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Abstract 

A study of a laser-produced carbon plasma is presented. Plasmas were produced by 
focusing a Q-switched Nd:Y AG laser beam onto a plane target. Spatial, temporal and 
spectral resolution was obtained with two detection systems; a multi-colour imaging 
system producing two-dimensional images of the expanding plasma and a 
monochromator allowing for spectral studies. Three ion species; CII, CUI and CIV 
were mainly investigated. Some results concerning atomic carbon, CI, have been 
included. Studies of the expanding plume shapes, ion velocities and time of appearance 
are presented. Results show that the more highly ionized species have a higher ion 
velocity, a smaller spread as they expand and appear earlier than the less ionized 
species. Spectroscopic studies at different distances from the target were performed. 
Assuming that the local thermal equilibrium (L TE) model is applicable, electron 
temperatures in different parts of the plasma have been calculated using these spectra. 
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1 Introduction 

Pulsed high-power lasers have opened new possibilities for generating plasmas. 
Plasmas with very high density and temperature are produced by concentrating the 
laser radiation on the surface of a solid target. Laser ablation and laser produced 
plasmas are of interest for a number of applications, including the production of new 
laser sources [ 1], the production of VUV radiation [2], as an intense source of 
radiation in the soft x-ray region and the production of atomic species of low vapour 
pressure for spectroscopy [3]. At the Lund High Power Laser Laboratory, laser
produced plasmas are used especially in work with time-resolved spectroscopy [ 4] and 
as a source for high-order harmonic generation [5]. For these projects it is of interest 
to investigate the formation and expansion of the different ion species in the plasma. 
The desired result may be a clear spatial and temporal separation of the ion species. 
When time-resolved spectroscopy is considered the ion distribution at distances of 
approximately 1 em from the target are the most interesting. For work with harmonic 
generation distances of about 1 rflm are relevant. 

In this diploma thesis a spatial, temporal and spectral study of a laser-produced plasma 
is presented. By focusing a Q-switched Nd:Y AG laser beam onto a carbon target, 
plasmas were produced. A two-dimensional image of the expansion of different ion 
species was obtained with interference filters using a special imaging arrangement. 
Spectral measurements were done to supplement these studies. A carbon target was 
chosen since its spectrum is relatively uncomplicated in the visible region. 

This thesis is divided into five chapters. Following this chapter, a short theory of the 
basic properties of a laser-produced plasma is presented. Chapter 3 deals with different 
plasma models relevant for this project. The experimental method and equipment used 
is treated in Chapter 4. Chapter 5 is comprised of a presentation and discussion of the 
results. A table of spectral lines of carbon in the visible region are included m 
Appendix A and recordings of the carbon spectra can be found in Appendix B. 

1 



2 Basic properties of a plasma 

2.1 Parameters describing the plasma 

A plasma consists of electrons, ions and in some cases excited atoms and molecules. 
Due to charge neutrality the number of free electrons in the plasma, ne, must be equal 
to the number of emitted electrons from the ions. In the plasma as a whole this 
condition is always fulfilled. For a smaller system this condition requires that the 
characteristic length of the system is much larger than the Debye length, AD· The 
Debye length is defmed by 

'\ -~Te AD- 2 
4rcne 

(2.1) 

Here n is the plasma density (n=ne), e is the electron charge and T e the electron 
temperature. The electron temperature is the kinetic energy of the electrons expressed 
in terms of kT e' where k is the Boltzmann constant. A physical understanding of the 
Debye length can be gained by considering a charged particle inserted into the plasma. 
The Coulomb potential induces an electric polarization since it attracts (or repels) the 
charge of opposite (or same) sign. This polarization charge cancels the charge of the 
inserted particle and thereby restricts the effective range of the Coulomb potential. 
This phenomenon is known as Debye shielding and the Debye length is the distance at 
which this shielding is almost complete. 

2.2 Plasma oscillation 

The particle density in a plasma displays certain fluctuations. If the electron density at 
one point increases relative to the ion density, Coulomb forces will pull the electrons 
back to their original positions. Because of their inertia, however, the electrons 
overshoot their original positions and must reverse again. This oscillation about the 
equilibrium position takes place at a characteristic angular electron plasma frequency 
( ffipe) given by 

(2.2) 

A corresponding ion plasma oscillation is produced as a response to the electron 
oscillation. However, because of the large mass of the ion, t.i.is oscillation can be 
neglected. 
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The extent of the fluctuations is .approximately equal to the Debye length. We can 
therefore estimate the mean velocity of the electrons as 

(2.3) 

When the frequency of the incident plasma-generating light is equal to the plasma 
frequency we get the corresponding critical electron density, nee 

(2.4) 

The permittivity of vacuum is £0. For ne>nee there is a strong reflection of the incoming 
light. Absorption is strongest in plasma with a density less than but close to nee [6]. 
The reflectivity is very sensitive to the gradient of the electron density. If the density 
initially rises rapidly and then slowly approaches nee, the absorption will be greater 
than in the case of a linear variation over the same distance [7]. For neodymium laser 
light (A-=1.06 Jlm), nee is~ 1021 cm-3. 

2.3 Recombination processes 

The following recombination processes are possible between positive ions and 
electrons: 

Radiative recombination 
* A2+ +e ~ A2 _ 1+ + hv 

Dielectronic recombination 

A2+ +e ~ A;:1+ 

A** A* h z-1+ ~ z-1+ + V 

Three-body recombination 

A + + e + e ~ A* 1+ + e z z-

(2.5) 

(2.6) 

(2.7) 

(2.8) 

Here A* and A** denotes the singly and doubly excited atom, respectively. The degree 
of ionization is z. 

In radiative recombination a free electron is captured by a z-times ionized atom and 
makes a transition to a bound state of the (z-1)-times ionized atom. The surplus energy 
is emitted as a photon. 

In dielectronic recombination a free electron may be captured, without the emission of 
radiation, into a higher energy level of the ion. Instead of the emitted radiation, one of 
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the bound electrons is excited to a higher level by the excess energy. The now doubly 
excited atom or ion is de-excited by photon emission or through an inelastic collision. 
The rate of this process is known to be very small [8]. 

Three-body recombination may occur if two electrons collide with the ion 
simultaneously. One electron is captured into an upper excited level and the other 
electron carries away the surplus energy. The captured electron cascades down to the 
ground state either by radiative transitions or collisions. Three-body recombination is 
in competition with radiative recombination and becomes more probable as the density 
increases [7]. 

2.4 Emission processes in a plasma 

The emitted radiation in a plasma is due to three different mechanisms. One 
distinguishes between Bremsstrahlung, recombination radiation and line radiation. 

Bremsstrahlung. This is also called free-free radiation and is emitted when a free 
electron is decelerated in the field of another particle. A photon corresponding to the 
change in energy is emitted, giving rise to a continuous spectrum. In a hot plasma 
electron-ion collisions are the most important mechanisms for Bremsstrahlung, while in 
a slightly ionized gas, collisions between electrons and neutral atoms are more 
important. Electron-electron collisions emit radiation only at relativistic velocities. 
Bremsstrahlung is the dominant radiation mechanism for plasmas hot enough for most 
of the ions to be stripped of all their orbital electrons. 

Recombination radiation. This process which has already been mentioned in Section 
2.3 is also known as free-bound radiation. It occurs when a free electron is captured 
into a bound state, emitting a photon corresponding to the initial kinetic energy plus 
the ionization energy of the bound state. The spectrum will therefore be a continuum 
with a sharp low-frequency cut-off. 

Line radiation. Transitions between discrete bound states result in line radiation, or 
bound-bound radiation as it is also called. The energy of the photon is well defined, 
resulting in a discrete spectral line. The width of the line depends on the spontaneous 
lifetime of the upper state, and on the velocity distribution of the atoms (Doppler 
shifts). Collisions, electric and magnetic fields also affect the line profile. A 
complication may arise if the emitted light interacts with other particles before being 
detected. Often the plasma is assumed to be optically thin, which means that the 
photons escape without being reabsorbed. 
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3 Plasma models 

The emission spectrum of a laser plasma depends on the combined effects of many 
processes such as radiative and collisional excitation, de-excitation, ionization and 
recombination. Often many energy levels and ionization stages are involved. The 
emission spectrum could in principle be predicted if the rates of all these processes 
were known. However, because of the complexity of the problem, simplified models of 
the plasma are used. 

Three different plasma models are considered below. A Maxwellian distribution of the 
free electrons is assumed throughout. Hence, at a certain electron temperature T e the 
number of electrons ne with speeds between v and v+dv is given by 

(3.1) 

3.1 Coronal equilibrium 

In low density plasmas collisional processes become less likely. An excited atom will 
therefore generally have time to radiate a photon before being de-excited by a collision. 
Assuming that the plasma is optically thin, excitation by absorption of the photons 
emitted in the plasma is unlikely. This means that in equilibrium a balance occurs 
between collisional excitation and spontaneous radiative de-excitation. Nearly all 
atoms and ions are in their ground states, with raditative decay from the upper levels to 
the lower levels, balanced by collisional excitation. In the same way collisional 
ionization is balanced by radiative recombination in the coronal model. Since both 
these processes are proportional to the electron density, the amounts of the different 
ionic charge states are independent of the electron density. 

The validity of the model is restricted to sufficiently low electron densities, where 
collisional transitions from an excited level are slower than radiative emission. 
However, as the principal quantum number n increases, the probability of collisional 
processes increases, but the probability of spontaneous radiation falls. This leads to a 
breakdown of the coronal model for high n. 

3.2 Local thermal equilibrium (L TE) 

As the density of the plasma increases collisions become more frequent. At sufficiently 
high densities the population of the excited states will be determined by collisions 
rather than radiative processes. In the L TE model it is assumed that the population is 
controlled entirely by collisions. 
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The populations of two bound states 1 and 2 of an atom or ion are then related by the 
Boltzmann equation, where g1 and g2 are the statistical weights, and E1 and E2 the 
energies of the two states: 

(3.2) 

The densities nz of ground state atoms (z = 0) or ions (z = 1,2 ..... ) are related by Saha's 
equation: 

(3.3) 

The statistical weight of the ground state of an atom or ion of charge Z, is (g0)z and Xz 
is its ionization energy. By combining the equation for all adjacent stages of ionization, 
together with the total density of nuclei, the ionization equilibrium potential can be 
completely determined. For the L TE model to apply the collisional de-excitation must 
be approximately ten times more probable than radiative decay. This corresponds, in an 
optically thin plasma, to the requirement that 

(3.4) 

where (ilm)max is the largest distance between adjacent energy levels given in eV. The 
unit of ne is in cm-3 and Te in eV [9]. This may be a large fraction of the ionization 
potential of the species present in the plasma. Laser produced plasmas are in L TE soon 
after formation because the electron density is large, but the plasmas lose equilibrium 
as they expand [ 6]. 

3.3 Collisional-radiative equilibrium 

The ahove models are valid at either high or low electron densities. The collisional
radiative model covers the intermediate region. It is a modification of the coronal 
model taking into account collisional transitions from higher bound levels as well as 
radiative decay, and three-body recombination as well as radiative recombination. A 
detailed description of the model can be found in Bates et al. [10,11]. 
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3.4 Plasma formation and expansion 

The processes involved in plasma production are complex. Heating of the target, 
melting, vaporization and ionization must be taken into consideration. The geometry of 
the target and the laser beam, as well as the time dependence of the laser pulse, 
determines the plasma dynamics. The impact of the light varies from only a rise in 
temperature at low irradiances, to multi-photon ionization at high irradiances. 

Thermal conductivity. When the laser light hits the target, part of it is reflected and 
the rest is normally absorbed by electrons which are raised to a higher state. Energy is 
then transferred by collisions and radiative processes to the rest of the solid. Provided 
the laser light is approximately constant for longer than the relaxation times of the 
electrons (in the order of 10-12 to lQ-13 seconds) an equilibrium is reached and a 
temperature may be defined at every point 

Melting and vaporization. The next stage in the plasma production is when the target 
temperature reaches the melting point. In most cases this liquid phase is not very 
significant. The energy required is small compared with the vaporization or ionization 
energy. Once the boiling point is reached vaporization occurs. At low irradiances the 
rate of evaporation is small and the vapour layer will not absorb light effectively. As 
the irradiance increases the initial rate of evaporation will increase and more light will 
be absorbed. 

Ionization. The vapour, generated by the laser pulse, may reach a temperature high 
enough for the atoms to undergo thermal ionization, i.e. the atoms or ions are ionized 
by collisions. Provided the vapour is sufficiently dense for thermodynamic equilibrium 
to be maintained, the population densities can be related by Saha's equation (Eq. 3.3). 
The main process for energy transfer from the laser field to the electrons is by inverse 
Bremsstrahlung. Here an electron moves from one free state to a more energetic one 
by the absorption of a photon according to Eq. 3.5. 

A + + e + hv ---7 A + + e z z 
(3.5) 

The absorption coefficient for this process is: 

(3.6) 

The frequency of the laser light is w. T e' ne and Z are as defmed earlier. The plasma 
frequency, rope' is given by Eq. 2.2. A is a factor related to the electron-ion collisions. 
For laser-produced plasmas In A takes on a value between 5 and 10 [12]. At the 

beginning of plasma formation m>>rope' making the second factor in Eq. 3.6 close to 
unity. The rate of absorption then depends mainly on ne2. As more energy is absorbed 
the ionization process continues. Consequently, ne approaches nee and the surface of 
the plasma becomes opaque to the incoming laser light. 

7 



At very high irradiances multi-photon ionization takes place during a few cycles of the 
electric field. In this process the atom or ion will emit an electron by absorbing more 
than one photon. 

3.5 The self regulating plasma model 

For a pulse lasting several nanoseconds and focused onto a small diameter the self 
regulating plasma model for laser heating is appropriate. Here, the plasma closest to 
the target will always be dense and therefore attenuate the incoming light. As the 
plasma expands the outer layer becomes less dense and will absorb less light. This 
means that more light reaches the target, increasing the vaporization rate and plasma 
density. In the same way an increased density in the outer layer will reduce the amount 
of light that reaches the target and thereby decrease the plasma density. A steady-state 
will be reached if the duration of the laser pulse is longer than the time which an 
electron-ion pair spends within the zone of heating. In the case of nanosecond pulses 
this condition is generally fulfilled [ 13]. 

Puell [13] considered a model where the plasma was divided into three separate 
regions. A figure of the interaction region is shown below in figure 3.1. 

---i----t--------7x 

Laser 
beam 

Fig. 3.1. Schematic drawing of plasma flow from target during laser heating. 

Region I (x<O) is comprised of the undisturbed target. The boundary between regions 
II and III is a distance from the target which is equal to the radius of the focal spot (rf). 
In region ll (O<x<rf) the plasma is assumed to be very dense and expanding in only one 
direction. Three-dimensional flow occurs in region III (x>rf). Because of the spatial 
flow in region III there is a rapid decrease of density. This means that most of the 
heating occurs in region II where the density is higher. This region is therefore called 
the heating zone and is the main region of interest. Because of conservation of 
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-momentum a shock wave will penetrate region I. However, the energy transfer in this 
process may be neglected since the densities of the target and the plasma differ 
significantly. 

In the heating zone inverse Bremsstrahlung is the dominant mechanism for transferring 
energy from the laser field to·the electrons. Once the electrons have been heated they 
transfer energy to the ions. In the heating zone the density is high enough for the 
electrons to transfer energy to the ions more rapidly than they are heated. Therefore 
the electron and ion temperature is equal. Outside the heating zone random thermal 
energy is transferred to directed kinetic energy (the plasma expands). During the 
expansion T e=#:Tion because of the rapid decrease of plasma density. The time is too 
short for an equilibrium to be attained. Puell found expressions for the ion and electron 
temperatures at the boundary between regions II and III. The plasma temperature, 
T e,max' which is the maximum temperature achieved anywhere in the plasma is given by 

(3.7) 

The parameter 'Jf is equal to 2.5* I0-55*(ffirubylw0), wruby being the frequency of the 
ruby laser used in the study, and w0 that of the laser light. ~ is a factor compensating 
for the fact that Te might not be equal to Tion' as predicted in the model. Depending 
on the ratio Ti0 /fe, ~varies from 1 when Tion =0, to (Z+l)/Z, when Tion= Te. The 
irradiance of the incoming light is <l>, and the ion mass is mi. 

9 



4 Experimental Arrangement 

Plasmas were produced by focusing a Q-switched Nd:Y AG laser beam onto a plane 
target. The beam was focused with a 25 em focal length lens, onto the target surface, 
at normal incidence. Depending on laser intensity, and the position of the target 
relative to the beam waist, intensities of 109-1011 W/cm2 were obtained. The Nd:YAG 
laser emits light in the infra-red region with a wavelength of 1.06 ~m. The target was 
situated in a chamber with a vacuum of approximately I0-5 mbar and was rotated so as 
to ablate a fresh surface. 

Two different detection systems were used to study the plasma. The major part of the 
project used the set-up described in Section 4.1. Here an image of the plasma was 
obtained using a multi-colour imaging system [14,15,16]. To supplement the imaging 
measurements, spectra of the plasma were recorded using the arrangement described in 
Section 4.2. 

4.1 The multi-colour imaging system 

The plasma light was collected by a Cassegrainian telescope, via a system of lenses. 
This specially designed telescope has its primary mirror split into four parts, each 
somewhat tilted (see Fig. 4.1 ). Each mirror segment will produce an image of the 
object at a small distance off the optical axis, so that four identical but separated 
images are obtained. 

CASSEGRAINIAN 

<PLASMA 
EMISSION 

11-UIVI()J..\LL'l' 

Wl~~~~5 -~----

<PLASMA 
EMISSION 

NEWTONIAN 

Fig. 4.1. Cassegrainian and l'v'e¥vtoi1ian reflective optics systems. The upper arrangement 
was used for plasma emission studies. Adapted from [ 15]. 

By placing bandpass filters in front of the Cassegrainian mirror segments four different 
spectral lines can be observed simultaneously. An appropriate choice of bandpass 
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filters will thus enable us to view up to four different ionization stages in the original 
image. The four filtered images were placed in four quadrants adjacent to each other 
on an image intensifier. We used a gated Delli-Delti CP1/NS2 microchannel plate 
image intensifier with a S20R spectral response. The microchannel plate (MCP) was 
gated by switching the potential, which was approximately 200 V, between the 
photocathode and the MCP. The voltage over the MCP was about 10 kV and could be 
varied in order to change the amplification. 

With two lenses of focal length 27 mm and 25 mm, the image was projected onto a 
CCD camera. Trigger signals from a Stanford Research System SRS535 delay unit 
enabled exact synchronization of the image intensifier with the laser pulse. The image 
intensifier was gated down to 25 ns. The gate was moved out in the time domain 
allowing the temporal development of the plasma to be studied. The signal from a 
photodiode directed towards the laser beam, together with a signal synchronous with 
the temporal detection window, was viewed on a digital oscilloscope so that the time 
at which the image was captured could be related to the time of plasma formation. The 
video signal from the CCD camera was monitored on a 486 compatible personal 
computer. The images were plotted in false colour on a colour printer. The 
arrangement is shown in Fig. 4.2, below. 

I 
Personal 
Computer Oscilloscope 

I 

) 

I 
HV Supply I 

Trigger 
I electronics 

Spatial filter 

Vacuum chamber 
with target 

lJ CCDcamera 
,--

= Lens system 

~ Image intensifier 

D Cassegrainian 
telescope 

I 
1.____j 

I 
c=::::::::> Lens Photo 

diode I -
~ Lens I 

r-=J= ~·.·.::. .. ::. .. ::. .. -~ 
L:_] Lens 

Mirror 

Fig. 4.2. Experimental set-up used for imaging studies. 

Nd:YAG 
Laser 

The set-up described above was later modified by the removal of the Cassegrainian 
telescope. Although only allowing us to view one ion species at a time, a larger region 
of the plasma could be studied, since the problem of the images interfering with each 
other was avoided. The appropriate bandpass filter was now placed immediately in 
front of the image intensifier and the detection system moved closer to the vacuum 
chamber. 
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4.2 Spectrally resolved measurements 

Personal 
computer 

GPIB 

Monochromator 

I \ 

RLens 

I lp~ 
I diode 

L-------------~-L--------~ 

~Lens 
.. 
\ I 

I 

I 
Vacuum chamber 
with target ~=:: : :~·.·.-=-·.·.-=-·.·.-=-·.·.-=-····;_ 

Lens 

Fig. 4.3. Experimental set-up used for spectrally resolved studies. 

Mirror 

Nd:YAG 
Laser 

The experimental set-up for the spectrally resolved measurements is shown in Fig. 4.3. 
The emitted plasma radiation was focused onto the entrance slit of a monochromator 
with a 1: 1 imaging relation. Both the entrance and exit slits had widths of 1.5 mm. This 
gave adequate resolution while still collecting enough plasma light. A Hamamatsu 
R331 photomultiplier tube attached to the exit slit detected the signal. A Stanford 
Research 265 gated integrator was used to improve the signal. By moving the time 
window out in the temporal domain a spectrum was obtained at a chosen time after the 
laser ablation. Spectra up to 400 ns after ablation were studied. The target was 
translated in the direction parallel to the incoming laser light. This enabled us to study 
changes in the spectra at increasing distances from the target. Spectra ranging from 
400 to 600 nm were scanned at distances from the target of up to 30 mm. 

Measurements were also taken with the monochromator kept at a constant 
wavelength. This allowed us to study the variation in intensity of one spectral line with 
respect to time. The signal was displayed on a digital storage oscilloscope and 
transferred to a PC with a GPIB interface. 
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5 Space and time resolved emission studies 

5.1 Images of the plasma 

A scan of the spectrum from 400 nm to 600 nm (see figure 5.1) was obtained using 
the set-up described in Section 4.2. At 500 nm, the voltage over the photomultiplier 
was raised, increasing the sensitivity by a factor 8. 

Intensity x 8 

1.4 1-------? 

1.2 CII CIV CII 
,--._ 

1.0 rn CIII ..., ..... 
>::: 
::::! 0.8 CII+ CII+CIII 

.e CIII 

~ 0.6 

.€ 0.4 CIII 
rn 
>::: 
<ll 0.2 ..., 
>::: ....... 

0 
400 420 440 460 480 500 520 540 560 580 600 

Wavelength (nm) 

Fig. 5.1. Carbon spectrum, 10 mmfrom the target, at 50 ns after plasma formation. 

By using the Cassegrainian telescope in the set-up described in Section 4.1 images of 
the plasma were obtained. The transitions and interference filters used are listed below 
in Table 5.1. The spectral lines of CII and CUI are considerably stronger than the one 
for CIV. 

Ion Transition 

en 

CUI 

CUI 

CIV 

Wavelength 
(nm) 

426.7 

464.9 

466.3 

580.5 

Interference filter 
(nm) 

421±5 

470.5±4.5 

580±4.5 

Table 5.1. Transitions and interference filters usedfor imaging studies. 
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Attempts were made to use other transitions, CHI: 416.4 nm, 418.8 nm and CII: 
514.2 nm. However, the intensity of these lines was found to be too low. No suitable 
lines were found for CI. Instead this fourth image was used as a reference to study the 
influence of the continuous emission in the images. An interference filter at 540 nm 
(LlA=8 nm) was used. This region was chosen since it was relatively free from spectral 
lines. 

For the discussion of the distribution of different ionic species in the plasma, the ionic 
charge will be referred to as the one in which the studied bound-bound transition 
occurs. When we are observing a z-times ionized atom, we might actually be studying 
a (z+ 1)-times ionized atom which has just recombined with an electron. Depending on 
the electron density and electron temperature, the energy state of the ion (z) which we 
observe is in thermal equilibrium with the ground state of the higher ion species (z+ 1). 
Therefore the emission spectrum might be strongly influenced by the presence of other 
ions. 

In Fig. 5.2a-f a typical set of images is shown. Both the time interval between the shots 
and the exposure time is 25 ns. The laser output is 130 mT/pulse, which produces an 
irradiance of the order of 1011 W/cm2. The gain of the image intensifier has been 
increased as we move further out in time, as can be seen by the amplification factor. 
This factor has been scaled to unity at t=O for the different ions. A dense plasma 
appears instantaneously when the laser hits the target. This will hereafter be referred to 
as the "spark". It emits continuous radiation, presumably due to the large amount of 
Bremsstrahlung present, since the plasma spark is very hot and most of the ions are 
stripped of their electrons. Because the spark is very intense compared to the emissions 
further out from the target we screened it off with a triangular piece of cardboard. The 
cardboard was placed in the image plane between the two lenses in front of the 
telescope. The spark appears far out in the time region on the pictures. We have 
assumed that this is because the voltage over the MCP, in the image intensifier, is not 
exactly zero outside the time window. If the emitted plasma light is intense enough, 
amplification may occur even outside the gated time region. 

The first ion species to start to expand is CHI. It is followed by CII which starts to 
expand at approximately t=75 ns. CIV can only be seen faintly since this line is 
considerably weaker than the two others. Moving out in the time domain, the species 
expand, and it becomes hard to distinguish the four images from each other. As we 
tried to separate the four images further, the images were impaired by distortion 

. between the image intensifier and the camera. 

So as to be able to view a larger part of the plasma, the Cassegrainian telescope was 
removed, and one ionization stage studied at a time. The piece of cardboard was now 
placed immediately in front of the image intensifier. The irradiance was kept at 
-1011 W/cm2, and the exposure time and time interval between pictures was 25 ns, 
except for CII where the time interval was larger. Results can be seen in Fig. 5.3-5.5. 
The shapes differ between the different ion species, the expanding plasma becoming 
narrower for the higher ions. CII has an oval shape, CHI has a more rounded shape, 
whereas the shape of CIV is more conical. CHI and CIV appear at approximately the 
same time and have similar expansion velocities. CII appears later and has a lower 
expansion velocity. The intensity of the signal of CII decreases at a slower rate than 
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that of the two other ions. The expansion of CII is therefore followed further out in the 
time domain. CII and CIII disappear by loss of intensity as we follow the ions out from 
the target. CIV, although losing intensity markedly, seems to expand more distinctly 
and move out of the imaged region. 

A disadvantage with the single colour images is that we cannot be sure that the same 
conditions prevail for the different images. One factor that influences the shape of the 
plume is a track made on the target. To prevent this from happening the laser beam 
was moved from time to time and a fresh surface was ablated. An extreme case where 
the laser beam hits a deep track is shown in Fig. 5.6. Two plasma plumes expand, from 
either side of the incoming laser light, in the direction of the track. Using the 
Cassegrainian telescope, now moved further away from the vacuum chamber, we 
obtained images that were smaller and better separated. From these, the shapes of CII 
and CIII could be confirmed (Se Fig. 5.7a-b). 

By changing the laser output from 40 mJ/pulse to 300 mJ/pulse we studied the effects 
of the irradiance on the produced plasma. This energy range corresponds to irradiances 
of 1Ql0_1Qll W/cm2. The images produced were very similar in both temporal and 
spatial development. Different irradiances were also obtained by changing the position 
of the beam waist relative to the target. Irradiances of 109-1011 W/cm2 were produced. 
Only the plasma produced with the lowest irradiance differed significantly. A small 
amount of CII was formed but there was no trace of CHI and CIV, as can be seen in 
Fig. 5.8. 
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a) t=O ns, Amplification= .0 b) t=25 ns, Amplification=l.5 

c) t=50 ns, Amplification=3.5 d) t =75 ns, Amplification=4.5 

e) t=JOO ns, Amplification=4.5 .f) t=l25 ns, Amplification=4.5 
,.----,.--- --, 

ref en 

eiV em 

Fig. 5.2a-f. Expansion of the plasma from the target. The positions of the different ion species 
in the multi-colour images can be seen to the right. A chart of the colour coding is shown 
above with intensities rangingfrom 0 pixels (blue) to 255 pixels (white). 
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d) 1=125 ns, Amplification =10.5 

Fig. 5.3a-f. Expansion ofCII. 

d) t=75 ns, Amplification =3.5 

Fig. 5.4a-f. Expansion ofCIII. 

b) t=25 ns, Amplification =2.0 

e) t=J75 ns, Amplification =13.5 

b) t=25 ns, Amplification =2.0 

e) t= 100 ns, Amplification =6. 0 
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c) t=75 ns, Amplification =4.5 

f) t=225 ns, Amplification =13.5 

c) t=50 ns, Amplification =3.0 

f) t=l25 ns, Amplification =6.0 



d) t=75 ns, Amplification=6.5 
Fig. 5.5a-f. Expansion ofCJV 

b) t=25 ns, Amplification=2.0 

e) t=JOO ns, Amplification=8.0 

c) t=50 ns, Amplification=4.0 

.f) t=l25 ns, Amplification=8.0 

Fig. 5.6. Single colour image ofCI!where laser Fig. 5.8. t=75 ns. Low irradiance. A small 
amount ofCII is formed. Scale as jig. 5. 7. beam hits a track (not to scale). 

a) t=JOOns 
Fig. 5. 7a-b. Multi-colour images with the Cassegrainian telescope moved fUrther 
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5.2 Spectroscopic studies of the plasma 

Using the set-up described in Section 4.2, with the monochromator kept at a constant 
wavelength, time-resolved studies were done. Four different spectral lines were 
studied, each representing a species of the ions, at seven distances, z, from the target 
(z= 1, 5, 10, 15, 20, 25 and 30 rnm). The wavelengths used were CI: 538 nm, 
CII: 427 nm, CUI: 465 nm and CIV: 581 nm. Typical oscilloscope recordings of CIV 
are shown in Fig. 5.9 below. 
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'ti 20 
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:§10 
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35 b) 
~ 30 
"§ 25 

.e 20 ., 
:;; 15 

"@ 10 

] 5 
0~~--+--4--~--~~--+-~ 

-50 0 50 100 150 200 250 300 350 

Time(ns) 

Fig. 5.9a-b. Oscilloscope trace ofCJV at a) z=JO mm and b) z=30 mm. 

The figures show the time dependence of line intensities emitted from a small part of 
the plasma at 10 rnm and 30 rnm from the target. The first peak is due to the spark, 
which emits continuous radiation. Ideally, this peak should only exist very close to the 
target surface. However, due to light scattering, it also appears on the time profiles 
further away from the target. The second peak shows the time profile of the ion 
species under investigation. As expected the distance between the two peaks increases 
further away from the target, since the time between the plasma formation and ion 
observation is longer. The relative intensities of the two peaks change with increasing 
target distance, the emission from the spark becoming more dominant close to the 
target. 

The intensities emitted by the different ions at z= 5, 10, 15, 20 and 30 rnrn are shown 
in Fig. 5.10a-d. The generation of the spark is used as a time reference and is put to 
zero on the time axis. The intensity of. each species is scaled to unity at z=5 rnm. At 
this distance the most highly ionized ion, CIV, is the frrst to reach its maximum (at 
28ns), followed by CUI (34ns) and CII (at 38ns). The slowest one is CI (at 42ns). 
With increasing target distance the duration of each ion species increases. This can be 
understood from the broadening of the peaks. 
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Fig. 5.10a-d. Time dependence of the line intensities emitted by the different ion species. 

The variation of the peak intensity as a function of the target distance is shown in Fig. 
5.11. Scaling of the intensities has been done by setting the intensity equal to unity at 
z= 1 mm. CI has not been included here, since its spectral line is very weak. Close to 
the target its intensity profile is 
dominated by the continuous 
enusswn from the spark, 
making the measurement of the 
maximum intensity unreliable at 
z=1 mm. The figure shows how 
the maximum intensity 
decreases further away from the 
target. This is partially due to 
the expansion of the plasma and 
partially due to recombination. 
The intensity of CIV decreases 
the fastest, followed by CIII 
and CII. From the images 
shown in Fig. 5.3-5.5 it is clear 
that the higher ion species have 

0.8 
.£ 0.7 
~ .€ 0.6 
"' 0.5 
~ 0.4 
.8 0.3 

0.2 

CIV 

o;t_ __ ~--~--~~~~~~ 
0 5 10 15 20 25 

Target distance,z, (mm) 

Fig. 5.11. Comparison of the decrease in intensity 
between the different ion species. 

30 

a smaller spread as they expand. It would therefore be expected that the intensity 
decreases faster for low ionization stages. Since this is not the case here, we have 
interpreted the results to show that the recombination rates are the highest for CIV 
followed by CJIT and CII, respectively. 
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By plotting the distance to the target as a function of the time of the maximum 
intensity we can estimate the ion velocity. This is done in Fig. 5.12a-d. 
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Fig. 5.12a-d. Target distance as a function of the time of maximum intensity for the different 
ions. 

Straight lines approximate the ion velocities and the values in Table 5.2 are obtained. 

Line 

CI-538nm 
Cll-426nm 
CITI-465nm 
CIV-581nm 

Table 5.2. Calculated ion velocities. 

Ion velocity 
(cm/s) 

2.5*107 
2.9*107 

3.0*107 

3.3*107 
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5.3 Calculation of electron temperatures 

As described in Section 3.2 the population densities of the ground state ions or atoms 
of charge z, can be related to the population densities of ions of charge (z+ 1), by 
Saha's equation (Eq. 3.3). This equation is valid provided the plasma is in LTE. From 
this equation an expression for the intensity of a spectral line can be derived [ 17, 18]: 

(5.1) 

The plasma depth is the distance between two points, on either side of the incoming 
laser light, where the intensity is half of the maximum intensity. A is the transition 
probability. Values from Atomic Transition Probabilities [19] have been used. The 
statistical weight of the upper energy state of the transition is denoted by (gp)z. The 
electron temperature can be calculated by comparing the intensity of two spectral lines 
from the same ion. However, for Eq. 5.1 to be valid the upper energy state (p) of the 
transition has to be in L TE with the ground state of the next ion. The L TE model 
assumes that collisional excitation and de-excitation dominate over radiative processes, 
and therefore determine the population distribution. If this condition is fulfilled each 
small volume of plasma will obey the Boltzmann distribution for the energy states 
within one ion, and the Saha equation for the relative populations among the ionization 
stages. Hence the name local thermal equilibrium arises. This requires that the electron 
density satisfies the following relation [9]: 

(5.2) 

Both Te and X(p,q) are in eV, and ne is in cm-3. X(p,q) is the energy gap between the 
upper state (p) and the lower state (q) between which the transition occurs. It is 
reasonable that the higher bound states should be in L TE with the free electrons since 
these states, besides being coupled to each other by collisional excitation and de
excitation, are coupled to the free electrons by collisional ionization and three-body 
recombination [20]. 

Assuming that the L TE model is valid, the electron temperature can be determined 
with the spectra obtained using the experimental arrangement described in Section 4.2. 
This was done using two spectral lines from CII, 1..,1 =426. 7 nm and ~=589 .1 . nm. 
Using Eq. 5.2, the ratio between the intensities can be written: 

(5.3) 

This expression can be used for the determination of the electron temperature. The 
quantum efficiency of the detector (q), but not the spectral transmission of the lens 
system, has been taken into account. The following values were taken from Atomic 
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Transition Probabilities [19]: (gp1)=14, (gp2)=6, A1=2.46*108 s-1, A2=0.337*108 s-1, 
x1=3.432 eV and x2 =4.232 eV. The quantum efficiency was q1 =0.25 and q2=0.025. 

Using the spectra in Appendix B, the electron temperatures in Table 5.2 below were 
calculated. 

Target distance Time Electron temperature 
(mm) (ns) (eV) 

3 50 0.94 
3 150 0.55 

10 50 0.80 
10 400 1.0 
20 100 0.61 

Table 5.2. Calculated electron temperatures at different times and target distances. 

It should be emphasised that the values for the electron temperatures are only valid 
provided the LTE model can be used. In our case, with X(p,q)~3eV and Te~ leV, the 
condition on the electron density becomes ne;;:::1Q15cm-3. 

Close to the target, at a distance equal to the radius of the focal spot (rr0.05mm), the 
maximum electron temperature is achieved (see Section 3.5). According to Eq. 3.5, 
with our conditions, Te max is in the order of 200 keV. 

5.4 Conclusion 

A laser-produced carbon plasma has been studied in this diploma thesis. Two
dimensional images were obtained using a multi-colour imaging system and spectral 
studies were done with the use of a monochromator. Shapes, ion velocities and time of 
appearance have been studied for the different ions. The results show that the higher 
ion species have a smaller spread as they expand, a higher ion velocity and appear 
earlier than the less ionized species. Despite these differences the different ions are not 
very well separated spatially and temporally. The study included the ions CII, CUI and 
CIV. Studies of CI used a very weak line. Therefore this ion has only been included 
where the results are reliable. Electron temperatures in different parts of the plasma 
have been calculated. However, these are only correct provided that the LTE model is 
applicable. 
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Appendix A - Table of carbon spectral lines 

Wavelength Ion Intensity 
(nm) (arb. units) 

405.721 C III 150 
406.909 C III 200 
407.006 C III 250 
407.141 C III 250 
407.567 C II 250 
407.700 C II 350 
416.403 C III 150 
418.808 C III 250 
426.820 C II 800 
426.846 C II 1000 
432.678 C III 200 
464.872 C III 600 
465.155 C III 520 
465.277 C III 375 
465.960 C IV 200 
466.717 CIII 200 
477.308 c I 200 
493.343 c I 200 
494.526 c v 5 
494.594 c v 5 
505.358 c I 200 
513.437 c II 350 
513.471 c II 350 
514.492 c II 350 
514.659 c II 570 
515.252 c II 400 
538.184 c I 300 
564.964 c II 250 
566.404 c II 350 
569.750 C III 450 
580.294 C IV 250 
581.359 C IV 200 
582.804 C III 150 
589.140 C II 570 
589.322 C II 350 
600.279 c I 200 
600.769 c I 250 
600.884 c I 110 
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Appendix B - Carbon spectra 
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Fig. Bla-e. Carbon spectra at various times and distances from the target. 
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Spectra used for electron temperature calculations. The voltage over the photomultiplier has 
been raised at 500 nm, increasing the sensitivity by the factor given in the figures. 
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