as such cannot directly compare the

1/
results. However it is interesting to note the s i m i l a r  dependence observed.
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3.9 Plasma immersion ion implantation

The common implantation technique of Plasma Immersion Ion Implantation (PHI) shows 

some similarities to the operation o f our plane probe lying parallel to the plasma flow. PHI 

is a method used to modify the structure and/or the composition o f the near-surface region 

o f a target. In PHI, the target is immersed into a quasineutral plasma and bombarded by 

ions accelerated by negative high-voltage pulses, typically 10 -  100 kV. When the high- 

voltage pulse is applied, the electrons near the surface are repelled in the time scale of the

inverse electron plasma frequency leaving behind a uniform density ‘matrix’ sheath

o f ions. On the time scale o f the inverse ion plasma frequency, ions within this sheath are 

accelerated into the target resulting in a high current peak. Subsequently the sheath 

expands until a steady state Child-Langmuir sheath is formed, however this regime is 

generally o f little interest because the sheath thickness exceeds the plasma size.

The PHI situation is somewhat similar to that o f our probe-plasma interaction as 

when the leading edge o f the plasma encounters the edge o f the negatively biased probe 

nearest the target, the electrons are repelled and a matrix sheath is formed. The thickness, 

sq o f this sheath is given by:

Ions from the matrix sheath are collected by the probe / target over a timescale given by:

copi is the ion plasma frequency. On a longer time scale this sheath evolves into a steady
/

state Child-law sheath with the timescale:

(3.33)

(3.34)

where uq is the characteristic ion velocity given by , mi is the ion mass and
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cô ' 2V/ (3.35)

with a thickness:

Sc=So
2 _̂  
9 Up

(3.36)

Fig.3. 12 gives an example o f the sheath development as an element o f plasma 

travels across the probe. The time taken for the Child-law sheath to be established, tc, can 

be shorter than the time taken for the element o f plasma to travel the length o f the probe. 

Thus the current to the probe from that plasma element will vary in a complicated marmer. 

It should be possible to use the plasma immersion ion implantation models o f Lieberman 

[25] or Riemann [8] to estimate the average current to the probe as a plasma element 

travels the length o f the probe. In the following sections we shall present the important 

points o f the models and compare them to an analytical model developed in collaboration 

with Peter Sheerin and Myles Turner from the plasma research group in Dublin City 

University.

Fig.3.12 Evolution o f the probe sheath from a matrix sheath with thickness So to a Child- 

law sheath with thickness Sc.
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3.9.1 Lieberman model

Lieberman developed an approximate analytical model for an applied rectangular voltage 

pulse in a 1 -D planar geometry. The models start with 5 basic assumptions:

1) The ion flow is collisionless.

2) The electron motion is inertialess (characteristic implantation time scale much larger

3) The applied voltage Vo is much greater than Tg; hence the Debye length XaD So and the 

sheath edge is abrupt.

4) During and after the matrix sheath implantation, a quasistatic Child law sheath forms. 

The current demanded by this sheath is supplied by the uncovering o f ions at the 

moving sheath edge and by the drift o f ions towards the target at the Bohm speed.

5) During the motion o f an ion across the sheath, the E-field is frozen at its initial value, 

independent o f time, except for the change in field due to the velocity o f the moving 

sheath.

While assumptions 1-3 depend on the plasma process and parameters and seem 

reasonable, assumptions 4 and 5 are used to permit an analytical solution to the sheath 

motion and their validity must be questioned. When the voltage step (-Kq ) is applied to the 

plane surface immersed in the plasma, a matrix sheath is formed and from Lieberman’s 

calculations, the normalised current from that sheath is given by:

sinhT 2 1 + T sinhT -coshT
J =  ^  + ---------------- 5----------- (3.37)

cosh T 9 cosh T

where T is a normalized time(T = copjt), and J is the normalized implantation current

density J = — —̂  . This matrix extraction phase ends after a few (o~l, which corresponds to 
enouo

~T = 3. After this time the sheath begins to expand into a steady Child-law sheath. In this
/

regime, the normalised implantation current density is given by:

than cOpe ').

J -
1

(3.38)

/
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where

T =  ®pjt =  ^ - ^ /  + 3 (3 .39)

xo is the distance o f an ion away from the probe when it begins its flight across the sheath.

These equations give J(T) as a parametric function of . An important point to note

is that the maximum value o f x q  corresponds to the Child-sheath thickness, which in turn, 

depends on the electron temperature. As a result, the overall current to the probe will be a
f

function o f Tg.
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3.9.2 Riemann & Daube model

This model set out to describe the formation o f the high current peak during the rnatrix 

extraction phase. It agrees with assumptions 1 to 3 from Lieberman as they depend on the 

plasma process, however they say that assumptions 4 and 5 are artificial and could be 

disproved by comparison to solutions from the corresponding ion fluid equations. This 

competing model is based on a special class of simultaneous exact solutions o f the ion 

fluid equations and o f Poisson’s equation to describe the matrix extraction phase. They 

then use simple parameters to extend the theory to the sheath expansion phase. The model 

makes use o f the following normalised quantities;

1) T  =  cOpit

2) n(x,t)  = ‘̂ ^ , a n d  u(x,t)  = ^  .

3) 0 ( x , t )  = -^ ^ ^ ^ ^

where nj is the ion density, nQ is the undisturbed plasma density, Uj is the ion flow 

velocity and c^is the ion sound speed also known as the Bohm velocity. The boundary 

conditions at the sheath edge (x = s) follow from the constant values:

0  = G,n = l , u = l  (3.40)

of the plasma far from the target. The ion velocity, u = 1, is given by the Bohm criterion. 

The initial conditions are:

n (x ,0 )  = l, u (x ,0 )  = l, 0 ( x ,0 )  = ^ ( x - S o f , (x>So)  (3.41)
^  /

of a uniform matrix sheath at t = 0. The model results in the following approximation for 

the ion current to the target during the matrix regime.

j(T) = n(0,T)u(0,T) = ' (3.42)

Here, s(0) = Sq = -  -y/25>o , measured in Debye lengths (X,d ) ,  and T is the normalised time. 

Opcan be taken as the bias voltage assuming |Ko| > k T ^ .
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For the sheath expansion phase, T > 3, Riemann presents a ’’crude approximation’’ for the 

ion current. He uses two free parameters a  and (3 to obtain:

j  = l - P 1 + asp
2s'

1 - - (3.43)
V J

in parametric form as a function o f the sheath boundary, s. The corresponding time is given 

by:

T ( s ) = T E + i S - S e + S « ,

f  \

tan h " '— - ta n h " ' —  
s„ s,V CO J

(3.44)

Te is the time at which the matrix extraction phase has ended and has been found to be ~3. 

se is the sheath thickness at this time and is given by the approximation s^ «1 .6sq + 3 .
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3.9.3 Sheerin & Turner model

Sheerin and Turner set about developing a similar PHI analytical model [26]. They 

essentially used the same assumptions as Riemann and their result for the current to the 

probe was determined to be:

en. Uo-So(®i^T + j/j'2COiV)
F  7
l + ( c O j T )  12

(3.45)

where , ( the probe length over the ion flow velocity). The value of uo vs the

component of the ion velocity towards the probe and in the parallel case is taken to be zero.
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3.10 Comparison of Models

W e can now compare all three models. For analysis we took a silver plasma with density, 

nQ = 1.3x10'^ m “^, an applied voltage o f  Vo = 20 kV, and an electron temperature o f  Te = 

leV . In PHI potentials o f  typically 10-100 kV are applied so we use a large potential here 

when comparing the models.

Fig.3.13 A comparison o f  the three models. The transition between the matrix and sheath 

expansion regimes occurs at approximately; T = 3. The normalisation factors for the 

Riemarm and DCU models are shown on the Y-axis.

Fig.3.13 shows the normalised results from the models for the plasma parameters 

mentioned above. As an initial comparison it is useful to look at the two extremities, T = 0 

& 0 0 . The values o f the normalised current at T = 0, for the Lieberman, Riemarm and DCU 

models are 0, 0.005 and 0 respectively. Un-normalising, 0.005 becomes 20 A m'^, which is 

equivalent to the steady-state Child law current density ( j  = enoUB). In the matrix 

extraction phase the DCU and Riemarm models agree very well. To corroborate the model, 

DCU has also carried out some PIC simulations and these have shown excellent agreement 

with their model. The Lieberman model however estimates a larger current, the integral 

being 7% larger.

0.6
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Riemann
DCU

y  = 20 kV

0 2 3 4 5 6 7 8 9  10
T
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If  we look at the transition region, Lieberman shows a large discontinuity between 

both phases, unlike the Riemann model. This smoother transition is due to the evolution of 

the sheath during the matrix phase being included in the calculations. The DCU model 

however does not take into account the sheath expansion and so it approaches zero as T 

-^co. In the sheath expansion phase both the Riemann and Liberman models depend on the

ratio o f y  . The maximum ratio this can have depends on the Child sheath thickness,/  ̂ 0

which in turn depends on the electron temperature, Tg. This should prove useful when 

comparing the results for various temperatures to the experimental results.

3.11 Conclusions II

In this chapter we set out to describe the application o f a Langmuir probe to a laser 

produced plasma. The various collisional processes were described and it was shown that 

for typical plasma parameters we could use a collisionless sheath theory to interpret the 

probe characteristics.

A model o f probe perturbation developed by Waymouth allows us to estimate 

whether the probe perturbs the plasma, while the results from Sheridan gives us an 

indication o f the sheath size compared to the collecting area o f the probe. These results 

allow us to design a probe small enough to avoid perturbing the plasma yet large enough so 

that sheath edge effects are kept to a minimum.

The acceleration phase o f the plasma has been investigated and from the Anisimov 

model it has been determined to be approximately 80 ns. With this acceleration time the 

correct ion flow velocity can be determined from the measured TOF signal. From the 

corrected TOF signal the ion energy distribution was calculated. For the ablation o f silver 

at 2 J cm'^ ions with energies o f up to 500 eV are present with the average energy being 

l lOeV.

We have suggested that rotating the probe so as the collecting surface is aligned 

parallel to the plasma flow could be advantageous as the current due to the flow is 

effectively eliminated. Finally, we presented some plasma immersion ion implantation 

models which could be used to interpret the probe results in this new orientation. From the 

models the ion current to the probe can be determined and where a Child sheath develops 

the electron temperature can be deduced.
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4. Experimental results

4. Experimental Results

The experim ental results obtained for the analysis o f  the ablation o f  silver are 

presented in this chapter. The experim ental setup and the m ethod for interpreting the 

results have been outlined in the previous chapters. The first step is to accurately ' 

determ ine the orientation o f  the probe relative to the direction o f  the plasm a flow at 

the probe position. In the perpendicular orientation the ion density can be determ ined 

in a straightforw ard m anner from the ion flow velocity as discussed in chapter 3. The 

electron tem perature and density are m easured using the IV characteristic, corrected 

to account for the ion current contribution. These results are then com pared to those 

obtained w ith the probe aligned parallel to the plasm a flow.

A blation and deposition experim ents are carried out in order to com pare the 

distribution o f  the ions and neutrals. The am ount o f  m aterial deposited on a film is 

com pared to the am ount o f  m aterial ablated from the target. W e com pare the ion yield 

to the m easured m ass loss and estim ate an ion fraction. The electron tem perature 

results from the Langm uir probe results, the PIII and A nisim ov m odels are com pared > 

and finally we present the results obtained using the Energy Selective -  T im e o f  

Flight M ass Spectrom eter (ES-TOFM S). This device enables us to determ ine the 

m ass-to-charge ratio o f  the various ions and to determ ine their energy distribution.
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4.1 Probe orientation

We show in Fig.4.1(a) the peak ion current obtained from a plane probe as it was

rotated relative to the plasma flow ( ^  = 0° -  90°). It is clear that the magnitude o f  the 

ion current depends on the area o f  the probe projected towards the plume. In contrast, 

the electron signals do not show a strong dependence on the probe orientation except

when the probe moves beyond 0  =  90°, the magnitude decreases sharply as shown in 

Fig.4.1(b). This method was used to accurately align the probe to the plasma flow.

90° Angle (6) o°
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0
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Arbitary angle (6)

(a) (b)

Fig.4.1 (a) The peak ion current to the probe with probe angle (6) relative to the 

target. The solid line is a linear fit to the data. The probe bias was maintained at -3  V. 

(b) Peak electron current from the probe signals as the probe is rotated. The probe is 

placed initially at a random angle and rotated through 360°. From the graph we can 

determine the angle at which the probe is perpendicular or parallel to the flow.
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4.2 Plane probe perpendicular to flow

Fig.4.2(a) shows a measured ion TOF signal obtained close to the target normal. It 

was obtained using a planar probe (3 x 1.5 mm^), biased at -  5 V and positioned 4.1 

cm from a rotating silver target. The laser fluence was 2 J cm‘̂  with a laser spot o f 1.8 

X 0.7 mm^. From the front arrival time o f 1.4 /xs, the front velocity, Vf, is 2.9 x 10"̂  m 

s '' or 470 eV, while the peak time o f 2.4 fis corresponds to a velocity o f 1.7 x 10"* m s’ 

’ or 163 eV. Using this ion flow velocity and the equation: Ij,sat = AenjVj, the

maximum ion density is nj,max = 6 x lo 'V ■ ^

Time (^s) 
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Fig.4.2 (a) The calculated TOF from Anisimov using (1.11) and y =  1.28, compared 

to the measured TOF signal, (b) The ion energy distribution from the measured TOF 

indicating the probable, Ep, and average, <E> ion energy, similar to Fig.3.8(b).

We show in Fig.4.2(a) the measured TOF compared to the calculated TOF 

using the Anisimov model as described in chapter 1. The values o f Xq and Yq were 

taken to be the laser spot dimensions and were determined using a microscope, while 

Zo was estimated using the front velocity:

Zo=CsTp

Cs =
Y-1 (4.1)
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Zo was determined to be 109 |j,m. The adiabatic index, y, was estimated to be 1.28 

from the ratios o f the front velocity to the peak TOF using (1.17). This value is in the 

same region as the value o f y = 1.25 determined for the ablation o f silver at a fluence 

o f 0.8 J cm'^ by Hansen [1] though at a wavelength o f 355 nm (6 ns). For the ablation 

of silver at 1064 nm Toftmann [2] found that a value o f 1.42 gave a best fit to his 

results.

If  we compare the peak time in the measured and calculated signals we can let 

T = 43 = 2.4 |is. The relationship between x and t is defined from Anisimov as:

T = -----
Xn

( 5 y - 3 ) ^
V  P J

(4.

where Ep is the energy o f the plume and Mp is the plume mass. From these results the
7  1 •energy to mass ratio corresponds to 6 x 10 J kg' or 67 eV per atom or ion.

The measured ion energy distribution indicates a most probable energy o f 30 

eV with an average energy o f ~ 100 eV. We have determined that the mass o f the 

plume is approximately 200 ng which gives a plume energy o f 12 mJ. As the incident 

laser energy was approximately 25 mJ / pulse we see that the plume absorbs < 50 % 

of the laser energy.
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4.2.1 Ion angular distribution

By moving the probe around the target as shown in Fig.4.3(a), the shape of the plume 

can be obtained. We show in Fig.4.3(b) how the magnitude of the ion TOF signal 

decreases with increasing angle. By integrating the current detected at each angle, the 

angular distribution of the number of particles per unit area arriving is obtained.
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Fig.4.3 (a) A schematic of the probe positioning to determine the angular distribution 

o f the ablated particles (b) Ion TOF signals with increasing angle.

The ion angular distributions in both the X and Y directions were measured by 

rotating the probe in the ZX and ZY planes respectively. Fig.4.4(a) shows the ion 

angular distributions fitted using (1.23). The values of k obtained were kx = 2.9 and ky 

=1.9. These results give an example of the flip over effect, which occurs whenever the 

laser profile at the target is not rotationally symmetric. The plume expansion is driven 

by the pressure gradients in the initial phase of the plume formation and since the 

pressure gradients will be greatest in the normal direction and in the lateral direction 

o f the shortest extension the plume will be driven in the forward direction and in the 

direction with initially smallest dimension. Fig.4.4(b) shows the plume edge ratios 

determined fi'om the Anisimov model. It indicates values o f kx = 2.1 and ky = 1.3 

which are somewhat lower than the experiment.
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Fig.4.4 (a) The ion angular distribution in both the ZX and ZY planes (b) k 

determined using the Anisimov model.

From Fig.4.4(b) we can get some estimates o f the time scale of the plasma 

expansion. The graph indicates that at t  = 1, (~60 ns), the y-dimension becomes larger 

than the x-dimension indicating the flip-over effect, with the plume elongation 

reaching an asymptotic value at t  ~ 3 (-180 ns).

It is possible to use the values o f k from the experiment in the Anisimov 

model to determine an initial thickness Zq. For kx = 2.9 and ky =1.9, Zq corresponds to 

approximately 30 [im. Using (4.1), this thickness would result in a front velocity o f ~ 

8500 m s'*. For a probe at 4.1 cm this would correspond to a TOF o f 4.9 fis, which 

from Fig.4.2, is clearly not the case. This indicates that determining the initial 

thickness o f the plasma using the front velocity is not the most accurate method.
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4.2.2 Ion and neutral distribution

Ions
D eposit

(a) (b)

Fig.4.5 (a) An image o f a transparent film ( 7 x 1 1  cm), placed 5.7 cm fi-om the target 

and deposited with 40,000 shots. The hole in the center allows the beam through to hit 

the target normally (b) The angular distribution of the ions compared to the deposit, 

adjusted to the probe distance of 4.1 cm.

We ablated silver at a fluence o f 2 J cm'^ with 40,000 shots, and collected the 

material on a transparent film, placed 5.7 cm fi'om the target. By measuring the 

optical transmission through the film, before and after the deposition, the thickness 

and angular distribution o f material was calculated. The equations are presented in 

Appendix B. Fitting the angular distribution in the same way as before yielded kx = 

1.9 and ky = 1.2 for the deposit, which shows that the ions have a more forward 

peaked distribution.
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The total amount of material collected can be estimated from the Anisimov model 

using the equation:

27id^F(0)
F= , /   ̂ (4.3)

k^ky

where d is the distance in cm and F(0) is the flux at 0°. The thickest part of the film 

was determined to be 45 nm, which equates to F(0) = 6.2 x lO'^ particles cm'^. Using 

the k values obtained from the experiment, the yield was estimated to be 5.5 x lO’"*  ̂

particles / pulse. Similarly from the ion probe results the yield was estimated to be 6.2 

x lO' '̂ ions / pulse.

The mass loss and corresponding ablation depth was determined by weighing 

the target before and after ablation (60 mins, 10 Hz) using a microbalance with an 

accuracy of 2 |ig. The ablation rates for a fluence of 1, 1.5 and 2 J cm'^ were 

determined to be 40, 65 and 200 ng per shot respectively. The ablation depths are then 

3, 5 and 15 nm respectively.

A mass of 200 ng of silver corresponds to 1.1 x lO'^ atoms. Comparing the ion 

yield to the mass loss, the ion fraction is then approximately 0.56. This is in good 

agreement with the value of 0.5 at 2 J cm'^ determined by Toftmann [2]. The 

discrepancy between the yield estimated from the deposited film and that from the
/

mass loss results could be due a number of factors including the uncertainty in 

measuring the spot size or perhaps to sputtering from the impacting high-energy ions. 

From the ion energy distribution we saw that there were ions of up to 500 eV present. 

With the energy threshold being 1 0 - 2 5  eV for most metals we would expect some 

material to be removed. Fahler [3] determined the sputtering yield during PLD by 

measuring the deposition rate on a tilted substrate. From his results for a fluence of 2 J 

cm'^ the yield was approximately 0.4 for Ag ions. Even for a relatively low fluence of 

1 J cm'^ he found a yield of 0.25. Comparing the mass loss to the yield determined 

from the film the sputtering yield appears to be approximately 0.5.

Table 4.1 presents a summary of the results obtained from the ablation of 
2

silver at 2 J cm' .
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Table 4.1 A summary o f  the results for the ablation o f  silver at 2 J cm'^.

Mass loss Ion yield Ion fraction Deposit Sputtered yield

1.1 X 1 0 " ’ 6 .2  X 1 0 '^ 0 .5 6 5 .5  X lO"'* 0 .5

4.2.3 Electron temperature
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Fig.4.6 (a) Ion and electron signals for the probe oriented perpendicular to the flow, 

(b) Probe bias variation for a bias o f  -32 V (black) and -2 V (pink).

We show in Fig.4.6(a) some ion and electron probe signals obtained from a planar 

probe ( 1 3 x 3  mm^), positioned 9.5 cm from the target. The fluence was maintained at
■y

1.5 J cm ' . The probe bias can be altered by the voltage drop across the load resistor 

(Ri) and the blocking capacitor (Cb). If we take the maximum current from Fig.4.6 o f

2.3 mA, for a load resistor o f  100 Q  implies a voltage drop o f  0.23 V across the

resistor. The voltage o f  ~ —  |l ( t ) d ta c ro s s  the capacitor (0.6 fiF) is approximately 

20 mV.

The actual bias voltage is then the applied voltage minus these induced 

voltages. W e show in Fig.4.6(b) the actual voltage on the probe for two bias voltages 

o f -32 & -2 V. It is clear however that the load resistor has the largest influence and 

thus should be kept as small as possible.
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Choosing a particular time and then plotting the current against the corrected 

bias voltage, the IV characteristic is obtained. For example at the peak TOP of 4.8 |iF, 

the IV characteristic is plotted as shown in Fig.4.7(a). The electron temperature is 

found from a semi-logarithmic plot of the electron-retarding region after correcting 

the characteristic by subtracting the ion saturation current. From Fig.4.7(b) the value

of gives 0.25 eV for the electron temperature.
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The best fit o f the linear region is represented by the red line. The plasma potential 

(Vp) is obtained from the position of the knee o f the electron saturation part o f the 

characteristic. In practice this is determined using the intersecting slopes method as 

shown.
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Fig.4.7 (a) IV characteristic at 4.8 fis (b) Corrected semi-log plot showing how Tg and

Vp are obtained.
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Fig.4.8 (a) Te variation determined from a range of IV characteristics for the planar 

probe perpendicular to flow, (b) Electron and ion density variation.
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The temperature was found to increase to a maximum value o f approximately 

2.5 eV at 7.5 |j .s , which is slightly later than the peak in the ion TOF signals. This 

initial increase in temperature as the plasma arrives is consistent with the assumption 

that the plume is isentropic and the expansion is adiabatic. Similar work carried out 

by Hansen [ 1 ] has also seen this temperature variation. He ablated silver at a fluence 

of 0.8 J cm'^ and at a distance o f 8 cm determined a maximum electron temperature of 

0.7 eV.

Fig.4.8(b) shows the electron and ion density variation. Both show the same 

behaviour but with the electron density being a factor o f four lower. The discrepancy 

between the ion and electron density is not yet fiilly understood. The results presented 

in section 3.5 would suggest that the opposite would occur as both W eber [4] and 

Stamate [5] indicate that increased electron collection should occur due to sheath
/

effects.
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4.3 Plane probe aligned parallel to flow

Aligning the probe surface parallel to the ion flow we have shown that the ion current 

due to the flow can be eliminated and so its influence on the overall IV characteristic 

might be avoided. An example o f an IV characteristic obtained in this orientation is 

shown in Fig.4.9(a).
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Fig.4.9 (a) The IV characteristic corresponding to the peak ion TOF (4.8 /is), (b) The 

semi-logarithmic plot (c) The variation o f the measured electron temperature as the 

plasma flows past a probe compared to the calculated plasma temperature from the 

Anisimov model (d) The densities from both probe orientations.
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We show in Fig.4.9(c) the time variation o f the electron temperature 

determined from the IV characteristics. The temperature is seen to increase to a 

maximum of approximately 0.35 eV, a factor o f four lower than that from the 

perpendicular case. The errors are larger in this case as determining the linear part of 

the log plot or the plasma potential is more difficult. The solid line in Fig.4.9(c) is the 

calculated temperature from the Anisimov model (1.12):

e ( 5 y - 3 ) ( y - l ) V  V  7  ^ -^0 ^0^0
Y-l

1 -
^ Z  '

2 "

2y t  XYZ J ^ z j

where z is the probe distance and y was taken to be 1.28. The electron density in 

Fig.4.9(d) for the parallel case is larger by approximately a factor o f two. This is due 

to the fact that to maintain the constant current to the probe, as the temperature 

decreases, the density must increase.



4. Experimental results 91

4.4 Pill Models
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Fig.4.10 The ion TOP signal obtained at 0° and 90° with Vb = -30 V.

Fig.4.10 shows ion TOP signals obtained from both probe orientations. They were 

obtained using a plane probe ( 5 x 2  mm ) positioned 9.2 cm from the target. If  we 

look at the peak o f the ion signal at 0° from it occurs at 6.6 fis, which corresponds to 

an ion flow velocity of: Vi = 1.1 x 10"* ms”'. Thus it will take 0.14 [is, for this element 

o f  plasm a to travel the length o f  the probe (2 mm). The peak ion current o f  4.6 mA
17 ^corresponds to an ion density o f  nj = 2 x 10 m ' . The plasma ion frequency is then 

copi = 5.8 X 10^s’’ and so the normalised time is T = cOpit = 8. As this extends into the 

sheath expansion regime as shown in Pig.3.12, we shall have to use the Riemann 

model to fully describe the ion current to the probe.

If  we recall the models were previously calculated for an element o f  plasma
17 ^w ith the parameters: no = 1.3 x 10 m ' , Vo = 20 kV, and an ion flow velocity o f  Vj = 

1.3 X lO'* ms"’. We can now look at the Riemann and DCU models for an element o f 

plasm a with a more reasonable bias voltage o f  Vo = -30 V, and a maximum electron 

temperature as determined in the previous section o f  Tg = 0.5 eV. W ith this 

temperature, the maximum ratio o f  the Child to matrix sheath, Sc/sq , is 1.56 where:



4. Experimental results 92

Sc ^So
9 u

(4.4)

Fig.4.11(a) shows the un-normalised output from the Riemann and Sheerin and 

Turner models presented in the previous chapter. If we look at the matrix extraction 

phase, the integral for the Riemann and DCU models gives 159 and 137 respectively, 

Riemann being 14 % larger. This difference is due to the Riemann model being quite 

sensitive to low voltages (< 200 V), whereas at larger voltages both models show 

good agreement. To test the validity of the models, DCU have carried out PIC 

simulations of the experiment. The results are shown in Fig.4.11(b) and it shows 

excellent agreement with the models. As a result we can now use the PIC result to 

describe both the matrix and sheath expansion regimes.
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Fig.4

Vo =

17  ^11 (a) A comparison of the Riemann and DCU for Hq =1.32x10 m , 

-30 V and Te = 0.5 eV . (b) The two models compared to PIC calculations.

To estimate the total current contribution to the probe we consider the plume 

to be made up of a series of slices of plasma. Their evolution in space as they travel 

along the probe can be equated to the evolution in time of a static plasma in contact 

with a probe.
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For an element o f plasma we can write the current contribution as:

L

I = J*zj(x)dx

0

where x is the position of the plasma along the probe, L is the length and z is the 

width of the probe. If x = vt, then dx = vdt and if T = cOpjt, then dT = cOpjdt. Eqn.(4.5) 

can then be rewritten as:

=  ^JjdT
CO •’

P> 0

or

I = ^ H w ] j d T

where Ti is the normalised time taken for an element o f plasma to traverse the probe 

and J is the normalised current density.
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Fig.4.12 The results from the model (4.6), compared to the experiment for two bias 

voltages.
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The ion flow velocities and corresponding densities were obtained from the 

probe in the perpendicular position, and an average temperature o f Tg = 0.3 eV was 

assumed. Depending on the time taken to traverse the probe (0.06 (xs for the fastest 

ions to 0.66 |is for the slowest), the PIC result in Fig.4.11(b) was integrated over the 

relevant timescale. Fig.4.12 shows the results obtained compared to the experimental 

results.

It is interesting to note that the lower the electron temperature o f the plasma, 

the longer it takes for the steady-state Child sheath to develop. For example if  Te = 0.1 

eV, then Tc = 23 (the normalised time taken for the sheath to develop), while for Tg =

1 eV,

Tc = 6, Fig.4.13(a). Thus for a relatively short probe dimension (2 mm), the current is 

nearly independent o f the electron temperature. It is also shown from the inset o f '

predicts the observed dependence o f the ion current on bias voltage. To investigate 

further the dependence o f the current on the electron temperature we repeated the 

experiment with the plasma flow along the long dimension o f an elongated probe. 

This axis was 13 mm and so for the same element o f plasma it took 0.93 |os, (T = 54) 

to traverse the probe. It is clear that in this case there is enough time for the Child 

sheath to develop and so the integral now has a strong dependence on the temperature. ,

T,
Fig.4.3(a) that for these conditions the integral only very weakly on the

0

value o f Vo, so that from (4 .6), I oc Uq = ----- ^  . Thus we see that the model also
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Fig.4.13 (a) The dependence o f the model on the electron temperature and (inset) on 

the bias voltage.(b) The results from (4.6) for various temperatures compared to the 

experimental results.

Fig.4.13(b) shows the results from the model for various electron 

temperatures. The results suggest a temperature between T̂  = 0.22 -  0.5 eV describes

the plume at the peak TOF while a lower temperature o f Tg = 0.1 -  0.22 eV fits at later

times. These results are in good agreement with the electron temperatures determined 

in the parallel case.
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4.5 Conclusion I

The results so far describe the plasm a properties obtained using the different probe 

orientations. From  the m easured TOF signal the adiabatic index was estim ated to be 

1.28. H ow ever w ith this value the calculated TOF from the A nisim ov m odel shows 

disagreem ent at late times. Using a lower value o f  y w ould broaden the calculated 

signal, w hich suggests that 1.28 is an overestim ation o f  the value. >

The energy to m ass ratio o f  6 x lO’ J K g '' indicates an average energy o f  67 

eV per atom  or ion. From  the ion energy distribution obtained fi'om the probe results, 

the average energy is determ ined to be 110 eV  with a m ost probable energy o f  30 eV. 

From  the m ass loss results we determ ined that the plum e absorbs approxim ately 45 % 

o f the laser energy, w hich is a reasonable result if  w e take into account losses during 

the evaporation o f  the material.

Com paring the ion yield to the m ass loss results indicates an ion fraction o f 

0.5. The discrepancy betw een the yield estim ated from the deposited film and the 

m easured m ass loss is probably due to material removal due to the im pact o f  the high- 

energy ions. The sputtering yield estim ated from the difference is o f  the same order as 

determ ined by Faher o f  0.5. This raises an interesting question as to w hether the  ̂

resputtered m aterial will interact with the incom ing plum e. As the ions w ith the 

greatest energy are

found along the target norm al, the effect will be largest here. This is also another 

advantage o f  aligning the probe parallel to the flow.

The electron tem perature is probably one o f  the m ore difficult properties to 

m easure in a laser-produced plasma. The tem perature m easured in the perpendicular 

case

using the corrected IV characteristics was a factor o f  four higher than that o f  the probe 

aligned parallel to the flow. This indicates that the ion flow  has a large influence on 

the m easured param eters. The peak in the m easured tem perature occurred at 

approxim ately 7 us, which is later than the peak o f  the ion probe signals. This agrees 

with the results from  the A nisim ov model. Fig. 1.4(b). The variation in tem perature 

within the plum e indicates that it is valid to use the adiabatic isentropic m odel o f 

Anisim ov to describe the plasm a expansion.
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Finally the ion density can be determined in the parallel case using the models 

of PHI. In addition the electron temperature could be determined by using a longer 

probe that allowed a Child sheath to develop. The agreement between the theoretical 

and experimental values o f Te, indicate it is valid to use the probe aligned parallel to 

the flow to obtain the temperature.
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4.6 Multiply ionised species and contamination

The ion current to the probe as it rotates from 0° to 90° is well understood as the 

current is due to the ion flux and the magnitude depends on the area of the probe 

projected towards the flow direction. As the probe rotates beyond 90° the behaviour is 

not so clear. The signal begins to split into three distinct peaks with the early peaks 

TOF remaining relatively constant from 3 to 5 us.
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Fig.4.14 Ion current variation with probe angle, (100 -  180°) relative to the target. 

The probe bias was maintained at -32 V.

Fig.4.14 shows the ion TOF as the probe was rotated beyond 90°. During the 

experiment the target was continually rotating at ~1 Hz with the beam spot 1.3 cm off 

centre. If we stopped the rotation we found the magnitude of the peaks to decrease 

significantly (Fig.4.15), which suggests they are mostly surface contaminants. If we

look at the result for 180°, the average ion energy from the silver peak is ~ 10 eV. If 

we assume the fast ions have the same energy distribution then their masses should 

range between 1 - 1 2  amu. These results indicate the presence of hydrogen, carbon or 

oxygen within the plume. Fig.4.15 also indicates that the recontamination time is 

greater than 1 second as there is little difference between a rep rate of 1 or 10 Hz. The 

beam spot was 0.5 mm in height so at a rep rate of 10 Hz there is still 7.5 mm between 

subsequent spots. We have found that a time interval of approximately 5 seconds is 

sufficient for the contamination peak to return after cleaning.
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Whether this contamination originates from the surface of from the bulk of the 

target is not yet clear. The results suggest that a stationary target significantly reduces 

contamination during ablation, however the resulting cratering o f the target is a major 

drawback.
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Fig.4.15 The ion current variation at 180° with the target rotation and laser rep rate. 

The contamination peaks drop significantly when the target is stationary indicating 

cleaning o f the surface by the laser. The probe bias was maintained at -  32 V and the 

results were averaged over 10 shots.

While the current to the probe is predominately due to silver ions in the 

perpendicular case, we now see that there is a comparable contribution from surface

contaminants in the range 0 = 90° -180°.

Up to this point we have considered the plasma to consist o f singly ionised 

silver ions, electrons and neutrals, and as most o f the results presented in this thesis 

were carried out with a fluence o f 1 to 2 J cm' the assumption seemed reasonable [6]. 

We have attempted to create multiply ionised species by ablating with higher fluences 

(4 J cm'^). We kept the target stationary and used a repetition rate o f 10 Hz to keep 

any contamination contribution to a minimum.

Fig.4.16 shows the ion current to the probe for various fluences. The fast peak 

dominates for fluences greater then 1.5 J cm' and with a TOF similar to the 

contamination peaks.

Rotating target:
■ Laser rep rate 1 Hz 

10 Hz

Stationary target:
* Laser rep rate 1 Hz
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Fig.4.16 The ion current at 180° with varying fluence. The fast peak appears at 

approximately 1.5 J cm'^. The probe bias was maintained at -32 V and the results 

were averaged over 10 shots.

The origin o f these peaks are difficult to understand using only Langmuir 

probe results. As a result we designed and assembled the ES-TOFMS to identify these 

peaks and their energy distribution.
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4.7 Energy Selective-Time of Flight Mass Spectrometer

We described in chapter 2 the specifications of the ES-TOFMS. Briefly two curved 

parallel plates were biased to allow only ions o f a particular energy through to a 

detector. By varying the bias, a particular pass energy could be selected. Using this 

apparatus we should be able to distinguish between species o f different charge states 

and contamination [6, 7]. The spectrometer was placed 30 cm along the target normal 

and had an energy range of 0 -  350 eV assuming singly ionised species. From 

Fig.4.2(b) this covers most o f the measured ion energy distribution.
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Fig.4.17 (a) The output from the analyser for a rotating silver target ablated at 1.1 J 

cm'^. The target to detector length was 34.6 cm and the bias on the plates was ± 11 V, 

which corresponds to a pass energy of 119 eV. (b) The output for a rotating and 

stationary silver target ablated at 3.7 J cm'^. The pass energy was 130 eV for Ag^ and 

C /0; and 260 eV for Ag^^
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Fig.4.17 (a) shows the typical output from the spectrometer. It was obtained from a 

rotating silver target ablated at a fluence o f 1.1 J cm' . We show in Fig.4.17(b) the 

spectrum for ablation at the highest fluence obtainable o f 3.7 Jem' . It indicates that 

doubly ionised Ag is present and that rotating the target contributes contamination to 

the plume. The mass-to-charge ratio o f the ion is determined by;

E eAVR 0

m _ eAVRg
2d

(4.7)

dv?

E is the ion energy in J, m is its mass, Z is the ion charge, AV is the voltage on the 

analyser(0 -  64 V), Ro is the mean spectrometer radius (3.5 cm) and d is the plate 

separation (3 mm). The pass energy o f the spectrometer in eV is calculated by:

(4.8)pass 2 d

The error in the TOF can be estimated as shown in chapter 2:

AEfii^r _  _  2Av _ -2A t

^ f i l t e r  R V t (4 9)
t AR

.-. At = -------
2 R

For a TOF o f  23.56  )j .s , AR = 3 mm and R =Ro, then At = 1.09 (o,s. This compares to a 

FWHM of 1.04 |u,s obtained from the experiment. One o f the basic characteristics o f a 

spectrometer is its resolving power. The mass resolution o f an analyser is given by 

[8]:

Rm= — = —  (4-10)Am 2At

/
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where t is the TOF o f an ion that may be resolved from a neighboring ion, and At is 

the time between the resolved ion pulses.
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Fig.4.18 The output for the ablation o f a ZnMn target showing the resolving power of 

the spectrometer.

Fig.4.18 shows the output from the ablation o f a ZnMn target. The mass resolution 

was determined to be 6 with At = 0.88 |o.s. We also ablated a ZnCuO target to test the 

resolving power but could not distinguish between the Cu and Zn peaks.
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Fig.4.19 The normalised ion probe TOF signal, adjusted for the spectrometer distance 

compared to the TOF’s o f the ion species from the spectrometer for a fluence o f 3.7 J 

cm‘̂ .

Fig.4.19 shows the magnitude and arrival time o f the C /0  and Ag^^ peaks 

compared to the Ag^ peak for a fluence o f 3.7 J cm'^. The proportion of Aĝ "̂  and C /0  

to Ag^ is relatively small with the majority o f ions being singly ionised. The fast peak 

in the probe signal can now be identified as due to contamination. Fig.4.20(a) shows 

the results obtained for a full energy spectrum of Ag ablated at 1.1 J cm'^. The results 

indicate the presence o f only singly ionised silver, with the maximum flux occurring 

at approximately 110 eV. The TOF for other ions we might expect to observe, such as 

Ag"̂  ̂ would be: Ag"̂ "̂  = 0.7Ag'^, S = O.SSAg" ,̂ O = 0.38Ag'^, C = 0.33Ag’" and H = 

0.1 Ag”̂. If the abundance o f these species are 1 0 - 2 0  % that of the silver they should 

be detectable. The only difficulty would be interpreting a peak that contains the 

lighter elements o f carbon and oxygen, as their peaks would be too close to 

differentiate.

At a fluence o f 2.1 J cm‘̂ , Fig.4.20(b), we observe three peaks for a rotating 

target. Their mass-to-charge ratios correspond to singly and doubly ionised silver with 

a low Z contamination, probably carbon, though oxygen falls within the errors. By 

stopping the rotation the contamination peak is eliminated as we effectively clean the
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target. The doubly ionised silver then extends to higher energies with the peak at -275 

eV. We found that similar to the probe results presented in the previous sections, the 

recontamination time corresponded to approximately 5 s. Finally, for the maximum
•y

fluence o f 3.7 J cm ' , the results show a similar trend but with the peaks extending to 

higher energies.
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Fig.4.20 The energy spectra and distribution for Ag ablated at a fluence of: (a) 1.1 J 

cm'  ̂ (b) 2.1 J cm'  ̂(c) 3.7 J cm' .̂
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We have been unable as yet to identify the low Z contamination species. We
/

ablated calcite (calcium carbonate -  CaCOs) and perspex (PMMA) at the maximum 

fluence in an attempt to produce carbon, oxygen or hydrogen ions but none were 

detected by the spectrometer. It is clear though that the contamination becomes 

significant at fluences above 1.5 J cm'^. Similar results were observed by Woryna et 

al [9] who investigated the impurity layers of Ta, W and Au. They identified the 

contamination to consist o f H, C and O atoms with a recontamination time o f several 

seconds.

Comparing Ag^ from Fig.4.20 we see little difference in the distribution at low 

fluence, (a), for a stationary and rotating target with the peak occurring at ~ 1 GO eV. 

This is similar to that determined from the ion TOF signals. At the high fluence, (c), 

the distribution is again similar but occurring at higher energies o f 250 eV. Stopping 

the rotation increases the Ag distribution, with ions detected up to 700 eV, but with 

only a slight increase in the peak energy from about 300 to 350 eV.

We have not come across any other results for silver, though similar work has 

been carried out on the ion energy distribution o f tantalum for low [10] and high [11] 

irradiances although at a higher wavelength o f 1064 nm. Tantalum was chosen in their 

experiments due to its high mass o f 181 amu. At low laser energies, 1 0 - 6 0  mJ, most 

of the ions for all angles were Ta^ with energies up to 1000 eV detectable (though 

ions o f up to Ta"̂  ̂were seen), with the average charge determined to be 1.6. At higher 

energies [11], (1 -  900 mJ per pulse, fluence = 10 -  100 J cm'^) the tantalum charge 

state could reach 8+ with the maximum ion energy o f 6 keV observed. They 

determined the mean energy o f Ta^ to be 250 and 1000 eV for fluences o f 30 and 100 

J cm'^ respectively.

Similarly the kinetic energy distribution o f ions produced during XeF ablation 

of Al and Cu has been investigated by [7, 12]. For fluences between 1 -  4 J cm'^ they 

observed a bimodal distribution. The first peak occurred at ~ 1 eV which they related 

to a thermionic component. The second peak extended up to 60 eV for Cu ions 

ablated at 3.2 J cm'^. They also observed Cu "̂  ̂ at this fluence though very little 

compared to the Cu^ peak.

In the results presented in Fig.4.20, the deviations at low energies in the 

energy spectra could be due to the error in determining the TOF due to the large width 

of the peaks and/or due to space charge effects. By placing a probe at the entrance to
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the spectrometer we can determine the density of the plasma at the slit. For a fluence 

o f 1.1 J cm'^ the maximum ion density corresponded to nj = 2.3 x lO’  ̂m'^. With a slit 

width of 50 /im the field due to space charge, Espace, corresponds to 1000 V m"' (2.2). 

Applying a bias o f t  10 V, (Epass = 100 eV), corresponds to an electric field o f ~ 6000 

V m ’. Thus space charge effects should be a minimum above this pass energy. The 

effect can be further reduced by increasing the target-spectrometer distance thus 

reducing the density or by simply using a smaller slit. However we found that when 

using a 10 /xm slit, we were unable to resolve the low Z elements. Fig.4.21(a) shows 

the ion TOP signals obtained from the probe at the spectrometer entrance. Fig.4.21(b) 

is the corresponding ion energy distribution. The average energies for the fluences of 

1.1, 2.1 and 3.7 J cm'^ are 70, 140 and 190 eV respectively which are in reasonable 

agreement with the energy distributions from the spectrometer.
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Fig.4.21(a) The ion TOP signals for various fluences obtained from a probe at the 

spectrometer entrance, (b) The normalised ion energy distribution obtained from the 

TOP results.

Pig.4.22(a) shows the ion TOP signal for a fluence o f 3.7 J cm'^ on the rotating 

and stationary target. Pig.4.22(b) shows the TOP for the stationary target compared to 

the full spectrometer results. The time of maximum ion flux through the spectrometer 

corresponds to the peak in the probe TOP signal once the extra length (5.4 cm) is 

taken into account. It shows that a substantial number o f the low energy ions are not 

detected. This is not too surprising as these ions take the longest to travel through the
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spectrometer. As a result beam ‘blow-up’(space charge effect) will have a larger 

influence, reducing the final flux onto the detector.

We have taken the overall signal to approximate an ion TOF signal in an 

attempt to determine the total ion transmission. We used similar data to Fig.4.22(b), 

but using the results for 1.1 J cm'^ where we now know that the current is due to 

singly ionised silver. By integrating the probe signal we determined that 2.3 x 10* ions 

enter the spectrometer. The detector only received 1.5 x lO'^ ions which equates to 

0.7 %.
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Fig.4.22 (a) Ion TOF signals obtained at the entrance to the spectrometer for a fluence 

of 3.7 J cm'^. The contribution due to contamination can be clearly seen (b) The 

inverted TOF signal for the stationary target (corrected for spectrometer length) 

compared to the full spectrometer results.
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4.8 Conclusions II

Rotating the probe beyond 90° split the ion signal into three distinct peaks, with fast 

peaks occurring between 3 -  5 |o,s with the main silver peak moving to later times of 

1 0 - 4 0  |j,s. We found that using a stationary target reduced these fast peaks 

considerably which suggests they are due to contamination from the target surface. 

However even with a stationary target for fluences greater than 1.5 J cm' a fast peak 

was detected.

The ES-TOFMS has proved to be a useful device, identifying the different

species within the plume. W ith the target rotating or stationary we detected only Ag^
2 . 2 .

at low fluence (1.1 J c m '). At higher fluences (>1.5 J c m ' ) there was a substantial

difference between a rotating or stationary target. With a rotating target contamination 

due to carbon or oxygen was present. Doubly ionised silver was also at these higher 

fluences with energies extending up to 700 eV at the maximum fluence o f 3.7 J cm'^. 

The transmission o f the spectrometer is quite poor as it is clear that few o f the lower 

energy ions are detected. The wide peaks at these lower energies also give rise to 

large errors in determining their TOF which limited the spectrometers energy range.
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Conclusions and future work
This thesis has attempted to further the application of Langmuir probes to laser 

produced plasmas. At this point it is worth summarising the main achievements from 

the thesis and considering some aspects which may be worth investigating further.

Scientific advances
The adiabatic expansion models of Anisimov and Singh and Narayan were shown to 

be very useful in describing the plasma expansion into vacuum. Both models have 

been used extensively in the literature to describe a typical ion time-of-flight signal 

with equal accuracy; however there was clearly a need to clarify which treatment of 

temperature was correct. One of the main achievements of this thesis was in 

determining, that for typical ns ablation conditions, the plasma can be treated as 

isentropic, provided the plasma temperature is less than 12 eV. As the plasma 

temperature at the target is usually below this, the Anisimov model can be applied to 

our results.

The ion flow velocity and ion energy distribution can be obtained quite easily 

from an ion TOF signal. This assumes that the probe distance is much larger than the
/

ion source size and that the ion TOF is much longer than the ion production time. This 

is generally the case as the probe distance is usually a few centimetres away and the 

ion TOF is typically of the order of (is compared to ns for the ion production time. We 

show however, that the Anisimov model can determine the plasma formation and 

acceleration time. Subsequently, the ion TOF signals can be corrected for, before 

further analysis.

Diagnostic advances
The perturbation of the plasma by the probe was considered in detail in chapter 3. The 

work by Waymouth derived a relationship between the probe area, plasma 

temperature and a minimum number of electrons. The calculations by Sheridan 

provided a useful description of the sheath edge effects. He found significant effects 

even with a relatively large probe area. For example, a disk probe with a diameter of 1 

mm, biased at -  30 V has a sheath with an area of up to twice the probe area. While
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these two models are applicable to stationary plasmas and the probes were double 

sided, they can be used together to initially design a probe, large enough to keep edge 

effects to a minimum yet small enough to avoid perturbing the plasma.

With a suitably sized planar probe, we studied the behaviour where it is 

orientated so that the plasma flow is parallel to the collecting surface of the probe. In 

this way the ion current due to the ion flow can be eliminated. In this orientation we 

found similarities with the technique of plasma immersion ion implantation. The 

plasma flowing across the probe surface can be taken as slices of plasma, which are in 

contact with the probe for a certain length of time. The current to the probe will 

depend on the type of sheath formed. A fast element of plasma will be in contact long 

enough for only a matrix sheath to form, whereas a slow element will allow a Child- , 

Langmuir sheath develop. The implantation models show that if the probe is long 

enough for a Child-Langmuir sheath to develop then the current to the probe is 

proportional to the electron temperature. This provides an independent means of 

determining the electron temperature. The results were consistent with the assumption 

that the plume is isentropic and the expansion is adiabatic.

Finally we produced multiply ionised species by ablating at high fluences. By 

using the ES-TOFMS, the mass-to-charge ratios of the various species and their 

energy distribution could be determined. Typically we found that for moderate 

fluences, we could detect doubly ionised silver with energies up to a few hundred eV. 

Interestingly, we found that a rotating target produced a ‘contamination’ peak which 

had energies up to 100 eV. Using a stationary target eliminated this peak, but also had 

the effect of increasing the energy range of the doubly ionised silver.

Current research / future work
The theory used to describe the ablation process and subsequent plume 

expansion was presented in chapter one. The laser heating model developed by 

Lunney and Jordan was a useful tool in that it describes the target heating and 

subsequent ablation rate. Although the model was found to give good agreement with 

the experimental results for iron and magnesium close to the fluence threshold, we 

have had difficulty in correlating it to our results for the ablation of silver. The 

discrepancy could be due to a number of reasons.
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The most probable is that we took as constant the thermal conductivity of silver. This 

model is constantly being reviewed, and at the present we are working on including a 

temperature dependent value for the thermal conductivity.

The work presented in this thesis concerned rotating the probe from 0° to 90°. 

Currently we are continuing this work to where the probe is rotated 180°. This is 

being done with an aim to understanding Mach probe behaviour. Mach probes are 

essentially double sided planar probes. They are inserted into the path of a flowing 

plasma to determine the flow velocity by comparing the current collected from the 

upstream and downstream face. In conjunction with our experimental results, 

theoretical calculations are bring carried out in DCU to provide a description of the 

ion current to the probe in the downstream orientation.

The laser ablation of multi-component targets is a common procedure. 

However questions concerning preferential ablation rates, different yields and energy 

distributions remain. The ES-TOFMS has proved itself capable of answering these 

questions. At present a more compact spectrometer is being designed which will 

allow us to determine the angular and energy distribution of multi-component 

plasmas. Finally, by increasing the resolution the contamination peak will be 

identified.
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Appendix A: Laser heating model
Properties of the laser pulse:

n I / n 1 - 1
fin | : = f n * ----------------------- *Exp —  ;

(3.35x10''-?) I ^26 '  J
>• Analytical expression for terporal profile of laser irradiance *)
fo =2; (* Average laser energy fluence [J cm'̂ ] *)
X- 1; ' ♦ Timestep [ns]

g
AT=xx10 , Timestep [s] •)
tmax= 100; (* Calculation limit ixi time (timesteps after start of laser piLse) *)
spot = 0.0126; (* Laser spot area [cn̂ ] *)
5tpui^ = 26x10'®;
(* JWHM of laser pulse *)

Properties of silver: 

(>*Thermai and physical properties*)

K= 4.29; 

p=10 5,

SpecHeat= 25.4; 

c =  0.235;

= 107.87;

kB = 1 .3 8x 1 0 23.
HeatV&p=258;

Lv=
H eatV apxIO

N/w 
TO = 300;
Tboii = 2436; 
k =  1 .39;

A= 248x10 ®; 
ref= 0.2;
N *, = 6.022x10^^; 
am = 1 . 6 6  X 1 0

a =  1 .3 x 1 0

r27.

, - n .

(* Thermal conductivity of target material [W cm   ̂ K *)

(* IVbss density of target [g cm *)

(* IVblar heat capacity [J K  ̂ mol ’ ] ♦)

(* Speafic(m ass) heat capacity [J K   ̂ g ♦)

(*  IVblar mass of evaporatingspedes [a m.u.] *)

(♦ Boltzmann constant [J K ]̂ *)

(* Heat of vaporisation [kJ mol *)

(* Latent heat of vapourisation per partide [eV] *)

(* Initial target surface temperature [K] *)

(*Boiling temperature at standard pressure(10^ Pa) [K] *)

(* Ext±TK:tion cx>efficient at 248 nm *)
(* Laser wavelengtii *)
(* Surface reflectivity of target to laser radiation *)
(* Avogadro' s constant *)
(* Atcmic mass unit [kg] *)
(* Absoiption cross-section in plume for 248 nm radiation *)

A =
2(1 -  re f)* V At  

V n * K * p * c
(♦ Constant factor in temperature evaluation *>;

/ t - n  + x / t - n  

"  X V X
(* Parameter determining contribution of previous time intervals to present teofjerature *) ;
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(* Surface temperature calculation *)

(» Expression fo r  su rface temperature as a fu n ction  o f  t iite :* )

(* T (t: . j dr= lim  V f  ( t -Cn)x-^= E f  (t-i:n)x(V (S n) + l - V ^ - n )  X .)
V >r*K*p*c Jo  ̂z 1/ tn

Irradiance = {};
TenpList= {0}; (* Surface tarperature at each timestep *)
TotalVapour= {0}; (* Flux of particles evaporated during each timest^ *)
Massloss = {0}; (* Mass of particles evaporated during each timestep *)
PressVap = {};

For[t = X, t  s tmax, t += x, Irradiance = ̂ Fpend[Irradiance, f [t] ] ] ;
(* Irradiance values before vapoiir attenuation *)

Tsnplist = î pend[TsnpList, A*Irradiance[ [1] ] ] ; (* Tenperature increase for first timestep *)

r Lv / 1 1 UP*a = 10''5*Exp[ X - 1; (* Vapour pressure [Pa] *)
JtB I Tbcdi Tsurf I

Rate = 10̂ X̂P*gX- / ---------------------  ; (* Evapouration rate [particles s“̂ *)
V 2x7rxk.B xam xM TCilarXTsurf

instElux= RatexAT; (* Ruxfor individual timesteps [cm *)
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(* Itoutine for calculating Surface tenperature,Vapour pressure and evaporation rate *)

For[t = 2 X, t < tmax, t += x,
r o xTotalVapour [["■*] ] \

Tsurf = TO + Simf | (a» Irradianoe[ [ 1 ] j * r * Eiq)[--------------------   ] | , {n, 2 x, t, x} ] ;y' X ' 0.866 j

TenpList = i^pend[ TaipList, Tsurf]; PressVap = 7^peni[PressVap, P*g] ;
TotalVapour = Append.[TotalVapour, |TotalVapour[ [ ] ] + InstEluxj ] ] ;

Massloss = TotalVapour X x spot;
NftLT

TotMass = Last[Massloss] "(= Total mass flg evaporated per laser shot [grams] )"

TotMass 7AblDepth= xlO "(=ablation rWyth (im))" "(* Ablation depth per pulse in im *) "p » spot

("Note: time scale in units of timestep (x=0.5 ns) e.g. 200 on scale = 100 ns ")

(♦Optical absorption and thermal diffusion depth calculations*)

A' 0 1
Diffusivity= ; (* Thermal diffusivity [cm s ] *);

p * c

dabs =  N |lO ® x— - — 1 "(absorption depth in n m )" (♦ Optical absorption depth @ 2 4 8 nm [cm] *)
' 4 * ;r*k J

ddiff =  n | 10^X Diffusivityxdtpuise "(Diffusion length in n rn f (♦ Thermal diffusion length [nm] *)
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Appendix B: Light transmission calculation
C l e a r [ r l ] ;
C l e a r [ r 2 ] ;
C l e a r  [/3] ;
C l e a r [ R e f ] ;
C l e a r [ t l ]  ;
C l e a r [ t 2 ] ;
C l e a r [ T r a n s ] ; 
n l  = 1 ;
n2 = 0 .1 4  + 4 .1 5  i  ; 
n3 = 1 .5 ;
A = 635 ; 
d =  1 2 ;

2 7T n2 d.
^ = A '•

n l  -  n2 
r l  = ;

n l  + n2 
n2 - n3

r2  =
n2 + n3 

2 n lt l  =
n l  + n2 

2 n2t2  =
n2 + n3

R e f=  lA bsf ^ l M r 2 E x p [ - 2 i ^ ] )
1 + ( r l  r2  Exp [ -  2 i  /3 ] )

n3 / , t l  t 2  Exp [ i  /3 ]
T ra n s  = A b s \

n l  I  ̂ 1 + r l  r2  Exp [2 i  j3]

• Calculated | 
 Fitted

0 . 8 -

cg
w  0 . 6 -

Ewcro 0 . 4 -

0 . 2 -

0.0
10 20 30 40 500

d (nm)

F ig .B .l The calculated transmission o f  635 nm light through a transparency as a 

function o f  thickness o f  silver. At d = 0 nm, T = 0.92 due to losses at the two  

interfaces.
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