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SUMMARY

This thesis concerns itself with the study o f pulsed plasma sources. The plasma is 

produced either in an electrical discharge or by a laser pulse. The plasma is generated 

on a nanosecond time scale, after which it evolves due to internal relaxation 

processes.

The aim of the thesis is to characterise a novel electrical discharge, that proceed by a 

dielectric surface self-breakdown in vacuum through a preformed micro capillary hole 

in a dielectric foil separating two circular parallel electrodes. This geometrical 

constriction helps to pin down the plasma during its early development.

Pulsed power and plasma physics techniques are employed to characterise the plasma 

evolution. Electrical measurements should be specially designed as the discharge 

source is operated at several kV. Ion probes and a Thomson parabola analyser are 

used in the streaming plasma to yield information about the ion flow and charge state. 

The measurements are correlated with that o f a laser produced plasma, which is a 

more studied source in the literature. Time-resolved spectroscopic investigations were 

performed as well. This allowed a direct comparison to be made between the deduced 

initial parameters in a laser produced plasma with that obtained from scaling the 

measurements done with an ion probe. The scaling follows that o f an isentropic 

hydrodynamic expansion model discussed in the thesis as weU.
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CHAPTER 1 

Introduction

1.1 Pulsed plasma introduction

This thesis presents a study of the evolution o f pulsed plasmas created, respectively, 

in a high voltage discharge source and in pulsed laser ablation. We have investigated 

the ion outflow as well as the soft X-ray emission from the hot initial plasma plumes. 

The soft X-ray region is taken here to represent the wavelength region from about 

0.2 -  30 nm or the equivalent o f 0.04 -  6.2 keV [Elton 1990].

A plasma is a high-energy state o f matter, and since not in equilibrium with its 

surroundings it will quickly cease to exist. On a microscopic scale the plasma is 

described by the interactions between the charged ions and electrons through the 

fields o f these particles and their relative velocities. This problem is often simplified 

so as to treat the plasma as a macroscopic object described by macroscopic charge 

densities and currents. In this thesis a hydrodynamic isentropic model is employed to 

describe the macroscopic outflow o f the plasma plume. The model was suggested by 

[Anisimov et al. 1993 & 1996] for predicting the plume expansion from a pulsed 

laser ablation experiment, but extended here to provide the scaling o f plasma 

parameters also for the electrical discharge plasma source. At this level o f description 

the plasma state of the plume is basically only incorporated by the introduction o f a 

reduced effective adiabatic exponent y.

In the high-energy plasma state electrons and ions will undergo several collisional 

processes in between free-free, free-bound and bound-bound states. These transitions .
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are the source of emission o f both continuum and line radiation. The recordings of 

the line emission from the two investigated plasma sources are presented in this 

thesis. The results are discussed on the basis o f theoretical descriptions o f the 

coUisional processes in the plasma e.g. [Griem 1997], [Thome et al. 1999].

Both the ion outflow and the radiation emission provide a diagnostic tool o f the 

plasma. Measurements o f these features allow one to characterise the processes 

taking place as the energy equilibrates and is the subject o f numerous books, e.g. 

[Huddlestone & Leonard 1965]. At this level, the generation of a high-energy plasma 

state and the information deduced from experiments on various atomic processes are 

o f interest from a fundamental physics perspective. There is also a strong interest in 

pulsed plasma and specifically the soft X-ray emission for technological applications, 

as described recently by [Attwood 1999] and [Turcu & Dance 1999]. The micro 

capillary discharge and the laser produced plasma sources investigated here, both 

represent pulsed plasma sources that have technological and fundamental interest.

1.2 The FACADIX network

The postgraduate study o f the author was made possible through the EU-sponsored 

network: TMR contract no ERBFMRXCT980186, in the 4'*' framework program on 

training and mobility o f researcher o f  the European union. The network acronym is 

“FACADIX” which is a cover for the elaborate title “Soft X-ray Sources o f Ultra- 

high Brightness from Fast Capillary Discharges -  Development and Applications”.

The network partners are found at the following institutions:
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LPTP; Ecole Polytechnique, Palasaieu, France. Dr. Peter Choi (coordinator) 

and Dr. Jean Larour.

GREMI: Universite d’Orleans, France. Prof. Claude Fleurier.

RUB: Ruhr Universitat Bochum, Germany. Prof. Hans-Joachim Kunze.

BGU: Ben-Gurion University o f  the Negev, Israel. Prof Michael Mond.

IS AN: Russian Academy o f  Science, Russia. Prof Konstatin Koshelev.

There are two industrial partners involved as well, they are:

JCS: John Count Scientific Ltd. Great Britain. Mr. John Count.

EPPRA: France. Dr. Peter Choi.

The project aim is to investigate the use o f  capillary discharges as sources o f  both 

coherent and incoherent soft X-rays.

T ab le  1.1: FACADIX network tasks.

Characterisation o f ionisation growth in long capillary discharge 

Developm ent o f  a laser ablation scheme for filling the capillary 

O ptim isation o f hollow cathode geom etry for on axis current initiation 

Creation o f  optically thick atomic species in a long capillary discharge 

Development o f a hybrid 2-D fluid code to model discharge formation 

Developm ent o f  atom ic physics model for plasm a modelling 

Development o f  gain guiding formalism for high aspect ratio lasing medium 

Development o f  an ultra-fast energy storage schem e for driving capillary discharge 

Development o f  an ultra-fast (ns) time and space resolved VUV spectrograph 

Development o f  an ultra-fast (ns) tim e and space resolved soft X-ray spectrograph 

Development o f  an ultra-fast (ns) tim e and 2-D space resolved soft X-ray cam era 

D evelopm ent o f  soft X -ray absorption spectroscopy diagnostics 

D evelopm ent o f  tom ographic plasm a backlighting diagnostics 

Developm ent o f  a soft X -ray laser based on the collisional Ne-like scheme 

Developm ent o f  a soft X -ray am plifier 

Development o f  a pseudo Plancian soft X-ray source 

Developm ent o f  an ultra-bright soft X-ray source 

Development o f a soft X -ray laser based on the recom bination scheme 

2-D MH sim ulation o f  capillary discharge formation
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To achieve this several tasks have been identified as necessary for the network to 

collaborate on, these tasks are reproduced in Table 1.1. This table is not meant to 

indicate that the author is familiar with all o f them or that they will all be discussed 

in this thesis -  it is merely to give an impression o f the overall network. With 

reference to Table 1.1 it can be said that the network partners have an extensive 

experience in plasma physics and more specifically high voltage capillary discharges. 

During the time o f the contract, this experience manifested itself in notably the 

demonstration o f soft X-ray lasing on the Carbon VI Balmer-a line at 18.22 nm 

[Ellwi et al. 2001] at the group o f H-J. Kunze (RUB).

1.3 Summary of chapters

Chapter 2

We present the isentropic hydrodynamic expansion model for a plume into vacuum 

by Anisimov et al. This model, though a gas dynamic model, has been shown 

throughout this thesis to give a good description o f the expansion from the pulsed 

plasma sources. A discussion based on a problem treated by Zel’dovich and Raizer 

on the relationship between the expansion velocities is detailed as well.

As we work with plasmas the second part o f chapter 2 is used to introduce the 

necessary plasma formulary. A simple way o f establishing the average ionisation in 

the plasma is discussed and compared to a calculation performed using a plasma 

physics computer code “FLY”.



C H A P T E R  1: Introduction 5

Chapter 3

The micro capillary discharge plasma source is at first described and the basic 

experimental arrangements, common to the later investigations, are presented. 

Characterisation o f the electrical breakdown phase is done from electrical 

measurements.

Electrostatic probe (Langmuir probe) measurements at various distances are 

presented. Results are correlated with the hydrodynamic expansion model from 

chapter 2.

We describe the construction and implementation o f a Thomson parabola analyser 

used with the micro capillary discharge to provide charged resolved time-of-flight 

information, something not possible with the electrostatic probes. The Thomson 

parabola analyser confirms the velocity measurements obtained with the probes and 

we present the (partial) charge velocity distribution in the late stage o f the expanding 

plume.

Chapter 4

The soft X-ray emission o f pulsed plasma sources is investigated using time-resolved 

emission spectroscopy in the wavelength region from ~ 1 0- 40 nm .  Measurements 

from a laser produced plasma source and the micro capillary plasma source are 

presented.

For a laser produced carbon plasma the detailed time evolution of the plasma 

parameters (electron temperature and density) is obtained from spectral 

investigations using the FLY-code. Again, a discussion o f the results based on the 

scaling of the hydrodynamic model o f chapter 2 is performed. The temporal
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evolution o f the spectrum from a micro capillary discharge cell equipped with a 

Mylar dielectric is presented and spectral line information is discussed.

Chapter 5

This chapter is used to first present the “classic” use o f the expansion model o f 

Chapter 2 to describe the asymptotic inertial expansion from a plane target o f a laser 

produced plasma plume generated at low laser pulse energy. This is followed by the 

results of an investigation made on laser ablation with a modified target geometry, 

where the initial plume expansion is constricted.

Chapter 6

Partial conclusions from throughout the thesis are summarised.

Appendix A

Presents the computer code for solving the coupled differential equations o f the 

hydrodynamic expansion model.

Appendix B

A discussion o f a series o f laser ablation experiments, where the angular distribution 

of the expanding plume is measured using ion probes, for different metal targets at 

different laser pulse energy densities on the target.
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CHAPTER 2 

Theory

The experiments described in this thesis concern pulsed  plasmas formed in a 

“semi-constricted” geometry where the plasma typically has some areas in contact 

with a “cold” wall but at least one direction open to expand freely into vacuum. To 

form the initial plasma two kinds o f external energy sources are used, either a pulsed 

electrical discharge or a pulsed laser ablation. However, the typical time scale over 

which the external energy input is deposited in the plume is o f the same order o f 

magnitude, some ~1 -  10 ns.

Obviously the details o f how the deposited energy is coupled with the release o f a 

volume o f particles, where subsequent further interactions take place with the end 

results that a volume o f plasma is created, diifer substantially in the two cases. The 

novel electrical discharge microcapillary setup described in Chapter 3 is being 

modelled using a magneto-hydrodynamic model (MHD-model) [Chetry and Mond 

2001]. For the case o f pulsed laser interaction with matter, many references exist but 

we can mention [Torcu and Dance 1999] and [Phipps and Dreyfus 1993].

After the first ~10 ns, the energy input to the plume ceases and the plasma evolves 

due to internal processes. These include various collision and recombination 

processes, that will be dealt with later in this chapter, and which are o f importance 

for e.g. interpreting the spectroscopic observations. The expansion into the free 

dimension may take place due to internal pressure forces or electric fields. Short o f 

being able to treat the full kinetic theoretical problem, different simplified models are
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presented below. Chapter 2.1 starts with the hydrodynamic description of a gas 

cloud.

2.1: Hydrodynamic expansion model

As given in [Zel’dovich and Raizer 1967] the three conservation equations of 

hydrodynamics can be written as:

(Continuity equation) + pV • u = 0 (2.1)
Dt

(Equation of motion) p  = -V p  (2.2)

Da DV(Energy equation) + p  = Q (2.3)

Where p, p, s, u, V and Q are the mass density, pressure, specific internal energy, 

fluid velocity, specific volume (V=l/p) and external power source per unit mass of 

the material, respectively. The total derivative, D/Dt, describing the time change in 

any parameter following a moving fluid particle, is related to the partial derivative at 

a specific point o f space and time by:

^  = f  + u .V  (2.4)
Dt dt

In the formalism presented here no account has been made for viscosity or thermal 

conductivity.

2.1.1 Isentropic hydrodynamic expansion model by Anisimov

This section is used to present the hydrodynamic expansion model first 

discussed by Anisimov [Anisimov et al. 1993, 1996]. It describes the expansion o f a*
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gas plume into vacuum in terms o f a special set o f elliptical solutions to the three 

hydrodynamic conservation equations given in Eq (2.1-3).

It is assumed that a gas cloud is formed on a target surface located at z = 0 (Figure 

2.1). The cloud expands into vacuum on a time scale much longer than the time of 

formation. The vapour is considered as an ideal gas with a constant adiabatic index

Y = Cp/Cv, hence the equation o f state for a perfect gas holds;

p  = nksT (2.5)

where n is the particle density, and T  the temperature. Further it is assumed that 

Q = 0 hence the cloud expands adiabatically into vacuum. And the fluid is taken to 

be in thermodynamic equilibrium, so that the relation holds

T d S = d s  + p d V  (2.6)

where S  is the entropy per unit mass.

In this case the three equations (2.1) -  (2.3) can be re-written [Anisimov et al. 1996]

^  + V . ( p u )  = 0 , — + ( u* V ) u  + ^  = 0 , — + ( u * V ) 5  = 0 (2.7)
dt dt p  dt

Plumez(t;

T im e t

Y(t)

X(t)

Figure 2.1: D efinition o f  the gas cloud coordinates in the hydrodynamic model by A nisim ov. X o,Y q 
and Zo are the initial values o fX (t) , Y(t) and Z(t) the boundary coordinates o f  the cloud.
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That allows for the description o f  an isentropic expansion o f  the gas plume into 

vacuum with a zero temperature at the cloud boundary, a physically more correct 

model than the assumption o f  an isothermal cloud, see discussion in [Anisimov et al. 

1996].

The special solution to the set o f  equations (2.7) and (2.5) constrains the flow  

parameters to be constant on elliptical surfaces. For further reading on this class o f  

solution see e.g. [Dyson 1968] and more recently [Gaffet 1996]. Here we present the 

theory as given by [Anisimov et al. 1993, 1996]. The solution to the above 

hydrodynamic equations for the flow parameters, in an isentropic  expansion, can be 

written as;

n{x, y , z , t )  =

p { x , y , z , t )  =

S{ x , y , z , t )  =

1 -

X
/

y
Y(t) z ( 0

-In

xj,z,
XYZ

/ - I

1 -

y - \

 ̂ I X  y  7  
■* 1^  0  ^  0 - ^ 0

T Y  Y 7 M

/
X

2 f
y

\ ->■ /

U ( o j V

1 -

/
X

2 / \ 2
y

U (0 j

z
yZ{t)j

(2 .8)

z

V^(Oy

Here Â o J ^ = O ' ~  0  ' J p{ -̂> are the initial number o f

particles and the initial energy o f  the vapour plume respectively. Ii and I2 are 

functions o f  7 , the adiabatic exponent, and from their definition it follows that 

I1A2 = (5y-3)(y-l) / (2y) for an isentropic plume. The functions are shown in Figure 

2.2. X, Y and Z are the plume boundaries along the coordinate axes. With the solution 

(2.8) inserted into (2.7) the problem reduces to that o f  three coupled ordinary 

differential equations:
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XYZ

r - i

(2.9)
P dt  ̂ p  dt  ̂ p  dt^

where /?= {5y-3)EalM and M  is the total mass o f the initial cloud. Equation (2.9) is to 

be solved with the initial conditions X(0)  = Xf^, 7(0) = Z(0) = Zj, and

^ (0 )  = 7(0) = Z(0) = 0 , that is the initial kinetic energy is disregarded compared to 

the internal energy. It was tested that this is a good assumption by running the model 

with an initial velocity along the Z-axis o f the order o f the typical sound velocity 

present in the plume in the experiments. The asymptotic angular distribution is only 

marginally changed compared to the case with no initial velocity.

We have solved Equation (2.9) using a fourth order Runge-Kutta-Nystrom method, 

the typical results o f which are shovra in Figure 2.3. Details o f the program and the 

mathematical method used are given in Appendix A. If we focus the attention on 

measurements in say just the y-z  plane o f Figure 2.1 we can write the following 

expressions for:
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(Particle flux)

(Temperature)

j {y ,  z,t) =
L X Y Z

1 -

/
Z

kY , vZy
[v l+v] ) '"  (2 .10)

2x

r - i

1 -

2 /  \  
Z

2 ■

xrz [ y )
(2 .11)

For future reference we note here, that when using (2.11) in a plasma, the left hand 

side is exchanged for (Z  +\)kBT, with Z being the mean ion charge. For the number 

o f particles arriving per unit area normal to the flow, F  = ^nvdt , we obtain the

normalised angular emission in the y-z plane (this function is shown in [Hansen et al. 

1999] as well), here 0 is the angle measured from the target normal, see Figure 2.1;

COS  ̂ 0 1 +
( Z  ']

r

c■4—
>

Y
V i n f  y

- 3 / 2

(2 . 12)

The constant is the ratio o f Z/Y a s  t qo. The velocities in Equation (2.10)

at any given point (x,y,z) follow from the affine transformation:

/  \  /  V - - 1 -X-'dX/dt  
0 
0

0 0 
Y~'dY/dt  0 

0 Z-^dZ/dt
y (2.13)

Figure 2.3 shows a typical output from modelling laser ablation o f silver in vacuum 

[Hansen et al. 1999] carried out in collaboration with the group o f Prof J. Schou at 

Ris0 National Laboratory, Denmark. The dimensionless time r  = is used on

the abscissa. It is observed that at late times ( r >  10 or >1 (is in this experiment) the 

expansion becomes inertial and the boundary coordinates increases linearly in time. 

Here P  is defined hy P=  (5y-3)s, with again the specific energy.
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F igure 2.3: Gas plum e boundaries as a function o f  d im ensionless tim e calculated from the model o f  
A nisim ov for a laser ablation experim ent o f  silver in vacuum. X o = 1 . 4 m m  Ko = 0.9 mm 
Zo = 0 .016 mm [Hansen et al.  1999].

The initial physical dimensions o f  the plume are the only input to the model. In a 

laser ablation experiment, the lateral dimensions X q and Yq can be measured from the 

laser spot on the target. The height over the target can be calculated indirectly from 

an estimate o f  the initial sound velocity, c^o, in the plume according to:

(2 -14)

where riaser is the FWHM width o f  the laser pulse. The way to estimate the sound 

velocity from the front velocity, Vfrom, o f  the observed particle time-of-flight 

spectrum in the free flight region is discussed in the next section.

2.1.2 The asymptotic expansion velocity

The sound velocity in the initial plume, Cs,o, is formally given by:

/  ^ 1/2 

Po
(2 . 15)
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where s=  EqIM is again the specific energy as defined after Eq. (2.1-3). Zel’dovich 

and Raizer [Zel’dovich and Raizer 1967, pp 106] discussed the problem of a self

similar, isentropic solution to the sudden expansion o f a spherical gas cloud into 

vacuum. In this case the velocity is a linear function, u = R rjR and

p  = /?^(l (compare with n in (2.8)). The density at the centre pc, found

R

fi'om the integration M  = d r , can be expressed as:
0

. r ( y / (y - l )+ 3 /2 )  M
r(//(/-l))r(3/2)2;rit"

R 2

where F is the gamma function. Calculating the integral E  = and using
0

Eq. (2.16), we arrive at a relationship between the sound velocity and the front 

velocity = R .

3 y ( y - l ) r ( y / ( y - l ) + 3 / 2 ) '
^ i / 2

(2.17).
4 r ( r / ( r - i ) + 5 / 2 ) .

From this expression it follows that Vfroml{2EIM)''  ̂= 1.92 at y = 4/3 as stated as well 

by Zel’dovich and Raizer.

Using the model o f Anisimov et al. presented in the last section, we can also 

establish the relationship between the asymptotic plume-front velocity and the initial 

sound velocity. At late times we see in Figure 2.3 that dZIdt approach a constant 

value, here named kco. Hence setting vfront = dZ/d/ we find that:

1

Here we have used the definition for P  discussed after (2.13).

(2.18).
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If we assume an initial symmetric plume Xo=Yq-Zo the result of Eq. (2.18), when 

running Anisimov’s model Eq. (2.9), corresponds to (2.17) for different values of 

gamma. This is shown if Figure 2.4. Shown as well in Figure 2.4 is the solution to 

the model of Anisimov, assuming an initial “plane” plume X o= Y o= IO O x Z q. For the 

“plane” expansion, we observe that the plume-front velocity (measured along the z- 

axis) is higher for a given initial sound velocity. This is an indication of the strong 

initial pressure gradient along the expansion direction.

Finally, we mention that for the case of hydrodynamic outflow of a gas from a 

container, the maximum escape velocity of the plume front is given by [Zeld’dovich 

and Raizer 1967] and [Kelly and Miotello 1993]:

^ 1,0  ~

r - \
front (2.19)

This ratio is calculated in Figure 2.4 as well. At a y-value of ~1.25 which we use to 

describe the plasma the result of Eq’s (2.19) and (2.18) is very close.

— ■— Anisimov, Spherical
 Zeldovlch & Raizer, Spherical
— o — Anisimov, P la n e  (ZyXjj=0.01)  

 Outflow ((y-1)/2)

o

1.0 1.1 1.2 1 .3  1.4 1 .5  1.6 1 .7  1.8  1 .9  2 .0

Figure 2.4: Proportionality factor for expansion o f  a gas cloud into vacuum according to models 
discussed in the text.
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2.2: Processes in a plasma

2.2.1 Sound velocity and ionic charge state in a plasma

The theory presented in the previous section is based on a hydrodynamic description 

o f the plume. It was shown, that the inertial expansion velocity o f the plume is 

related to the initial sound velocity in the plasma. Hence, measurement in the late 

stage o f expansion o f the plume can be used to infer information about the initial 

plume properties. Equation (2.15) gave the formal definition o f the sound velocity. In 

a plasma we should take into account, that both electrons and ions can contribute to 

the pressure hence po = {niksTi +riekBTe). If we assume the plasma is macroscopicaUy 

charge neutral {ue = Z  rit) and if we further assume the ion and electron temperatures

are equal, we arrive at the expression for the adiabatic sound velocity [Phipps & 

Dreyfus 1993]:

The ion and electron temperatures are equal if there is sufficient time for 

equilibration to be established between the two particle distributions. In most 

plasmas Te»  Tj and the expression (2.20) is modified by excluding the +1 factor in 

the parenthesis.

A mean ionisation, Z , is often attributed to the plasma. We shall in the following 

estimate the mean ionisation using two different approaches. One is the semi- 

analytical approach by [Zel’dovich & Raizer 1966, pp 201], the other using the 

plasma physics code “FLY” by Richard W. Lee [Lee 1995], see also section 2.2.3.

V ion J
(2.20)
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The approximation by Zel’dovich and Raizer starts with the Saha-equation relating 

the particle populations of the various ionisation stages in the plasma. The plasma is 

thus assumed to be in local thermodynamic equilibrium (LTE), see later. The Saha 

equation states that

Sm+l.i
=  2 -

f  2mn^ksT^
3/2 /

I )
e x p

V
(2 .21).

Here «« and are the electron density and ion density of the m ionised ion (a neutral 

atom has m = 0). The term is the statistical weight of an w-ion in its ground state 

and /„,+/ is the ionisation potential of the m-ion in its ground state.

There are two steps in the argument of Zel’dovich and Raizer. First it is assumed that 

n,„ and /,„+/ are continuous functions of m. This is done by interpolating between the 

points in a graph of l^+j and m and writing rim̂ i = rim + (dn/dm) whereby equation 

(2.21) becomes

1 +
d \nn 
dm j

-1,

= 6xl0 '‘(r̂ ,̂ ,̂)'''exp m+\[ey]

T\  ^e[eV]

{222 ).

Here the density is in cm' and it is assumed that the ratio of the statistical weights is 

~1. The second step is to assume that the average value of the ionic charge, Z , is 

equal to the value rrimca where the fiinction n{m) has a maximum. The narrower and 

more sharp this peak is, the better the approximation. Finally Zel’dovich and Raizer 

argue that the average value of the ionisation potential should be referred to the point 

m + Vi on the graph of vs. m. The end result of their analysis is the following 

transcendental equation, which can be used to predict the mean ionisation Z :
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Starting with a value o f m, the right hand side can be calculated ( Z -  m). Then using 

the interpolation curve o f /„+/ V5. 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 . Figure 2.5 

illustrates the results o f this procedure for a range o f plasma parameters in a carbon 

plasma. Also shown is the result from running the FLY-code assuming LTE. In the 

code the various ion populations are calculated taking into account the detailed level 

structure for the H, He and Li-Uke ion stages while only including the ground state 

and ionisation potential for Be-like ions up to the neutral ion [Lee 1995]. The FLY 

code calculates in detail all the collisional and radiative rates and level populations. 

We note, that due to the large ionisation potential o f the He-like ion m = +4, the 

mean ionic charge is +4 over wide range o f densities and temperatures.

1 1 1 ^  I I 111^

A
N
V

(A)

Temperature 
1 eV 

—( ^ 2 . 5 e V  
- ^ 5 e V  -  
^ 7 — 10eV - 
—C ^ 2 5  eV 
^ 0 — 50eV -

C arbon ionisation potential 
■Interpolation

-FLY 45 eV

10'® 1 0 ’" 1 0 ’® 1 0 ’® 10"° 10"’ 10""lx10"'

n [cm' ]

>  400

m

Figure 2.5: (A ) Open sym bols, average ionic charge calculated using (2 .23 ), closed sym bols, average 
ionic charge from the FLY code [Lee 1995], (B ) Interpolation curve to the ionisation potential used 
with (2 .23) for the calculations in (A).
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We conclude that the results o f the simple transcendental equation (2.23) are close to 

that obtained from the more thorough treatment in the FLY-program. The average 

ionic charge drops at high densities for a given temperature. However, for very high 

particle density the mean ion charge would increase sharply because of “pressure 

ionisation” due to lowering o f the binding energy o f the outer bounded electrons 

[Anders 1997]. This reduction in the binding energy o f the bound electron comes 

about due to Coulomb interactions with the surrounding charged particles but is not 

included in the two models presented above.

2.2.2 Plasma equilibrium

Various collisional and radiative processes take place in the plasma. The combined 

effect o f these determines e.g. the emitted radiation that is recorded in spectroscopy. 

Following [Hutchinson 1987] the rate coefficients are written <ov> where cr is the 

cross section for the process and <ov> is averaged over the (Maxwellian-) velocity 

distribution.

The rate coefficients for radiative recombination, collisional ionisation, collisional 

excitation and dielectronic recombination are taken from [Hutchinson 1987]. As an 

approximation to the expression for the total radiative recombination rate to all
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The term Ih is the hydrogen ionisation potential (13.6 eV), no is the principal 

quantum number o f the lowest incomplete shell o f the ion, ^  is the number o f holes 

available in the shell and Xi the ionisation potential o f the recombined ion.

The collisional ionisation rate coefficient per electron is written

\ 2  /  ,  _  x l / 2 /

(Tiv)« g(l.74x 10
V  A  I

MI
\  ^  H J

1 -  exp exp
J

[m' s-‘] (2.25),

where g  is the Gaunt factor. Hutchinson suggests the semi-empirical relation for this 

factor g -  \+{3>'‘'^l'n.)\n{\+kBTJxd-

The expression adopted for the rate coefficient o f collisional excitation is:

cr. v \«  3.15x10- g/;̂
1/2

exp [m  ̂ s-'] (2.26).

Here fy  is the oscillator strength o f the transition while the Gaunt factor is again 

approximated with a simple expression g  g,+(3'^Vn)]n{l+kBTe/Eij). The value o f g/ 

can be roughly taken as 0.2 when Ey ~ Xn and 1 when Eij«Xn-

Finally, the rate coefficient for dielectronic recombination, in which an m-\on 

resonantly captures an electron to form a doubly excited state in the (w-l)-ion which 

then performs a radiative decay to stabilise, is given as:

exp
^ - E  ^

[m' s-‘] (2.27).

AH of the mentioned rate coefficients have an inverse process connected with them 

i.e. the collisional ionisation is competing with 3-body recombination (also called 

collisional recombination). Different plasma equilibrium models assume different 

relative strength of these various processes.
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The first plasma equilibrium model to be mentioned here is that o f local

thermodynamic equilibrium (LTE). It assumes that transitions between states are 

dominated by collisional as opposed to radiative processes. In LTE the Saha equation 

given in (2.23) relates the ground state populations o f different ionisation stages 

while the Boltzmann equation gives the relative population o f the different bound 

levels in the ion, see [McWhirter 1965]:

A necessary but not sufficient condition for a transition to be in LTE, tbrmulated by 

[McWhirter 1965], is that the collisional rates must be at least a factor 10 times the 

radiative rates, which can be formulated as

for spontaneous decay from level j  to i. The rate coefficient Aij can be expressed 

using the oscillator strength f j  [Hutchinson 1987]. The collisional de-excitation is 

found from (2.26) and <ojiv> = (gj/gj)<o;yv>exp(£,yA:s7’e). This allows us to derive the 

following inequality fi'om (2.29) [Hutchinson 1987]:

The temperature, ksTe, and energy level difference, Ey, should be inserted in eV. The 

critical electron density fi-om (2.30) is shown in Figure 2.6 for a range of energies 

appropriate for this thesis. High lying levels will come into LTE with each other and 

the free electrons before coming into equilibrium with lower lying levels since the 

energy difference decreases with increasing principal number. At this stage one then

—  = —  exp ------
8 j

(2.28).

(2.29)

where Ay is the bound-bound radiative rate coefficient (the “Einstein A coefficient”)

(2.30).
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talks o f partial local thermodynamic equilibrium (PLTE). For H-like ions the criteria 

for a level with principal quantum number p  to be in PLTE, with higher lying levels 

and the free electrons, is [Griem 1997]:

 ̂ [m-'] (2.31),
P

where again kgTe is in eV. The symbol ^  defines the atomic number o f the ion (e.g. 6

for carbon). As an example, the critical electron density for level p=3 in Li-like 

10  ^Carbon, is 3.7x10 cm" at 20 eV, which is shown in chapter 4.

LTE condition for diff Te: 
4 e V

 8 eV
16eV  
25 eV

 50 eV

0 4 8 12 16 20 24 28 32 36 40
[nm]

1— '— I— '— I— '— r

LTE cxjndition for diff Te:
 4 e V
 8 eV

16 eV
 25 eV
 50 eV

J  I I I I  1 L

10 20 30 40 50 60 70
AÊ . [eV]

Figure 2.6: Critical electron density (2 .3 0 ) for LTE vs. transition w avelength and energy separation.
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Moving away from the LTE equilibrium the other equilibrium model often discussed 

in the literature is the corona equilibrium model or CE [McWhirter 1965]. Here the 

upward processes of collisional ionisation and excitation is balanced by the 

downward radiative recombination and spontaneous decay;

n,nXm,g)l^a,v) = n̂ n, (m +  l,^)(cr^v)

n,n,{m,g){cr^v) = n,{m,j)Y^A,j {2.1,2).
i < J

In this formula rii{m,g) is the density o f m-ions in the ground level. From this it is 

possible to calculate the fractional ionisation stages. Figure 2.7 below shows an 

example, from [Hutchinson 1987], o f a calculation for Oxygen assuming an electron 

density of = 10^' cm‘̂ .

O x ygen  a b u n d a n c e s

0.1

10’

T,
Figure 2.7: Relative charge stages of o.xygen in coronal equilibrium [Hutchinson 1987],
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Finally, we will mentioned the “enhanced” coronal equilibrium model termed 

collisional-radiative equilibrium model or CRE [McWhirter 1965]. The major 

difference from the CE-model, is that collisional free-bound transitions are included 

(3-body recombination) into any level. An example o f the fractional ion charge 

stages using this calculation is given in Figure 2.8 for carbon.

Figure’s 2.7 and 2.8 were adopted from the literature, but the same type o f plots can 

be generated using the FLY code presented in the next section. In fact this is what 

was done to calculate the mean ion charge in Figure 2.5 for carbon. We recognise as 

well in Figure 2.8 the dominant presence of CV.

Carbon

Z = 1

1-1

10 “

Figure 2.8: Relative charge stages of carbon [Turcu & Dance 1999],

In transient plasmas it is not just a question o f reaching the right temperature and 

density to obtain equilibrium, the characteristic exchange time should also be short 

compared to the evolution o f the plasma. If  we just consider the collisions involving



CHAPTER 2: Theory 2 6

free electrons the characteristic exchange times can be written [Goldston & 

Rutherford 1995];

^ee '^ee ^th > 1 / 2

3 / 2

T  : r  : r  = 1;ee e i I I

f  \ 1 / 2

V y

KTi
, 3 / 2 [s] (2.33).

Here Tee, '^ei and Tu are the electron-electron, electron-ion and ion-ion collision times 

respectively. The factor, InA, is the Coulomb logarithm, that we will take to be 

InA ~ 7 [Phipps & Dreyfus 1993]. Figure 2.9 shows the scaling o f  Tee and rg, with the 

electron density for a few electron temperatures. Note, that the energy equilibration 

time between electrons and ions is TeiE ~  2(/w/on/we) Te,

Electron-ion collision
Z = 4, Temperature
 1 eV
 10 eV
 50 eV
Electron-electron collision 
Temperature
 1 eV
 10 eV
 50 eV

r  A  ^   ̂® __n J 1 0  m ]

Figure 2.9: Collision times in a fiilly ionised plasma with Maxwellian electron distribution.

At a density o f  10^  ̂ m'^ we find that the characteristic collision times are less than 

the typical times (10'^ s) in the plasma studied in this thesis.
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2.2.3 FLY code

During the work undertaken in the FACADIX project the author has been introduced 

to the spectroscopy computer program called FLY [Lee 1995]. The FLY suite can 

generate detailed information on lithium-like, helium-like and hydrogen-Uke species 

for elements from helium to iron in the periodic system. It allows for both time- 

dependent and steady state calculations o f  the level populations to be undertaken. In 

the steady-state case the population distributions can be calculated assuming either 

LTE or steady state. The code is a coUisional-radiative model.

The problem to be solved is represented by:

—  = R * H  (2.34)
dt

Where the vector n contains the level populations and the matrix R the rate 

coefficients Rij from state i to j .  The rate matrix contains the expressions for the 

bound-free transitions of: coUisional ionisation and recombination, spontaneous 

radiative recombination and photo-ionisation as well as stimulated recombination. 

For bound-bound transitions it includes the Einstein coefficients for spontaneous 

emission, stimulated emission and photo excitation as well as electron coUisional 

excitation (de-excitation) and auto-ionisation (inverse auto-ionisation).

We have already used the results generated from FLY in Figure 2.5 to predict the 

mean ion charge state. In chapter 4 the synthetic spectra generated from FLY is 

compared to experimental spectra obtained in a laser ablation experiment. 

Specifically the FLYSPEC part o f  the FLY-suite allows the calculation o f  line 

broadening in bound-bound transitions taking into account Doppler broadening as 

well as Stark broadening through detailed microfield simulation. Spectral line
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broadening is a large field o f plasma physics that we will not treat in detail here, 

references can be found in [Griem 1997]. Suffice it to say, that Doppler broadening 

produces a Gaussian line shape (due to the motion o f the emitting ions), with the full 

width half maximum given by:

—  = 7.7x10-’ 
A

k i

1 / 2

(2.35).

Here ksTi is in eV and w,o« is in atomic mass units. The right hand side is typically 

less than ~10'^ for the plasma treated ui this thesis. Stark broadening is produced due 

to the electric micro-fields that the emitting ion is submerged in. There is a 

quasistatic contribution from the ions and a collisional contribution from the fast 

moving electrons. The resultant line profile becomes that o f a Lorentzian profile. The 

Debye length gives the characteristic length over which an electric field is felt in a 

plasma:

/  N 1 / 2

n
(2.36).

Here so is the permittivity in vacuum. To calculate the Stark broadening all the fields 

from the ions in a sphere o f radius Ad around the emitting ion should be included.
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CHAPTER 3 

Micro capillary discharge experiment

3.1: Micro capillary discharge setup 

3.1.1 Overview

The work reported here forms part o f the contribution to the EU training and 

mobility network FACADIX that Trinity undertook as a partner. Most o f the 

experimental results presented here were obtained in collaboration with the partners 

at Laboratoire de Physique et Technologie des Plasmas (LPTP) in Ecole 

Polytechnique, Palaiseau, France.

The micro capillary plasma discharge is a pulsed source o f both energetic 

ions (velocities >10^ m/s) and incoherent EUV-radiation (“extreme ultra-violet” 

wave-length in the range ~10 -  40 nm). These types o f emissions will be discussed in 

this chapter and the following. The hot plasma is formed in a dielectric capillary that 

has been shrunk to dimensions o f roughly 5 0 -  100 ^m in diameter and 80 jam in 

length. The plasma is created by an electrical discharge of about 10 kV breaking 

down through a pre-formed hole (the capillary) in the dielectric separating two 

electrodes. This provides a localized region o f high energy density plasma

f t(-0.25x10 J e m ' )  comparable to that achievable by much larger pulsed power 

systems used in Z-pinch experiments [Ryutov et al. 2000] despite using only ~0.1 J 

o f stored energy on the local capacitor. At the same time, since the discharge is 

formed directly in the energy storing dielectric, the circuit inductance is o f the order ̂
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of a few times 10'*° H, whereby peak currents o f more than 10 kA with a rate of 

change o f 10*̂  A s'* are achieved. Hence the microcapillary setup can be an 

interesting “test bench / student exercise” for some o f the pulsed power generated 

plasma physics that is otherwise out o f reach for most laboratories.

At the same time the micro capillary can be thought o f as an academic case o f a 

capillary discharge where the inductance has been shortened to the minimum (due to 

the short dimensions). The capillary discharge source is the subject o f other partners 

in the FACADIX network. Typical dimensions o f these types o f ceramic capillaries 

are a few cm in length with an inner diameter o f about a mm. In operation a gas, such 

as Ar at a pressure o f ~60 Pa, can be made to flow through the capillary between the 

electrodes. The gas column is excited with current pulses reaching about ~30 kA 

peak amplitude. Under favourable conditions lasing has been observed in an Ar gas 

at 46.9 nm as explained by [Rocca 1999] and references therein. Alternatively, if no 

gas is injected, material from wall ablation can produce the plasma column in the 

capillary. This is the basis o f the experiment, highlighted in chapter 1, and carried out 

by Dr. Samir Ellwi and co-workers in Prof H-J. Kunze’s laboratory. Here lasing at 

18.2 nm in ionised carbon was demonstrated.

Finally we can mention, that not only coherent radiation sources are being pursued. 

There is a rapidly increasing interest in light sources o f shorter and shorter 

wavelength for use in various applications, e.g. next generation lithography in the 

semiconductor industry [Attwood 1999] and [ITRS 1999]. Figure 3.1 is an example 

o f the technology nodes for the lithography exposure technique identified by ITRS 

and their possible solutions; EUV is one o f the candidates for the future. Of course 

any radiation source, which is planned for this type o f application, faces additional
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requirements such as high repetition rate and long life time; non of which the micro 

capillary source investigated in this thesis has.

Fhst Year o t ic  Production 1999 2002 2005 2008 2011 2014

DRAW Half Pitch 
(D an sa  U nes)

EUV
EPL
IPL
EBDW

EUV
IPL
EPL
EBDW
In n o v a t iv e  T e c h n o l o g y

N arrow
O p tio n s

H H H I  RoM »rcA D *v«iopm «rit U nderw ay 1 I □ualHlCStidrVPr»'PfoduetkM

TTss legend indicates the tine  dunng which fcseafch. deveiopmerA. and quafificatiorVpr&-piT)duclion stttuld be taking piacc fort he technology solution. 

Note; Prodixlion level exposure tools should be  available one year before first 1C shipmerU.

F igure 3 .1: Lithography exposure tool potential solution [ITRS 1999].
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3.1.2 The discharge cell

A sketch o f the discharge cell is shown in Figure 3.2. The microcapillary is at 

the axis o f symmetry o f  a pair o f  circular electrodes. The capillary is a hole o f  initial 

diameter (t>c ~  50 }o,m in a dielectric sheet o f  thickness a  ~ 80 |o.m separating two 

circular plane electrodes o f  diameter = 90 mm. The two electrodes form the anode 

and cathode as well as making up a parallel plate capacitor. An optional A1 back- 

plate was inserted in between the back-electrode and the dielectric sheet. This was 

done to protect the back electrode from the ablation that takes place at that surface 

during the discharge. After each experiment (which corresponds to roughly 20 shots) 

the A1 insert was discarded. Always the “back” electrode is the hot electrode; being 

pulsed charged either positive or negative with respect to the grounded front 

electrode that is connected to the vacuum chamber where the diagnostics equipment 

is attached. Figure 3.3 shows the details o f  the parts making up a cell. The insert 

depicted in Figure 3.2 limits the free angular view from the microcapillary to an 

angle Atan(0.3) ~ 17'’ from the normal.

6 m m

2 m m

1 0 m m
- 2 m mO -r ing

B a c k  e l e c t r o d e

F ig u re  3 .2 :  Enlarged v iew  o f  a m icro  capillary d ischarge  cell .  T he  dielectric  sheet with the micro  
capillary ho le  is sh ow n  as the thin full line on top o f  the grey  thick line representing the Al-insert.
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Figure 3.3: Exploded sketch of the micro capillary discharge 
cell, ro = 41 mm, r, = 36 mm, = 31 mm, w = 4 mm and 
A = 100 )j.m, the depth of a machined recess in the electrode 
corresponding to the thickness of the PET foil.

dielectric sheet with a needle thereby creating a 

diameter as inspected with a magnifier.

As for the dielectric sheet 

w e worked with either 

Mylar or PVDF though 

most o f  the results given in 

this thesis were obtained 

with the Mylar sheet. Table 

3.1 summarises some o f  the 

physical properties o f  these 

materials. The sheets have 

a thickness o f  80 |j,m and 

85 |j,m respectively for 

Mylar and PVDF. The 

micro capillary is formed 

by punching a hole in the 

channel o f  roughly 50 jam in

Density 

[g cm'^]

Chemical

formula

Dielectric 

constant Sr 

@ 1 MHz

Dielectric

strength

[kV/mm]

Mylar

(polyethylene

terephthalate)

1 . 3 -  1.4 C 10H8O4 3.0 236'

PVDF

(polyvinyldienefluoride)

1.76 C2H2F2 8.4 63̂ *

Table 3.1: Table of physical properties o f the dielectric materials that have been used [Goodfellow- 
1999], *DuPont Teijiin Films, *Atofina Chemicals Inc.
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In early tests, laser drilling was used but hand punching was preferred because it is 

simple, cheap and provides reproducible shapes. The higher dielectric constant o f the 

PVDF sheet allows for a larger stored energy content on the discharge cell 

capacitance without changing dimensions, so keeping the inductance constant.

We can write the capacitance o f the discharge cell as

the electrode separation that can be taken as the thickness o f the dielectric sheet as a 

first approximation. The capacitance is uniformly distributed between the two 

electrodes and, when it discharges through the capillary channel with a current /, the 

magnetic energy is;

L is the inductance. The energy can also be written as the integral o f the magnetic

The self-inductance is then given by combining (3.2) and (3.3) to the equation:

The diameters o f the electrode and the capillary are and respectively. Figure 3.4 

shows the expected variations o f the capacitance and inductance o f the discharge cell 

with the electrode separation a. Also shown is the variation o f L with the capillary

(3.1).
a

Here A is the area of the circular electrodes (= , with re = <4/2 = 45 mm) and a is

= 1 / ^ 2 (3.2)

energy density B̂ /2(o,o- With the help o f the Biot-Savart law we derive the equation:

(3.4).
2^ U c j
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Figure 3.4: Graphs o f  (A): capacitance and (B): inductance o f  the discharge cell, as a function o f  
electrode separation a.

diameter. Even a doubling o f diameter is only going to change the inductance by a 

small fraction due to the logarithmic factor in equation (3.4).

3.1.3 Electrical schematics

The discharge cell o f Figure 3.2 is pulsed charged by a transmission line o f coaxial 

cables from a self-breaking spark gap in line with a primary capacitor bank. The 

primary capacitor bank o f 6 nF is DC charged by a high voltage power supply to 

typically 15- 20  kV. The pulsed charging scheme allows for a high hold-on-voltage 

o f the discharge cell e.g. we will see that the discharge cell is routinely pulsed 

charged up to ~10 kV.

An equivalent electrical circuit diagram of the experimental setup, as used in the 

PSpice simulation package [MicroSim 1997], is shown in Figure 3.5. A discharge
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; Z d = 1 7  T D = 1 2 5 n

0.002
. .  Ccell

■ TI ine
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50n H  ■

C b a n k
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Figure 3 .5: Equivalent electrical circuit diagram o f  the m icrocapillary discharge setup. Cbank is a 
capacitor bank o f  6 nF charged to I5kV . The closing switch U5 sym bolises the sparkgap. Tu„e is the 
transm ission line made o f  three parallel 50Q  coaxial cables o f  25 m length. C„/; is the discharge cell 
and Lsys and Rioad are the discharge inductance and load (plasm a) resistance, respectively; the closing  
switch U6 represents the capillary breakdown at a tim e corresponding to first voltage m axim um .

cell capacitance o f Cceii = 2 nF was assumed along with an inductance o f 0.2 nH and 

a (constant!) load resistance o f 2 mQ. The transmission line, Tn„e, corresponds to that 

used in most experiments o f 3x 25 m coaxial cable (Zo = 50 Q) in parallel. In the real 

experimental setup it was necessary to install relatively long delay cables (~ 125 ns) 

in order to have sufficient time for gating the diagnostics equipment on the chamber 

like e.g. the microchannel plate used for the spectral recordings.

Figure 3.6 shows the simulated voltage and current waveforms with the circuit of 

Figure 3.5. For a voltage pulse similar to that reported in chapter 3.2 below we see 

that the voltage rises in T/4 ~ 40 ns to a peak of 17 kV before the switch U6 closes 

and the current in the load starts flowing. The under-damped oscillations o f the 

current pulse take place with a characteristic period o f ~4 ns. The electrical 

components in Figure 3.5 were chosen so as to match the waveforms to that 

experimentally detected; these measurements are the subject o f the next section.
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F igu re 3.6: V oltage and current pulse in the Pspice m odel o f  Figure 3.5. Charging voltage 15kV.

3.2 Electrical measurements

Electrical measurements of the current and the hold-on-voltage are used to 

characterise the performance of the discharge. The sensing structures are placed 

close to the discharge cell but the signals are brought via screened coaxial cables to 

the oscilloscope placed in a Faraday cage, at a safe distance from any induced pick

up noise from the rapidly varying fields in the discharge. The oscilloscope has a 

bandwidth of 500 MHz and a sampling rate of up to 2 Gb/s.

3.2.1 Current recording

The groove in the grounded front electrode of the discharge cell (Figure 3.3) forms a 

single turn Rogowskii coil [Leonard 1965] tor detection of the rapid change of 

current dUdi in the discharge. The specific design of this type of inductive pick-up 

coil was described by [Ekdahl 1980] and used by [Choi and Favre 1998] on a hollow 

cathode capillary discharge device with a similar discharge cell. The machined -
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groove in the grounded front-electrode, together with the Al-foil, form a loop for the 

return current that is completed by the signal lead o f the sensor (the co-axial cable 

coming through the flange in Figure 3.3). Following Ekdahl, the voltage induced at 

the insulated pick-up point is:

d l
In ^  ^  In

I k  r- 1.71 Vp

Since the gap zl ~ 100 |am while w = 4 mm the second term in the above equation can 

be disregarded. With ro = 41 mm and r, = 36 mm we find V~ - -  note that

for a current rate of change of lO'^ A/s the induced voltage amplitude is 1 kV.

We observe that there is a source o f systematic error in this type o f sensor due to the 

diflilision o f the magnetic field into the walls on a spatial dimension around the skin 

depth 5. The error is given in [DiCapua 1986] as:

= &  (3.6).
7T W  \  110)

Here a; is a characteristic frequency and rj is the resistivity o f the flange material. 

However for the fast pulses in this experiment e.g. a> = 2tc/(4 ns) (see Figure 3.9) and 

using the resistivity of brass r j -  3.9x1 O'* Q m the error from this elfect is minimal 

< 1%.

For the (i/M-sensor a subsequent analogue integration is performed at the 

oscilloscope using a RC-circuit as depicted in Figure 3.7(A). Only signals with 

frequencies larger than f t  are integrated, see Figure 3.7(B). The capacitor is a ceramic 

lead-through type capacitor (Tusonix 2499 Series) with a tolerance o f 20%.
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(A) From cell
to

oscillo 
scope

dB
I//1 =  27tRC

(B)

Figure 3.7: (A) Analogue integrator used at the scope to integrate the dUck signal from the cell. The 
50Q load resistance is made from 3><150Q in parallel. (B) Frequency response o f  an integrating 
circuit. The circuit is integrating when/ > / / .  For R = 1 kQ and C = 14 nF we have/ /  ~ 11 kHz.

Using (3.5), the voltage recorded by the oscilloscope is related to the current in the 

discharge cell by:

Here we took /? = 1 kQ and C = 14 nF. An error in the values o f  R and C o f ±20% is 

included as well. The overall response in the current measurement is then 

~ (135 ± 55) Ig W  where the signal on the oscilloscope is in volts.

3.2.2 Voltage recording

The hold-on voltage is measured at the back electrode o f  the discharge cell using a 

high voltage resistive divider [Pfeiffer 1986]. A diagram o f the resistive divider can 

be found in Figure 3.8. The resistance Ri is made from a shielded Silicone cable; the

1 1 0 ” ^^

'  Ic  ~  ~RC ~ 3.0)x 10-‘ /( /)  (3.7).
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type used as spark cable in a car. The division ratio VIV’ is found from the following 

formulae:

V = (a)

V' = R , I , + R , I , = - R J ,  (b) (3.8).

A - A +-̂ 3
By inserting (c) in (a) we obtain F = (i?, + R^ )/| + R^I^ and by inserting (c) in (b) we 

have that /, = - { R j R^ + R^)l^jR-^^ . Combining the last two expressions and using 

again (b) to isolate Ij, = - V ’lR^ it follows that:

For / ? i =2 . 4k Q,  i? 2  = 10 Q, / ? 3  = 40 Q and = 50 Q we obtain the ratio 

V/V' = 482 ± 95 including an assumed uncertainty on all the resistances o f  20%.

It should be noted that residual capacitances in the resistors could change the 

response o f  the resistance divider at high frequencies [DiCapua 1986b].

Cell

ScopeR,=2.4 kQ

Re=50 Q .

^  + R^+R^+RA — 
R. R.

(3.9).

Figure 3.8: Resistance divider used in the micro capillary experiment. From (3.9) V/V = (482±95).



C H A P T E R  3: M icro  capil lary  d ischarge experim ent 42

3.2.3 Electrical characterisation

As explained in the beginning o f chapter 3.2 the oscilloscope was placed at a long 

distance from the discharge cell (and for experiments at LPTP in a Faraday cage). 

The transit times o f the individual transmission lines running to the experimental 

setup was measured by applying a short pulse (of the same time scale as the signals 

recorded) to one end o f the cable and recording the reflected signal. From this it is 

estimated that the relative time difference between different channels is determined 

to within an error of 2 ns.

Typical recorded signals o f the hold-on voltage and current are shown in Figure 3.9. 

The voltage rises to its maximum value in -50  ns and breaks down in less than 5 ns. 

In the following description, the time o f the peak voltage Vp will always be taken as 

time zero. The energy stored in the capacitance o f the cell at the time o f breakdown 

is calculated to be ~0.1 J, while the capacitor bank (6 nF) is initially charged to ~15- 

20 kV corresponding to 0.7-1.2 J. The corresponding current signal is seen to reach a 

peak current o f (60 ± 24) kA with a rise time o f = 1 ns hence with a

1 -3

dlldt>  10 A/s. The initial smaUer negative dip in the current is evidence o f an 

electron beam being present in the discharge. This structure in the current waveform 

is seen when the back-electrode is charged positive; in which case an effective 

hollow cathode is formed within the cell [Choi et al. 1999]. It should be noted that 

the measured rise time is close to the limit o f what the oscilloscope is specified for. 

According to the manual o f the oscilloscope the fastest rise time is given by 

R isejim e = 0.35 / Bandwidth which for a bandwidth o f 500 MHz corresponds to a 

rise time of 700 ps.
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Figure 3.9: Shot no 8 with a cell o f  Mylar dielectric a = 80 (im. (A) Hold-on voltage. (B) Discharge 
current. A fit with Equation (3.15) for the under-damped current in a simple RLC circuit assuming 
Vp = 10.5 kV is shown as well for the current; broken line. From the fit we deduce the parameters 
R = (0.015±0.002) Q.,L = (1±0.1)10''“ H and C = (4.2±0.4)10'’ F

The capacitance of the cell is measured with a multi-meter for comparison. Typically 

the value is less than that given by Figure 3.4(A) for a given dielectric thickness. The 

difference is attributed to the uncertainty in the thickness a for the capacitance. We 

can estimate the energy released in the discharge as 0.5 xCU^ - equal to 0.07 J in 

the above case. The total stored charge (Q = CU) is o f the order o f 1.2x10.5x10' 

 ̂~ 13 )iC. If we integrate the current over the first quarter period we obtain ~25 |aC -  

in qualitative agreement.



CHAPTER 3: Micro capillary discharge experiment 4 4

We note the approximation, that for an oscillating discharge, the max current can be 

written [Friingel 1965];

For a self-inductance o f Z = 10'̂ *̂  H, a voltage t/=10.5 kV and a capacitance 

C =  1.2nF we get an 7peaA = 36kA. Given the errors in the current and voltage

measurements this is in reasonable agreement with the recordings. Due to the

statistical process o f the breakdown process, and because o f the ablation that takes 

place on the capillary walls and the back-plate, there is a shot to shot variation o f the 

discharge characteristics even under otherwise identical conditions which makes

reproducible investigations difficult. In Figure 3.10 we show the relationship

between the current and the hold-on voltage tor different shots.

4x10'
<N ■ 7<

0 3
■ 6

0 42x1 O'

■ 4
1x10'

0.0 2 .0x10 ' 4 .0x10 ' 6 ,0x10 ' 8 .0x10 ' 1 .0x10“ 1.2x10®

(Hold-on-voltage)^ [V̂ ]

F igure 3 .10: The squared current o f  the second peak vj hold-on-voltage squared for two different 
cells with a Mylar dielectric sheet and positive charging. The number next to each point indicates the 
shot number with that cell. The broken line is a linear fit through zero to the points with shot numbers 
larger than 3, with the error as that given by the fit procedure.
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Since the first peak in the current is not always as well developed as in the example 

in Figure 3.9, we have used the second peak, h,p, in the first period as a marker. 

Figure 3.10 points to the limitation of Eq. (3.10). For a given voltage, the highest 

current peaks are usually produced in the first - 3 - 5  shots with a new cell. This can 

be explained by the fact that during the first ~5 shots the capillary diameter typically 

increases fi'om ~50 jo.m to about 125 fj,m. This gives rise to a lower current flowing in 

the discharge, due to a change in plasma resistance as outlined below. Results 

presented in this chapter are obtained for shot numbers larger than 3 unless otherwise 

stated.

Theoretically the voltage and current in the discharge are related through the relation 

[Leonard 1965]

r=^( i / )+«
/  ̂ (3.11).dl ( dL  ̂  ̂ ’= L —  + I  

dt
—  +R 
dt

To further investigate the constraints on the use of Equation (3.11) we will estimate 

the importance of the terms dUdt and R in the parenthesis. The resistance per unit 

length of the plasma, Ri, can be written as Ri = ri/S, where r\ is the plasma resistivity 

and S  is the cross section of the plasma where the current flows [Choi 1983]. In a 

cylindrically shaped plasma column where the current is assumed to be confined to a 

shell of thickness of the skin depth we get that S = Ti^{2rl5- 1), where r is the radius 

of the column and <Jis the skin depth, see Equation (3.6). This allows us to write

R ^= — Qm- ‘ (3.12).
2n

d
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This analysis is only true vi 5 < r  and as we will see this is in general not true during 

the evolution. The plasma resistivity is often adopted from that given by Spitzer for a 

fiilly ionised plasma [Spitzer 1962]:

77 = 1.03x10-^ O m  (3.13)
e

Z  is the mean ion charge, Te is the electron temperature in eV and InA is the Coulomb 

logarithm which we will take as equal to 6. Figure (3.11) shows the variation o f Ri 

and 5  with the electron temperature assuming Z = 4. The contribution to the voltage 

drop from the change in the linear-inductance is estimated using the formula:

fim -' (3.14)
dt 2jjr  ̂ dt 2nr^ '

Cs,o is the sound velocity that can be taken from the expression in chapter 2.2. For 

Y = 1.26, Z = 4 and M =  12 u the resistance due to the change in inductance is shown 

as well in Figure (3.11). The resistance diverges as the assumption of the skin depth 

being less than the radius is violated. The condition on the skin depth is fulfilled only 

for high temperatures. If the resistance is evaluated as the Spitzer resistivity divided 

by the area o f the column ~nrc^, the resistance per length is given as in Figure 3.12. 

At a plasma temperature o f  20 eV we find that Ri ~ 10000 Qm'* corresponding to a 

resistance o f 0.8 Q, if the length is taken as the thickness o f a Mylar foil =80 |im.

From the Figures 3.11-12 we can expect that the contribution from the resistive term 

in the parenthesis in (3.11) is larger than the dLldt term for the temperature range of 

interest in the microcapillary experiment (1 0 -5 0 e V ). Note however that Rt~Vc^ 

while dUdt ~ rc so the two terms can evolve into becoming comparable.
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Figure 3.12: Resistance per unit length assuming the Spitzer resistivity ti and R] = t | /5  where S =  T ir/.
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If we ignore the d U d t  term and the time dependence o f  the resistance the solution to 

(3.11) is that o f  a simple RCL circuit as presented in most undergraduate books on

A single f i t  to the current in Figure 3.9(B) with this solution is seen to reproduce the 

waveform initially while at later times (>20 ns) the solution oscillates too fast 

indicating the changing parameters o f  the discharge. The errors on L, R and C given 

in the text to Figure 3.9(B) are those arising from the fitting procedure. If the current 

is varied within the limits o f  that determined by (3.7), the values o f  R, L and C may 

change by a factor o f  ~2 - 2.5.

In trying to take into account the time dependence o f  the resistance we proceed as in 

[Hong et al. 2000] who investigated a gas capillary discharge o f  length o f  a few  

centimetres and diameter o f  1 mm. In this reference a piecewise fit to the current 

over a single oscillation o f  the waveform was performed using (3.15). In Figure 3.13 

the resistance obtained from fitting the current waveform over 3/2 o f  a period is 

shown. The initial resistance is very uncertain (given by the fit) and not too much 

importance should be put on it. At later time the resistance increases as expected for 

a plasma undergoing cooling. Actually in an adiabatic expansion we have that 

Te ~ and from Spitzer’s formula it follows that the resistance R ~  hence 

R ~  ~  if y = 1.25 is assumed. This scaling is depicted in Figure 3.13 as weU

and shows a qualitative agreement with the measured evolution. Combining Figures 

3.12 -  13 it is seen that a 100 )j,m long plasma cylinder with radius Vc =  50 |j,m having 

a resistance o f  ~ 0 . 1 Q will have a temperature o f  40 eV.

electromagnetism. The solution for the under-dam ped  case (i.e. R  ̂ < M IC ) is:

/  =
(oL

e sin((2Y) , CO
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Figure 3.13: Mean resistance vi'. time for two different ciiarging voltages as obtained by piece wise 
fitting o f  (3.15) to the current waveform. Solid curve i s  R ~  as expected for y = 1.25, see text.

3.2.4 Conclusion on electrical characteristics

The microcapillary is a fast discharge unit with a stored primary energy o f less than

1 J. The fast pulses means that a current o f  at least 10 kA and with a current rate o f

1 ^change o f  more that 10 A/s can be generated in the sub millimetre discharge.

The shot to shot variation is appreciable as seen from Figure 3.10. Also from this 

figure a plasma resistance o f  (1/19.7)'"' ~ 0.2 Q can be deduced; using Figure 3.12 we 

calculate a temperature o f  ~25 eV assuming rc = 50 |j,m and a length 80 |a.m.

The time evolution o f  the resistance and hence the temperature was measured from 

the current probe oscillation approximated using (3.15). The analysis relies on 

neglecting the d L ld t  term  in (3.11), which can only be partly verified. I f  the 

temperature is inferred from Figure 3.12 and 3.13 it is concluded that initially the 

plasma acquires a temperature o f  >50 eV for these experiments.
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3.3: Ion outflow from the micro capillary as measured with electro

static probes

The use o f electrostatic probes in quiescent plasmas is an established 

technique to obtain localised information o f plasma parameters. Reviews can be 

found in [Chen 1965] and [Chung et al. 1975]. In its simplest form an electrical 

probe consists o f a smaU metallic electrode inserted into the plasma and connected to 

a power supply that allows it to be biased positively or negatively with respect to the 

plasma. The term electrostatic probe is often used interchangeable with the term 

Langmuir probe after Irving Langmuir who was the first to use this method for 

investigations o f plasmas [Mott-Smith and Langmuir 1926].

3.3.1 The electrostatic probe

As commented on by [Chen 1965], though the experimental realisation o f an 

electrostatic probe is very simple, the theory for describing the probe response is 

rather complicated and often not analytically solvable. The reason is that the probe is 

a boundary to the plasma and therefore when immersed in the plasma the probe 

becomes surrounded in what is termed the plasma sheath. In the sheath, the equation 

of motion changes from that o f the bulk and quasi-neutrality ceases to be fulfilled 

complicating its description [Riemann 1991], Investigations with probes in flowing 

plasmas include laser-generated plasmas but also geophysical experiments o f 

charged particle measurements at high altitude using rockets or satellites, see 

references in [Chung et al. 1975].
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The plasma generated in the microcapillary is not only fast flowing but is also 

transient and in that sense it resembles a laser produced plasma. Our group has 

previously used negatively biased probes for collecting positive charged ions from 

plasma plumes in laser ablation o f metal targets in vacuum i.e. [Lunney et al. 1993], 

[Jordan and Lunney 1998] and [Hansen et al. 1998]. A generic electrical circuit of 

the type that is used in the experiments in this thesis is shown in Figure 3.14. The 

probe is connected to the circuit placed at the oscilloscope through a screened coaxial 

cable. As in the case with the current and hold-on-voltage measurements o f the 

previous chapter the oscilloscope was placed away from the microcapillary to avoid 

electrical noise.

Probe

Screened 
coaxial cable

Rc
~50kQ

O

© Cb

Figure 3.14: Electrical circuit for an electrostatic probe. R̂ , Rhad and C* are the charging- the load 
resistor and the blocking capacitor respectively. The probe signal is sent to the circuit by a screened 
cable.
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A few rules o f  thumb should be adhered to when choosing the component values for 

the circuit.

(A) The total collected integrated charge in a pulse must be much less than that 

stored on the blocking capacitor i.e. Q = Ct,V, where V is the bias voltage.

(B) The signal voltage measured over the load resistor should be much less than 

the bias voltage applied to the probe at all times, hence Vpeak < Vb-

(C) The fiill width at half maximum pulse length should be shorter than the 

characteristic time constant o f  the circuit, to avoid unwanted charging and 

discharging during the period o f  the pulse, hence FWHM < InRioadCb-

A very short introduction to the theory o f  ion collection by Langmuir probes will be 

presented here. The discussion follows that o f  [Koopman 1971] and [Segall & 

Koopman 1973] who made detailed investigations o f  the use o f  electrostatic probes 

in flowing plasmas produced by laser ablation. If we assume that the velocities o f  the 

ions are equal in magnitude and parallel in direction, the ion current to a cylindrical 

probe biased negatively with respect to the plasma potential is;

L, = ( l + ,?)^e(2«iZ^)M x J + (3.16).

Here V the probe potential is o f  such a value with respect to the plasma potential Fp 

that the ions are attracted. The factor A is the collection area o f  the probe, nii the 

mass o f  the ion, rik the density o f  ions with charge Z* and u is the flow velocity. To 

take into account the effect o f  emission o f secondary electrons from the probe 

surface, the electron emission coefficient e  is introduced. An electron leaving the 

probe surface will be accelerated away and, because o f  charge balance, this will 

appear as if a positive ion had hit the probe. Eq. (3.16) is deduced under the 

assumption that:
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(3.17),

kg is Boltzmann constant and T\ is the ion temperature. This is equivalent to saying 

that the velocities are nearly parallel in direction as mentioned above. Further, if the 

range o f probe potentials applied are limited so that \e(V-Vp)\« Virtiii?, the 

expression for (3.16) simplifies and we have instead:

If  we rewrite (3.17), substituting Tg T,, the inequality may be recognised as the 

expression for the Bohm criterion [Riemarm 1991] on the stable sheath formation 

around a probe. The Bohm criterion is a necessary condition in the limit XdIL —> 0, 

where Xd is the Debye-length and L a characteristic dimension o f  the plasma. When 

it is fulfilled a positive sheath that decays fast (~ on a scale o f  the Debye-length) into 

the plasma can form around the negatively biased probe and thereby screen the bulk 

plasma from the disturbance o f  the probe potential.

To show that these considerations apply to the experiment here, it is useful to 

evaluate some o f  the relevant plasma parameters. Even for a relative low density 

n ~  10*® cm'^ and high temperature T^~  10 eV the Debye-length is small compared 

to the probe: ~ 7.43(rg,[eV]/%m-3])''^'~ 235 |j,m. Further the condition (3.17) is

easily fulfilled in the plasmas discussed here. For a carbon ion with a velocity o f 

5x10"* ms'* the condition is k B T i «  150 eV. Since the initial electron temperature 

during the breakdown o f the micro capillary discharge is not even so high, as inferred 

from independent measurements reported in the other chapters, it is safe to conclude 

that at the position o f  the probe (usually some cm away from the source) the

(3.18).
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condition is easily met. Hence we note that the Bohm criterion is over-satisfied in the 

plasma outflow from the micro capillary and that we are in the limit XqIL —»■ 0. The 

conditions are then fulfilled for the probe to have only a local influence on the 

outflow, and (3.18) can be used to interpret the current with A the projected area of 

the probe normal to the flow. We remark as well that the condition on the probe 

potential: \e(V-Vp)\ «  VirriiÛ  used to deduce (3.18), will in general be weaker than 

that mentioned. This is because the original expression (3.16) was calculated for a 

beam of charges o f one numerical sign (i.e. positive). In the plasma the influence of 

the probe potential will only be transmitted over a distance o f the Debye-length and 

as seen in the calculation above this is very short. Formula (3.18) is therefore 

assumed throughout this thesis.

The conducting tip o f the probe was usually made from copper or silvered copper. As 

we will see, the ions typically have kinetic energies above 1 keV. At these energies 

secondary electron emission from the probe can be expected. The study by Cano 

[Cano 1973] shows that for C^  ̂ ions impinging on a gold target s ~  2.5 while for Al̂ "̂  

it is ~1.5, the value scales roughly with the power /Wion"̂  ”* o f the incident ion mass. 

The emission coefficient is higher for higher charged ions e.g. around 8 for It 

will be assumed that these values are not much different for a copper or silver 

surface. Not including the secondary electron emission contribution to the probe 

current in calculations will lead to an overestimation o f the ion density.
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3.3.2. Result and discussion of probe measurements

The probe was inserted downstream from the discharge cell in a vacuum chamber 

evacuated to a pressure <10'^ mbar. Typically the chamber with the discharge cell 

(Figure 3.2) could only be evacuated to a minimum pressure o f -10"^ mbar despite 

the use o f a turbo-molecular pump. This relatively high background pressure is a 

consequence of the design o f the discharge cell where we rely on pressing the two 

electrodes tight on to the dielectric to form the vacuum seal. In the experiments on 

the micro capillary the probe was held at a potential o f-130  V to collect ions.
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Figure 3.15: (A) Current per sr from a Mylar micro capillary discharge with Vp ~ 8.5 kV recorded by 
two electrostatic probes at different positions. (B) Same as in (A), but the current at the first probe has 
been scaled to the position o f  the second probe. The peak at time 0 is caused by photoelectric emission 
o f electrons from the probe.
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In Figure 3.15 we show examples o f  the recorded time-of-flight (TOF) current 

recorded by Langmuir probes in a double probe experiment in which two probes 

were inserted downstream o f the discharge cell at different distances. We have seen 

in chapter 2 that after an initial acceleration the plume expansion becomes inertial 

and the expansion velocity into vacuum constant. In order to conserve particle 

number it is then necessary that N  ~ with N  the density and r the expansion radius 

[Rumsby & Paul 1974], It follows easily that the current per steradian at probe 2, 

h{h) = h{h)d 2 IA2 , should be related to that measured at the position o f  probe 1 by 

hih)  -  i\{t\)^{d\ld2) with ti = tx^idildi). Here d\ and J2 are the distances o f  probes 1 

and 2 {dj > d\) respectively and A# the probe area and I# the current intercepted by 

that probe. Figure 3.15(B) illustrates this scaling applied to the current recorded by 

the first probe. The measured current amplitude at d2 = 40 cm is about 30% less than 

the scaled current which suggests that scattering o f  particles takes place during the 

flight between the two probes. The expansion velocity o f  the peak flux in between 

the two probes is calculated to be -17/930 cm/ns -1.8x10^ m/s. With this flow 

velocity, using Eq. (3.18), the peak-flux charge density at the first probe becomes 

N ~  10*̂  m‘̂  assuming an effective mean charge at this late time o f  Z = 2 and 

e =  2.5. The recorded expansion velocity is confirmed when we combine the results 

Irom several separate experiments with various probe distances as shown in Figure 

3.16. The first flux peak expands at a constant velocity v =  1.7x10^ m/s up to the 

maximum distance o f  88 cm. The scatter in the TOF o f the second peak flux makes it 

difficult to make assumptions about its origin. In figure 3.16 we show a fitting curve 

o f  the data following the scaling d  = const x
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Figure 3.16: Probe distance vs. time o f flight o f  peai< flux for the 1*' and Z"** peak. The hold-on- 
voltage is roughly constant ~9 kV on a Mylar dielectric discharge cell.

This expansion is what is expected from a hydrodynamic treatment o f a strong 

explosion with counter pressure [Zel’dovich & Raizer 1966, pp 93], This 

phenomenon has been much investigated in pulsed laser deposition o f thin films 

where the laser produced plume expands through a background gas. It is in general 

assumed that the plume splitting occurs when the expansion distance becomes 

comparable to the collision mean free path for collisions between the plume and 

background gas [Wood et al. 1997]. We have observed that effect using ion probes 

for the expansion of laser ablated silver ions into an oxygen background [Hansen et 

al. 1999]. As was mentioned at the beginning, the background pressure was typically 

/ ’ = 1 0 ‘̂ - 10'  ̂mbar. With a collision cross-section o f about <Tc = 5x10''^ cm^ for 

collisions o f ions with neutrals [NRL 2000] the mean-free-path is 

Ac = l/ngCTc = kBTIPcTc and we get that Ac = 80 - 8 cm. Hence plume splitting due to 

scattering of part o f the plume particles may be the cause o f the second peak but
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more detailed investigations, especially at large probe distances, will have to be done 

to clarify this.

From the discussion of the hydrodynamic expansion into vacuum in Chapter 2.1, we 

note that the front velocity depends on the energy content E and total mass M  of the 

initial plume as ((2.15) and (2.19)):

V /™ , (3.19).

In Figure 3.17 the front velocity is shown as a function of charging energy on the 

local capacitor. The highest hold-on-voltage, Vp, is achieved with a negative charging 

of the back plate and is roughly -14 kV. The plasma front velocity is seen to reach 

up to -3x10^ m/s which, if we assume a particle of the mass of a carbon ion, 

corresponds to a kinetic energy of 5.5 keV.
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Figure 3.17: Expansion velocity vs. discharge energy for both positive and negative polarity on the 
back plate. A Mylar dielectric was used on the cell. The errors shown include the uncertainty on the 
measured hold-on-voltage. The broken lines show that the front velocity scales as ~(8 -  12)x 
corresponding to an initial mass M~20 ng.
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This scaling is observed from the broken lines in Figure 3.17. It follows that the 

average initial mass o f the plume per discharge for y = 1.26 is given by 

19.4/10*^ ~(2 ± 0.8)xl0'^'kg. This result is supported by an independent 

measurement o f the eroded area per shot o f the dielectric foU. If we measure the 

radius of the micro capillary in the dielectric before being inserted in the cell and 

after several shots with it, the ablated volume is determined as dV= n^A^(ren/-rinh 

where A is the thickness o f the dielectric. Figure 3.18 shows the deduced averaged 

mass ablated per shot. Also shown is the average number o f atoms per shot 

calculated from the formula:

N = a d V -^6.022x10^^  (3.20).

Here a  is 22 for Mylar (CioHg0 4 ) and 6 for PVDF (C2 H2 F2 ) and p  is the density 

while Mm is the molar mass o f 192 and 64 respectively (Table 3.1). The uncertainty 

in the measurement o f the radius is rather large but it is concluded that the value of 

the initial mass is around 5 0 -  100 ng per shot in reasonable agreement with that 

deduced from Figure 3.17.

Continuing the hydrodynamic description of the expansion, we proceed to apply the 

theory for expansion o f a plume into vacuum by Anisimov presented in Chapter 2.1. 

It is noted that this model strictly speaking holds only for the expansion o f a plume 

from a plane surface. We remember that the model does not include any information 

about how the plume was initially formed, only a description of how it expands. In 

order to justify the use o f a hydrodynamic interpretation o f the expansion we wiU 

first evaluate the collision mean free path of the ions in the initial plume.
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Figure 3.18: (A ) Ablated number o f particles per shot and (B) corresponding mass.

I f  we assume a mean ionisation Z  = 4 and an ion mass m,on = 16u the mean free path 

can be calculated using Eq. (2.33); = axCs,ox(w,o„x(^^sr,)^)*^^/(Z^«,) ~

axm,o/xCs,o^l{Z^ni), where a -  6(27t̂ )*^^£fl̂ /e‘*lnA and Cs,o is the ion sound velocity. 

We can estimate the density from Figure 3.18(A) by dividing w ith the volume o f the 

micro capillary, ~7ix80x50^ |j,m^, to yield «ion ~ 10 ’̂  m’ .̂ As the velocity, we assume 

the sound velocity Cs~ 14 km s'* (see Eq. (2.15)). The ratio o f E/M  is obtained from 

Figure 3.18(B) as 0.05/80 J/ng. W ith these values, we find that Xii ~ 1.5 run -  hence 

much smaller that the scale o f the plasma plume itself. This confirms that the initial 

stage o f the plasma plume evolution is highly collisional and a hydrodynamic 

description can therefore be appropriate.

The initial input to the program is the dimension o f the plume, Xo, Yq and Zq. We wiU 

assume that after half an oscillation o f the current in the discharge i.e. after 2 ns (see
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Figure 3.9) a plume is formed on top o f  the micro capillary exit with lateral 

dimensions equal to the micro capillary i.e. X q = Yq ~  50 |im. The thickness 

Zo ~ 30 jam o f this plume is estimated from (2.14) using Tiaser—*^ ns and taking for 

the sound velocity Cs,o ~  14 km/s as explained above. The result o f  the calculation for 

the flux o f  particles (see Eq. (2.10)) at a distance o f  40 cm is shown if Figure 3.19, 

along with that o f  the current recorded by a probe at this position. The model shows a 

broad resemblance to the experiment. The peak flux in the model (^Ar'4.5xl0'^) can 

be related to the real current per sr by dprobe^^KM^^^^Naiom/Ui(v)^o) (Eq. (2.10)), 

which gives a value o f  ~75 A s f ',  for Naiom = 5><10‘ ,̂ -  1.5x10^, lj(y) -  0.22 and

Xo = 0.005 cm. Given the uncertainty in the parameters this is a reasonable value.
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F igure 3 .19: Comparison o f  the flux calculated with the m odel o f  A nisim ov and that recorded by a 
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We will show in Chapter 5 and Appendix B how the relative change o f  the probe 

signal at increasing angles can be used to show the good prediction by the model o f  a 

laser ablation experiment. However, as remarked in Chapter 3.1, due to the design o f 

the insert in the discharge cell there is a limited free expansion angle o f  only -17° to 

the normal which prevents us from making these experiments in the case with the 

micro capillary source.

3.3.3 Concluding remarks

The asymptotic free expansion o f  the fast ions from a novel micro capillary discharge 

source is investigated using electrostatic probes. From the measurements o f  the 

expansion velocity we can assume a typical initial sound velocity o f  > 1 4 k m s’' 

corresponding to ion energies o f  several keV, Eq. (2.19).

Since the sound velocity, Cs,o, is at least larger than -1 .4x10“* m s '‘, it follows from its 

definition in Eq. (2.20) that the initial electron temperature should be at least larger 

than kbTe > 5 eV for a carbon ion mass (12u) with Z =  4. It should be noted that this 

estimate depends quadratically on the measured front velocity o f  the plume and the 

value used in this estimate is very much a lower limit. At the higher front velocity o f 

-3.5x10^ m s'* measured with a negative charging the temperature could be as high 

as -5 0  eV.

Even higher hold-on-voltage and hence expansion velocities etc. may be obtained by 

shortening the transmission lines used from the capacitor bank to the discharge cell. 

In the experiment reported here a cable length o f  25 m was used (see Chapter 3.1) in 

order to obtain sufficient time delay to trigger various diagnostic equipment on the 

vacuum chamber.
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As was mentioned in the overview section at the beginning of Chapter 3 the micro 

capillary experimental setup represents an interesting new “mini” pulsed power 

system. A phenomenon well known in larger discharge experiments is that of 

pinching or focusing (i.e. the name Z-pinch of some experiments) o f the plasma 

when high current rates are applied. The basis o f describing when the pinch reaches a 

stationary equilibrium is given by the Bennett-veXaixon [Bennett 1934]. Recently the 

pinch dynamics o f different experiments have been reviewed in papers by [Pereira & 

Davis 1988] and [Koshelev & Pereira 1991]. In the Bennett-pmch the radial plasma 

pressure equals the Lorentz force:

and ion densities and the plasma temperature T  is assumed equal for electron and 

ions - we find fi-om integration that:

Here N\ is the number o f ions per unit length and Z the effective ionisation. We can 

evaluate the maximum temperature for the pinching assuming M ~(5xl0'V80)xl0^ 

(see Figure 3.17), Z ~  4 and / =  50 kA (see Figure 3.9). The results is kt,Te ~ 5 eV. 

From the estimate above, o f the electron temperature deduced using the probe 

signals, it therefore seems that the plasma pressure is too high for the Bennett- 

relation to be fiilfilled. That is, the Lorentz-force is not big enough to overcome the 

plasma pressure and it is concluded that pinching is not obtained in these 

experiments. However while ~ Cs,o ~ Vfrom ~ Vp (Figure 3.17 and (3.21)) we have 

that I ~  Vp (Figure 3.10) hence for a higher hold-on-voltage the plasma temperature'

(V;? + jxBX =0 (3.21).

Taking B = \ioH2-Rr and j  = Unr^ and p  = {n\+n^kbT where ri[ and «e are the electron

(3.22).
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should only increase with the square-root but the 5e««e//-temperature from (3.21) 

would increase with the square o f the higher hold-on-voltage i.e. the scaling favours 

pinching to occur.
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3.4 Ion outflow from the micro capillary as measured with a 

Thomson parabola analyser

3.4.1 Introduction to the Thomson parabola analyser

The Thomson parabola analyser [Thomson 1913] allows deterrnining the 

velocity and charge to mass ratio o f ions by measuring the deflection o f the particles 

acted upon by simultaneous parallel magnetic and electric fields. The Thomson 

parabola analyser (TPA) reported in the following was designed, fabricated and 

implemented during the time o f the project. The measurements presented differ from 

many other experiments, where the TPA has been used, in that it was combined with 

a temporal detection resolution o f the ion dynamics. This is achieved by utilising a 

microchannel plate (MCP) as an amplifying, position-sensitive detector for the ions. 

The MCP is working as a high-speed shutter to the ions by gating the voltage on it. 

This allows us to obtain a 15 ns framing o f the ion temporal dynamics. A similar 

arrangement was reported by [Matsuzawa et al. 1985] for investigations on a pulsed 

ion-beam generator. A time-resolvable Thomson analyser was also reported by [Rhee 

et al. 1987], though here the temporal information is deduced by varying the electric 

deflection field of the TPA. For other uses o f Thomson parabola analysers see e.g. 

[Rhee 1984] and [HeroId et al. 1981] and references in there.

Using the Thomson parabola analyser the charge and mass o f the species in 

the expanding plume can be determined. O f course like with the electrostatic probe 

only the ionised component o f the plume is subject to the investigation and the 

experiment hence provides no information about the neutral part o f the plume.
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3.4.2 Experiment

Figure 3.20 shows the layout of the experiments conducted at LPTP in France where 

all the data presented in this section is obtained. Part (A) depicts the general setup.
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Figure 3 .20: (A ) Sketch o f  the m icro-capillary setup with a Thom son parabola analyser (t/probc=13 cm, 
t/TPA=39 cm ). D eflector to MCP distance is 60 mm. (B ) Principle o f  the Thom son parabola analyser.

The TPA is situated djpA ~ ^9 cm from the micro capillary discharge and with a 

distance d ’ = 60 mm between the deflector unit and the microchannel-plate (MCP). 

The pressure on both sides of the TPA is as usual in the experiments with the micro 

capillary <10'^ mbar (0.1 Pa). Also present in the vacuum chamber is an electrostatic
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probe connected to a fast digital oscilloscope (500 MHz, 2Gb s'*) that allows us to 

monitor the ion outflow on a shot-to-shot basis.

Part (B) in Figure 3.20 shows the principle o f  the deflection in the TPA. Parallel

magnetic and electric fields applied perpendicular to the ion trajectory disperse the

ions. In the simplest analysis it is assumed that the fields are uniform over length L

the diameter o f  the magnets, see below, and zero outside. The deflection in the plane

at right angles to the initial path can be written [Rhee 1984]:

7p BI 7e FI
i 3 n 0 g = ^ —  (A) t a n 6 » ^ = ^ ^  (B) (3.23).

f n , o „  V V

Here Ob and 6e are the magnetic- and electric deflection angles for the applied 

magnetic, B, and electric, E, fields and Z  is the charge o f  the ion with mass and 

speed V. It follows from (3.23) that

Hence ions with different charge-to-mass ratio but the same speed wiU fall on a 

straight line through the origin. I f  the angle between the constant velocity line v and 

the electric deflection direction is defined as a  we have that:

t a n a s - ^ v  (3.25).
EL

And ions with the same charge-to-mass ratio but different v fall on the parabola 

defined by Eq. (3.24)(B).

3.4,3. Thomson parabola analyser design

In the design investigated, four separate Thomson analyser deflection centres were 

build into one compact unit. Figure 3.21 depicts the outline. The four analysers were
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F igure 3 .21: Deflector consisting o f  4 separate Thom son parabola analyser centres formed by six  
magnets (line-pattern). The deflection fields shown correspond to in the experim ent for ions travelling  
into the paper.

placed around the central axis o f  the setup; one in each quadrant and as close to the 

centre as physically possible. Six slots were milled in a nylon base to support the 

permanent magnets. The disc shaped magnets (Alnico, from Edmund Scientific) had 

a diameter o f £ = 1 cm and they formed 4 through passages o f  S=  0.3 cm height. The 

narrow slits were made to ensure good homogeneity o f  the field in the gap. On top o f 

the magnet surfaces a thin sheet o f  copper deposited Kapton^*^ foil [GoodfeUow 

Catalogue 2000] is placed. It is connected to a voltage supply providing the potential 

drop for the electrical deflection. Typically the potential drop was 40 V, 

corresponding to an ^ I-p roduc t o f  EL = AQLId-lAQW. The magnetic flux is 

measured with a small Hall-probe o f  3 mm diameter (Hirst - Gaussmeter). The 

measurements o f  the 5 - field in the four slits are shown in Figure 3.22 below - the 

average integrated value is seen to be = (1.1 ± 0.1) 10'^ Tm. The value drops
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Figure 3 .22: M easurem ent o f  the position resolved 5 -fie ld  in the four slits o f  the com pact multi-TPA  
used in the experim ent. The drawing in the top left depicts the definition o f  the distance scale.

rapidly as the detecting surface o f the Hall probe is outside o f the slit i.e. after ~2 mm 

confirming that the flux is confined to the gap between the magnets.

To secure a well-defined beam in the gap a circular aperture is used in front o f the 

entrance o f each of the gaps. The aperture has a radius ra = 0.3 mm. We shall see 

later the maximum ion current that enters the gap is ~30 )j,A hence y~100 A m'^. If 

this beam of plasma is stripped o f its electrons the electric field on the surface o f the

9  c  I
ion column can be calculated from 2-Kr^=Jiira where the velocity v~2xl0 ms' . 

Using the numbers above we find E -  (100x0.3><10'^)/(2£'ox2xlO^) = 9 V mm‘*. This 

is o f the same order o f magnitude of the applied deflection field (40/3 =13 V mm'*) 

and hence can introduce a spread in the beam in the electrical deflection direction.
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3.4.4. The microchannel plate as ion detector

To obtain the temporal information o f the ion analysis we use a microchannel 

plate as ion detector. A microchannel plate is an array o f miniature electron 

multipliers. When an electron is released from the walls o f one o f the channels due to 

a particle impact (photons, electrons or ions) it is accelerated down the tube creating 

more secondary electrons by collisions with the wall. At the output a phosphor 

converts the electrons into light. Often a fiber-bundle is used as an optic output 

window to a photographic film or a charge-coupled device (CCD) [Wiza 1979] 

[Siegmund 2000]. The typical spatial resolution is ~15 |im.

The MCP, used in these investigations, is a 4-quadrant unit with the gating electrode 

deposited over the output phosphor [Dumitrescu-Zoita 1996] and [Sopkin et al. 

1991]. The gating voltage is applied over the stack o f the microchannel plate and 

phosphor simultaneously. Each quadrant can be separately gated from a HV-gating 

supply with a pulse that is typically ~6 kV and with a width o f 15 ns. A pickup-coil 

at the primary capacitor bank is used to trigger a delay generator that controls the 

HV-gating supply.

MicroChannel plates are most often used to detect photons or electrons and there is 

not much information available on the detection efficiency for ions. In [Gao et al. 

1984] the absolute efficiency for particles, with beam energy from 1 - 5  keV, is 

reported to be almost constant 50%. There is no change for lighter ions (He^, H^). 

This study is supported by a recent study with heavier noble gas ions [Oberheide et 

al. 1997] where similar efficiencies were found for the same energy range. The data 

by Gao et al. is reproduced in Figure 3.23 below.
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To record the image of the MCP output we use a 35mm photographic film (HP5 Plus 

400, black and white). The film is developed in Kodak TMax P3200 developer and 

fixer. The development time is standard 10 min followed by 4 min in the fixer. HP5 

film is also used for the spectroscopy work reported elsewhere in this thesis. After 

the film has been developed it is scanned for subsequent analysis using a commercial 

scanner with 2400 ppi and 16-bit. The transmission o f the fikn is thus represented on 

a scale fi-om 0-65535 where 0 correspond to the darkest reading.
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3.4.5 Results

Below we show an example o f a picture recorded o f the output o f the MCP in an 

experiment with the compact 4-quadrant TPA dispersing the ions from a Mylar 

microcapUlary discharge plasma. First we observe that the origin for the deflection is 

clearly visible as the intense spots closest to the centre o f the frames. This spot is 

generated by neutral atoms and photons emitted by the plasma and not affected by 

the fields in the Thomson analyser. This was checked with recordings where the 

MCP is gated on at an early time after the breakdown where the ions have not yet 

expanded to the distance o f the MCP. Here this spot is visible as well, the cause o f it 

being the detection o f photons emitted by the plasma.

3 mm

F ig u re  3 .2 4 : P icture o f  the output from a T h om son  parabola analyser as recorded by a 4-quadrant 
M C P. T he io n s are d isp ersed  by the m a g n etic  and e lectr ic  fie ld s a lo n g  the a x es sh ow n  on tw o o f  the  

fram es. T he  M C P is activated  for 15 ns at Im c p  ~  1 -901 , 1 .846  and 1.851 |is  cou n ter-c lo ck w ise  around  
the picture starting from the top left. T he pu lse  on th e  last fram e w as sen t to the o sc illo sc o p e  to record  
the tim in g . B reakdow n o f  a M ylar m icro-cap illary  ( -1 1 .7  kV ).
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Also, a measurement on the film o f the relative distance between the spots shows that 

it corresponds to the linear projection o f the apertures in front o f the slits in the TPA 

onto the MCP.

We note that the different deflected spots corresponding to ions o f different charge- 

to-mass ratios all fall on a straight line through the origin. As we deduced in formula 

(3.25) this corresponds to ions travelling at the same velocity. When the gating o f the 

MCP is changed to another time after breakdown the angle a  between the spots and 

the electric deflection axis changes as well. In Figure 3.25 we show a record, for a 

micro capillary discharge experiment, o f a series o f shots with different delay times, 

tMCP, from the breakdown. For each o f the shots a  is measured on the film and tana  

is calculated. From (3.25) we calculate the velocity assuming the measured values o f 

the EL- and 5Z-products in section 3.4.3. Also shown is the value o f the velocity 

calculated assuming an inertial expansion o f the plume v = dMCpliucp - it is seen that 

the two velocity measurements are in agreement. Though the plume experiences an 

initial acceleration before the velocity becomes constant (see the model o f Anisimov) 

this phase is limited to a very early stage after the breakdown, and for most o f the 

distance from the discharge cell to the MCP the plume expands without acceleration. 

This inertial expansion, at long distances from the discharge cell, was also evident 

from the double probe experiments presented in the previous chapter. The 

uncertainty in the angle arises due to the finite size o f the spots and from the 

uncertainty in determining the base axes.

For the series o f shots in Figure 3.25 the averaged probe signal is shown in Figure 

3.26. The figure gives as well the current scaled to the position o f the MCP and 

corrected with the area o f the aperture o f the TPA. As shown in section 3.3 the
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current at one position can be used to predict the current at another position to a good 

accuracy. When the MCP is gated on at different times during the ion pulse a series 

of snapshot o f the charge distribution is obtained as a flinction o f time - a few 

examples o f which are shown in Figure 3.27 as open circles. In this figure, the 

deflection, along the magnetic and electric deflection axes (xgB and yee), is calculated 

by projecting the spots onto the respectively axes using the measured angle a  and the 

distance along the constant velocity line. The “theoretical” points (solid box) are the 

positions expected for the respective ions, calculated using (3.23) and assuming the 

constant velocity depicted in Figure 3.25. Similar plots o f experimental and 

theoretical deflections are shown in Figure 3.28 but for a positive hold-on-voltage.

The measurements stretch over the time o f the first peak in the probe. At later times 

i.e. after -3 .5  |iS no more ions are detected which is ascribed to the decrease of 

sensitivity o f the MCP at lower energies. The charge and mass o f the ions in the 

second peak, detected by the probe, have therefore only been partly resolved. 

Measurements have to be done late enough to detect some o f the peak, yet still so 

early that the energy o f the ions is high enough, that they can be detected by the 

MCP. In the experiments we register the highest charged ions at the early gating 

times. Comparing the deflections from the measurements with the theoretical points 

in Figures 3.27 - 28 implies that C and O ions are the dominant ions detected. 

Charges up to +3e to +4e are present in the first peak. Due to the similar mionIZ ratio 

of carbon +3 and oxygen +4 the two ions will not be distinguishable. As the MCP is 

gated on later during the decrease in the signal between the two peaks only one ion 

species is detected. This seems to be This is observed for both positive and 

negative pulse charging o f the discharge cell. As the
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time is further increased a wider variety o f ions is again observed. We note that at the 

later gating times the more highly charged species cannot be detected as they are 

outside the field o f observation. Also with its low mass, is deflected outside the 

field o f observation, for the configuration employed here. The largest possible 

deflection along any axis that can still be recorded is about 1 cm limited by the size 

o f the MCP. Table 3.2 gives a short list o f the gating time at which a carbon ion will 

still be visible on the active area o f the MCP, if it is deflected along the magnetic 

deflection axis in the setup discussed in Figure 3.20.

A , o , / Z 110 mm ( / ^ )

C^' 6 4

c^^ 4 2.7

3 2

Table 3.2: Table o f  maximum detection time o f  different carbon ions.

Hence a ion can be followed up to 4 |j,s after the breakdown o f the micro 

capillary with the present setup. However we remember that the MCP detection 

efficiency decreases rapidly for particle energies less than ~2 keV which will in 

practise then set the limit.

3.4.6 Discussion o f TPA results

As already commented the plasma in the micro capillary resembles that fi’om a 

pulsed laser produced plasma in that they are both expanding fast and o f a transient 

nature. The macroscopic expansion o f the microcapillary plasma, as investigated 

with probes in the previous chapter, could also be treated very similar to that in laser
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ablation experiments, see chapter 5. It was found that a simple hydrodynamic 

expansion model could be applied satisfactorily to measurements o f the macroscopic 

charge expansion. With the Thomson parabola analyser results we have however a 

more detailed picture o f the temporal evolution o f the ion distribution. We will

discuss the results in the frame o f a detailed model, taking into account

recombination effects during the expansion into vacuum o f a transient plasma. 

[Voronov and Chernyshev 1974] [Goforth and Hammerling 1976] and [Payne et al. 

1978]. The model was originally applied to laser produced plasmas but the

underlying physics should be the same in the case o f the micro capillary.

From the recorded film of the MCP output we can evaluate the exposure o f the film 

knowing the film characteristic. We note that the exposure is related to the film 

density by £’ = Eo><10°̂ .̂ Using the information from the experiment in Figure 3.27 

allows us to deduce the ion distribution for the case o f negative pulse charging, see 

Figure 3.29. The relative film exposure E/Eq on the abscissa in this figure is 

calculated from the expression:

E = (1/r)'^’' = (65535//)"“ '̂ (3.27)

Here T  is the transmission and i the greyscale intensity measured on the scanned film 

(0 - 65535 = 2'^). The top graph in Figure 3.29 gives the various resolved ion charge 

distributions. Since, the and ions cannot be distinguished by the TPA due to 

the same mass-to-charge ratio, that plot is labelled with both ions. Also, from Figure

■|"2 +33.27 and 3.28 it is seen that the theoretical positions o f the C and O peaks are too 

close to be resolved within the uncertainty in the present experiment and therefore 

the spot recorded here has a double labelling as well. It was found in [Payne et al. 

1978] that with a channeltron electron multiplier array (a MCP!) the charge per area



C H A P T E R  3: M icro  cap illa ry  d isch arg e  experim en t 79

a;
COo
w

CDu .

>+3

,-*■2

<
<D

to
O
Q .
X

LU O O'

1.2x10® 1.5x10® 1.8x10® 2.1x10® 2.4x10® 2.7x10'

V [m/s]

8x10'

Ze = 27x10'
2nd peak

6x10'°

E
^  5x10' 
>

T3

1st

z
4x10'

3x10'
1.8x10' 2.1x10 2.4x10 2.7x10'1.2x10' 1.5x10'

V [m/s]

Figure 3.29: (TOP) Relative ion distribution as deduced from TPA m easurem ents (Figure 3.27). 
Mylar microcapillary discharge with Vp = -11.7 to - 13.6 kV. (BOTTOM ) Ion distribution expected 
for the scaled current at dMCP = 46 cm (see Figure 3.26).



CHAPTER 3: Micro capillary discharge experiment 80

(5) times the ion charge (Z) scales with the recorded film density {D) as ZS = Ae°^, 

where A and b are constants. Hence we can assume that the top graph in Figure 3.29 

represents the ion charge state distributions (number o f ions with the given charge as 

a function o f ion velocity). The bottom graph in Figure 3.29 shows the ion 

distribution calculated fi'om the probe signal in Figure 3.26. To calculate the ion 

distribution in the bottom graph we assumed that aU the particles had a charge of 

+2e. The expression for the number o f ions with velocity fi'om v to v+dv is:

^  ^ M C P W
dv Zed^(.p

(3.28).

To deduce this expression it is assumed that the velocity is given by v = duc?lt. The 

qualitative shape, in the given velocity range o f the two graphs, differs substantially 

at low velocity. However, as we found in Figure 3.16, the second peak in the ion- 

signal is slowing down so the expression (3.28) cannot be applied to that region. 

Besides, the detection efficiency of the MCP is falling fast as the kinetic energy 

decreases, see Figure 3.23. Unfortunately in these experiments, we did not succeed to 

obtain pictures at earlier times (higher velocity) that could have shown the 

distributions over the whole o f the first peak in the detected probe signal. The 

measured ion distribution o f the ion appears to have reached its maximum, 

though that is really only speculation.

Payne et al. [Payne et al. 1978] used a TPA to analyse the ions in a Be laser plasma 

generated using power densities o f a few times lO'"̂  W cm‘̂  (infrared wavelength, 

200 ps). We reproduce their measured ion distribution below as inspiration. Figure 

3.30. In the figure it is seen that the highest charged ions arrive at the earliest times 

(highest velocities) while lower charged ions arrive later with a lower velocity. Payne
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et al. obtained good agreement between their results and the model they proposed. In 

their model they solve the three hydrodynamic equations in Chapter 2.1 in a 

spherical geometry including collisional-radiative recombination and ionisation and 

taking into account the thermal conductivity o f the plasma plume. Similar 

approaches have been taken by [Goforth and Hammerling 1976] [Voronov and 

Chernyshev 1974] and [Stevefelt and Collins 1991], with much the same 

conclusions. As the plasma plume expands the temperature drops, and coUisional 3- 

body recombination (3BR) should quickly proceed leaving no ions to be detected 

since one has that the rate coefficient for 3BR scales as ~ ngTe^^ [Hutchinson 

(1987)].

o

a:

CO

-  31 keVmax

u (10^ cm /s)
Figure 3.30: Ion distribution measured at 15 cm for a laser produced plasma [Payne et al. 1978]



CHAPTER 3: Micro capillary discharge experiment 82

However from the calculations in the models, it follows that when recombination is 

taken into account the energy returned to the free electrons in the plasma modifies 

the temperature scaling o f the expanding plasma and thereby slows the 3BR process 

(- the cooling o f the plasma is slowed). As the expansion proceeds there becomes 

insufficient collisions and the end result is that the ionisation can become constant or 

^Jrozen-in" as it is termed. As the 3BR rate-coefficient is also proportional to the 

density, the freezing in o f the charge state happens earlier for low densities, which is 

why the highest charged ions are found at the front o f the expanding plasma plume 

where the initial density is the lowest.

The freezing-in, and hence the final mean ionisation, depends on the initial plasma 

parameters. So the measurements o f the ion charge distribution can be used as a 

diagnostics tools for the initial plasma. Payne et al. found that the mean ionisation in 

their expanding Be plasma is ~1 for an initial electron temperature o f 10 eV 

increasing to ~2 for a 50 eV temperature. These results are in good correspondence 

with the measurements reported here and the plasma parameters deduced in the 

previous sections.

3.4.7 Conclusions

The ion charge distribution measurements, using the Thomson parabola analyser, 

show that the plume consists mainly o f oxygen +2 and carbon +1 charges and with 

some smaller quantities o f higher charge states as well. The presence o f ions, at these 

late times, is explained by the model o f [Payne et al. 1978] [Goforth and 

Hammerling 1976] and [Voronov and Chernyshev 1974]. The model explains the 

freezing-in o f the ionisation in a fast expanding and recombining plasma plume. The
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measurements o f the ion charge distributions was limited by the geometry and the 

response o f the MCP which only allowed a small range o f gating times (and hence 

velocities) to be measured. Some of these problems can be overcome by varying the 

distance from the TPA to the MCP allowing highly charged ions to be captured over 

longer times.
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CHAPTER 4

Soft X-ray investigations of pulsed transient plasma sources 

4.1 Soft X-ray spectroscopy experiment

In Elton [Elton 1990] the soft X-ray region, or sometimes the extreme ultraviolet 

(EUV), is defined as covering the wavelength region from 0.2 -  30 nm. This part of 

the spectrum has received much interest over the past few years as explained also in 

the introduction to Chapter 3. The source o f much o f this interest comes from the 

semiconductor industry, where there is a wish to produce ever smaller gate sizes in 

computer processors. Here the short wavelengths o f the soft X-rays for a lithography 

process is one of the solutions suggested for the ftature - provided several other 

technical hurdles can be overcome. Both o f the books [Attwood 1999] and [Turcu & 

Dance 1999] provide thorough reviews o f this topic.

Spectroscopy in the soft X-ray region poses some extra difficulties when compared 

to that o f visible spectroscopy. First o f all, there is the need to have the spectrometer 

evacuated as the short wavelengths are readily absorbed in the atmosphere. Also for 

dispersing the radiation it is necessary to employ gratings at grazing Lacidence since 

no material is available for use as a prism at these short wavelengths. With the use of 

gratings comes the possible complication o f having overlapping orders in the same 

region o f the spectrum. And at grazing incidence there can be severe astigmatism 

problems to be corrected for [Elton 1990].
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4.1.1 The GlSVUV-spectrometer

The spectroscopic measurements o f the microcapillary plasma source was under

taken at the Laboratoire de Physique et Technologie des Plasmas (LPTP), Ecole 

Polytechnique, Palaiseau in France. The spectrometer there is manufactured at the 

Institute o f Spectroscopy, Troitsk, Russia. It is a highly compact, 1-m grazing 

incident, off-Rowland circle spectrometer, in short GISVUV. According to the 

specifications the grazing angle is 4“. Figure 4.1 depicts the layout o f the 

spectrometer.

Figure 4.1: (A) Spectrograpli. (B) G rating lioider. 1; Spectrometer m ain body. 5; G rating liolder. 6; 
Grating. 7; D iaphragm . 8: Angle unit with nylon screw. 9: Locking unit. 10: Guide plate. 11: 0 -ring . 
13: Vacuum gasket. 14: Brass ring. 15: Lock nut. 16: Clamp. 22:Gated intensified m icrochannel plate - 
detector. 24: Extension tube. 25: A uxiliary body. (Copied from the spectrom eter m anual).
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The theory o f grating based spectrometers and monochromators is well described and 

tie basic formulas are deduced in [Thome et al. 1999] and [Padmore et al. 2000]. In 

tie Rowland configuration the concave grating (radius o f curvature R) and the 

entrance sUt both lie on a circle o f diameter R, as shown in Figure 4.2. In this 

geometry the spectrum lines are in focus on the circle, and the formula for the 

dispersion is:

d{sm a + sm. 0 ) = mX (4.1).

Here d  is the distance between rulings, m an integer, a  and p  the incident and 

diffracted angles respectively and 2 the wavelength. The GISVUV spectrometer used 

in this thesis is used in an off-Rowland configuration, meaning the detector plane is 

cutting the Rowland circle. This makes it slightly more complicated to determine the 

Ihear dispersion

dx I—  mm nm (4.2)
dX

C o n ca v e  grating  
(radius o f  curvature /?)

R o w la n d  circle  
(d iam eter R )

F ig u re  4 .2 ; Sch em atic  representation o f  the R ow lan d  c irc le . T h e  detector p lane o f  the G IS V U V  
spectrom eter is o f f  the R ow land c irc le  (ind ica ted  by the fat b lack lin e ) h en ce  o n ly  on e  w a v e len g th  is .  
in focus for a g iv en  arm d istan ce .
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The slit width o f the spectrometer is about w = 75 |j,m [Krisch 2000]. The slit limited 

resolving power, Rsut (= A,/A^), is degraded compared to the diffraction limited 

resolving power, Rd, by the ratio o f the diffraction width wq to the slit width [Thome 

et al. 1999 pp 284],

Rsu.=— R, (4.3)w

For a concave grating Rd = Wmid where W is the grating width. The diffraction width 

for the concave grating can be written wq = RXI{WcosP). We note that cosfi is close 

to 1 hence we have as a lower estimate that R sut ~  Rkml{wd). For a 600 line/mm ruled 

grating with a i m  radius o f curvature R the resolving power from this expression is 

~ 80 for a wavelength o f 10 nm and in first order m = \ .

The GISVUV spectrometer is equipped with a gold-coated grating the efficiency of 

which has not been measured. According to [Thome et al. 1999] the reflectivity of 

Au-coated gratings below 100 nm is less than about 20%.

The gated intensified microchannel plate (MCP) detector employed on the 

spectrometer (22 on Figure 4.1) can be used for time resolved spectroscopy. The 

layout o f the gating electrodes is different from the device described in section 3.4.4. 

The basic properties of the MCP for detecting radiation is found in [Wiza 1979] and 

[Siegmund 2000], The quantum efficiency of MCPs to radiation in the soft X ray 

region is usually above 20% and depends on if they are coated or not, Figure 4.3 

shows an example. The MCP used with the GISVUV in the experiments reported 

here was used in several X-ray detecting measurements before [Dumitrescu-Zoita 

1996], A special multi-frame design is employed for this detector. It has 4 lines of 

gold o f approximately 1 cm width deposited as thin strips on the microchannel plate.
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Figure 4.3: Quantum detection efficiency of a bare and coated microchannel plates [Siegmund 2000].
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on spark gap

Figure 4.4: Multi-frame MCP setup for time resolved spectroscopy.
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These strips define the active detection region while at the same time act as 

transmission lines. This last point allows short high voltage pulses to be applied 

when gating the detector and hence gives the high temporal resolution in the 

experiment, see also [Kilkenny et al. 1988]. In the experiments reported in this 

chapter the temporal resolution is ~5 ns as measured from the full width half 

maximum (FWHM) o f the gating pulse. All the gold strips are gated fi'om the same 

high-voltage (HV) gating pulse-generator (also used for the Thomson parabola 

analyser), but can be delayed with respect to each other by using various lengths of 

transmission cable. A pick-up coil under the spark gap is used to trigger a delay 

generator that in turn triggers the HV gating supply that activates the MCP, see 

Figure 4.4. No direct radiation can pass through the microchannel plate so on the 

photographic film, used to photograph the output image generated by the phosphor, 

only the strips displaying the spectrum at various times are present.

4.1.2. HP5-Plus black and white film

We use photographic film to record the spectra obtained with the GISVUV 

spectrometer. The spectra presented in this thesis are recorded on HP5-Plus black 

and white film fi’om Ilford. We use the roU-fitoi, length 120 (19 pictures). Detailed 

information on this film is available online [Ilford 2000]. Below in Figure 4.5 the 

characteristic curve o f film density vs. relative log exposure is reproduced. Over the 

straight-line part o f the characteristic the film density, D, is related to the exposure, 

E, that the film is subjected to by the relation:

D = y h g - ^  (4.4).
Eo
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2.0

42 3
Relative log exposure

F igure 4.5: Characteristic curve o f  HP5 Plus. Abscissa; film density [Ilford 2000].

Here Eo is the exposure where the density would be 0 if the straight line fit could be 

applied to the whole characteristic. The slope o f the curve is termed y. From Figure 

4.5 it follows that y ~  0.65. Further, the density is related as well to the transmission 

T, which is measured on the developed film:

D = - lo g , ,T  (4.5).

To analyse the spectrum the fiJm is scanned using a commercial scanner (Agfa, 

Arcus II). The distance scale, x  (see Figure 4.2), on the film is calculated fi'om the 

Lne density (2400 ppi) used when scanning. Each pixel in the scan is assigned a 

Aalue in between {0...65535} with 0 corresponding to no transmission. The 

tansmission, T, is calculated fi'om this number and it follows fi'om (4.4) and (4.5) 

tnat the relative exposure on the film is proportional to;
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The exposure is related to the incident photon flux on the MCP. In order to estimate 

the relative no of photons hitting the MCP several assumptions are made. The lirst is 

that the quantum detection efficiency is constant over the limited spectral region we 

observe in the spectrum, usually 10 -4 0  nm. This is a good assumption for a bare 

MCP (Figure 4.3). Further, we can write the power on the entrance slit in a 

wavelength interval 5k as: 7^x<^x5'x(Z,xw)/i?/^ were h  is the emitted spectral 

intensity (J cm'^ s’'m '' Q ’'), S  the area o f the plasma, L and w the dimensions o f the 

slit and Ri the distance from the plasma to the slit. If R2 is the total distance from the 

plasma to the MCP this power (in Sk) is spread out over an area 

Lx{R 2lRi)^{dxldX)§k on the detector. By dividing the power with the area we arrive 

at the exposure on the MCP in a time At: E m c p  ~ h^{S^w lR iR 2 )^{dA/dx)At. The 

exposure on the film  is given by this expression corrected for the sensitivity o f the 

MCP which is proportional to the photon energy, hence 

Efitm-h^{S^'wlRiR 2 )^{dA/dx)^{alX)At where a is constant. The dispersion relation, 

dx/dA., presented later in this chapter, will vary by less than ~15% over a lOnm 

spectral region, which is typically the region over which we make detailed line 

investigations, and we will hence disregard this factor in the analysis to come. When 

analysing a spectrum, the exposure Eq. (4.6) is multiplied by /I to be ~Ix- 

Further, the spectra are compared to synthetic spectra from the FLY-code (see 

section 2.2) that plots the emission in /̂ , {ergs cm'^ s'' H z ‘ f l ' ) .  These spectra are 

converted to h  by multiplying with {Iv5v= lySA, cl?i -  hSX).
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4.2 Calibration of the GISVUV spectrometer using a laser ablation 

plasma source

4.2.1. Introduction

The GISVUV spectrometer presented in Chapter 4.1 is used to record the spectra 

from the micro capillary discharge plasma source as well as other capillary plasma 

sources under operation in the FACADIX network. To help determine the dispersion 

relation (4.2) for the spectrometer it was used at Trinity College Dublin to record the 

emission spectra from laser ablation o f various targets. The identification presented 

in this section is by Mr. Pierre Loiseleur from LPTP in Ecole Polytechnique.

Laser generated plasma soft X-ray sources have long been an intensely investigated 

subject [Turcu & Dance 1999]. Also, the spectra in the short wavelength region are 

extensively tabulated for most elements. One usefiil source o f reference is the online 

‘̂‘K elly’s database’’’' [Kelly 2001] that is used throughout this thesis.

4.2.2. Experiment

In the experiment at TCD, time resolved spectroscopic measurements were done on 

ablation o f single element targets o f C, A1 and Ti as well as multi-component targets 

o f Alumina (AI2 O3 ), Mylar or PTFE (Polytetrafluoroethylene or Teflon®). The two 

last targets are o f interest to compare with the spectra from the microcapillary 

discharge source where the dielectric is either Mylar or PVDF 

(Polyvinylidenefluoride). We did not have PVDF available at the time o f the 

experiment but PTFE was used as a substitute since, like PVDF, it contains fluorine 

and carbon.
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Figure 4.6 is a sketch o f  the setup o f  the laser ablation experiment. The Nd:YAG 

laser (A/ = 1.06 mm, Zpu/se ~ 6 ns) is focused on a plane target at an angle o f  45° to the 

target normal using a / -  30 cm plano-convex lens. The peak intensity is varied in the 

experiments in between /p=  1.1x10^ -  5.5x10^ W cm'^ on the target. The chamber 

with the target and the spectrometer is evacuated to ~ 5><10'  ̂mbar (5 mPa).

An electrostatic probe held at a negative potential o f  -3 0  V is used to monitor the 

outflow o f ions perpendicular to the target. The projected area o f  the cylindrical 

probe tip perpendicular to the flow measures A = 4x0.5 mm^ with the probe to target 

distance being dprobe = 4.5 cm. Initially the position o f  the focusing lens is varied 

while observing the recorded ion time-of-flight (TOF) distribution until the ion 

energy is maximised at which position the lens is fixed.

Gated
microchannel

plate

Electrostatic 
probe >

Off-Rowland 
circle spectrometer/■=30cm -J

1.06 |j,m 
6 ns

Figure 4.6: Laser ablation setup for tim e resolved soft X-ray spectroscopy.
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A photodiode (BPX65, Si) placed outside the chamber but pointing at the target 

detects the uniiltered emission. In the figures below, zero time refers to a time on the 

leading edge o f  the laser pulse, when the plasma emission is initiated, and is 

determined from the rising edge on the photodiode signal.

The vacuum ultraviolet spectrograph uses a 600 line mm'' gold-coated concave 

grating at a grazing incident angle ~ 4 °  to disperse the spectrum onto the detector 

plane. The detector is a gated multi-frame microchannel plate providing a time 

resolution o f  ~5 ns and with individual frames gated at a ~5 ns delay, see chapter 

4.1.1. The spectrum was recorded on photographic film (HP5 Plus, roll film) and 

subsequently scanned.

4.2.3. Results

The spectrum is spatially integrated over the laser spot on the target viewed at an 

angle o f 45“. Figure 4.7 show examples o f  the identified temporal-resolved spectra 

from laser-irradiated targets o f  Al, Mylar and C. The spectroscopic labelling o f  the 

numbered peaks is found in Table 4.1, the levels and terms are from [Kelly 2001],

The Al and the Mylar spectra shown were obtained at a time o f  tdeiay ~  8.5 ns after the 

laser pulse hits the target and with an integration time o f 5 ns determined by the 

width o f the high voltage gating pulse. Also shown is a series o f  time resolved 

carbon spectra showing the evolution o f  the peaks in the wavelength region from 

20 -3 2  nm (62 -  38.8 eV). The spectra in the figure were obtained at laser intensities 

o f  about 4.2 -  5 GW cm"  ̂ on the target. We note that in the Al spectrum a number o f 

the lines are identified as belonging to oxygen ions. This oxygen is believed to be 

impurities forming on the Al surface.
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Figure 4.7: Soft X-ray spectra obtained with GISVUV spectrograph from laser produced plasma.
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Table 4.1: Spectroscopic identification o f spectra in Figure 4.7 [Loiseleur 2001].

No. X
[nm]

Al-s
Ion

)ectrum
Transition Term

1 8.76 At +5 2p''-2p^3d ■’P--'P
2 9.02 A1 +5 2p^-2p'3d ‘D-'F

3 9.29 A1 +5 2p"-2p'3d 'P -'D
4 9.54 Al +5 2p"-2p'3d 'S -'D
5 10.09 A1 +5 2p"-2p'3s 'P - 'P

6 10.40 Al +5 2p"-2p'3s 'P -'D
7 10.76 Al +5 2p‘'-2p"3s 'D -‘D
8 11.66 Al +3 2p*’-2pMd ‘S-l/2[3/2]°
9 12.55 Al +4 2p'-2p''3s 'P -‘*D
10 13.08 Al +4 2p'-2p‘'3s "P-"P
11 13.67 Al +4 2s2p'’-2s2p'3s "S-'^P
12 15.01 0  +5 2s-3p "S-"P
13 16.01 Al +3 2p'’-2p'3s ‘S-'P
14 17.31 0 + 5 2p-3d "P-'D
15 18.27 0 + 3 2s^2p-2s2p3p "P-'D
16 18.82 0  +3 2s2p^-2p^3p V -'’D
17 19.29 0  +4 2s2p-2s3d 'P -'D

18 20.23 0 + 4 2p--2p3d Jp-Jp
19 20.81 Al +6 2s'2p'-2s2p‘' “S-'P
20 21.52 0 + 4 2s2p-2s3s 'p--'s
21 22.04 0 + 4 2s2p-2s3d ‘P-'D
22 23.36 0 + 3 2s2p'-2s2p3d "P-‘’D

23 23.90 Al +6 2s"2p'-2s2p‘' "D-"P
24 24.08 Al +6 2s'2p'-2s2p‘' ^D-"P

25 24.38 AI+5 2s"2p'-2s2p' ‘D-'P
26 24.85 0 + 4 2s2p-2s3s 'P -‘S
27 25.01 Al +7 2s'2p--2s2p' 'P -'S
28 25.60 ? ? ?

29 25.90 Al +6 2s"2p'-2s2p‘' ■"P-'P

30 26.10 Al +6 2s"2p'-2s2p'‘ "P-"P

31 27.21 0 + 3 2s2p^-2s2p3s V-^P

32 27.53 Al +5 2s^2p"-2s2p' 'S -‘P

33 27.87 Al +4 2s"2p'-2s2p'’ "P-'S
34 28.14 Al +4 2s"2p'-2s2p'’ 'P -'S
35 25.58 Al +6 2s2p‘'-2p' 'D -'P
36 30.91 Al +6 2s"2p-’-2s2p‘‘ 'D -'D

37 32.02 0  +2 2s"2p"-2s"2p3d 'D -'F
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Mylar-spectrum
No. X

[nm]
Ion Transition Term

1 11.58 0 + 5 2s-4p -^s-'p

2 12.99 0 + 5 2p-4d ^P-^D

3 13.81 0  +4 2p-5d

Q1

4 15.01 0 + 5 2s-3p
5 15.94 0 + 4 2p^-2p4d "P-'D

6 16.47 0  +4 2s2p-2p3p 'P--'P

7 17.30 0 + 5 2p-3d "P-"D

8 18.41 0 + 5 2p-3s "P-"S

9 19.28 0  +4 2s2p-2s3d ^P-'D

10 20.39 0  +4 2p‘=-2p3d 'P-^D

11 20.78 0 + 4 2p"-2p3d 'd - 'f

12 21.52 0  +4 2s2p-2s3s 'P -'S

13 22.04 0 + 4 2s2p-2s3d 'P -'D

14 22.75 0  +4 2p2-2p3s Jp-Jp
15 23.35 C +3 2p-8d ^P-^D

16 23.83 C +3 2p-7d -=P-"D

17 24.49 C +3 2s-4p "S-"P

18 25.26 0 + 3 2p-‘-2p'3d 0 1

19 25.95
26.04

C +3 
0 + 3

2p-5d
2s2p^-2s2p3d

'P -'D
^D-^F

20 26.70 0 + 2 2s^2p^-2s2p^3p 'P-^D

21 27.21 0 + 3 2s2p^-2s2p3s ‘•P-‘'P

22 27.99 0 + 3 2p-3s "P-'S
23 28.92 C +3 2p-4d "P-"D
24 29.56 0 + 2 2s2p-'-2s2p"3d ^S-^D
25 29.99 0 + 3 2s2p^-2s2p3d 'P-'P
26 30.57 0 + 2 2p'-2p3d ^P-'D
27 31.25 C +3 2s-3p 'S-'P
28 38.4 C +3 l s ^ - l s '3 d "P-'D
29 25.85 0 + 4 2s2p-2s3s 'p-‘s

(28 and 29 are referred to in section 4.3)



CHAPTER 4: Soft X-ray investigations o f pulsed transient plasma sources 101

C-spectrum:
No. X

[nm]
Ion Transition Term

1 21.24 C +3 2s-6p 'S -'P
2 22.28 C +3 2s-5p "S-"P

3 22.72 C + 4 2s-3p jg-Jp

4 24.49 C +3 2s-4p ^S-"P
5 24.87 C + 4 2p-3d
6 25.95 C +3 2p-5d "P-"D
7 28.92 C +3 2p-4d "P-"D
8 29.69 C +3 2p-4s ‘‘P-'S
9 31.25 C +3 2s-3p ‘'S-'P

4.2.4 Discussion

As mentioned in the introduction, laser generated plasma soft X-ray sources, is an 

active field o f research. Let us here just point out to the reader the recent papers by 

[Atwee et al. 2001] and [Harilal et al. 2001] on time resolved laser generated plasma 

spectroscopic measurements. In the latter o f these, XUV pinhole images were 

compared to an isothermal hydrodynamic expansion model [Singh & Narayan 1990]. 

Here we wUl discuss the carbon laser produced plasma and compare the plasma 

parameters to that obtained fi'om the isentropic expansion model o f chapter 2. As is 

clear fi'om the spectra shown the Li-like ion, CIV, is the predominant ion radiating in 

the investigated wavelength region. A number o f the lines observed in the time- 

resolved carbon spectra are included in Figure 4.8 along with their transition 

wavelengths and upper level energies. When we compare with Figure 2.6 in section 

2.2 we see that the necessary condition on the density for LTE to be achieved is 

Ue> 10̂  ̂m'  ̂ (lO'^ cm'^) for radiation with a wavelength o f 20 nm. This is not 

unrealistic under the present experimental conditions, and we shall argue why.
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F igure 4.8: Carbon +3 level diagram o f  the transitions investigated in this work. The energy levels 
above the ls^2s ground level are given  in electron volts. The ionisation potential o f  CIV is 64 .49 eV.

The analytical expression in [Phipps & Dreyfiis 1993] for the electron density in a 

self-regulating ablation:

n = 3 .5 9 x 1 0 '
m 5/16 r l / 4

(4.7),
pulse

where /w,on is in atomic-mass units u, Ai is the laser wavelength in cm, Tpuise the laser 

pulse width in seconds, yields a value o f  ~10̂ *̂  cm'^ for our intensity Ip ~ 5 GW cm‘̂  

and Z = 3 .  Even if the lines observed in Figure 4.7 are not fully in LTE with the 

ground state the upper levels can be in equilibrium with the continuum free electrons. 

Equation (2.31) also o f  section 2.2 can be used to estimate the limits for this, the 

result o f which is presented in Figure 4.9. As we see the density requirement is 

relaxed so that for the p = 6  level in Li-like carbon the critical density is < 1 0 ‘*cm'^ 

over a wide temperature range.

We shall first present an analysis based on the assumption o f  LTE, which will be 

followed by a more detailed study using the FLY-code.
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Partial LTE condition
 C I V p = 2 ---------- C I V p = 3
 C I V p = 4  C I V p = 5 CIV p=6
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10 1001
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F ig u re  4 .9 : Partial LTE co n d itio n  for e lectron  d en sity  in C IV  for principal quantum  num bers p = 1-6.

To determine the temperature we use a Boltzman-plot in which \og{IAJgAij) is plotted 

vs. the upper level energy Eupper and where the slope o f the resulting straight line is 

MksTe [Thome et al. 1999], As levels we include the CIV (6p—>2s), (5p—>’2s), 

(5 d ^ 2 p )  and (4d—>-2p) lines all with upper levels higher that 50 eV (compare this to 

the ionisation energy o f  the CIV ground state ls^2s o f  64.5 eV). The transition 

probabilities Aij are found at [NIST 1999]. The instrument broadening (4.3) is about 

-20 /80  = 0.25 nm. If  we apply the equation (2.35) for the width o f  a Doppler 

broadened line, we find that AX!X~  1.5x10^, assuming ksTi-SS  eV and »j,on = 12. 

The initial ion energy is deduced on the basis o f  the probe measurement. This gives a 

width smaller than the observed in Figure 4.7 and we therefore concluded that the 

lines are Stark broadened. As shown later in this section, a detailed optical thin 

collisional-radiative model (FLY-code) produced synthetic spectra that gave a good 

fit to the observed carbon spectrum. Taking this as
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verification that the plasma can be treated as optically thin, we can proceed with the 

simple Boltzman-plot analysis outlined above. We note also the discussion in [Elton 

1990, pp 39] [Atwee et al. 2000 and 2001], that in general the effective optical depth 

in expanding plasmas is lowered due to velocity and density gradients in the plume. 

The electron temperatures deduced from the Boltzman plots are shown in Figure 

4.10, as a function o f delay time between triggering the MCP and the laser pulse on 

the target.

 Linear fit.
1 /s lo p e= > k T  = 6.5 eV

0.8
0.6
0.4

0.2
58 6050 52 54 56

[eV]
uppe r

Anisimov model

0 10 15 20 25 30 355

Time [ns]
F igure 4.10: (TOP) Boltzm an plot for determ ining kBle  at t^ îay ~  1.2 ns. (BO TTO M ) Plasma 
temperature o f  laser irradiated Carbon target at 5 GW cm'^. Solid curve is predicted from the 
isentropic expansion model in section 2.1 and using the initial particle energy determ ined from 
electrostatic probe measurement.
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The errors o f  the temperatures shown are calculated from the errors in the linear fit in 

the Boltzman-plot.

The electrostatic probe recordings are obtained at 4.5 cm distance from the target. 

The time-of-flight distribution o f  the recorded ion signal is modelled using the

isentropic expansion model o f  Anisimov from section 2.1. We show this for two

2 2experiments on ablation o f  carbon at 5 GW cm' and 3 GW  cm' respectively in 

Figure 4.11. In solving the expansion for the high intensity case we assume 

■^0 -Yo=  0.05 cm while Zq varies for the two intensities according to the initial sound 

velocities deduced from the probe signals, see equation (2.14) and (2.19).

At the highest intensity we find an expansion velocity o f  -1.8x10^ ms'* 

corresponding to an initial sound velocity ~2.3x lO'* m s"' for y =  1.26. Using (2.15) 

we find the energy per particle

.  = (4.8).

With the numbers for the sound velocity from above, and using the carbon atomic 

mass /M/on = 12, we have that ^ ~ 2 0 0 e V .  N ow  solving for the expression for the 

temperature, Eq. (2.11), in the model with the assumption (y,z) = (0,0), we can 

predict the temporal evolution o f  the temperature at the origin o f  the plume on the 

target. Note, that for this calculation we take specifically into account the 

contribution from the electrons by substituting kgT  ^  (1 + Z )kBTe with Z = 3. The 

result is depicted as the solid curve shown in the bottom graph o f  Figure 4.10. The 

starting time for the model has been set at 6 ns -  at the end o f  the laser pulse where 

the plume is formed on the target. This calculation shows a satisfactory agreement 

taking into account the errors.
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Figure 4.11: Experimental electrostatic probe recordings at 4.5 cm in laser irradiation ofC-targets at 
5 and 3 GW cm'^ Probe area 2 mm^. The expansion model from section 2.1 is run for the two cases as 
well with an initial thickness Zo depending on the measured expansion velocity.

The measured temperatures are in a reasonably range when we compare it to the time 

resolved measurements by [Atwee et al. 2000 and 20001] in a boron nitride plasma. 

Here temperatures o f  ~50 eV were measured but at a higher laser intensity. Also
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good agreement is found with that calculated from the expression in [Phipps & 

Dreyfiis 1993]

r , = 2 . 9 8 x 1 0 * [K] (4.9).

The terms have the same meaning as in (4.7) and calculating the value o f the 

temperature from it we arrive at -2 3  eV.
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F igu re  4.12: Comparison o f  time tim e-resolved spectrum (solid line) with FLY calculation (broken 
line) at two different delay times. The experim ental gate-width is ~5 ns and the FLY spectra were 
calculated assum ing an instrum ent resolution o f 0.2 nm (FW HM ). 2; CIV (2s-5p) 22.28 nm, 
4; CIV(2s-4p) 24.49 nm, 5: CV(2p-3d) 24.87 nm, 6: CIV (2p-5d) 25.95 nm, 7: CIV(2p-4d) 28.92 nm, 
8: CIV(2p-4s) 29.69 nm and 9: CIV(2s-3p) 31.25 nm.
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Retiming to the discussion of the electron density in the plume we proceed here to 

shoA  ̂ the results o f comparisons between synthetic spectra calculated using the FLY 

code (section 2.2) and the recorded spectra. The FLY model is an optical thin 

calculation of the emission taking into account coUisional and radiative processes in 

the plasma. The comparison is done for the wavelength region 22 -  32 nm where the 

lines o f CIV, as well as those for CV, have been identified. Figure 4.12 and 4.13 

depicts the time-resolved spectra along with the FLY calculation.

 FLY
19 eV, 1.76x10'® cm

ca = 19.3 ns
'delay

C / )
c0)
{Z

CD

u
CD
Q .

CO

 FLY
13 eV, n = 1x10^® cm’ ac

€
CD

= 26.3 ns
delay

toC
CD

C

o
CD
Q .

CO

21 22 23 24 25 26 27 28 29 30 31 32
X  [nm]

F igure  4.13: Comparison o f  tim e tim e-resolved spectrum (solid line) with FLY calculation (broken 
line) at two different delay tim es. The experim ental gate-w idth is ~5 ns and the FLY spectra were 
calculated assuming an instrum ent resolution o f  0.2 nm (FW HM ). 2: CIV(2s-5p) 22.28 nm,
4; C lV(2s-4p) 24.49 nm, 5: CV(2p-3d) 24.87 nm, 6: CIV (2p-5d) 25.95 nm, 7: CIV(2p-4d) 28.92 nm, - 
8: CIV(2p-4s) 29.69 nm and 9: CIV(2s-3p) 31.25 nm.
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In the calculation an instrument width o f 0.2 nm was included, see discussion o f the 

spectrometer resolution after Eq. (4.3). Good overall agreement is achieved over the 

spectral range, except at the resonance transition of CIV(2s-3p, 31.25 nm) at very 

late times where the measured intensity fall below that o f the FLY synthetic 

spectrum. The resulting densities are seen to be broadly consistent with that assumed

20 3earlier (see Eq. (4.7)) varying from an initial maximum of -2.4x10 cm' to around 

lO'^cm'^ after 24 ns. These results are summarised in Figure 4.13, where both the 

temperature and electron density from the FLY calculation are shown along with the 

scaling calculated from the isentropic expansion model, Eqs. (2.11) and (2.8).
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Figurj 4.14: Temporal-resolved temperature and density from comparing the experimental spectra to 
synthrtic FLY spectra. Also shown is the calculated variation o f temperature and density in the 
isentropic expansion model at the position {x,y,z) = (0,0,0), section 2.1.
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The temperature scaling is the same as that shown in Figure 4.10 (BOTTOM). The 

plasma electron density is seen to qualitatively follow the sharp drop shown by the 

density in the isentropic model {~1/(XYZ)}. The initial particle density is taken to be 

~10^° cm'^. The temperature based on the isentropic model decreases more slowly in 

time than the density {~1/(XYZ)^ '̂*^} quantitatively confirmed by the spectroscopic 

temperature. The absolute value is lower than the spectroscopic temperature by a 

factor o f about 2, which taking into account the somewhat arbitrary way the plasma 

state is taken into account in the model, can be said to be satisfactory.

4.2.5 Conclusion

Using the spectrometer in a simple laser ablation setup allowed us to compare the 

plasma parameters in the carbon plasma to that calculated on the basis o f probe 

measurements, obtained when the plume expansion has become inertial. The time 

resolved measurements could be extended up to ~30 ns after the laser hits the target 

at which time the emission in the investigated soft X-ray range disappears. The 

hydrodynamic expansion model shows a good qualitatively agreement to the 

evolution of the spectroscopically deduced plasma parameters. With the 

identification of the lines from carbon and aluminium we can proceed to determine 

the dispersion curve for the spectrograph. This is shown in Figure 4.15. The physical 

setup o f the spectrograph is the same in the experiments with the micro capillary 

discharge source as that reported above for the laser ablation experiments.
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F ig u re  4 .1 5 : D ispersion curve for spectrog raph  as used in th e  laser ab lation  setup. T he curve is a 
po lynom ial best fit to  the identified  lines: X = 0.00774a:" + 0.70466x-0.7567.
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4.3 Soft X-ray emission of the micro capillary discharge plasma 

4.3.1 Introduction

The micro capillary discharge was presented in Chapter 3. A high voltage pulse is 

applied to the back electrode causing a dielectric surface self-breakdown through the 

sub-millimetre hole. Measurements presented in Chapter 3, o f the ion outflow 

velocity and the electrical characterisation, indicate that a transient hot plasma with a 

temperature o f about ~10 eV is generated in the initial breakdown phase. This section 

presents the details of measurements o f the emission from the micro capillary 

undertaken as part o f the work in the FACADIX network. Some earlier results have 

been presented at conferences as joint papers [Choi et al. 1999] [Engel et al. 1999] 

and [Hansen et al. 2001], The spectra were recorded at LPTP in Ecole 

Polytechnique, France with the help o f Dr. Ingo Krisch, Dr Axel Engel and Senior 

Researcher Dr. Jean Larour.

It is known that capillary discharges are intense sources o f vacuum- and extreme 

ultraviolet radiation. Both, coherent '‘'X-ray lasers’’’ [Rocca 1999 and references 

therein] and incoherent radiation sources [Klostner & Silfvast 1998] [Juschkin et al. 

1999] are reported in the literature. Typically in these devices a gas (such as Ar) at a 

pressure of - lO ’sP a  is used as the breakdown medium with maximum electron 

temperatures and densities reported to reach Tg ~ 10-50 eV and rie ~ 10**-10'^ cm‘̂ . 

We also mentioned in the previous section the interesting work that is taking place 

on laser-produced plasma soft X-ray sources. However the possibility o f very
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compact electrical discharge sources is a major drive for research into this type o f 

devices.

4.3.2 Source size measurement from pinhole photography

We will start the characterisation o f  the emission from the high voltage micro 

capillary discharge plasma source by presenting an experiment o f  pinhole 

photography o f the source.

In Figure 4.16 below, we present the geometry o f  a simple pinhole camera. The 

radiation source o f diameter (ps casts its shadow on the detector through a pinhole o f 

diameter The shadow o f diameter ^s- is surrounded by the penumbra o f  size 

The object and image distances are d  and d ’ respectively, with the magnification 

being given by M =  d ’ld. It can be shown that

(4.10).

Figure 4.16: Sketch o f  pinhole camera geometry.

The detector used for the measurements is the same microchannel plate that was used 

with the Thomson parabola analyser, presented in section 3.4. The recording medium *
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is again HP5 Plus black and white film, the same as used for the Thomson parabola 

recordings. We note, that the MCP is blind to radiation with wavelength longer than 

-124 nm [Sopkin et al. 1991]. This allows us to evaluate the degree to which 

difraction will influence the results. The diffraction haif-angle can be written:

(4.11).
</>a

In the case o f  a pinhole o f  diameter (f>a- 100 |j,m and a worse case scenario o f  a 

wa/elength X = 124 nm we find that 9d = 1.5x10'^. In Figure 4.17(A) we show a line 

seal o f the image o f  the unfiltered radiation emitted by the microcapillary. The 

microchannel plate was gated on for ~5 ns starting at -2  ns before the voltage 

breakdown. Also shown in Figure 4.17(B) is the scan o f  an image o f  a pinhole that is 

coAered by a 0.75 }j,m thick Al-film. Again the MCP was exposed for 5 ns during the 

breakdown o f  the voltage. Using an Al-filter limits the longest wavelength 

transmitted through the pinhole to -2 0  nm, see Figure 4.18. For = 50 fim and 

A = 20 nm we find instead that Od = 4.8x 10"*. For an image distance o f  J -37.55 cm 

we conclude that the diffracted spot is smaller than that measured which is a 

condition for deducing the size. Measuring the total spot (^^' + 2 ^ ’i )  we calculate 

from (4.10) a source size o f  roughly (/>s~ 190 )j.m for the un-filtered radiation while 

the shorter wavelength radiation yields a value o f  </)s -  25 |j,m. As the exact edge o f  

the spot is somewhat undetermined these values should only be viewed as rough 

estimates with the accuracy no better than -50% .
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Figure 4.17: (A) Un-fiitered piniiole image. (B) Piniiole image filtered through a 0.75 |jm thick A l- 
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Figure 4.18: Transmission o f A l-filte r [CXROj.
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The measurement indicates however, that the soft X-ray emitting region is confined 

to a smaU volume, probably o f diameter less than the micro capillary, while the total 

emitiing region is larger. Shifting the time-of-gating o f the MCP reveals that already 

after 5-10 ns the transmission through the Al-filter becomes insufficient to detect.

4.3.3 Soft x-ray spectra from the micro capillary discharge plasma

The soft X-ray emission fi'om the micro capillary discharge device is investigated 

using the GISVUV-spectrometer presented in section 4.1. The spectrum is dispersed 

using a 600 mm'* gold grating at grazing incidence, identical to the setup used in the 

laser produced plasma experiment in the previous section. The spectrometer is 

mounted on the axis o f the microcapiUary and hence views the plasma end-on. 

Figure 4.19. To limit the number o f ions entering the slit and possible damaging the 

grating the spectrometer has been placed some distance away. This however not only 

reduces the ion density but also the photon flux and thereby renders the detection of 

spectra more difficult.

G razing incidence 
spectrom eter

Langm uir
probe

n
Gated
M CPprobe

^slit

To pum p

Figure 4.19: M icro capillary plasm a spectroscopy setup, = 13 cm, d s u , =  42 cm.
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The vacuum chamber is evacuated to a pressure o f -0.05 Pa (5x10"* mbar) and the 

spectrograph is differential pumped to secure safe operation o f the MCP. The MCP is 

gated on using a -6.15 kV, 5 ns (FWHM) high-voltage pulse from the generator, see 

Figure 4.4.

Figure 4.20 below show the temporal development o f the soft X-ray radiation 

emitted from a Mylar dielectric micro capillary discharge plasma. The lines are 

numbered using the numbers from Table 4.1 o f the laser produced Mylar spectrum. 

The delay time, Atjeiay, is measured from the peak hold-on-voltage as usual, and the 

spectrum is integrated for a ~5 ns period from  the delay time onward. We remind the 

reader that at the time of the peak hold-on-voltage the current has developed roughly 

by a ‘/4-period of the oscillation (see Figure 3.9). The spectrum is dominated by Li- 

and Be-like oxygen ions (O^^ and 0^“*) and Li-like carbon (C^^) ions. In this 

connection we note that the intense line at X -  17.3 nm, assigned to (2p-3d), is so 

close to the resonance oxygen 0^“* line (A.~17.22nm, 2s-3p) that we can not 

distinguish the two within the accuracy of the experiment. The spectra obtained were 

all for positive charging o f the microcapillary which produces the least energetic 

plasma as we have seen in the previous chapter.

Combining the results from several series o f shots like Figure 4.20, we have 

measured the dependence o f the maximum radiant intensity on the input energy 

( VzCV^ ), for the Li-like carbon and oxygen resonance lines (2s-3p). The results 

from the measurements obtained at a time delay o f —4 ns and 1 ns after the 

breakdown are shown in Figure 4.21.
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F igure  4.20: Time-resolved soft X-ray spectra o f  m icrocapillary discharge plasma. Positive charging 
o f  a M ylar-dielectric cell with a discharge energy 0.04 J. The num bers refer to the M y la r 
identification in Table 4.1. The feature at -3 4 .6  nm is believed to be the second-order line o f  the 
intense 0 + 5  line (7).
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F igure 4.21: M aximum recorded intensity for Li-liice resonance lines in Carbon and Oxygen ions at 
two different delay tim es as function o f  input energy.

Both ions show an increase in emission with an increased input energy at the earliest 

delay time (at breakdown) while at later delay times the output is constant or even 

decreasing with higher input energy. We conclude that the initial burst o f radiation 

increases for a higher input energy, but as the discharge evolves the plasma radiates 

less on the resonance lines monitored above for an increased input energy. A 

collection o f the time-dependence o f the emission is depicted in Figure 4.22 for an 

electrical input energy o f—0.05 J and 0.09 J.
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F igu re  4.22: Time resolved intensity registered for the Li-like line at A =  15.04 nm. The MCP is 
gated on for a time o f  ~5 ns at the tim e A td e ia y  from the peak hold-on-voltage.

4.3.4 Discussion and conclusions

The raw spectra o f the microcapillary discharge plasma are much weaker than those 

recorded in the laser produced plasma experiments. A single frame, corresponding to 

the spectrum shown in frame 3 in Figure 4.20, is shown in Figure 4.23. The Hnes are 

mostly very thinned out, which makes it difficult to obtain information of the Une 

profile. This has prevented detailed comparisons, like those achieved in the previous 

section on the laser produced plasma source, with the FLY-code.

F igure 4.23: M ylar-dielectric m icrocapillary discharge spectrum (Fram e 3 o f  F igure 4.20).
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It was reported in Figure 3.17 that the expansion velocity o f the plume front in a 

positive charged microcapillary is about 2x10^ ms"'. This is similar to the laser 

produced carbon plasma that was investigated in detail in section 4.2 and would 

imply a similar initial temperature o f ~20 eV based on the expansion scaling. A

• 9 1 Trather high initial density (~10 c m ') was inferred in section 3.3.2 on the basis of 

the expansion measurements. However, there is evidence from the pinhole 

measurements discussed above, that only a small part o f the volume o f the 

micro:apillary plasma is hot enough to emit significantly in the soft x-ray region for 

the charging applied in these experiments. This observation along with the long 

distance from the source to the entrance slit helps to explain the low intensity.

Griem [Griem 1997, pp 288] discuss the possibility o f temperature measurements 

from the intensity ratio o f isoelectronic transitions o f different elements. This 

reference discusses an example where it is found that the intensity ratio o f transitions 

in Li-like vanadium and titanium ions is constant over a vide range o f densities and 

for a given temperature. We have attempted a similar analysis, using the FLY suite to 

generate synthetic spectra for carbon and oxygen at identical values o f temperature 

and density. From these spectra the ratio o f peak intensities are calculated and plotted 

in Figure 4.24(A) for the OVI and CIV lines observed. We observe indeed that for a 

given temperature the ratio o f oxygen to carbon peak intensities is roughly constant 

over many orders o f magnitude o f the density. This allows us to plot the peak 

intensity ratio against temperature and this is shown in Figure 4.24(B).
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F igu re  4.24: (A) Intensity ratio from FLY generated synthetic spectra. (B) Same data as in (A) but 
shown vs. temperature.
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The experimental line ratio as a function o f  discharge energy and for two different 

delay times is shown in Figure 4.25. I f  we compare Figure 4.24(B) with the 

experimental ratio, we can put an upper limit on the temperature achieved here in the 

Mylar dielectric, positively charged, micro capillary discharge o f  < 12 eV.

A more detailed treatment o f  the ionisation balance is not attempted here. 

[McWhirter 1965] states, that for a corona model, the atomic relaxation time is to 

within an order o f  magnitude r ~  10*^/«g, with rie in cm‘̂  and r  in s. For electron 

densities below -10^ ' cm'^ (which is likely the case for the microcapillary 

experiments above) we observe that the plasma lifetime is less than the characteristic 

time which means that a time-dependent method should be used. The FLY 

calculations presented above are more elaborate than the corona-model. It is however 

a steady-state calculation also, limiting the applicability.
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4.4 Conclusion and outlook of spectroscopy measurements

The spectroscopic measurements o f the laser produced plasma experiments were 

analysed using both the LTE approximation and the FLY-code. The results from the 

two methods were consistent, and the deduced plasma parameters were in 

accordance with analytical expressions covering high intensity (>1 GW c m ') laser 

produced plasma interactions [Phipps & Dreyfus 1993]. As an extra result, we 

showed how the isentropic expansion model from Chapter 2, with a few 

modifications to take account for the plasma parameters, could be used to predict the 

evolution o f the temperature and density, based on probe recordings in a region 

where the expansion has become inertial.

Using the information gathered from the laser produced plasma experiments the 

spectra from the microcapillary source could be identified. The spectra were obtained 

for a positive charging o f the back plate, the electrical energy input being about 

50 mJ. This is significantly lower than the about 250 mJ o f laser pulse energy in the 

laser ablation experiments and is an important contribution, to the less intense spectra 

observed in the microcapillary experiment. The temperature at about lOeV was 

estimated to be lower than in the carbon laser produced plasma. It has already been 

pointed out in section 3.3 that a change to negative charging of the microcapillary 

could lead to a favourable scaling to higher plasma electron temperatures.

One drawback o f previous work on micro scale plasma is that the plasma is usually 

not stable [Koshelev and Pereira (1991)]. The microcapillary discharge is a small, 

scaled device that can help overcome this problem by fixing the position o f the 

plasma. Further, the study by [Koshelev & Kunze 1997] on neck formation in 

discharges shows the possible application o f these micro-plasma sources. The neck '
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forms as a magnetohydrodynamic instability in the discharge column in pinch 

plasmas, where they can act as centres o f population inversion in the VUV/Soft X- 

ray region. One of the shortcomings o f the present microcapillary setup is the limited 

number of shots that can be made before the thin sheet o f dielectric fails. To 

overcome this, we have purchased thin (100 |J.m) ceramic discs with drilled holes of 

diameter 100)j,m, intended for use as microcapillary in the discharge setup. With 

more shots from one discharge cell it can also be possible to think about integrating 

the recorded spectra over several shots to obtain a higher exposure on the film.
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CHAPTER 5 

Plume expansion in pulsed laser ablation

5.1: Langmuir probe study of plasma expansion from a plane 

target

5.1.1 Overview

The micro capillary plasma discharge source was extensively discussed in the 

previous chapter. This is one o f the topics on which Trinity CoUege has been 

working in the FACADIX project. In the same project it was proposed to elaborate 

on existing “long” capillary, collision pumped, discharge schemes championed since 

the late 80’s by Rocca at Colorado State Univiversity, US [Rocca 1999]. This type of 

source relies on the breakdown and on-axis plasma-column formation in a gas, such 

as Ar, but it was suggested under FACADIX, to work to modify this type of 

experiment, to be able to introduce other ions. These can be generated by laser 

ablation o f e.g. a metal target. In the proposal the electrical stored energy in the 

capacitor is to be discharged through the capillary after the plasma has been injected. 

This can open the possibility o f new transitions to be favourably populated and 

thereby for new laser wavelengths to be obtained. Laser ablation lends itself directly 

to this purpose since it has successfully been used to ablate a range o f materials, see 

Ust in [Bauerle 1995]. Some experiments on introducing a laser ablated metal target 

into a capillary discharge were undertaken in Chile at the group o f Prof M. Favre 

and reported at the 2000 APS conference [Wyndham et al. 2000],
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5.1.2 Experiment

To study the expansion dynamics o f  a laser produced plasma, we have investigated 

the ablation from a plane target using Langmuir probes. In Chapter 2 we described 

the relative simple hydrodynamic expansion model o f  Anisimov and co-workers. 

This m odel is shovm, through experiments described in this thesis, to predict, at least 

qualitatively, the plume expansion well under different irradiance parameters.

The res ults reported in this section illustrate the applicability o f  the model to plumes 

generated at low laser energy and expanding into vacuum. The measurements 

concern an experiment o f  laser ablation o f  silver, done at Riso National Laboratory 

in Denmark by the group o f  Dr. Jorgen Schou, and with the analysis done by the 

author [Hansen et al. 1999].

The experimental arrangement is depicted in Figure 5.1. A 6 ns (FWHM), 

-̂ ■1 = 355 nm laser, is used to ablate a silver target in vacuum (<10'^ mbar) at a low  

fluence o f  0.8 J cm'^. The laser spot on the target is an ellipse with the semi-major 

axis Xo =1.4 mm (vertical plane) and semi-minor axis Yo = 0.9 mm (horizontal plane)

52.5
37.5°X(t)

23.5
laserZ(t)

8 cm
355 nm

7.5'
6 ns60°

Figure 5.1: Schematic o f Langm uir probe setup for m onitoring the expansion into vacuum o f a silver 
target. The probes are placed in a half-circle o f  8 cm radius centred on the laser spot on the target.
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Plane electrostatic probes (see section 3.3), facing the laser spot on the target, is used 

to monitor the ion outflow. The collecting area o f a probe measures 0.5x0.5 cm^.

5.1.3 Results and discussion

The hydrodynamic expansion model o f section 2.1.1 is used to analyse the results. 

The numerical solution o f the differential equation (Eq. (2.9)) is shown in Figure 2.3. 

For this problem the initial thickness was estimated to be Zo = 15 |j,m on the basis of 

a measured expansion velocity o f v/to„, 2.1x10“* m s"'. This solution allows the 

normalised current density predicted by the model (see Eq. (2.10)) to be calculated 

for different angles. Figure 5.2 shows the model calculation, as well as the 

experimental recorded ion signals at three different angles.

t[ns]
0.0 3.3 6 .6  9.9 13.2 16.5 19,8 23.1 26 .4  29 .7  33.0

Numerical solution 
Y =  1.25

7.5'
0
o  0.8OT
(D>
ro 0.6 
0 
01 23.5'
ro 0.4
c
O)
'(/)
UL 0.2
O
I -

45

0.0
0 25 50 75 100 125 150 175 200  225  250

T

Figure 5.2: Measured ion TOF-signal angular variation (/ine) and calculated from Eq. (2.10) 
(symbols) at a radius o f 8 cm from the laser spot on target. The experimental peak current at 7.5° 
corresponds to -1 6  mA.
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It is found from Figure 5.3 that the dimensionless unit o f  time r  = 1 o f  the model,

o f  the plume.

In [Hansen et al. 1999] we determined the asymptotic aspect ratio o f  the expanding 

plume, ZinjlYinf, from fitting the integrated probe current with Eq. (2.12). This 

quantity is o f interest when we consider injecting a laser produced plasma into a 

capillary. Eq. (2.12) however is deduced under the limited assumption that 

tan6^«}7Z  [Anisimov et al. 1993] besides, it is a cumbersome work to perform the 

initial integrations o f  the TOF-signals followed by the fitting. We proceed here to 

present a shorter calculation, again based on Anisimov’s model o f  the plume 

expansion. For tfront»  Xo /  where tfrom is the time the plume reaches the probe, 

the expansion has become practically inertial (see Figure 2.3), this means that the 

velocity o f  the plume front is constant. It follows from Eq. (2.8) that the density o f  an

I
iso-density contour then will decrease as « ~ . Since the ion current is proportional

to «xv, the peak TOF-current ~ tm'^, where tm is the time o f  maximum current. Or 

alternatively the maximum ion current Im{9) ~ where R is the distance to

the point (y*,z*) on the iso-density contour o f  Figure 2.1. Using the formula for an 

ellipse = z*^ /(z*^sm^0  + y*^cos^0) we deduce that:

From a simple measurement o f  the peak current at different angles we can then 

determine the elongation o f  the plume z*/y* from (5.1). This is shown in Figure 5.3,

corresponds to 131ns in this experiment. Since t =  t we find that

1.1X10* m  ̂ s'^ where P =  (5y-3)£'o/M is proportional to the initial energy per mass

(5.1).
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•(e) / 1 J"(0) = 1 / (I +5.1 xsin^e)
0.8  -

■ Normalised peak ion signalo
0.6CN

e

3  0.4
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0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

sin^(0)

Figure 5.3: Square root o f  measured maxim um  current {symbols).V'\i using Eq. (5 .1 ) (line).

where the normalised current is plotted vs. sin^0. From the fit we find that

z*/y* = 6.1 = 2.5 at the distance o f 8 cm of the probes in the experiment.

In [Hansen et al. 1999] we determined the electron temperature as a fianction o f time 

using the Langmuir probe. This is done by recording the TOF-current for each o f the 

applied probe potentials and then evaluating the /-F-curve at a given time [Koopman 

1971]. Figure 5.4 shows the variation o f the measured electron temperature as well as 

the calculated temperature at a distance o f 8 cm fi'om the target and at an angle o f 5° 

(Eq. (2.11)). It is of interest to note that the time-dependence o f the measured 

temperature is qualitatively similar to the calculated. The peak temperature coincides 

almost ir. time with the peak ion current. The fact that the absolute value is not equal 

and the measured electron temperature is higher than the calculated is not surprising. 

The hydrodynamic model considers only one type o f (uncharged) particles and does
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F igure 5.4: Measured electron temperature (TOP) and calculated gas temperature with y= 1.25 
(BO TTO M ) at 5“ and 8 cm from the target, t  is the norm alised tim e defined after (2.13).

not account for the various energy equilibration processes between electrons and ions 

in the plasma. As an example we mention the discussion in section 3.4.6 where it is 

argued, that energy returned to the free electrons from 3-body recombination can 

modify the temperature scaling. The temperature range is similar to that measured by 

electrostatic probes by [Hendron et al. 1997] at a similar distance from the target. 

These authors ablated a copper target at 2.5 J cm'^ using a KrF-laser o f 248 nm, but 

only measured the electron temperatures at Tate times (after the peak). The typical 

electron density, from the probe measurement, close to the normal is ~4xlO'^m'^ 

[Toftmann et al. 2000] also consistent with [Hendron et al. 1997].
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5.1.4 Conclusion

The investigations reported in this section have established, that the asymptotic 

expansion o f the laser produced plasma from a plane target is well characterised by 

the isentropic solution to the hydrodynamic equations, presented in chapter 2. There 

is good correspondence between the angular distributions o f the particle currents, 

Figure 5.2 and the temporal evolution o f the electron temperature is consistent with 

the model. These measurements were done at a low laser fluence where the plume is 

only partly ionised [Hansen et al. 1997]. The measurements in chapter 4 and 

appendix B show that many o f the scaling properties can be applied as well to fully 

developed plasma plumes.
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5.2 Fast ICCD photography of pulsed laser ablation with modified 

target geometry.

5.2.1 Introduction

Fast intensified-CCD (ICCD) photography has been extensively used in pulsed laser 

ablation (PLA) experiments as in situ monitoring to obtain spatial and temporal 

information of the plume expansion. This is partly due to the ability to work as a 

diagnostic tool and provide information over a broad range o f time scales, see 

schematic representation in Figure 5.5. An early example o f the use o f framed image 

photography in pulsed laser ablation experiments can be found in [Hughes 1975].

The expansion o f a Li plume was investigated by [Whitty and Mosnier 1998] using 

ICCD frame photography and shadowgraphy. The expansion contours from the

ablation o f several multi-component targets (i.e. AIN, BaTiOs, BN and

PbZro.53Tio.47O3) has been obtained in [Schenck et al. 1996], The authors o f that 

paper also compare their results with those obtained from a simulation of the

expansion using an

isothermal hydrodynamic 

model suggested by [Singh 

and Narayan 1990].

All o f the above mentioned 

experiments were conducted 

with ablation o f plane target 

surfaces. In [Andreic et al. 

1999] and [Nishikawa et al. 

1999] the influence of the target geometry on the soft x-ray emission, when ablated

ICCD Imaging (Spectroscopy)

Electrostatic probes 
4 " — ------------- ►

Visible plume

Laser pulse

t=0 t= ln s  t=lOns t=lOOns t= l^ s  t=10^s t=100^s t= lm s
< ^

Gasdynamic Models

Figure 5.5: Applicability o f  different diagnostics technique 
discussed in this thesis compared to typical time scales in a 
PLA plume, based on [Schenck et al. 1996].
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with pulsed laser radiation, are discussed. Andreic ablated 0.5 mm diameter 

capillaries drilled in 1 -  2 mm slabs o f Al. The XUV spectrum recorded from the 

plume, at the back of the capillary, is about an order o f magnitude weaker and is 

dominated by lower ionisation stages than in the front. However after about 60 ns the 

XUV brightness of the back plasma is the same as for the front, and at later times 

their evolution was similar. Plume interaction with the sidewalls in a grooved Al- 

target is reported by Nishikawa to prolong the soft-x-ray signal. Finally, Weaver 

[Weaver and Lewis 2000] ablated a threaded cylindrical Al screw and investigated 

the polar particle flux distribution for different tliread pitch length. They found that 

tor large neck-to-neck distances o f the thread the distribution becomes more forward 

peaked with increasing thread pitch distance.

5.2.2 Experimental setup

The experimental setup for our experiment is outlined in Figure 5.6. We use a 

Nd:YAG laser with a wavelength Xi = 1064 nm and pulse width at FWHM of ~ 6 ns. 

The laser details as given by the manufacturer are summarised in Table 5.1. An 

aluminium (*̂ A1) target was ablated in a vacuum chamber. The chamber was 

evacuated using a turbomolecular pump whereby a base pressure P  < 10"̂  mbar was 

reached. All experiments were undertaken at this background pressure. The target 

had flat bottom holes milled in it with a diameter o f <f>hoie= 1-5 mm and depths 

ranging from Dhoie = 1 - 3  mm. For comparison the experiment was also conducted 

with ablation from a plane target.
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Laser pulse 
Nd:YAG, 1064nm, 6 ns

Focal lens 
f  = 500  mm 
(j) = 50 m m

Vacuum  
cham ber 
P<10"’ m bar V iew  port

Beam  spot 
()) = 1.5mm

Im age lens 
f =  100 mm 
(j) = 50 m m  
M = 0.7

A 1target IC C D  detec to r head

Figure 5.6; Schematic outline o f  the pulsed laser ablation setup for fast ICCD photography o f  the 
unfiltered spatial distribution o f the plum e emission from an Al target. The plum e was imaged onto 
the detector head with a m agnification M = 0.7. NB An electrostatic probe that was positioned 3 cm 
from the target surface is not shown on this drawing.

The laser pulse is partly focused onto the plane target or into the bottom o f  the drilled 

holes to form a spot with a diameter o f  <l)iaser ~  1-5 mm, the same as the diameter o f  

the hole. An electrostatic probe with a cross section o f  10'  ̂ cm^, placed 3 cm from 

the top surface o f  the Al target was used to monitor the ion outflow. The position o f  

the probe was as close to normal as it could be without being hit by the laser pulse.

Table 5.1: Specifications o f  Nd:YAG Surelite Laser, model SL-20, at 10 Hz / 20 Hz repetition rate, 
respectively. From [Continuum].

10 H z / 20 Hz 10 H z / 20 Hz
Max Energy (mJ) 

1064 nm
3 2 0 / 3 0 0 Energy stability (%) 

1064 nm
2 . 5 / 2 . 5

Pulse width (ns) 
FWHM for 1064 nm

5-7 / 5-7 Beam spatial profile* 
Near field (< lm )
Far field

0 . 7 / 0 . 7  
0 . 9 5 / 0 . 95

Divergence (mrad) 0 . 6 / 0 . 6 Rod diameter (mm) 6 / 6
* Least squares fit to Gaussian profile. A perfect fit would have a coefficient o f 1.
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The probe circuit is similar to that described in chapter 3.3 -  notably the load 

resistance is 50 Q.

The ICCD used is from Andor Technology and is part of a spectroscopic system 

including an Oriel spectrograph model 260i. The spectrometer has been used to make 

spectroscopic measurements of the reactive plume in pulsed laser deposition of 

superconducting thin films [de Posada 2001]. In short the image intensifier head of 

the ICCD camera is made up by a photocathode where the input light strikes and 

releases electrons. The electrons are accelerated onto a microchannel plate that works 

as a super-fast shutter: for as long as the gate pulse is applied, the electrons are 

multiplied. On the output side of the microchannel plate the electrons are accelerated 

onto a phosphor coated on a fibre face plate. This component couples the image onto 

the CCD where it is detected. Further details of the quantum efficiency, phosphor 

relaxing time and optical gate widths for a given TTL pulse can be found in the 

manual [Andor Technology].

The triggering scheme for the recording of the ICCD images of the plume expansion 

is shown in Figure 5.7. The delay- and gating times were controlled by a Stanford 

Research System Inc., digital delay generator model DG535. The pulse width, Atm , 

of the TTL signal from the DG535 sent to the ICCD detector head determines the 

“opening” of the micro channel plate, hence what could be called the exposure time 

of the recorded image. Exposure here is understood as the time where electrons 

hitting the front of the MCP wiU be multiplied and transmitted through the MCP.
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Laser output sync.

HV to MCP

Trigger Input, T

ICCD
detector

head

Stanford Research 
System  

Delay generator
DG535

Computer
control

I/O box

T+At T+IOns

Figure 5.7: Schematic layout o f  the triggering used in the experiment.

This opening time will hereafter be referred to as the optical gate width, Atgate, and its 

value is tabulated in the manual [Andor Technology] for a given Atm - One picture is 

acquired for every shot and by changing the delay time, At, the time evolution o f the 

plume expansion is recorded. The plume can be followed up to about 1.2 |j,s after the 

laser pulse has hit the target due to the limited field-of-view imposed by the viewport 

in the setup.

Before the chamber is evacuated, a screw is positioned just above the target where 

the laser will hit and the light from a He-Ne laser is flushed over the edges o f the 

screw. An image is taken with the ICCD camera and after inspection the relative 

positions o f the imaging lens and detector head are adjusted. The procedure is 

repeated until the image o f the screw appears at its sharpest at which position the lens 

and detector head are locked in position. The image obtained along the length o f the 

screw is shown in Figure 5.8 with the maximum intensity corresponding to the necks
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pitched at an interval o f an average Zccd~H  ±0-4 pixels. Hence from the measured 

distance from neck to neck on the thread o f 400 ± 5 0  )im it is concluded that 1 pixel 

in the image corresponds to 37 ±6 |im in the object plane i.e. vertical along the 

surface normal o f the target:

Z (or X )  = [37 + 6]x Z^cd (or ^  ■ (5-2)

This confirms the measurement o f the image and object distance in the setup where 

the demagnification was calculated to be -0 .7  (see Figure 5.6). Since one pixel has a 

dimension o f 26 |j,m [Andor Technology] this should translate into 

26 |nm/0.7 = 37 (im along the target normal.

Figure 5.8: Image along the length o f  a screw positioned above the target at the position where the 
laser hits. The neck-to-neck distance is 11 pixels corresponding to 400(am. (False greyscale)

5.2.3 Results

As described above, the setup allowed us to record the unfiltered spatial distribution 

o f the temporal evolution of the plume emission from an A1 target with a modified 

surface structure. The aim is to investigate to what extent the plume expansion is 

influenced by the walls of the holes in the target for a possible fiiture application 

involving a laser ablation filling o f a capillary discharge. Table 5.2 summarises the 

conditions for the experiments reported in the rest o f this section.
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T ab le 5.2: Fluence and target conditions for the experim ents reported in this section. The error in the 
fluence is calculated on the basis o f  the variation in the beam diameter o f  the laser on the target 
<t>iaser ~ (1-5 ± 0 .2 ) mm.

Fluence ^tgate Plane
Al-target

Al-target with 
1.5 mm diameter, 
1 mm deep hole

Al-target with 
1.5 mm diameter, 
3 mm deep hole

(3.3 ± 1.1) Jem'". 4  ns X X X

(2.1 ±0 .7) Jem'". 4 ns X X X

To compare the dilferent recordings the contours where the emission intensity has 

fallen to 33%, 50% and 80% o f its maximum value is identified using the Andor 

software. The maximum lateral expansion, IX qcd  in pixels, for the three contours is 

measured at the thickest point o f the plume and then used to calculate the plume 

diameter 2X, using equation (5.2). In Figure 5.9 we show the difference o f the plume 

diameter measured at 33% of maximum intensity for the three different target 

geometries in the experiments.

When measuring the contour on the picture we estimate an error. The error in the 

plume dimension in the graphs below is taken as the maximum o f either this 

estimated error or that given by equation (5.2) - whichever is largest. The similar plot 

for the expansion along the Z-direction, normal to the target surface, is shown in 

Figure 5.10. It is observed that there is no change in the height over the target vs. 

time in the longitudinal expansion o f the plume whereas the lateral expansion is 

suppressed and the effect gets more pronounced the deeper the hole is.
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Figure 5.9: The diameter o f the plume measured at the 33% contour vs. time when ablating an A l- 
target, either plane, 1 mm or 3 mm hole geometry. (A ) Fluence 2.1 J cm'^. (B) Fluence 3.3 J cm'^. 
Solid line is a guide to the eye.
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Figure 5.10; Height over the target o f 33% contour vs. time. (A) Fluence 2.1 J cm‘̂ . (B) Fluence 
3.3 J cm'^. The velocity obtained from a linear fit to the plane target data is: (A) = (2.5 ± 0.2)x 10“'
m s‘‘ and (B) = (3.6 ± 0.2)x 10'' m s ''.
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5.2.4 Discussion and analysis

Several authors have used hydrodynamic models to represent the expansion o f the 

laser ablation plume, often relying on a multitude o f assumptions to simplify the 

problem and obtain a “semi-” analytical solution o f the basic hydrodynamic 

equations. A number o f these rely on the assumption o f an isothermal expansion, as 

is presented by [Singh and Narayan 1990] or [Kools et al. 1993]. Kools also applied 

the result to fit the experimental time-of-flight distributions obtained with a mass 

spectrometer from ablation o f a Cu target [Kools et al. 1992].

Figure 5.9 shows that the asymptotic lateral expansion o f the plume is reduced when 

the ablation takes place Irom the bottom of the hole. As the plume height over the 

target is less affected according to Figure 5.10 we conclude that the aspect ratio of 

plume is increased when ablating from the hole. We can apply the isentropic 

hydrodynamic model described in the previous section to the experiment here with 

the plane target geometry. The initial plume thickness, Zo, that is needed to run the 

program, is estimated to be 37 |im (using Eq. (2.14)). In Figure 5.11 we plot the 

coordinates o f the plume edge in the x  and z directions along with the lateral velocity. 

It is observed that the plume expands to a height Z = 3 mm over the target in about 

150 ns, in good accordance with Figure 5.10(A). At the same time the lateral 

acceleration has slowed down considerably and the velocity in the x  and y  direction 

has become almost constant as seen from dXldt. This is the condition we expect for 

restricting the plume expansion in the directions perpendicular to the target normal. 

The narrower plume observed emerging from ablation in the hole is then a 

consequence o f restricting the lateral plume expansion for a time equal to the time 

needed to reduce the lateral pressure gradient to almost zero.
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F igure  5.11: Isentropic hydrodynam ic model fo r  X o  = Yo =0.075 cm and Zo = 37 mm. Corresponding 
to low fluence case o f (2 .l± 0 .7 ) J cm'^.

5.2.5 Conclusion and outlook

It has been shown that the asymptotic expansion o f  a laser produced plume can be 

considerably changed if the initial expansion is constricted in some dimensions. In 

terms o f  the isentropic expansion model, we can expect that the expansion wUl 

become increasingly influenced if the confinement is applied over a length 

comparable to the length scale where the plume expansion along that dimension 

would become inertial in the unrestricted expansion. In the experiments above this is 

almost achieved for the 3 mm deep hole.

To achieve an even better coUimation o f  the flow one possible way forward is to look 

into the use o f  a hole with shaped walls. The use o f  optimum shaped nozzles to 

produce uniform supersonic flows is well known in the literature [Atkinson and 

Smith 1995] [Anderson 1982]. In short the nozzle angle Qm, see Figure 5.12, is .
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determined from the Prandtl-Meyer fiinction v{M) where M  is the Mach-number of 

the flow by the relationship:

0 . - ' ^  (5.2)

The Prandtl-Meyer fianction is given by:

k(m )=  y  arctan -----{m  ̂ - l) -a rc ta n V M ^  -1  (5.3)
y 7 -1 V ^ +1

For ^=1.26 and M ~ 8  corresponding to 2/{y-\), see Eq. (2.19), we find that 

v= 122.5°. In this case the nozzle angle should be ~62“. This discussion is o f course 

based on the assumption of gas dynamics with no mention o f plasma effect. It 

remains to be seen if it can be applied to a laser-produced plasma.

M
Exit flow

Figure 5.12: Sketch o f nozzle design.
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CHAPTER 6 

Conclusions

In this thesis I have described the investigation of a fast micro capillary discharge 

plasma source, as well as laser produced plasmas generated using nanosecond laser 

pulses. The pulsed plasma, produced in the two experiments, is a source of ion 

outflow, with the kinetic energy of particles reaching several keV, and line radiation 

emission into the soft X-ray region.

6.1 The micro capillary discharge source

The micro capillary discharge represents a novel close-coupled low-inductance 

discharge source. Applications for such a micro volume high energy density 

discharge were suggested at the beginning of Chapter 3, where it is mentioned that it 

could be used to investigate physical phenomena previously only produced in much 

larger electrical discharge installations or soft X-ray laser experiments.

In the electrical measurements we found from the current recordings that, within the 

uncertainty of the data, the current rate of change, dlldt, which can be achieved is 

10̂  ̂As"'. This value is sufficiently high for pinching of the plasma column in e.g. 

the soft X-ray laser of Rocca [Rocca 1999]. For the micro capillary experiment we 

concluded in section 3.3.3 that pinching was not achieved based on the equilibrium 

considerations of the Bennett-equation. We note that the line density in Rocca’s 

experiment is typical about Ni~  lO'^ cm"' at the time of lasing [Rocca 1999] while it

1 7  1in the micro capillary is around ~ 5x10 cm' (p 63). A lower line density in the 

micro capillary discharge would favour pinching. It is suggested here that by
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changing the micro capillary to e.g. a ceramic material, mentioned as well in section 

4.4 for improving the lifetime of a discharge cell, we would solve both the problem 

of producing pinching as well as the short life time of an experiment with a micro 

capUlary discharge cell due to less material removal from the dielectric during the 

discharge.

The ion outflow from the micro capillary plasma was measured using an ion probe 

(Langmuir probe) and a Thomson parabola analyser. The ion probe measurements 

were performed at different distances from the discharge cell, in the stage of the 

plasma expansion where the flow has become inertial. Here it produces important 

information about the ion flow time-of-flight. The ion probe signal was split into a 

fast pulse, that was found to travel at a constant expansion velocity, and a slower 

pulse that appeared to be slowing down. We believe this can be explained by part of 

the plasma from the micro capillary (that in the slow pulse) expanding in a blast 

wave formed due to collisions with the background atmosphere in the chamber. To 

quantify that we calculated on p 57 the mean-free-path for the plasma ions at ^  

background pressure of 10'  ̂mbar in the chamber and concluded that it was of the 

order of the distance to the probe, which is known from laser produced plasma 

experiments to lead to plume spitting [Wood et al. 1997]. One drawback in using the 

ion probe with the micro capillary is that secondary electron emission will take place 

because of the ~kV energies of the ions in the flow. The secondary electron emission 

increases the uncertainty in determining the ion density from the probe signal.

The Thomson parabola analyser was a simple tool to obtain the partial charge 

resolved velocity distribution of the ions in the plasma downstream from the micro 

capillary. As a result, we find that multiple charged ions are present in the plume far '
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from the discharge cell. At first, it can be surprising that we find high charge ions far 

from the micro capillary, since the 3-body recombination process responsible for 

recombination should proceed rapidly as the plasma cools due to the dependence 

However the data can be explained by a model o f freezing-in o f the charge 

states in an expanding plasma being in a non-equilibrium state as discussed in section 

3.4.6. Further, in the Thomson analyser data we do not register Aluminium ions that 

could have come from the back electrode. This confirms partly the spectroscopic data 

where Aluminium lines were also not seen. It may be that the Aluminium is hidden 

by the plasma from the dielectric. The measurements are limited at low velocities by 

the decreasing efficiency of the MCP when detecting ions with energies below 

~ 1 kV.

The time-resolved soft x-ray emission spectrum o f the micro capillary discharge was 

due to lack of time only done for the positive charging o f the back electrode where 

the energy density is smallest as confirmed by the ion probe measurements as well. 

The lines in the spectra are identified as belonging to Be- and Li-like oxygen and Li- 

like carbon lines. By applying a coUisional-radiative plasma physics model named 

FLY we could calculate an expected line strength ratios for the Li-like carbon to Li- 

like oxygen lines as a function of temperature. Comparing the result to that from the 

detected spectra we deduced a temperature o f less than 10 eV. This agrees with the 

temperature deduced from the ion expansion velocity measured with the ion probe. 

This analysis shows the versatility o f the FLY model that was used as well in 

connection with the laser produced plasma experiments. On the future perspectives 

o f the work with the micro capillary we can say that work is ongoing on designing a
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revised discharge geometry producing a higher resistance whereby increased heating 

o f the plasma will be possible.

6.2 Laser produced plasma

The first detailed comparison with measurements o f Anisimov’s model, presented in 

section 2.1.1, was made possible with the use o f laser produced plasma. Experiments 

were conducted at low laser intensity with a silver target where the plume is expected 

to be only partial ionised and the gas dynamical model is expected to apply best. The 

measurement o f the angular ion distribution was particularly well correlated with the 

predictions from the model. Also the temporal evolution o f the temperature as 

measured locally with an ion probe downstream in the plasma outflow fi'om the 

target also showed good correlation with that o f the model.

The work on the Anisimov’s model was extended to higher laser intensities where 

the plasma parameters are similar to those that can be obtained in the micro capillary 

discharge. Using time resolved soft x-ray emission spectra obtained from a carbon 

target irradiated at 5 GWcm'^, and comparing to theoretical spectra calculated using 

the FLY-code, we deduced the time evolution o f the plasma temperature and density 

during the early time of evolution o f the plume at the target surface. The time 

evolution of the temperature and density at the target as calculated Irom Ansimov’s 

model showed again good correlation with the data provided account is taken o f the 

mean ionisation in the expression for the temperature. This shows that it is possible 

to adopt Anisimov’s gas dynamic model to deal with the expansion of a fully ionised 

plasma.
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The laser produced plasma source was also investigated in a geometry where the 

expansion o f the plume is constricted. Visible plume imaging using a gated 

intensified CCD was used to map the change in the expansion dynamics when the 

ablation takes place fi'om the bottom of a hole. The observed plume angular 

distribution becomes narrower the deeper the hole. Since we are thinking of ways to 

fill a capillary discharge it is thought that the more peaked the angular distribution 

the better. Here, an improved design using a nozzle shaped hole is suggested as the 

next step. The Anisimov model has been established as a versatile tool for 

interpreting the results of plasma expansion under many conditions. The elliptical 

dependence o f the flow parameters provides an easy scaling to be applied to many 

results fi'om expanding plasma into vacuum.

References

[chap 6] Rocca J.J. (1999). "''Table-top soft x-ray lasers". Rev. Sci. Instrum. 70(10), 

pp 3799.

[chap 6] Wood R.F. Chen K.R. Leboeuf J.N. Puretzky A.A. and Geohegan D.B. 

(1997). ‘'‘'Dynamics o f  plume propagation and splitting during pulsed laser ablation”.



Appendix A 154

A PP E N D IX  A

A.1 Computer program to solve Anisimov’s expansion model

In Chapter 2 we presented the expansion model by Anisimov et al. [Anismov et al. 

1993, 1996]. It was shown in those references that the hydrodynamic equations could 

be solved under the assumption o f constant flow variables on elliptical surfaces. The 

problem reduces to that o f three coupled second-order differential equations o f the 

plume edge coordinates X, Y  and Z;

X  d ^ X  _ Y  d^Y _ Z  d^Z
XYZ

i r - i

(2.9)

P  being defined as (5y-3)E/M, where E and M are the total energy o f the vapour 

plume and total mass of the plume, respectively. Introducing, like in Anisimov, the 

dimensionless variables ^  = XIXq, tj=YIXq, i^=ZIZ^s and T=i^'^IXo  the above 

equation becomes;

(A.1)

The subscript 0 refers to initial values, I, t]q = Yq/Xq, Co = ZqIXq,

lo = = 0̂ = 0 •

Equation (A .l) was solved using a fourth order Runge-Kutta-Nystrom method

[Kreyszig 1993]. The general problem is that of

y" = f ( x , y , y ' ) ,  y(Xo) = yo, y'(Xo) = y^ (A.2)

Using the notation of Kreyszig the iteration step size is h and we define k  =0.5h and

we further define the variables:
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A =¥'{x„,y„,y'„)

B„ = ¥ {x „ + k ,y „  +/3„,y'„+A„), =kiy'„ +\-A„
V ^

c„ =¥{x„ +k,y„ +/^„,y'„+B„)
D„ = ^ (x „  + h,y„ +S„,y'„+ 2C„), S„ = h(y„ + C„)

(A 3)

Then in each step we can calculate;

y.̂ i =y. + ̂  y'n +^« +c„)
V J

y .„ = y .+ jU ,+ 2 B . i -2 c .+ D , )
<A.4)

For the case o f Equation (A .l) we can now calculate the coefficients from Equation 

(A.3). For it follows that:

u - i
UoCo

r-1

(A.5)

r - i

The coefficients for 7 and ^are obtained from (A.5) by cycling the letters above.

The program is written as a LabTalk program to run in the script window in the 

Origin mathematical program [Microcal^^ Origin]. The raw commented code is 

pasted in below as Figure A. 1.
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# Integration o f  plasma expansion according to model in Appl. S u rf  Sci 96-98, 24, (1996), Eq (12).
#The method is that of; a 4 ,-O rder Runge-Kutta-N ystrom  (RKN). This program  works with the Origin
#project “ansmv.opj"
#

TO PR O G R A M ==================
# 1) The step-size, hlow, is used from tau=0 to tau=taulow . From tau=taulow  to tau=tauhigh the step- 
#size is hhigh. The mentioned variables should be written in the columns.
# 2) Initial y, r|o and Q) values should alsa be inserted.
# 3) The last 7 colums should be blank before running the program .
#==========EN D  NOTES TO PRO G R A M ================;

# gam m a is read.

# first interval.
# second interval.
# Increm ent in first interval.
# Increm ent in second interval.
# RKN step. 1. Interval.
# RKN step. 2. Interval.

# No. o f loops in 1. Interval.
N high=(tauhigh-taulow )/hhigh; # No. o f  loops in 2. Interval.

L oop(i,l,N low ) # First interval.
{
C = D atal_xi[i];
D =D atal_eta[i];
E =D atal_xipdot[i];
F=D ata 1 _etapdot[i];
G =D atal_zeta[i];
H =Data I _zetapdot[i];

# NB. The RKN variable “C??” is equal to “B??” for this particular diff. eq.

# Xi variable is treated.
A xi=klow *(l/C )*(A *B /(C *D *G ))^(gam m a-l);
B xi=klow *(I/(C +klow *(E+0.5*A xi)))*(A *B /((C +klow *(E+0.5*A xi))*D *G ))''(gam m a-I);
D xi=klow *(l/(C +hlow *(E+B xi)))*(A *B /((C +hlow *(E+B xi))*D *G ))^(gam m a-I);

D atal_x i[i+ l]=C +hlow *(E +(l/3 )*(A xi+2*B xi));
D ataI_x ipdot[i+ l]=E +(I/3)*(A xi+4*B xi+D xi);
# Eta variable is treated.
A eta=klow *(l/D )*((A *B )/(C *D *G ))''(gam m a-l);
Beta=klow *(l/(D +klow *(F+0.5*A eta)))*((A *B )/((D +klow *(F+0.5*A eta))*C *G ))''(gam m a-I);
D eta=klow *(l/(D +hlow *(F+B eta)))*((A *B )/((D +hlow *(F+B eta))*C *G ))^(gam m a-l);

# Initial conditions.
D ata l_ tau [l]= 0 ;
D a ta l_ x i[ l]= l;
A= D atal_etaO [I];
B= D atal_zetaO [I]; 
D ata l_e ta[l]= A ; 
D ata l_zeta[I]=B ; 
D ata l_x ipdo t[l]= 0 ;
Data 1 _etapdot[ 1 ]=0;
Data 1 _zetapdot[ 1 ] =0; 
gam m a=D ata 1 _gamma[ I ];

taulow=Data l_tauplow [ 1 ]; 
tauh igh= D ata l_ tauph igh[l]; 
h Iow=Data 1 _h plow[ 1 ]; 
hh igh= D ataI_hph igh[l]; 
klow=h low/2; 
khigh=hhigh/2;

N low=taulow/h low;
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D atal_eta[i+ l]=D +hlow *(F+(l/3)*(A eta+2*B eta));
D atal_etapdot[i+ l]=F+(l/3)*(A eta+4*B eta+D eta);

# Zeta variable is treated.
A zeta=klow *(l/G )*((A *B )/(C *D *G ))''(gam m a-l);
B zeta=klow *(l/(G +klow *(H +0.5*A zeta)))*((A *B )/((G +klow *(H +0.5*A zeta))*C *D ))''(gam m a-l); , 
Dzeta=klow *(l/(G +hiow *(H +Bzeta)))*((A *B)/((G +hlow *(H +Bzeta))*C *D ))^(gam m a-l);

D atal_zeta[i+l]=G +hlow *(H +(l/3)*(A zeta+2*B zeta));
Data 1 _zetapdot[i+ 1 ]=H+( 1 /3 )*( Azeta+4 * Bzeta+Dzeta);

D ata l_ tau[i+ l]= D atal_ tau [i]+h low ; # T im e is increased
};

L oop(i,l,N high) # Second interval.
{
C =D atal_xi[i+N low ];
D=DataI_eta[i+N low ];
E=D atal_xipdot[i+N low ];
F=D atal_etapdot[i+N low ];
G =D atal_zeta[i+N low ];
H =Datal_zetapdot[i+N low ];

# Same as before for new interval.

A xi=khigh*(l/C )*(A *B /(C *D *G ))^(gam m a-l);
B xi=khigh*(l/(C +khigh*(E+0.5*A xi)))*(A *B /((C +khigh*(E+0.5*A xi))*D *G ))^(gam m a-l);
D xi=khigh*(l/(C +hhigh*(E +B xi)))*(A *e/((C +hhigh*(E +B xi))*D *G ))^(gam m a-l);

D atal_xi[i+ l+N low ]=C +hhigh*(E+(l/3)*(A xi+2*B xi));
D atal_xipdot[i+ l+N low ]=E +(l/3)*(A xi+4*B xi+D xi);

A eta=khigh*(l/D )*((A *B )/(C *D *G ))^(gam m a-l);
Beta=khigh*(l/(D +khigh*(F+0.5*A eta)))*((A »B )/((D +khigh*(F+0.5*A eta))*C *G ))^(gam m a-l);
D eta=khigh*(l/(D +hhigh*(F+B eta)))*((A *B )/((D +hhigh*(F+B eta))*C *G ))''(gam m a-l);

D atal_eta[i+ l+N low ]=D +hhigh*(F+(l/3)*(A eta+2*B eta));
D atal_etapdot[i+ l+N low ]=F+(l/3)*(A eta+4*B eta+D eta);

A zeta=khigh*(l/G )*((A *B )/(C *D *G ))''(gam m a-l);
Bzeta=khigh*(l/(G +khigh*(H +0.5*A zeta)))*((A *B)/((G +khigh*(H +0.5*A zeta))*C *D ))^(gam m a-l);
D zeta=khigh*(l/(G +hhigh*(H +B zeta)))*((A *B )/((G +hhigh*(H +B zeta))*C *D ))''(gam m a-l);

D atal_zeta[i+ l+N low ]=G +hhigh*(H +(l/3)*(A zeta+2*B zeta));
Data 1 _zetapdot[i+ 1 +Nlow]=H+( 1 /3)* (Azeta+4 * Bzeta+Dzeta);

D ata l_ tau[i+ l+N low ]=D atal_ tau[i+N low ]+hhigh;
};

Figure A .l: Program  for running A nisim ov’s model.
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The program works with the worksheet, Datal shown below Figur A. 2.

Data

‘ ‘"I -

1

hphigh 
‘

■
if

F igure A.2: Worksheet for running A n isim ov’s model.
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APPENDIX B 

B.1 Pulsed laser ablation of metal targets

This appendix presents further results o f experiments conducted in order to cast light 

on the physical mechanism involved in the expansion o f a laser generated ablation 

plume from metal targets in vacuum. The angular distribution o f ejected particles is 

measured using electrostatic probes and the results compared to the hydrodynamic 

expansion model presented in section 2.1. These experiments were undertaken at 

Trinity College Dublin and they formed the basis o f a final year project by one 

member o f our group [Dogget 1999].

B.1.1 Introduction

Low-intensity laser ablation is a versatile technique for materials processing and 

deposition. Due to the possible congruent transfer from bulk to thin film much work 

has been done on pulsed laser deposition (PLD) of different complex materials. 

Much o f the progress in the field has been summarised by [Chrisey and Hubler 

1994]. The detailed physical plasma and hydrodynamic processes that take place in 

the interaction o f the laser pulse with the vapour plume formed on the target, as well 

as the plume interaction with the background gas, are still the subject of 

investigations. The recent review by [Amoruso et al. 1999] presents an overview of 

much o f the effort in understanding the physical mechanisms o f laser ablation.

One area of interest to understand is that o f the angular distribution o f the laser 

ablation plume since this is o f importance for the uniformity o f the deposited films.
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We did some investigations o f this [Hansen et al. 1997], partly in response to a 

discrepancy in the reported literature about the distribution o f the ions vs. that o f the 

neutral part o f the plume. This is also the subject o f an extended investigation by 

[Buttini et al. 1998] and [Thum-Jager and Rohr 1999]. These authors reported charge 

resolved angular distributions for several metals irradiated with an infrared pulsed 

laser (A/= 1.06 fim). They concluded that there is a correlation between the peaking 

of the angular distribution and the atomic mass o f the target material. The work 

reported here sets about to complement this study by measuring the angular charge 

distribution for different metals at an UV-laser wavelength instead o f the infrared 

used by the mentioned authors. Also we include a theoretical frame work to explain 

the observed trends in the form of the hydrodynamic expansion model reported by 

[Anisimov et al. 1996],

B.1.2 Experim ental details

The experimental setup is sketched in Figure B .l. The laser pulse from a KrF laser 

(A\ = 248 nm, T/aser ~ 26 ns) is used to ablate targets o f Al, Ti and Cu respectively. An 

aperture in the beam path is imaged onto the target to produce a rectangular 

1.5 X 0.5 mm laser spot profile. The targets are mounted m a high-vacuum chamber 

with a background pressure P <  10'  ̂mbar. A plane electrostatic probe (Langmuir 

probe), with area 3 mm^, is used for charge collection measurements o f positive ions 

in the ablation plume. The probe potential is set at -25 V. The electrical circuit o f the 

probe is shown in Figure B.2. It is the same type as that o f [Koopmann 1971] and 

that used previously in the group [Jordan 1997]. A digital oscilloscope is used to 

record the time-of-flight (TOF) spectrum o f the ion outflow recorded by the probe.
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KrF,
A, = 248 nm
l̂asftr ~ 26 ns

I
Aperture Imaging lens 

f  = 20 cm
Movable probe

To turbo 
pump

Rotating
target

Figure B .l:  Setup for laser ablation experim ent o f  A l, Ti and Cu metal targets.

The probe can be rotated around the centre o f the chamber in angles measured from 

the target normal from -20“ to +50“, where the negative sign indicates angles 

towards the incoming laser beam. The corresponding ion TOF distribution is 

measured at a range of angles for each o f the three target materials: Al, Ti and Cu.

Vacuum
chamber

F igure B .2: Probe circuit.
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The measurements are repeated for different target-to-probe distances dpr from 4 - 

6 cm and for different laser fluences on the target in the range ~ 5 -  11 J cm' .

The current collected by the probe /pr as given by the TOF-distribution is integrated

to give the total charge or no of ions N  -  {t)Z^dt intercepted by the probe. In 

general the probe current is written [Koopman 1971] (see also section 3.3):

(B-l)

Here v, is the ion velocity assumed equal to dpr/t, rii is the number density o f ions 

with ionisation stage Z,. We can assume that the ions are mostly singly ionised which 

simplifies the above expressions (on the ionisation degree in laser ablation of Cu and 

A1 using pulsed UV laser see [Amoruso et al. 1999b]). As discussed in section 3.3, 

equation (B .l) is deduced under the assumption of\e(VB - Vp)\ «  1/2 w, vjioŵ , where 

Vb and Vp are the potential on the probe and the plasma potential, respectively, and 

nii is the ion mass. Though in the plasma plume it was argued that the restriction is 

less important due to the small Debye length, section 3.3.

To minimize the effect of shot to shot variation in the collected ion TOF-signal each 

record is an average by the oscilloscope of 4 shots. The overall uncertainty for the 

number o f ions is estimated to be <25 % as in [Thum-Jager and Rohr 1999]. The 

uncertainty in calculating the fluence is a measure o f the ablated spot on the target 

compared to that expected with the demagnification o f the imaging system.
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B.1.3 Results

In Figure B.3 we show an example o f  the collected ion signal for a Ti target at 5 cm 

and a fluence o f  8.5 ± 1.2 J cm‘̂ .

Time [us]
0.0 1.5 2.9 4.4 5.9 7.4 8.8 10.3

5.0x10'*-r----------------------------  -

4.0x10®-

-3.0x10'®-
C 
D

<2.0x10'®- 

1.0x10'®-

50 100 150 200 250 300 350
T

Figure B.3: Experimental time-of-flight signal for Ti-target recorded at 5 cm and 8.5 ± 1.2 J cm'  ̂
(solid graphs). Time and amplitude on top- and right-axes. Also shown is the signals predicted from 
the isentropic expansion model (scatter graphs) on bottom and left axes.

From the expansion velocity o f  the front the initial sound velocity was estimated as 

Cs ~  4700 m/s, corresponding to an initial temperature in the plume kTg ~  4 eV, see 

section 2.2. The calculated model particle flux shows good overall agreement in the 

temporal shape and relative amplitude o f  the signals for increasing angles are evident 

at least for angles up to ~ 30°.

Integrating in time the current collected by the Langmuir probe we can calculate the 

total number o f  particles (per steradian) at a given angle. Figure B.4 shows examples 

o f  the angular distributions obtained for the three different materials Al, Ti and Cu. 

Figure B.4(A) depicts the distribution at a distance o f  5 cm and at the middle fluence 

(6.4 ± 0.9) J cm‘̂  for Al. The hydrodynamic model gives a good fit especially for the

Model 
□ 5°
O 15' 
A 25' 

V  40'

Experim ent
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F igure  8 .4 ; A ngular distributions. (A) A l-target com pared to A nisim ov’s model. (B) Distance 
dependence o f the charge per sterad for Ti. (C) Cu angular distribution dependence on fluence. Full 
curves show fit with S><cos'’(0). The fit param eters (S,p) are: High fluence (24, 5.8), middle fluence 
(16,6.7) and low fluence (9.5, 7.5).
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angles < 40° as seen also in the TOF-signals for Ti in Figure B.3. Figure B.4(B) 

illustrates the inertial expansion of the Ti-plume into vacuum: The charge collected 

per solid angle o f the probe, seen from the target spot, is decreasing with increasing 

distance. Finally, the last Figure 8.4(C) gives the fluence dependence of the angular 

distribution for a Cu target. As the fluence is increased a higher number o f particles 

are detected. The solid curves show fits o f the functional form F{9) = Scos^{ff). It 

was noted by [Thum-Jager and Rohr 1999] that for the angular distribution o f the 

charged particles only, this formula provided a good fit over the entire range of 

investigated materials.

Since we cannot in principle say what the charge state is o f the ions we only give the 

collected charge per solid angle o f the probe. If we assume the ions to be 

preferentially single charged the peak number o f Ti ions (Figure B.4(B)) at 

(6.4 ± 0.9) J cm'^ is ~ 1.5 x lO''* sr'*. This is at first surprisingly close to that reported 

in [Thum-Jager and Rohr 1999] considering that Thum-Jager and Rohr uses a much 

higher fluence (40 J cm'^). But the longer wavelength o f the laser used by those 

authors (Nd:YAG laser at 1.06 |j.m) can cause a relative lower yield compared to that 

o f the shorter UV-laser wavelength o f this experiment e.g. [Phipps and Dreyfus 

1993]. The different laser wavelength used may explain also why [Buttini et al. 

1998] reported a strong decrease in the absolute number o f ablated particles with 

increasing target mass. That trend is not confirmed in Figure B.4 where the highest 

number of ablated particles is found for the Ti target followed by that o f Cu and then 

Al.
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B.1.4 Analysis and discussion

In this section we will discuss some general scaling behaviour o f the results o f the 

experiment. Figure B.5 shows the front velocity (= dpjtftond along the target normal 

o f the ablation plume calculated from the TOF-signals as a fiinction o f the fluence. 

The time of arrival at the probe o f the front, was averaged over angles o f ^ = - 

5“, 0° and 5° and the velocity averaged over the result at the three distances. 

[Amoruso et al. 1998b] reported a steep increase in the average energy o f Al up to a 

fluence o f ~ 15 J cm'^. The velocity for Cu is in good agreement with that in [Dyer 

1989] and [Gutfeld and Dreyfus 1989] for similar laser and fluence conditions. Dyer 

also saw a steep increase in the velocity o f Cu up to a fluence o f ~ 5 J cm'^. Gutfeld 

and Dreyfus reported a less steep dependence on laser fluence o f v ~ over the 

range of fluences reported in Figure B.5; thi§ scaling is assumed here for Cu and Ai.

4.4
■ Al target 
o Ti target 
A Cu target

4.2

3.6
o
o
<D
>
c
o

L U
3.0

2.8
103 5 6 7 8 94

F luence [J cm'^]

Figure B.5: Velocity vs. fluence.



A ppendix  B 167

For comparison with [Thum-Jager and Rohr 1999] we fitted the angular distributions 

with the function:

The exponent p  characterises the distribution with S  being a constant (dependent on 

irradiance parameters, e.g. fluence and wavelength). To establish the connection to 

Anisimov’s model, we calculate the theoretical angular distribution, as shown in 

Figure B.4(A), and fit these with the formula (B.2) as well. Figure B.6 shows an 

example. This provides us with the scaling, depicted in Figure B.7, for the 

dependence of the exponent p  on the initial thickness o f the plume. From Figure B.7 

it follows that according to the expansion model the exponent p  ~ For

comparison with experiments (or Zo) is usually evaluated Irom the sound velocity, 

which in turn is taken to be proportional to the Iront velocity vg-ont, chapter 2.1. This 

means we can now write:

Here F  is the fluence, F,h is the threshold fluence and a  is the scaling o f the fi-ont 

velocity with the fluence. For a linear dependence o f the velocity with the fluence we 

have p  ~ {F-Fth)'^'^‘* while in the paper by [Gutfeld and Dreyfus 1989] p  ~ (F-Fth)"^^'. 

In figure B.8 the experimental exponent p  is shown as a fimction o f fluence. An 

overall trend of decreasing exponent with increasing fluence is clear. The scaling of 

Eq. (B.3)(A) expected for the hydrodynamic expansion model is shown as well. The 

experiment observes nearly the scaling suggested by Equation (B.3)(A).

F{0) = Scos^{e) (B.2)

and (B.3)



Appendix B 168

16

14

12

10

8

6

4

2 I—
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Co

0.8

-Q 0 .6
<U
N

P 0.4

m .’p 0 \m

o
Z

0.2

0.0

e

Figure B.6: Cos' (̂0) fit of the angular 
distribution from Anisimov’s model for 
different initial values of the thickness to lateral 
dimension ratio Q,. Initial lateral dimension 
were taken for that of the beam spot in the 
experiment.

Figure B.7: Fitted cos'’(0) exponents of angular 
distributions from Anisimov’s model for 
different values of the initial thickness to lateral 
dimension ratio Q).
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Figure B.8: Fitted cos’’(9) exponents of experimental angular distributions as a ftinction of fluence F. 
The exponent has been averaged over the three probe distances. F,h was assumed to be 2 J cm‘  ̂for the 
curves.
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F igure 8 .9 :  Fitted cos’’(0) exponents o f  experim ental angular distributions as a function o f  ion mass. 
The exponent has been averaged over the three probe distances.

The Cu data is seen to follow that expected for the velocity scaling vs. fluence stated 

by [Gutfeld and Dreyfiis 1989]. However the Ti exponents would have been 

expected to decrease less rapidly from the slow scaling in Figure (B.5) o f its front 

velocity vs. fluence

When we plot the exponent p  vs. the ion mass and the fit from Equation (B.3)(B) the 

hydrodynamic expansion model is again seen to be relatively well observed for the 

two highest fluences used, Figure B.9. Though in agreement with that from

hydrodynamic model the scaling o f the exponent with the mass is less than that

1/2reported by [Buttini et al. 1998] who used a ~w, dependence or [Thum-Jager and 

Rohr 1999] who saw a scaling. This could be due to the difference in

irradiance parameters. The mentioned references use a more tightly focused laser 

spot (0.5 -  1x10'^ cm^) compared to this experiment, 7.5x10'^ cm^. This would lead
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to larger (̂ o, and it was observed in Figure B.7, that if the fit is limited to higher ^  

values, p  would scale with an exponent closer to 1.

B.1.5 Conclusion

Pulsed laser irradiance o f metals is here investigated in a regime of higher fluences 

compared to that in section 5.1. The general scaling o f the measured angular 

distribution o f charge in the plume was found to follow that expected for the 

hydrodynamic expansion model using the initial experimental parameters. The 

general increase in the exponent characterising the angular distribution o f the 

collected charge with the mass o f the ions could be reproduced with the help o f the 

model.
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