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Abstract

Recently prepulse techniques such as dual-pulse laser-induced breakdown
spectroscopy (DP-LIBS) have emerged as commonly used analytical tech-
niques for qualitative and quantitative elemental investigations in various
research fields and disciplines such as industrial, defense and medical appli-
cations.

The performance of the DP-LIBS technique is strongly dependent on the
choice of the experimental conditions. The key parameters that affect its
performance are the target properties, laser wavelength, pulse duration, en-
ergy and spot-size, interpulse delay times, delay time of observations, ambient
background gas pressure and geometrical setup of the optics. The DP-LIBS
approach provides significant enhancement in the intensities of emission lines
and their lifetimes, up to two orders of magnitude greater than conventional
single pulse laser induced breakdown spectroscopy.

The aim of the work presented here is to further advance prepulse tech-
niques, as well as other methods to control species density, with a view to
optimise emission in the visible wavelength range. In particular, a new tech-
nique involving reheating the stagnation layer formed at the collision front
between two (or more) colliding plasmas is explored. Spatially and tempo-
rally resolved imaging and spectroscopy of the interaction region between
two colliding plasmas are employed to demonstrate for the first time that
pumping of an optimised stagnation layer significantly increases the inten-
sity emission and duration of selected spectral lines. This technique offers
the promise of tunable density and tunable energy (temperature) plasmas. It
will potentially increase both the lifetimes and intensities of spectral lines in
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laser produced plasmas by creating relatively low density - high energy plas-
mas which can overcome the problem of flux loss due to opacity, which leads
to the attenuation of discrete emission lines with a concomitant reduction
in line contrast, signal-to-noise ratio (SNR) and signal-to-background ratio
(SBR). The latter is a key parameter in determining the limit-of-detection
(LOD) of the LIBS technique. Other applications of stagnation layers in-
clude the development of ’target fuel’ for Extreme UltraViolet (EUV) and
X-ray light sources with an especial emphasis on generating high repetition
rate, preheated droplet-like targets that can compete with the current liquid
drop targets. The latter suffer from clogging at the jet nozzle due to adia-
batic expansion freezing. Also, unlike stagnation layers the basic parameters
of the droplet fuel cannot be easily varied in the way that stagnation layers
allow.
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Chapter 1

Fundamentals of Colliding
Laser Produced Plasmas

1.1 Orientation

Since the development of high power lasers in the 1960s, the plasmas pro-
duced by focussing a laser beam onto a solid target have been the subject of
intense research [1]. This research is fuelled both by the fundamental physics
interest in laser-solid/laser-plasma/plasma-plasma interactions, and also by
more recent applied requirements including the quantitative elemental anal-
ysis of samples [2].

A further development in the field is the interaction of plasmas expanding
into other plasmas, of which there has been renewed interest in recent years.
Fundamental research in the area is active. For example, Harilal et al. [3]
have studied the spatial and temporal expansion dynamics of colliding laser
produced magnesium plasmas and later Atwee and Kunze [4] studied the col-
lision of boron nitride laser-produced plasmas. Yeates et. al. [5] performed
a charge resolved electrostatic study of colliding copper plasmas, Dardis [6]
performed time resolved imaging and spectroscopy studies, and Ross et. al.
[7] measured the plasma ion and electron temperatures of the interaction re-
gion, and compared the results with various simulations. These simulations
generally use either particle-in-cell (PIC) [8] simulations for weakly interact-
ing plasmas, or treat the system as fluids [9] for more collision dominated
interactions. When plasmas collide, they do not merge and decay in a simple
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manner; instead the interaction can vary from interpenetration to full stag-
nation, i.e. a rapid deceleration of plume material at the collision plane that
lies between the two plasmas.

Apart from the obvious astrophysical interest [10], colliding plasmas have
been shown to have useful applications in areas such as pulsed laser deposition
(PLD) [11], indirect drive inertial confinement fusion hohlraums [12], X-ray
lasers [13], Extreme Ultraviolet (EUV) / X-ray sources for lithography [14],
[15], microscopy and radiography [16], [17], thin film deposition, analytical
spectroscopy and electron/ion beam generation [18].

A further potential application is in the quantitative elemental analysis of
samples. Much work has been done to improve the sensitivity of the laser
induced breakdown spectrosocopy (LIBS) technique; in particular the intro-
duction of a second pulse to overcome the sensitivity shortcomings of the
conventional single pulse technique [19]. The dual pulse (also known as
double-pulse, the terms will henceforth be used interchangeably) technique
offers better coupling of the laser pulse to the target and to ablated material
leading to more efficient production of plasma species in an excited state,
resulting in enhanced line intensities [20].

The aim of the work reported herein is to introduce an enhancement of the
dual pulse technique to further increase line intensity emissions by use of the
stagnation layer (SL) between two colliding plasmas as the initial plasma,
or “fuel” to be reheated by a second, time synchronised laser pulse. Key
initialisation parameters of the SL were studied to optimise conditions in
the fuel plasma, so that coupling of the laser energy could be increased and
emission intensities optimised.

1.2 Plasma Definition

Plasma is matter in a state of partial or complete ionisation. It is a gas-like
assembly of electrons, ions and (usually, but not necessarily) neutral atoms
with overall electrical neutrality throughout the lifetime of the plasma, i.e.

ne =
∑
z

nzz (1.1)
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where ne is the electron density and nz is the density of ions of charge z [21].
This assembly of particles must have a “collective response” to perturbing
agents in order to be defined as plasma. A collective response will occur when
a perturbed charge carrier (e.g. ion) has an effect on its near neighbours
which will in turn affect their near neighbours resulting in a response from a
considerable number of Coulombically coupled particles. However, the strong
and long-range Coulombic forces between individual charge carriers must be
screened by surrounding charged particles so that a localised charge does not
play a significant role ensuring that collective influences dominate. A range
must be defined, and it is normally taken to be the distance beyond which
the electric field of a charged particle is shielded by particles having charges
of the opposite sign and is known as the Debye length λD

λD =

√
ε0kbT

nee2
(1.2)

where ε0 is the permitivity of free space, kB is Boltzmann’s constant, T
is the plasma temperature and e is the electron charge. The “collective
response” requires a substantial amount of plasma respondents, defined by
the geometrical size of the plasma, i.e. the length L� λD [21]. Furthermore
there must be at least one single charged particle closer than the Debye
length to every other charged particle, i.e. the number of particles within
the “Debye sphere” must be greater than unity:

ND =
4πne

3
λ3D � 1 (1.3)

The most important collective response of plasmas is the wavelike motions
which are superimposed onto the random motions of individual particles.
The electron wave plays a fundamental role in many plasma interactions
(including laser-plasma interactions) and oscillates at the plasma frequency
ωp

ωp =

(
nee

2

meε0

)1/2

(1.4)

where me is the electron mass. The plasma frequency plays a critical role in
the laser-plasma interaction, which will be discussed in subsection 1.3.2.
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1.3 Laser Produced Plasma Formation

Laser produced plasmas (LPPs) are formed when high intensity laser light
is tightly focused onto a solid (or any other state of matter) target. The
properties of the plasmas produced depend on array of factors including
laser pulse duration, wavelength and energy, as well as focused spot size and
pulse shape. Equally important are the properties of the target material
such as target geometry, atomic weight of the constituent elements, density,
surface reflectivity, conductivity, melting and boiling points. In the current
context high intensity laser light is defined as laser pulses delivered in a
few nanoseconds (typically ≈ 10 ns) with energies between 0.1 and 1 Joules
focused to a spot size of diameter of ≈ 100 µm. The irradiance achieved
typically lies in the range of 1010−1012 Wcm−2. The laser produced plasmas
so formed typically have:

� High expansion velocities (ion velocities of ≈ 106 − 107 cms−1).

� High temperature (electron temperature Te up to 100 eV ).

� High density (electron densities ne of ≈ 1018 − 1021 cm−3).

� Relatively high degree of ionisation, up to 20 times ionised (depending
on factors mentioned above).

The formation of these plasmas can be divided into three distinct regimes:

1. The initial interaction of laser light with the target material, causing
heating, melting and evaporation.

2. The interaction of laser light with the evaporated material as well as
an isothermal expansion, perpendicular to the surface of the target.

3. An expansion of the plume which can be described using various mod-
els, e.g. adiabatic or isothermal, shockwave, drag etc. [22].

1.3.1 Laser-Matter Interaction

As stated above, the properties of plasmas created by the interaction of
laser light with a solid target vary with laser intensity, pulse duration, laser
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wavelength, focussing conditions and the material in question. Figure 1.1
shows a schematic of the interaction; the blowoff plasma produced will exhibit
a high temperature and relatively low density, while the shock generated by
the ablation pressure moves inward leaving material behind the shock front
at a relatively low temperature and higher than solid density [23].

Figure 1.1: Schematic representation of the interaction of a high power laser
pulse with a solid target [23].

The first stage of the interaction to be considered is the heating of the solid
surface of the material. The phase transition of the surface from solid to
liquid is important as there is a change in the refractive index of the material,
which, for metals, leads to an increase in the rate of heating by the laser
pulse. When the boiling point of the material is reached evaporation occurs,
causing a vapour to form in front of the surface of the material. The vapour
continues to grow and its density and size become sufficient to further increase
the rate of absorption of the incident laser light. When evaporation occurs
the ablation pressure increases, due to the recoil on the surface from the
departing particles. The shock front due to this ablation pressure travels into
the material compressing and heating it further. As the temperature of the
material continues to increase a significant number of atoms will be ionised
due to collisions, producing free electrons which increase the laser energy
absorption rate, via inverse bremsstrahlung (IB, subsection 1.4.3) absorption
[21]. The ablated vapour density and ablation depth remain low.
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At higher pulse intensities multi-photon ionisation (MPI) of the vapour will
produce seed electrons to form a weakly ionised low density plasma - it is
these electrons that seed the IB process and it is IB that is then the main
driver for the laser plasma formation phase discussed in the next sub-section.

1.3.2 Laser-Plasma Interaction

Once a plasma is present, the dominant form of absorption of the laser energy
is by inverse bremsstrahlung within the plasma. The absorption coefficient
K is given by [23]:

K = 25e4
(

2c2π

kbme

)3/2
z2n2

enclnΛ

ωL

(
ω2
L − ω2

p

)−1/2
(1.5)

where e is the charge of the electron, c is the speed of light in vacuum, kb
is Boltzmanns constant, me is the mass of the electron, nc is the critical
density for the laser pulse wavelength (see equation 1.10), ne is the electron
number density, z the degree of ionisation of the ions in the plasma, ωL is the
frequency of the incoming laser pulse radiation, lnΛ is the Coulomb logarithm
(equation 1.6) and ωp is the plasma frequency. The Coulomb logarithm is
given by:

lnΛ = ln

(
λD
`min

)
(1.6)

where λD is the Debye length and `min is the minimum impact parameter
(equation 1.7, or equation 1.8 if `min is less than the deBroglie wavelength
of the electron), defined as the classical distance of closest approach between
an electron and an ion. This is unitless and generally between 5 and 10 for
LPPs [21].

`min =
kbTe
Ze2

(1.7)

`min =
~

(2mekbTe)1/2
(1.8)

Electrons absorbs photons by inverse bremsstrahlung very efficiently in a
plasma (especially in the infrared), even with a relatively low density of free
electrons, making it difficult to effectively couple energy to the target surface
[24]. However, as the plasma expands and density decreases, the laser field
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can once again penetrate through the plasma plume to reach the hot target
surface so that further ablation occurs until the plasma again becomes the
primary absorber of laser energy. The plasma continues to absorb laser light,
increasing the plasma density until the plasma frequency is reached and once
again the laser radiation is reflected. The plasma then expands, the density
drops, the laser field can once again penetrate the plasma plume to reach
the target surface and so the cycle begins again, resulting in a dynamic “self-
regulation” of the ablation process.

The frequency of a laser propagating into a plasma is related to the plasma
frequency by [21]:

ω2
L = ω2

p + c2k2p (1.9)

where ωL and ωp are the laser frequency and plasma frequency respectively,
c is the speed of light and kp (= 2π/λ, λ = optical (laser) wavelength) is
the laser optical propagation constant, which must be real (i.e. ωL > ωp)
in order for the laser pulse to propagate into the plasma. When parity is
reached, the value for the propagation constant becomes imaginary and the
light is reflected away. An increase in density causes this limit to be reached,
since ω2

p ∝ ne (see equation 1.4); the density limit is known as the critical
density nc. Combining equations 1.9 and 1.4 it can be seen that the critical
density at which the propagation constant becomes imaginary and the wave
is reflected away (i.e. shielded), is given by

nc =
4π2c2ε0me

e2
× 1

λ2L
(1.10)

Looking again at the equation for the absorption coefficient K (equation 1.5)
it can be seen that at low electron densities K is proportional to 1

ω2
L

. As

ne ⇒ nc, ωp ⇒ ωL, leading to maximum absorption in the regions of the
plasma where ne ≈ nc. Apart from optimising the laser frequency and the
density, the one other controllable parameter that can affect the absorption
of laser energy is the degree of ionisation of the ions in the plasma, such that
K ∝ z2.
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1.3.3 Plasma Expansion

While the laser pulse is present, the plasma can be defined as being isother-
mal, i.e., the rate of thermal generation via IB and collisional excitation is
greater than or equal to the rate at which heat is being lost to its surroundings
(via radiative processes). During this short time period, the plume dimen-
sions remain small and so the temperature is relatively uniform (isothermal)
across the plasma. The change in dimensions of the plasma is well described
by the equation for isothermal expansion [25],

X(t)

(
1

t

d2X

dt2
+
d2X

dt2

)
= Y (t)

(
1

t

d2Y

dt2
+
d2Y

dt2

)
= Z(t)

(
1

t

d2Z

dt2
+
d2Z

dt2

)
=
kbT

m
(1.11)

where T is the plasma temperature, kb is Boltzmanns constant, m is the mass
of the particle, and X(t), Y(t) & Z(t) are the plume dimensions as a function
of time. The equilibrium that pertains during this phase is described as
collisional-radiative (section 1.5.2), i.e., energy gain by collisions is balanced
by energy losses due to radiation.

When the laser pulse terminates, the plasma plume expands into the vacuum
and cools. The plume can be described by the adiabatic expansion model
of Singh and Narayan [25]. The model treats the laser-produced plasma as
an ideal gas at high pressure and temperature which is initially confined
to small dimensions and is suddenly allowed to expand into vacuum. The
expansion velocities of the plasma are related to its initial dimensions, the
initial temperature, and the atomic weight of the species and can be described
by the following equation of motion [25],

X(t)
d2X

dt2
= Y (t)

d2Y

dt2
= Z(t)

d2Z

dt2
=
kbT0
m

[
X0Y0Z0

X(t)Y (t)Z(t)

]γ
− 1 (1.12)

where X0, Y0, Z0 are the initial values of X, Y and Z which are the plume
dimensions at time t; T0 is the temperature after the isothermal expansion
phase and γ is the ratio of the specific heat capacities at constant pressure
and constant volume, i.e. the adiabaticity parameter. The model of an
adiabatic process (i.e. rapid expansion and no transfer of energy between
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the plasma and it’s surroundings) fits nicely to the free-expansion of LPPs
in vacuum. As the plasma begins to expand into vacuum the velocity of the
electrons far exceeds that of the ions, due to the relative mass difference.
The electrons travel at the front of the plume and begin to accelerate away
from the bulk of the plasma leaving the ions behind. This causes a strong
electric potential to be created between the two species fronts, a so-called
ambipolar field. The Coulombic force due to the fast-electrons acting on
the ions accelerate the heavy ions away from the target, while the ions tend
to slow down the expansion of the electrons [26]. Plume front velocities in
the order of 106 cm/s have been recorded [6] using initial laser and plasma
parameters similar to the ones studied in this work.

1.4 Atomic Processes in Plasmas

There are various methods for the classification of atomic processes in a
plasma. The major processes to be discussed in this section are listed in table
1.1 below; these are the processes which determine conditions of interest for
the plasmas studied here. Note that stimulated emission is not included, since
it is unlikely to occur in the plasmas of interest here, although laser plasmas
are important UV and X-ray laser sources [27]. Of the twelve processes
listed, six are excitation processes and the other six are their inverse de-
excitation processes. They are divided into three distinct categories: bound-
bound, bound-free and free-free. Each process has been further described to
be either collisional or radiative, depending on the main method of energy
transfer involved in the process. Each of the three classes of transitions along

Table 1.1: Classification of the main atomic processes in a laser-produced
plasma (B 
 B: bound-bound, B 
 F : bound-free, and F 
 F : free-free)

Process Excitation De-Excitation Type
B 
 B (i) Impact Excitation (ii) Impact De-Excitation Collisional

B 
 B (iii) Photoabsorption (iv) Spontaneous Decay Radiative

B 
 F (v) Impact Ionisation (vi) 3-Body Recombination Collisional

B 
 F (vii) Photoionisation (viii) Radiative Recombination Radiative

F 
 F (ix) Bremsstrahlung - Collisional

F 
 F - (x) Inverse-Bremsstrahlung Radiative

B 
 F (xi) Autoionisation (xii) Dielectronic Recombination Special

9



with their relative importance will be discussed in the following sub-sections,
and each of the processes will be listed and discussed individually according
to their class.

1.4.1 Bound-Bound Processes

When an electron occupying a discrete energy level in an atom or ion is
promoted or demoted to another discrete energy level during a collision with
another electron or by the absorption or emission of a photon, the transition
is known as a bound-bound process. Two of the four bound-bound processes
mentioned in table 1.1 are excitations and two are de-excitations. Likewise
two are collisional and two radiative.

(i) Electron impact excitation occurs when a free electron that moves
near an ion loses energy by inducing a transition of a bound electron from a
lower to a higher state. (ii) Electron impact de-excitation is the inverse

Figure 1.2: (a) Electron impact excitation and (b) de-excitation

of electron impact excitation. This process occurs when an electron moving
near an excited ion induces a downward transition from an upper to a lower
electronic state. The electron carries away the excess energy.

(iv) Spontaneous decay occurs when an excited ion decays to a lower
(ground or excited) state, emitting a photon with energy equal to the dif-
ference in energy states. There is no interaction with any other particle or
field.
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Figure 1.3: (a) Spontaneous decay and (b) resonant photoabsorption

(iii) Resonant photoabsorption is the inverse of spontaneous decay, and
occurs when a photon having energy equal to the difference between two
states is absorbed from the radiation field, inducing a transition from lower
to higher state.

1.4.2 Bound-Free Processes

A bound-free process is said to have occurred when an ion absorbs enough
energy to eject one of its bound electrons into the continuum and increment
its ionisation state by one, or an electron in the continuum loses energy
and falls into a discrete energy level of an ion thereby reducing its ionisation
state by one. We will look at four bound-free atomic processes, three of these
are collisional and three are radiative. Both autoionisation and dielectronic
recombination are special cases, and will be addressed separately.
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(v) Electron impact ionisation occurs when a free electron interacts with
an ion, knocking out a bound electron into the continuum.

Figure 1.4: (a) Electron impact ionisation and (b) three-body recombination

(vi) Three-body recombination, also called electron impact recombination
is the inverse of electron impact ionisation. This process occurs when two
free electrons enter at the same time into the volume of an ion. One of the
electrons is captured into an electronic state of the ion, and the second carries
away the extra energy.

(vii) Photoionisation is a bound-free radiative excitation process, in which
an absorbed photon moves a bound electron into the continuum, thereby
ionising an atom, or increasing the ionisation state of an ion.

Figure 1.5: (a) Photoionisation and (b) radiative recombination

(viii) Radiative Recombination occurs when an electron is captured into
an electronic state of an ion, with the extra energy emitted as a photon.

12



1.4.3 Free-Free Processes

There are two processes in this category; bremsstrahlung is collisional and
inverse bremsstrahlung is radiative. Free-free transitions are associated with
the loss or gain of energy by an electron in the field of an ion. Both are
photon-electron interaction processes and are extremely important in laser-
produced plasmas. Inverse-Bremsstrahlung is the most important method of
plasma heating by radiation relevant to this work, and Bremsstrahlung is the
main contributing factor to the continuum radiation observed in hot plasma
spectra, one of the limiting factors in optimising the signal-to-background
ratio (SBR) for an emission line and hence the limit-of-detection in LIBS.

(ix) Bremsstrahlung, which is German for braking radiation occurs when
an electron in the vicinity of an ion is accelerated by the Coulomb field of
the ion, emitting a photon.

Figure 1.6: (a) Bremsstrahlung and (b) inverse bremsstrahlung

(ix) Inverse bremsstrahlung, is the inverse of the above process. An
electron that moves near an ion absorbs a photon from the radiation field.
Due to it’s importance in laser plasmas in general and in the reheating process
in particular, this process is discussed in greater detail in section 1.3.2.

1.4.4 Special Case Bound-Free Processes

The final two processes are bound-free, but are called special cases since the
processes are slightly different from the other bound-free processes outlined so
far. These differences will become apparent as the processes are introduced.
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(xi) Autoionisation begins with a doubly excited ion in the initial state,
in which two electrons are in excited shells. These states are formed when
electrons or high energy photons are resonantly scattered by atoms or ions.
These states are unstable against ionisation and so one of the electrons decays
rapidly to a lower state, mostly the ground state, while the second takes its
energy and is emitted into the continuum. Autoionisation can occur only if
the resonant photon energy and hence the autoionising state energy is higher
than the ionisation energy of the ion [28].

Figure 1.7: Autoionisation (a) and (b) dielectronic recombination

(xii) Dielectronic Recombination begins with the inverse of autoionisa-
tion. A free electron is captured into an ionic excited state, and the excess
energy is used to promote a bound electron into an excited state, thereby
resulting in a doubly excited ion. The second step in the process involves
the doubly excited ion decaying either radiatively or by autoionisation, as
represented in figure 1.7 above.

1.5 Equilibrium in Plasmas

A plasma can be said to be in Complete Thermodynamic Equilibrium (CT)
if

1. The radiation intensity distribution as a function of frequency and tem-
perature is given by the Planck formula.

2. All particles have a Maxwell velocity distribution.
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3. The population distributions are given by the Boltzmann relation:

Na

Nb

=
ga
gb
× exp

(
Eb − Ea
kbTe

)
(1.13)

where Na, Nb, ga, gb, Ea & Eb are the populations, statistical weights
and energy levels of the states labelled a and b.

4. The ratio of ions of charge (Z) to those of charge (Z-1) is given by the
Saha equation [29]. The Saha equation is given by:

Nzne
Nz−1

= 2(
2πmekbTe

h2
)3/2 × exp

(
χz−1,a
kbTe

)
× gz
gz−1

(1.14)

where Nz and Nz−1 are the ion stage populations, and gz and gz−1 are
the statistical weights associated with levels within these ion stages,
and χz−1,a is the ionisation potential of the ion charge z-1 in its ground
level a.

However, it is rare that a laboratory plasma approaches a state of CT equi-
librium. CT requires the plasma to be optically thick such that radiation
cannot escape from the plasma volume. The fact that most plasmas are
radiating at a broad range of wavelengths means that the optically thick cri-
terion cannot be fully met and so rigorous CT cannot be reached. Models
with less stringent validity requirements have been developed, and the three
most commonly used models in plasma physics are:

1. Coronal Equilibrium (CE)

2. Collisional Radiative Equilibrium (CRE)

3. Local Thermodynamic Equilibrium (LTE)

1.5.1 Coronal Equilibrium

Coronal equilibrium (CE) is used to describe low density (ne ≤ 108cm−3),
optically thin plasmas. Most ions reside in the ground state, and collisional
de-excitation can be completely ignored. The plasmas described by CE oc-
cur often in the extended low density portion of a laser produced plasma
plume. Photoionisation and photoexcitation rates are very low, and hence
spectroscopic techniques are not suited to these plasmas.
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1.5.2 Collisional Radiative Equilibrium

Collisional radiative equilibrium is applicable to the intermediate density
regime, which includes electron collision processes causing transitions be-
tween excited state levels. A Maxwellian electron velocity distribution is
applied to CRE, and the plasma is assumed to be optically thin. In a LPP
model developed by Colombant & Tonon [30] based on CRE theory the ion-
isation balance equation is given by the expression:

nz+1

nz
=

S(z, Te)

αr(z + 1, Te) + neα3b(z + 1, Te)
(1.15)

where S(z,Te) is the collisional ionisation coefficient, αr(z+1, Te) is the radia-
tive recombination coefficient and α3b(z+1, Te) is the three-body recombina-
tion coefficient, each of which are functions of the charge state (z), electron
temperature (Te), ionisation potential (χz) and the number of open shell
electrons.

The solution to this model can be determined for all charge states for a given
electron density and temperature to give the ion fractions of a plasma as a
function of Te. Figure 1.8 shows the calculated ion fractions for a Sn (tin)
plasma, as studied in chapter 4. A fixed electron density (ne) was used,
corresponding to 90% of the critical density (nc) for a 1064 nm wavelength
laser pulse (see equation 1.10), and the ionisation potentials were calculated
using the Cowan code [15]. It can be seen at the extreme left of the graph
(i.e. at low temperatures) that the fraction of neutral atoms is high, and
as the temperature increases this fraction decreases sharply as the fraction
of singly ionised tin increases sharply, and so on. Heavier elements initially
have lower ionisation potentials, and so produce higher charge states in the
plasma.
The model also relates laser pulse parameters to the electron temperature
(Te) and the average charge number (z) if high electron densities are present:

Te ∼= 5.2× 10−6A1/5[(λ2I(W/cm2)]3/5 (1.16)

If Te>30 eV

z ∼=
2

3
[zTe]

1
3 (1.17)
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Figure 1.8: Sn ion fractions as a function of electron temperature (Te), using
the Colombant & Tonon CR model

where A is the atomic number of the element under consideration, λ is the
incident wavelength in µm and I is the laser irradiance. The validity of the
CRE model begins to fail as electron density increases, and a more general
model is required.

1.5.3 Local Thermodynamic Equilibrium

Collisional processes dominate over radiative ones in a plasma in local ther-
modynamic equilibrium (LTE) [28], and so the plasma must have a high
electron density so that the collision frequency is high. In complete ther-
modynamic equilibrium all particles and fields are in mutual equilibrium;
however in LTE the electrons and ions are in equilibrium with each other
but the photons are not. A large proportion of radiative emission occurs in
comparison with photoabsorption, leading to energy losses to the surround-
ings. Therefore, the radiation spectrum is no longer described by Plancks
Law. In order for LTE to hold, the rate of collisional processes must be
much higher than the rate of radiative processes, minimising the amount
of energy lost to the surroundings. All particles in LTE can be described
by a Maxwellian velocity distribution, a Boltzmann population distribution
within each ion stage and a Saha ionisation balance.
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McWhirter [31] derived the relationship between electron temperature and
electron density for which LTE is said to hold:

ne ≥ 1.6× 1012T 1/2
e (Eb − Ea)3cm−3 (1.18)

where Ea and Eb refer to the states of interest and are measured in electron
volts.

Figure 1.9: Electron density and temperature ranges for applicability of LTE,
CE and CR models [30]

Each model and its region of validity in terms of electron densities and tem-
peratures is displayed in figure 1.9. Approximate conditions of plasmas gen-
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erated by Nd:YAG and CO2 lasers are also illustrated here. For a Nd:YAG
laser plasma the following approximations can be stated:

1. The LTE model applies to ionisation stages z<10.

2. The CE model applies for high z stages (z>30).

3. The CRE model generally applies to z stages between both of the above.

1.6 Colliding Plasma Systems

When two counter propagating laser-produced plasmas collide there are two
extremes of interaction. If these so-called seed plasmas have a large relative
velocity and low density at the collision plane the plasma plumes will tend
to interpenetrate. On the other hand, when the relative velocities between
the plasmas is small, plasma constituents will tend to decelerate abruptly at
the collision plane, forming a so-called stagnation layer. As time progresses,
compression of the material within the stagnation layer will yield a significant
increase in the local temperature and density [6].

When there is a moderate degree of interpenetration, i.e., when the ion -ion
mean-free path (MFP) is larger than the typical dimensions of the system
[32] (usually taken as the separation of the seed plasma plumes), the heating
process is mainly driven by the internal collisions between ions in each of
the individual seed plasmas. This regime is known as soft stagnation; on the
other hand, hard stagnation occurs when the ion-ion mfp is small compared
to the distance between the two seed plasmas. The two plumes decelerate
rapidly, little or no interpenetration occurs, and the interaction is dominated
by collisions between ionic species from each of the opposing seed plasmas.

To help determine which stagnation regime to expect, the collisionality pa-
rameter [33, 34, 32]

ζ = D/λii (1.19)

is used, where D is the separation between the two seed plasmas and λii is
the ion-ion mean free path (MFP) given by [34],

λii(1→ 2) =
m2
i v

4
12

4πq4z4nilnΛ1→2

(1.20)
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where mi is the ion mass, v12 is the relative plasma flow velocity, q is the
elementary charge, z is the average ionisation state of the plasma, ni is the
plasma density at the collision plane and lnΛ1→2 (see equation 1.6) is the
so-called Coulomb logarithm (all in SI units). The contribution from ion-
electron collisions is ignored because the ion-electron MFP is usually much
larger than ion-ion MFP for medium z plasmas (due to the high dependence
on charge state z), especially for laser produced plasmas (LPPs) of density
1016 − 1019 cm3, as is the case in the stagnation layers of interest here [33].
Hough et. al. [35] noticed the relatively early stagnation of high densities
of electrons, attributable to the effects of space-charge separation; hence the
effects of electron stagnation would need to be accounted for in any more
complete model of stagnation layer formation.

Early attempts to model the collision of two counter-streaming plasmas were
mainly focussed on fusion codes based on the single fluid model. However,
these codes do not allow for plume interpenetration and so when the two
seed plasmas collided, they simply merged into a single fluid and always
stagnated, resulting in the formation of excessively strong shockwaves and
an unnatural temperature spike at the interface [36].

A one-dimensional multi-fluid code was developed by Rambo and Denavit
[32] which could simulate both interpenetration and stagnation in collid-
ing plasmas, and was capable of tracking the dynamics of each elemental
species independently, hence the term multi-fluid. The model makes use of
a particle-in-cell (PIC) [8] representation of the ions. The versatility of this
particular multi-fluid code meant that Rambo and Denavit were able to sim-
ulate ion separation during the initial expansion of the seed plasmas. A
computer model based on this code was developed by Doohan [37], although
both electric field considerations and electron fluids were omitted. Various
other approaches exist for colliding plasma simulations, e.g., one-dimensional
Monte Carlo and Lagrangian multifluid codes, one- and two-dimensional hy-
brid (particle ions, fluid electrons) codes and single-fluid Lagrangian codes.
The multifluid codes generally predict a much softer stagnation than the sin-
gle fluid codes which seem to be more in line with observation [9]. Finally,
the plasma computer model known as HEIGHTS [38] was recently used by
Harilal [39] to simulate two colliding plasmas.
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1.7 Summary

In this chapter the applications of colliding plasmas have been introduced
and the basic theoretical foundations used during the remainder of this work
has been discussed. The fundamental plasma processes were described as well
as plasma formation and expansion due to the interaction of laser radiation
with matter. Thermodynamic equilibrium models have been discussed as
well as colliding plasma fundamentals.
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Chapter 2

Experimental Systems and
Analysis Techniques

2.1 Introduction

Considerable demands are placed on experimental equipment in order to
both generate and measure the properties of the interaction region of two
colliding plasmas. Significant alterations can be made to the stagnation layer
by altering one or more of the initialisation properties, categorised as follows:
(i) Laser pulse properties including the wavelength, intensity, duration, and
focal spot-size. (ii) Target geometry and the composite material, and (iii)
ambient background.

The parameters that can be studied, the methods to measure them, and
the various analysis techniques used to extract useful information from these
measurements that can aid in the quantitative description of the plasma are
also numerous. There is no specific plasma diagnostic to measure all param-
eters at all times and positions, for all possible values, and to an acceptable
degree of accuracy. However, if certain theoretical assumptions are made, a
plasma can be justifiably placed into the parameter space applicable to one
of the thermodynamic models described in section 1.5, and properties of the
plasma such as population and temperature distributions can be inferred by
analysis of the results of diagnostic methods.

Electron density ne and temperature Te distributions are very important
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characteristic properties of a laser produced plasma. Electrons are by far
the most active plasma constituent; they affect every aspect of the plasma’s
evolution, and all radiative emissions are due to atomic processes governed by
changes in electron energies (as discussed in section 1.4). There are various
techniques for determining both the temperatures and densities of electrons
in a plasma, with emission spectroscopy being one of the most commonly
used diagnostic techniques. Emission spectroscopy is non-invasive, simple
and easy to use. Analysis of the resulting spectra can be used to extract
density and temperature distributions, as well as information about the shape
and evolution of the stagnation layer. This knowledge can be supplemented
by imaging techniques in order to gain a cogent understanding of the plasma.

In this work time resolved emission imaging and spectroscopy was used to
study the interaction of two laser-produced plasmas. The following two
sections will deal with the experimental details required to generate these
plasmas, and the principles behind the diagnostic methods to extract useful
information from them.

2.2 Experimental Systems

The laboratory setup used to undertake all experiments is shown in figure
2.1. The upper part of the photograph shows the laser systems (described
in sub-subsection 2.2.1.1), which create a plasma in the vacuum chamber
in the centre of the photograph. The optical diagnostics setup (subsection
2.2.2 & 2.2.4) including the fast imaging camera and spectrometer with fast
gated camera attached, is pictured below the vacuum chamber. The following
sections explain each system and subsystem in detail.

2.2.1 Plasma Generation

2.2.1.1 Surelite Laser Systems

Two Continuum Surelite Q-switched laser systems (series I and III) were
used during the course of this work. The lasing medium in each laser is
a rod of crystalline yttrium aluminium garnet (Y2Al12O12) which has been
doped with neodymium ions (Nd3+), leading to the abbreviation Nd:YAG.
A schematic diagram representing each is shown in figure 2.2 (a).
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Figure 2.1: Photograph of the experimental system used for generation and
optical diagnostics of colliding plasmas.

For the experimental studies presented in this work, the triggering of both
Surelites (flashlamps and Pockels cell) was controlled using Stanford DG535
delay generators in single shot mode allowing the outputs from each laser
to be synchronised with a maximum temporal jitter of 1 ns. By fitting the
relevant harmonic generators, the Surelite I-10 laser could be operated at
1064 nm, 532 nm, 355 nm, and 266nm producing maximum pulse energies
of 450 mJ, 220 mJ, 130 mJ and 60 mJ respectively. In the course of this
work, the first and second harmonic wavelengths (1064 nm and 532 nm)
were used, and maximum pulse energies were achievable. The Full Width at
Half Maximum (FWHM) of the pulse obtained from the Surelite I, operating
at its fundamental wavelength, was measured (figure 2.2 (b))to be 6 ns and
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Figure 2.2: (a) Schematic drawing of the Surelite laser system. The harmonic
generating optics shown as dashed lines are absent in the Surelite III but
present in the Surelite I. (b) Photodiode trace of the 1064 nm pulse output.
The full width at half maximum is 6 ns.

was ca. 2 ns shorter when operating at the second harmonic.

The Surelite III-10 laser only operated at its fundamental wavelength of 1064
nm and produced a pulse carrying an energy of 800 mJ with a FWHM of 6
ns. The output from each laser was linearly polarised with a Gaussian beam
profile and a divergence of 0.6 mrad. The important characteristics of each
laser have been summarised in table 2.1.

Table 2.1: Specifications of the Surelite laser systems

Surelite I Surelite III
Wavelength 1064, 532, 355 & 266 nm 1064 nm
Energy 450, 220, 130 & 60 mJ 800 mJ
Pulse Width (FWHM) 6 ns (4 ns for harmonics) 6 ns
Repetition Rate 10 Hz or Single Shot 10 Hz or Single Shot
External Trigger Jitter <1 ns <1 ns

2.2.1.2 Colliding Plasma Optical System

The optical system used to split the beam is similar to that used by Harilal
et al. [1], a schematic of which is shown in figure 2.3. A mirror directs the
laser beam towards the wedge prism, which splits the laser beam into two
separate beams which are subsequently focused onto the target surface by
means of a 300 mm focal length plano-convex lens. The distance between
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the two foci is related to the lens and wedge prism by the relation

d = fγ(n− 1) (2.1)

where n is the refractive index of the wedge prism (comprised of glass,
n=1.5), γ is the acute angle of the wedge in radians, and f is the focal length
of the lens. Thus a 0.50 wedge prism will give a separation of 1.3 mm. The
spot size achieved using this setup is ≈ 100 µm giving a peak irradiance of
≈ 1 × 1011 Wcm−2 on each target when using the 400 mJ output from the
Surelite I laser. Using the simple collisional-radiative model of Colombant
and Tonon [2], an initial temperature of ∼ 20 eV is obtained for such a single
laser produced plasma using a copper target.

Figure 2.3: Schematic of the optical setup for creation of two colliding plasmas.

The colliding plasmas were generated under vacuum in the target chamber
pictured in figure 2.1 using the same setup as described by Hough [3].

2.2.1.3 Fixed Wedge Target System

In order to realise a fully replenishable wedge target system a new configu-
ration was designed and built. Two disks were cut to half the required angle
(e.g. 1400 wedge target uses two disks cut to 700) and pressed together to
form a single cylinder with a full angle wedge (i.e. a ’V’ shape) onto which
the two laser beams could be focussed.
Figure 2.4 shows a picture of the target system. The cylinders were placed
on an axle fixed to a rotation stage accompanied by two translation stages,
required for complete alignment. By rotating the wedge a smooth target be-
comes available after each experimental measurement. When a full rotation
has been completed, the wedges can be cut slightly deeper to remove craters
and smooth the surface, or to a different angle depending on experimental
requirements.
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Figure 2.4: Fixed angle wedge target system for variation of seed plasma
collision angles. A disc cut to the desired angle may be loaded for over 150
separate shots on a fresh target position each time. The alignment jig provides
X, Y and θ movements.

2.2.1.4 Reheating System

Figure 2.5 shows a schematic diagram of the reheating setup, including the
combination of a half-wave plate with a Brewster’s window to allow the
energy of the beam to be varied without affecting the pulsewidth. The half-
wave plate can be rotated to change the angle of polarisation of the plane
polarised light emitted from the laser system, thus varying the magnitude of
the components of the electromagnetic wave. The Brewster’s window only
allows one component to pass through, while the orthogonal component is
sent to the beam dump. Using mirrors the beam is split in two by a wedge
prism which directs the lower portion of the beam downwards. Both beams
are then focussed onto the target system described in sub-subsection 2.2.1.3
above. Also shown is the fast imaging system, as described in section 2.2.2.
For the case of reheating, the target wedges are split so that the reheating
laser doesn’t create a third seed plasma which would interfere with the ex-
perimental results. The reheating laser is focussed close to the centre of the
stagnation layer (figure 2.6) using a 300 mm plano-convex lens mounted on
a translation stage.
The wedge target is shifted slightly as in figure 2.7 for a number of reasons.
As figure 2.5 shows, the reheat laser pulse needs to propagate along a different
path to the seed laser pulse so that splitting by the wedge prism does not
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Figure 2.5: Schematic drawing of the experimental system used for generation
and reheating of colliding plasmas (not to scale).

Figure 2.6: The modified target setup to allow for propagation of the reheat
laser pulse without the creation of a third seed plasma

occur, as well as for other optical considerations, e.g. the position of the
mirrors. A collinear reheating configuration is desired since maximum laser
energy absorption will be achieved using this setup, i.e. the reheat pulse

34



should propagate along the expansion direction of the stagnation layer. This
is achieved by utilising the fact that the seeds and thus the stagnation layer
will expand normal to the target surface, a well known property of laser-
produced plasmas. By shifting the cylindrical target by the required distance,
the surface angle can be changed so as to direct the stagnation layer along
the axis of the reheating pulse as shown in figure 2.7.

Figure 2.7: The seed plasmas propagate normal to the target surface. If the
target is shifted slightly, the plasmas will propagate towards the reheating
laser, for maximum absorption.

2.2.2 Fast Imaging Setup

Broadband imaging is a useful tool for tracking the whole plasma motion
to gain an intuitive understanding of the temporal evolution of the plasma
as well as for velocity calculations and for comparison with the results of
single fluid codes such as Medusa [4]. The system used provides spatial and
temporal resolution by using a zoom lens assembly to image the plasma onto
a 2-dimensional Intensified Charge Coupled Device (ICCD) camera. The
zoom lens is placed outside the vacuum chamber at a distance of ≈ 250mm
from the plasma. In order to achieve high magnification an extension tube
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(≈300 mm in length) is used to increase the distance between the zoom lens
and the camera. This allows for manipulation of the distance from the lens
to the image and to the object, and so variation of the magnification by
modifying the ratio of image distance to object distance. The Andor DH534
model camera comprises a CCD chip with 1024 × 1024 pixels of pixel area
13 µm × 13 µm yielding an active area of 13.3 × 13.3 mm2. The CCD chip is
lens coupled (i.e. a lens is placed between the output of the image intensifier
and the CCD) to the MCP which provides a minimum exposure time of 3
ns. A schematic diagram of the fast imaging setup is shown in figure 2.8.
The maximum magnification provided by the system was 3.2X.

Figure 2.8: Schematic drawing of the experimental setup for fast imaging of
laser produced plasmas (not to scale).

2.2.3 AndorTM iStar DH334T High Resolution Sensor

During the course of this work there was an upgrade to the imaging system.
The new iStar DH334T camera features USB connectivity, a CCD chip with
1024 × 1024 pixels of pixel size 13 µm yielding an active area of 13.3 × 13.3
mm2, true optical shuttering of 1.2 ns and an on-board digital delay gener-
ator. The option of a second camera meant that imaging and spectroscopy
could be undertaken simultaneously. The MCP is a honeycomb glass mi-
crostructure array and provides adjustable photo-electron multiplication (i.e.
gain) through impact ionisation, as shown in figure 2.9.
A tungsten lamp with a stable continuous emission was used to calibrate
the gain on the iStar camera. Emission from the lamp was focussed on the
ICCD and the software set to full vertical binning mode. Each frame was
fully vertically binned first so that the 1024 × 1024 frame was transformed
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Figure 2.9: Schematic drawing of the micro-channel plate of the iStar camera,
from ref. [5].

to a 1 × 1024 line of 1024 pixels and the readout as a 1D trace was averaged
10 times for 10 differing gain settings. A graph was plotted, as in figure 2.10.
The slope of the graph (7.53× 104) is used for gain calibrations.

Figure 2.10: Plot of the log10 of averaged intensity versus gain setting for the
iStar DH334T camera.

2.2.4 Emission Imaging Spectroscopy Setup

Optical diagnostic techniques have the advantage over other more invasive
methods, e.g. wire probes, in that they do not interfere in any way with
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the plasma itself, and they may be used to determine electron densities and
temperatures. Techniques involving lasers (such as Thomson Scattering and
Interferometry) are often employed, but the ease of use of emission spec-
troscopy ensures that it is the most widely used method available, and is
the method of choice here. An ICCD spectroscopy setup is implemented by
coupling a 0.5 m Chromex visible imaging spectrometer to the Andor ICCD
camera described in section 2.2.3. A schematic of the spectrometer system
is shown in figure 2.11.

Figure 2.11: Schematic diagram of the emission imaging spectroscopy setup
including imaging optics and dove prism.

The instrument function of the spectrometer ( i.e. the measure of the inten-
sity distribution in the output plane assuming the input to be an ideal sharp
isolated spectral line) was determined using a method outlined by Kavanagh
[6] using a narrow emission line from a cadmium lamp. Using a slit width
of 60 µm (used for all experiments in this work), a Gaussian instrument
function of 0.16 nm was determined. A colliding plasma generated in the
target chamber is imaged onto the entrance slit of the spectrometer using
the variable zoom lens. A dove prism is placed behind the variable lens at
450 in order to rotate the image of the plasma by 900, so that the image of
the plasma expands upwards (vertically) along the length of the entrance slit
of the spectrometer. A diagram of the function of the dove prism is shown
in 2.12.

The optical spectrometer is a Czerny-Turner mount with toroidal focusing
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Figure 2.12: Function of the dove prism. When the dove prism is added to
the optical setup, expansion occurs along the length of the entrance slit of the
spectrometer.

mirrors enabling aberration-corrected flat field imaging. A 1200 line/mm
diffraction grating with a blaze wavelength of 400 nm is used providing a
resolution of 0.07 nm (FWHM) [7]. The grating efficiency in the 190 nm to
700 nm range was determined by Kavanagh and is represented in figure 2.13.
The instrument function of the spectrometer was determined by Kavanagh
[6]; a slit width of 60 µm giving an instrument function with an approximately
Gaussian profile of width 0.16 nm is used for all experiments presented in
the current study.

Figure 2.13: Grating efficiency curve for the 1200 grooves mm−1 supplied with
the Chromex visible spectrometer, from ref [6].
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Figure 2.14 shows a schematic timing diagram (not to scale) of the various
trigger pulses used to synchronise the laser systems and the camera. Stanford
DG535 signal generators are used in tandem with AND gates to realise the
system of flashlamp and q-switch signal for each laser, along with a signal
which is split in two to operate both the spectroscopic camera and the imag-
ing camera simultaneously. Three signal generators are used, an initial ”T0”
signal of 10 Hz is generated by the first generator and routed to each of the
other two generators. This provides the input signal for the flashlamps in
each laser, and can be delayed according to experimental requirements. The
10 Hz Q-Switch signal is time-delayed according to laser specifications (i.e.
when saturation of the upper-state populations is reached), and is routed
through an AND gate such that Q-switch triggering will only occur when
a second signal is sent. This second signal is sent by the ICCD camera so
that timing of the camera, the seed laser and the reheat laser is achievable.
The gate width of the camera is set to a minimum (i.e. 1.2 ns in the case
of the iStar camera) for time resolved measurements and to 10 µs for time
integrated measurements.

Figure 2.14: Timing diagram showing synchronisation of the lasers and the
camera for reheating experiments.
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2.3 Plasma Diagnostic Techniques

The experimental systems presented in section 2.2 describe methods to ac-
quire spectroscopic data which can be used to diagnose plasma conditions.
The work presented in this thesis required very large numbers of spectra to
characterise various plasmas with a high degree of temporal and spatial reso-
lution. Thus it was necessary that analytical codes be developed which could
perform batch calculations of spectra to a high degree of accuracy. Codes
were developed in the course of this work which allow relatively simple mon-
itoring of this accuracy, and will be presented in section 2.4. First we will
look at the spectroscopic methods which these codes implemented.

There are many spectroscopic theories used to relate the emission spectrum
to the physical parameters of the plasma. Atoms which undergo transitions
from a bound state to a lower energy state emit radiation of well defined
energy and line shape. The line shape is related to the lifetime of the upper
state of the transition and is also influenced by perturbations due to external
influences as well as the velocity distribution of the emitting species. Thus
the factors affecting the emission profiles of lines must be considered if line
profiles are to be used to extract plasma parameters.

2.3.1 Line Broadening

Radiation from plasmas falls into two main categories: continuous radiation,
emitted by bound-free and free-free radiative processes, and line radiation,
emitted by bound-bound processes (see subsection 1.4.1). The contribution
of each to a particular spectrum is dependent on many factors such as tem-
perature, target material and integration time.

In this section we will look at the various factors affecting line profiles. There
are three main broadening mechanisms: natural, pressure and Doppler broad-
ening. Each of these mechanisms reflects a fundamental property of the
emitting species, i.e. transition probability, collision frequency and thermal
velocity [8].
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2.3.1.1 Natural Broadening

The Heisenberg Uncertainty Principle prevents the exact determination of the
lifetime and energy of a level, since the effective spreading of the quantum
states in an atom leads to line broadening in the emission radiation when the
upper state decays to some lower energy state. An energy level with energy
Eb and lifetime tb has an uncertainty in energy of ∆Eb ≈ ~/∆tb. A photon
emitted from this level to a lower level Ea will have a range of possible energies
in an interval centred about (Eb−Ea) of width (~/ta+~/tb). This broadening
due to the lifetimes of the states is referred to as natural broadening and
leads to a Lorentzian intensity distribution function. Natural broadening is
extremely difficult to observe because of other more significant broadening
mechanisms. Also, the natural width of a line is beyond the resolution of
most typical laboratory spectrometers (although not all).

2.3.1.2 Doppler Broadening

The observed wavelength of a discrete line emitted by an atom or ion can
be both shifted and broadened by the Doppler effect. If the atom/ion in
the plasma plume is moving towards or away from the spectrometer the line
will be shifted, whereas broadening occurs due to the random motion of the
emitting ions which are undergoing Brownian motion. If we can assume
local thermodynamic equilibrium (LTE, see section 1.5) the velocities of the
particles are described by a Maxwellian distribution with temperature T
giving rise to a Gaussian line profile of full width half maximum (FWHM):

∆λ1/2 = 7.16× 10−6λ0
√
T/m (2.2)

where m is the atomic weight and λ0 is the centre wavelength [9].

2.3.1.3 Pressure (Stark) Broadening: Density Calculations

Pressure broadening is caused by interactions between an emitter and sur-
rounding particles and can be separated into three categories; the emitter in-
teracting with the same type of atom, a different type of atom, or a charged
particle. The majority of particles in a plasma are by definition charged
and so it is the emitter’s interaction with charged particles that we are most
interested in, i.e. the process known as Stark broadening.
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The two components that contribute to Stark broadening are electron-emitter
collisions and ion-emitter collisions. Ion-emitter collisions occur over rela-
tively long time scales, typically longer than that of the natural lifetime of
the state, and longer than the time between ion-emitter collisions. On the
other hand, electrons are much more mobile in the plasma and electron-
emitter collisions take place on a very short time-scale, shorter than both
the natural lifetime of the excited state, hence they are much more frequent.
It is the electron collisions that make the greatest contribution to the Stark
broadening of a spectral line. The half width of a Stark-broadened spectral
line is given by [10]

∆λwidth = 2w
( ne

1016

)
+ 3.5Ai

( ne
1016

) 1
4

[1− 1.2N
− 1

3
D ]w

( ne
1016

)
(2.3)

where w is the electron-impact parameter, ND is the number of particles
in the Debye sphere and Ai is the ion broadening parameter [11]. The first
term on the right-hand side of equation 2.3 describes the contribution due
to electron-emitter collisions and the second term on the right-hand side is
the ion-emitter contribution. Since Stark broadening of lines in lowly ionised
species (i.e. the plasmas of interest in the current context) is dominated by
electron collisions, this allows the ion broadening term to be omitted. Ion-
emitter collisions effects natural lifetimes and so Stark broadening also leads
to a Lorentzian intensity distribution function.

2.3.2 Line Profiles: The Boltzmann Plot Method

Under LTE conditions, the electrons and ions obey a Maxwell-Boltzmann
distribution and the population of any two electronic states can be related
by the Boltzmann factor

Na

Nb

=
ga
gb
exp

(
−Ea − Eb

kbT

)
(2.4)

where ga and gb are the upper and lower state degeneracies respectively,
Ea − Eb is the energy difference between the two states, kb is Boltzmann’s
constant and T is the temperature of the plasma. Once the plasma is optically
thin the integrated intensity of a line (Iab) can be related to the excited state
population distribution Na and the length of the line of sight, lsight by

Iab ≈
hωba
8π2

AabNalsight (2.5)
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where Aab is the oscillator strength of the transition, ωba is the frequency and
h is Planck’s constant. Relating this equation to equation (2.4) we obtain

I1
I2
≈
(
ω1A1g1
ω2A2g2

)
exp

(
−E1 − E2

kbT

)
(2.6)

where 1 and 2 refer to two individual spectral lines. Thus an analysis of the
intensity of two experimentally observed lines can determine the temperature
Te of the plasma by rearranging equation 2.6 to give

kbT =
E2 − E1

ln
(
ω2A2g2I1
ω1A1g1I2

) (2.7)

It is very important to allow for the contribution of extended line wings along
with continuum corrections and blending with neighbouring lines. This rarely
permits temperature calculations with errors of less than 10 %. However, the
accuracy can be improved to some extent by measuring the line ratio along
some spectral series and plotting the logarithms of the relative intensities
along with the appropriate factors as a function of the energies of the upper
levels:

ln

(
Iλ

gA

)
= − 1

kbT
E. (2.8)

The value of T can be deduced from the slope of this so-called Boltzmann
plot.

2.4 Programming Techniques

As mentioned earlier, large scale spectra analysis can be difficult and prone
to errors. MatlabTM is useful for manipulation of batch files, but the fitting
process can be difficult to perform. Error outputs are not always accurate,
and low quality fits can occur without adequate declaration. Fityk [12] is a
much more simple to use program, allowing visual monitoring of the fitting
process. A mathematical model can be fitted to each curve as in figure 2.15,
for example, and the parameters of the fit outputted in an easy-to-use format.
To fully utilise the benefits of the Fityk program, a suite of MatlabTM codes
has been developed. A flowchart illustrating the operation of an example of
the codes is shown in figure 2.18. The first code, ”densoutput2yk”, prompts
the user to select a group of files to be analysed. The files are converted
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Figure 2.15: Example of the Fityk program and it’s determination of the peak
of a curve.

to spatially and spectrally resolved images, divided into spatial regions and
lineouts extracted by binning the pixels. Figures 2.16 and 2.17 illustrate this
process.
Each lineout is saved and it’s memory address along with instructions for
Fityk saved in a Fityk script file. These instructions include for example the
estimate of a constant and a Voigt function fit to a particular wavelength
region. Once the spectra have been divided up, the lineouts saved and the
script prepared, Fityk runs the script which outputs the fit parameters to a
further series of files. These multiple files are selected and read by another
MatlabTM code, densykoutput, which can calculate physical parameters of
the plasma.
In the flowchart example, (figure 2.18), a Lorentzian profile was extracted
from the spectra. This operation is performed by fitting a Voigt function.
A Voigt function is the convolution of a Gaussian function and a Lorentzian
function. Since spectral lines broadened by natural or Stark broadening leads
to a Lorentzian shape, whereas Doppler broadening leads to a Gaussian pro-
file, most spectral lines are best fitted by this technique. The Voigt function
is given by:

y = a0

∫ +∞

−∞

exp(−t2)
a23 + (x−a1

a2
− t)2

dt×
(∫ +∞

−∞

exp(−t2)
a23 + t2

dt

)−1
(2.9)

where a0 is the height, a1 is the centre, a2 is proportional to the Gaussian
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Figure 2.16: Spectral image showing three
neutral Cu transitions at 510.55nm, 515.32
& 521.82nm split into spatial regions (cf.
Chapter 3).

Figure 2.17: The trace of 8
boxes from figure 2.16 after
vertical binning is performed.

Figure 2.18: Flowchart of the suite of codes used to fit density profiles to
multiple spectra.

width, and a3 is proportional to the ratio of the Lorentzian and Gaussian
widths. It is computed by the Fityk program according to R.J. Wells [13].
The Voigt FWHM wV is estimated using the approximation by Olivero and
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Longbothum [14]:

wV = 0.5346wL +
√

0.2169w2
L + w2

G (2.10)

where wL is the Lorentzian width and wG is the Gaussian width. In the case
of temperature calculations, the suite of codes is very similar to the density
codes, but for the fact that only the area under the line (i.e. the intensity of
the line) is required.

2.5 Summary

In this chapter details of the apparatus used to perform experiments on
colliding laser produced plasmas as well as analysis techniques to extract
densities and temperatures from the resultant spectra were presented. The
dual laser pulse system used for reheating stagnation layers created by a
wedge target system, as well as the optical setup used to record images and
spectra simultaneously were described. The suite of codes for extracting
information from batch spectra was illustrated also.
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Chapter 3

Target Geometrical Effects on a
Stagnation Layer

3.1 Introduction

In this chapter the results obtained during the study of the interaction of two
counter-propagating laser-produced copper plasmas using optical imaging
and spectroscopic diagnostic techniques are presented. In particular, the
results of a time and space resolved optical-spectroscopic study of colliding
plasmas formed on the front surfaces of inclined and partially facing Cu slab
targets, as a function of the distance and of the wedge angle between them
for angles ranging from 1000 to 1800 (i.e., laterally colliding plasmas), are
reported.

The key parameters studied here are the spatial and temporal distributions of
neutral species (henceforth assumed to be atoms) and singly charged ions, as
well as electron temperature and density distributions within the interaction
region. The aim of this work is to determine appropriate parameters for
the optimisation of this system for Laser Induced Breakdown Spectroscopy
(LIBS) of specific systems, especially low-Z atoms in steel [1].

The collisionality parameter of two colliding plasmas is described in sub-
subsection 1.6 with the relevant equations reproduced here for the reader’s
convenience:
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ζ = D/λii (3.1)

where D is the separation between the two seed plasmas and λii is the ion-ion
mean free path given by [2],

λii(1→ 2) =
m2
i v

4
12

4πq4z4nilnΛ1→2

(3.2)

where ε0 is the permittivity of free space, mi is the ion mass, v12 is the relative
collision velocity, q is the elementary charge, z is the average ionisation state
of the plasma, ni is the average plasma ion density at the collision plane and
ln∆1→2 is the so-called Coulomb logarithm (all in SI units).

The collisionality parameter ε, relates the two factors that dictate the form
the interaction will most likely take; The higher the value of the collisionality
parameter, the more likely it is that stagnation will occur at the plasma-
plasma interface. As equations 3.1 and 3.2 show, the collisionality of a two-
plasma system is highly dependent on v12, the relative velocity of the colliding
seed plasmas and to a lesser extent on D, the separation between the two seed
plasmas. Therefore, an experiment may be engineered in such a way as to
control the collisionality of the system by changing either (i) the orientation
(and thus the relative velocity) of the seed plasmas with respect to each other,
(ii) the laser power density on each target face, (iii) the distance between the
two seed plasmas, or (iv) a combination of the above.

Here we present a study of the stagnation layers formed when two plasmas
collide by varying initial parameters to study their effect on the formation of
the interaction between the two plasma plumes. Results will be compared
from data obtained using (i) different laser pulse energies, (ii) a range of
target wedge angles (i.e. the orientation), & (iii) varying distances between
the seed plasmas.

The Surelite laser system (discussed in section 2.2.1.1) was used to generate
pulses with a wavelength of 1064 nm and duration of 6 ns. The laser beam
was split into two parts using a wedge prism (section 2.2.1.2) prior to being
focussed to two spots of ∼ 100µm diameter. The intensity ratio of the two
resulting laser beams was ∼ 1:1 leading to an on-target irradiance of the order
of∼ 1011 W/cm2 (depending on the energy per pulse). Figure 3.1 shows time-
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integrated (i.e. 10 µs, most emissions occur in the first µs) optical images
of the stagnation layer created using slab targets with wedge angle between
them of (a) 1800, (b) 1400, & (c) 1000, each with a seed plasma separation
of D = 1.3 mm.

Figure 3.1: Time integrated (10µs) images of the stagnation layer formed using
3 separate wedge angles: (a) 1800 (b) 1400 & (c) 1000.

Figure 3.1 (a) shows the emission image obtained by colliding seed plasmas
created on laterally facing (i.e. parallel) targets, i.e. on a 1800 target wedge
angle or the flat configuration. As the two seed plasmas expand, they collide
at relatively low velocities along the lateral expansion plane (parallel to the
target surface). By employing a 1400 wedge-shaped target (figure 3.1 (b))
the two seed plasmas now collide with a larger component of their forward
expansion velocity. The relative collision velocity is higher, and the ion-ion
mean free path (MFP) becomes larger, resulting in a higher degree of plume
interpenetration. Figure 3.1 (c) shows the case where the wedge angle is
decreased to 1000; the degree of plume interpenetration is increased further
here. The shape of the stagnation layer illustrates the degree of interpen-
etration in each case, where hard stagnation creates tight and well defined
stagnation layers as in figure 3.1.

Time-resolved optical emission imaging and spectroscopy of colliding plasmas
have previously [3, 4] been used to obtain information about the evolution
of a plasma over time, and the plume front position has been tracked as a
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function of time delay [5, 6]. Here we trace the point of maximum intensity of
the atoms and singly charged emitting ions as a function of time by analysis
of time resolved spectra as described in section 3.2 below.

Two important characteristic properties of a laser produced plasma are its
electron density ne and temperature Te. Electrons are by far the most active
plasma constituents; they affect every aspect of the plasmas evolution, and
all radiative emissions are due to atomic processes governed by changes in
electron energies (as discussed in section 1.4).

To extract electron densities and temperatures, emission spectroscopy is com-
monly used as it is non-invasive, relatively easy to set up and use and it pro-
vides unique insights into the structure and dynamics of the plasma itself and
its atomic and ionic constituents. Using space and time-resolved spectroscopy
one can measure and analyse the spectra to extract space and time-resolved
density and temperature distributions. To determine the temperature distri-
butions of a copper plasma in local thermodynamic equilibrium (LTE) the
Boltzmann plot method (section 2.3.2) is used, and the density distributions
are determined using Stark broadening comparisons (section 2.3.1.3).

The temperature of a laser-produced plasma can be directly related to the
laser power density using the collisional radiative model by Colombant &
Tonon [7], (subsection 1.5.2, reproduced here for convenience) to obtain

Te ∼= 5.2× 10−6A1/5[(λ2I(W/cm2)]3/5 (3.3)

where A is the atomic number of the element under consideration (in this
case copper), λ is the incident wavelength in µm and I is the laser irradiance,
which is proportional to the laser energy. Therefore the temperature of a
LPP scales as (laser power density)0.6, which will duly have an effect on
the temperature of the stagnation layer, although other heating processes
such as the internal collisions between ionic species themselves in each of the
individual seed plasmas will occur.
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3.2 Distribution of Atoms and Ions Through-

out the Plume

Fast gated emission imaging is a simple and effective way to determine the
spatial distributions and expansion velocities of selected plume species. It
has been used in combination with spectral filters to exclude the spectral
signatures of all but one atomic or molecular species [5]; however such highly
selective filters which can discriminate between species emitting in close spec-
tral proximity are not always available. In such cases, spatially resolved high
resolution optical spectroscopic techniques make it possible to track the for-
ward expansion velocities of individual ion stages emitting throughout the
lifecycle of the plasma. This technique, which can be implemented with a
stigmatic spectrometer [8] is used here.

Shown in figure 3.2 below is an example of a space resolved spectrum of
the stagnation layer of two colliding copper plasmas centred at λ =515 nm.
The image provides space resolution in one dimension (1D) along the plasma
expansion axis. The width of the slit, combined with the magnification of the
optics used to image the plume or stagnation layer onto the slit, determine the
lateral width of the slice of plasma plume normal to the plasma expansion
axis that is integrated over the 60µm slit width (cf. Experimental details
in Chapter 2). So, in principle the plume can be sampled laterally by its
translation across the entrance slit of the spectrometer and a time resolved 2D
mosaic image constructed. There are many distinct transition lines shown in
this spectral window, including the Cu I line at 521.82 nm [4d 2D5/2−4p 2P3/2]
and the Cu II line at 508.83 nm [4f 3F0

3 − 4d 3D2].
By following the maximum point of the intensity of the emitting atoms and
ions, taken to be the brightest part of each emission line (assuming no opacity
loss), it is possible to trace the movement of each specie throughout the
plume. This is achieved by recording and plotting the intensity at each point
along the forward expansion direction of each spectral line to yield a curve
showing the peak of intensity of the atoms & ions along the plume. Using
time resolved spectra each curve can be followed to determine the movement
of the emitting atoms/ions within the plume as a function of time. Figures
3.3 and 3.4 show examples of these plots, obtained by analysis of the Cu I
line at 521.82nm and the Cu II line at 508.83nm respectively, revealing the
differing movements of each atomic/ionic fluid.
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Figure 3.2: Example time-integrated spectroscopic image of the stagnation
layer generated by focussing two 105 mJ 6 ns laser pulses onto the 1400 wedge
system at a distance of D = 1.3 mm, in the wavelength region 502 nm-522 nm.

In order to measure the movement of the atoms/ions within the stagnation
layer, a mathematical model is fitted to each curve using Fityk [9], and the
peak position of this model fit recorded and traced.

This peak position represents the point of maximum intensity of the atoms
and ions emitting in the transitions mentioned above. Below we show that
these peak positions are significantly dependent on the target configurations.
It is very important to exercise caution when interpreting the intensities
recorded in this work; these distributions do not necessarily reflect the plasma
density or temperature profiles. Such analyses are carried out in sections 3.3
and 3.4.
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Figure 3.3: Motion of the peak inten-
sity point of atomic copper (λ = 521
nm) in the stagnation layer.

Figure 3.4: Motion of the peak inten-
sity point of singly charged copper (λ
= 508 nm) in the stagnation layer.

3.2.1 Target Geometries

3.2.1.1 Seed Plasma Orientation

As described above, the point of maximum intensity of the atoms and ions
emitting in the transitions mentioned is traced as a function of time. The
results in figure 3.5 below show these traces for three separate wedge angles
(1000, 1400 & 1800) at a seed distance of D = 1.3 mm for both neutral
atoms and singly charged ions. Shown also is a linear fit to each data set.
At later times the data seems to stray slightly from a linear approximation,
due in part to insufficient signal at these times which can skew the data set.
A deviation from the linear approximation can be seen to occur earlier for
the case of the 1800 wedge target as compared to the other two cases, since
the signal weakens as the wedge angle opens. The goodness of fit at earlier
times (i.e. ≤ 150 ns) demonstrates that both the atoms and ions move with
constant, but respectively different, velocity.
A quick comparison of both graphs reveals that the ions move at a signifi-
cantly higher velocity relative to the atoms (see table 3.1 below). It can be
seen that the ratio of ion velocity to atom velocity does not vary linearly
with wedge angle, which is due to more than one mechanism being involved
in stagnation layer growth. The expansion velocity of electrons from the seed
plumes far exceeds that of the heavier ions [10]. This leads to the generation
of a strong electric field caused by the steep spatial distribution of charged
particles as the electrons try to separate from the ions. The electric field
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Figure 3.5: Comparison of the movement of the peak of intensity of neutral
emitting atoms and ions in a stagnation layer generated by focussing two 105
mJ 6 ns laser pulses onto three different wedge systems.

slows the electrons while accelerating the ions, and has little effect on the
neutral atoms. The plasma constituents arriving in this manner contribute
to the velocity of the peaks of concentration of the stagnation layer, as does
the thrust of the layer due to internal collisions, whose orthogonal component
are generally in this direction.

In summary the overall stagnation layer growth depends on relative seed
plasma plume velocities while the growth rate of each atomic or ionic ’fluid’
within the stagnation layer depends on the expansion rate of that fluid in each
seed. For any one wedge angle the atom and ion growth rates are different
and hence fluid growth rates in the stagnation layer will be different (as will
the initial spatial distribution for each as the layer grows). Also, the relative
velocity of atoms and the relative velocity of ions will vary with wedge angle,
and the difference in velocity between atoms and ions will vary with wedge
angle.

The growth rates can be seen to vary as a function of the wedge angle used
to generate the stagnation layers. The emitting atoms move at a very low
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velocity in each case, with the atoms from the 1000 wedge moving most
slowly. The stagnation layer in this case is highly confined allowing for little
movement of the neutral species. The growth rate of neutral species in the
stagnation layer of the 1800 wedge are lower than from the 1400 wedge, an
observation that is, at first sight, seemingly counter-intuitive. However, it
must be noted that these graphs show the peak of the emission intensity
of neutral species, and not the actual concentration values. The number
and density of atoms is higher in the case of the 1400 wedge, and the peak
intensity growth rates must be visualised in this context.

In the case of the emitting ions the geometrical effects of the target config-
uration play a much more pronounced role. The ions are accelerated by the
aforementioned electric field, the distribution of which is highly dependent
on the target geometry. The ions are more confined and their emission yields
are higher as the target wedge angle is decreased.

3.2.1.2 Distance Variation

We present the results of experiments undertaken with a further variation of
the target geometry. The distance between the two seed plasmas was varied
by changing the wedge prism in the optical setup (section 2.2.1.2). Using
the same experimental conditions used in the previous sections, i.e. a target
wedge of 1400 and a pulse energy of 210 mJ, seed distances of D = 1.3 mm
and D = 2.6 mm were used. A comparison of the peak movements of both as
in figure 3.6 shows that the time evolution of atomic and ionic species in the
stagnation layer from shorter distance seeds is, as one might expect, faster.

3.2.2 Laser Pulse Energy Variation

We examine the results obtained using the same experimental conditions
used in the previous section except for the fact that the target wedge angle
is held constant at 1000 and the laser pulse energies are varied. The output
from the Surelite laser was set to 110 mJ, 160 mJ, and 210 mJ in a 6 ns pulse
at 1064 nm (laser fluence 350J/cm2, 510J/cm2 & 670J/cm2 respectively, and
split equally between each plasma plume, a distance of D = 1.3 mm apart
with a spot-size of ∼ 100 µm diameter. The results are shown in figure 3.7.

The longitudinal growth rate of the neutral atomic copper component of
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Figure 3.6: Comparison of the movement of the peak of intensity of neutral
emitting atoms and ions in a stagnation layer generated by focussing two 105
mJ 6 ns laser pulses at a distance of 1.3 mm & 2.6 mm apart.

Figure 3.7: Comparison of the movement of the peak of intensity of neutral
emitting atoms and singly charged copper ions in a stagnation layer generated
by focussing two 6 ns laser pulses of three distinct energies.
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the stagnation layer is again linear and relatively low in comparison to the
movement of emitting singly charged ions, and does not vary much with laser
energy (although the intensity of each line does increase with pulse energy).
The peaks of the intensity of emitting singly charged ions also move along
the stagnation layer linearly with time, implying a rather constant velocity,
and there is little variation with laser pulse energy.

3.2.3 Comparison of Distribution Analysis Results

Spatially and temporally resolved imaging spectra have been used to study
the movements of neutral emitting atoms and ions in the interaction region
of counter-propagating laser-produced Cu plasmas for a range of target ge-
ometries, as well as for varied laser energies. In each case it was found that
the movement per unit time is linear and so are recorded as velocities, and
presented in table 3.1 below.

Table 3.1: Velocity* of peak of intensity of neutral emitting atoms and ions.

Target Geometry neutrals/(cm/s) ions/(cm/s) ion/neutral ratio
1.3 mm, 210 mJ, 1800 Wedge 4.8× 105 26.1× 105 5.4
1.3 mm, 210 mJ, 1400 Wedge 5.5× 105 16.6× 105 3.0
1.3 mm, 210 mJ, 1000 Wedge 1.9× 105 9.2× 105 4.8
1.3 mm, 160 mJ, 1000 Wedge 2.4× 105 11.3× 105 4.7
1.3 mm, 110 mJ, 1000 Wedge 4.4× 105 14.5× 105 3.3
2.6 mm, 210 mJ, 1400 Wedge 2.3× 105 10.4× 105 4.5

* Velocity here does not mean expansion rate in the normal sense of plasma
plume expansion. Rather it refers to the propagation of the peak intensity
value along the stagnation layer as material from the seed plasma plumes
reaches the collision plane at a delay determined by the distance to be travelled
and the concomitant times-of-flight.

The seeds in the 1800 wedge target experiment supply the interaction region
with plasma species with a relatively higher velocity component parallel to
the target surface compared to the ’velocity’ component normal to the surface
(see Dardis et. al. [5]), resulting in growth rates that are lower than those
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of the 1400 wedge target setup, all else being equal. However, the brightness
(not shown here) of the spectral lines analysed in the 1400 case is higher. The
growth rates in the 2.6 mm, 210 mJ, 1400 case are also lower, but again the
brightness is much lower. The 1.3 mm, 210 mJ, 1000 wedge geometric setup
demonstrates the highest brightness of the spectral lines analysed, and has
relatively low growth rates of both plasma species. The brightness of spectral
lines in all wavelength regions can be predicted to a higher degree of accuracy
when the temperature and electron density of the plasma is known, and when
used in conjunction with atomic calculations. The analysis of the copper
plasma spectra to obtain the space- and time resolved electron densities and
temperatures of the plasma is discussed in the following sections.

3.3 Spatio-Temporal Electron Density Distri-

butions

The electron number densities have been determined from the line profiles of
the isolated neutral copper lines at 521.83 nm using the technique described
in section 2.3.1.3. The Stark contribution to the line broadening is described
by the Lorentzian component of a Voigt fit (using Fityk [9]) and all other
contributions, such as the Doppler effect (≈ 0.005 nm for a plasma tempera-
ture of 1 eV) and the instrument function of ≈ 0.22 nm (section 2.2.4) were
accounted for in the Gaussian component of the Voigt profile [11, 12]. The
full width at half maximum of the Lorentzian component of the line is used
to estimate the electron number density using the simple linear equation:

∆λ1/2 = 2ω(ne/1016) (3.4)

The value of ω (the electron-impact parameter) obtained from the literature
[13], is for a plasma of temperature 10,000K. It is known that this is a rea-
sonable temperature for the plasmas [3] and the same literature shows that
it does not vary much with temperature.

To ensure a sufficiently high signal to background ratio, the shutter of the
micro-channel plate (MCP) intensifier coupled to the camera is opened for
100ns, at 5 different temporal delays. Figure 3.8 shows a spectroscopic image
taken 100 ns after plasma initiation. Partial vertical binning of the image has
been performed on the image, specifically for the eight boxes that have been
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drawn on the image in figure 3.9 to improve the signal-to-noise ratio (SNR) of
the image for illustrative purposes only. For the analysis the contents of the
eight boxes labelled Box 1 - Box 8 (containing 42 rows of pixels corresponding
to half a millimeter each) have been summed and plotted in the graphs to
the right of the image labelled Box 1 - Box 8.

Figure 3.8: Spectral image showing the
three neutral Cu transitions at 510.55nm,
515.32 & 521.82nm.

Figure 3.9: The trace of 8
boxes from figure 3.8 after ver-
tical binning is performed.

Using Fityk, [9] Voigt profiles are fitted to the curves and the Lorentzian
parameters extracted, and applied to equation 3.4 to obtain the average
density in each box. Thus temporal (using time resolved spectra) and spatial
(using spectra split into boxes) distributions for each target geometry can be
determined.

3.3.1 Target Geometries

3.3.1.1 Seed Plasma Orientation

The data sets used in section 3.2 have been used to determine the electron
density distributions of the stagnation layer. A Surelite laser operated at
the fundamental wavelength of 1064 nm and a pulse width of 6 ns was split
equally using the optical setup described in section 2.2.1.2 to generate a pulse
of energy 210 mJ (105 mJ per seed) on three separate wedge angles (1000,
1400 & 1800) at a seed distance of D = 1.3 mm. Figure 3.10 shows spatially
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resolved time integrated electron density distributions over the interaction
region of the three target wedge angles. The boxes have been converted into
distance in the forward expansion direction.

Figure 3.10: Spatially resolved & time integrated electron density distributions
in the stagnation layer generated by focussing two 105 mJ 6 ns laser pulses
onto three target wedge angles.

As figure 3.10 shows, the base of the stagnation layer (i.e. the volume of
the stagnation layer material at the collision plane lying directly above the
laser focal spots) is the most dense in each case. The density in this region is
highest in the case of the 1000 wedge, but this decreases sharply some 2 mm
along the stagnation layer away from the targets. The densities in the case of
the 1400 and 1800 wedges do not reach the same values, nor do they decrease
as sharply. The layer created by the 1800 wedge has the lowest density
gradient, i.e. it is spread most evenly in this case. The fact that the laterally
colliding plume has the most homogeneous density distribution is potentially
important for certain applications, e.g. reheating of the stagnation layer, as
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in chapter 4.

Since the greatest variations between the plasma densities happens in the
lower region of the stagnation layer, we will focus in on this domain of the
plume, i.e. boxes 5-8, when comparing time resolved results, as in figure 3.11.

Figure 3.11: Spatially & temporally resolved electron density distributions at
the end of the stagnation layer furthest from the seed plasmas for three target
wedge angles.

Figure 3.11 shows the spatially resolved electron density distributions as a
function of time and of the target wedge angle used to create them. The
gate width on the ICCD camera connected to the spectrometer was set to
100 ns and the signal recorded at 5 separate time delays, from 100 ns to 500
ns after seed plasma initiation, in 100 ns steps. In the case of the 1000 wedge
target, the density declines are relatively high across the 2 mm inspection
area before arriving at a more even distribution across the region by 500 ns.
The same applies in all cases, although the density decline is less in the case
of the 1400 and 1800 wedge targets.

3.3.1.2 Distance Variation

The second part of the density analysis due to target geometry variations
is a comparison of the interaction region created by two seeds with varying

64



distance, with all other parameters held constant. The distance is varied
from 1.3 mm to 2.6 mm by changing the wedge prism in the optical setup.
The results for time integrated and time resolved spectroscopy are shown in
figures 3.12 and 3.13 respectively.

Figure 3.12: Time integrated electron density distributions along the stagna-
tion layer for two seed plasma separations.

In figure 3.12 the time integrated electron density profiles show that the
higher densities are at the end of the stagnation layer which is closest to the
seeds and tail off as one measures further and further along the stagnation
layer and away from the seed plasmas. The density of the region close to
the seeds is roughly doubled when the distance is halved. The time resolved
results (figure 3.13) show a drop off in densities after 100 ns for the 2.6 mm
seed distance case, with slightly higher densities in the 1.3 mm case.

3.3.2 Laser Pulse Energy Variation

Spatially resolved emission spectra of a stagnation layer formed by focusing
two laser pulses onto a 1000 target wedge at 1.3 mm separation of the seed
plasmas and laser pulse energies of 110 mJ, 160 mJ, and 210 mJ in a 6 ns
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Figure 3.13: Time resolved electron density distributions along the stagnation
layer at two different seed plasma separations.

pulse at 1064 nm were recorded using the same techniques as above. Both
time integrated and time resolved spectra were recorded; a delay step size of
100 ns and range stretching from 100 ns to 500 ns (i.e. 100 - 200 ns, 200 - 300
ns etc.) after seed plasma initiation was used and the corresponding density
profiles were extracted from the measurements. The time integrated results
are shown in figure 3.14 while time resolved results are shown in figure 3.15.
The region of interest again occurs in the furthest region of the stagnation
layer, and so we will focus in on this domain of the plume, i.e. boxes 5-8,
when comparing time resolved results.
As the time resolved results in figure 3.15 show, the electron densities grow
relatively linearly with seed laser energy. For the lower energy cases, the
densities decrease with time, but in the case of the 210 mJ laser energy, the
density increases and peaks at 200 ns rather than at 100 ns.
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Figure 3.14: Time integrated electron density distributions along the stagna-
tion layer for three laser pulse energies.

Figure 3.15: Time resolved electron density distributions over the interaction
region of three laser pulse energies.

3.4 Spatio-Temporal Excitation Temperature

Distributions

The excitation temperature has been determined by employing the Boltz-
mann plot method (subsection 2.3.2). In optically thin plasmas and under
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the assumption of local thermodynamic equilibrium [11, 12] one can plot
the magnitude on the left hand side of equation 3.5 (repeated below for the
reader’s convenience), against the energy of the upper level of the species in
ionisation stage z for several transitions to yield a linear plot (the so-called
Boltzmann plot). The value of T is deduced from the slope of this plot.

ln

(
Iλ

gA

)
= − 1

kbT
E. (3.5)

I refers to the integrated intensity of the spectral line, λ is the transition
wavelength, E and g are the energy and degeneracy of the upper energy
level respectively, A is the transition probability, kb is Boltzmann’s constant
and T is the plasma temperature. The overall uncertainty of the excitation
temperature is deduced using this method to be ≈ 10% which mainly comes
from the uncertainties in the transition probabilities and the integrated line
intensities used in the Boltzmann plots. The relevant spectroscopic details
for the copper transitions are listed in table 3.2.

Table 3.2: Wavelength, upper level energy, upper level degeneracy and tran-
sition probability [14] for the Cu I emission lines used in the Boltzmann
plot.

Wavelength /nm Transition
Upper Level
Energy/eV

gA ×108/s

465.11 3d94s5s 4D7/2 − 3d94s4p 4F9/2 7.740 5.7
510.55 4p 2P3/2 − 4s2 2D5/2 3.817 0.051
515.32 4d 2D3/2 − 4p 2P1/2 6.191 4.7
521.82 4d 2D5/2 − 4p 2P3/2 6.192 5.8
578.21 4p 2P1/2 − 4s2 2D3/2 3.786 0.054

The intensities of each of these five spectral lines can be extracted from the
spectra recorded in three distinct spectral windows; centred around 510 nm
(as in figure 3.2) and around 465 nm and 578 nm as in figures 3.16 and 3.17
below.

The Boltzmann plot is obtained by employing equation 3.5 and using the
integrated intensities in conjunction with the data in table 3.2, and the tem-
perature is determined from the slope of the linear fit as in figure 3.18.
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Figure 3.16: Spectral image showing
the neutral Cu transition at 465.11
nm.

Figure 3.17: Spectral image showing
the neutral Cu transition at 578.21
nm.

Figure 3.18: Example of a Boltzmann plot to determine the temperature of
a copper plasma constructed from the analysis of five lines and corresponding
data points.

The continuous line in figure 3.18 represents the result of a linear best fit;
the slope of which gives the temperature. Note that the spectral images in
figures 3.16 and 3.17 are not to scale since the gain of the image intensi-
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fier on the ICCD (section 2.2.3) and grating efficiency (section 2.2.4) must
be accounted for. There are disadvantages as well as advantages involved
in using three spectral windows; the measurement must be recorded three
times in order to determine the temperature at each experimental setting,
but the high groove density of 1200 grooves per mm of the Czerny-Turner
spectrometer enables high resolution integrated intensities to be recorded, as
opposed to lower resolution and a larger number of lines as in other stud-
ies [15]. The assumptions of an optically thin plasma and LTE combined
with uncertainties in the transition probabilities used [16] and uncertainties
in the integrated line intensities (in particular around the regions where the
background continuum emission signal level is high) result in difficulties in
temperature calculations, particularly at earlier plasma times. Therefore the
temperature distributions presented here are for times ≥ 300ns.

3.4.1 Target Geometries

As in sections 3.2.1 and 3.3.1 we will look at the effects on the interaction
region between two colliding plasmas by varying the target geometry of the
system.

3.4.1.1 Seed Plasma Orientation

Boltzmann plots have been used to determine the excitation temperature
distributions of the plume. A Surelite laser operating at the fundamental
wavelength of 1064 nm with a pulsewidth of 6 ns was split equally using the
optical setup described in section 2.2.1.2 to generate a pulse of 210 mJ (105
mJ per seed plasma) on three separate wedge angles (1000, 1400 & 1800) at
a seed distance of D = 1.3 mm. Figure 3.19 shows spatially resolved time
integrated temperature distributions over the interaction region of the three
target wedge angles.

In the case of the 1800 (i.e. flat) wedge target system, the plume temper-
ature is lowest, and the temperature gradient along the major axis of the
stagnation layer, i.e., away form the seed plasmas, is relatively flat. This
temperature gradient increases slightly for the 1400 case with respect to the
laterally colliding plasmas case, and the temperature increases by an average
of ∼1000 K. The temperature gradient remains in the 1000 case, but the av-
erage absolute temperature increases by ∼1700 K. The seed plume velocity
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Figure 3.19: Spatially resolved & time integrated excitation temperature dis-
tributions along the stagnation layer for three target wedge angles.

component parallel to the target surface has increased while that normal to
the surface has decreased.

The time integrated temperature distributions shown in figure 3.20 represent
temperatures for times ≥ 300ns after seed initialisation, and ∼ 100ns after
the stagnation layer has begun to form. In the case of the 1800 and 1400 wedge
systems, the plasma temperature gradient is relatively gentle and so the
temperatures are quite homogeneous across the plume. However, in the case
of the 1000 wedge system, there is still a decrease in the temperature visible
along the stagnation layer 500 ns after seed initialisation. This decrease in
temperature is approximately linear (in this temporal region) in each case.

3.4.1.2 Distance Variation

The distance between the two seed plasmas was varied, by changing the wedge
prism in the optical setup (section 2.2.1.2). Using the same experimental
conditions as usual, i.e. a target wedge angle of 1400 and a pulse energy of 210
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Figure 3.20: Spatially resolved excitation temperature distributions for a
range of time delays along the stagnation layer for three target wedge angles.

mJ, seed distances of D = 1.3 mm and D = 2.6 mm were used, and a series of
spectra were recorded from which temperatures were extracted. A spatially
resolved & time integrated comparison of the excitation temperatures for
both seed plasma separations is shown in figure 3.21, from where it can be
seen that the temperature gradient is not as steep in the D = 2.6 mm case
as it is in the D = 1.3 mm case.

The space and time resolved distributions are shown in figure 3.22. It can be
seen that the temperature of the stagnation layer in the D = 2.6 mm case is
only very slightly more homogeneous as one moves normal to the target and
along the plume. The decrease in temperature is again approximately linear
(in this temporal region) in both cases.
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Figure 3.21: Spatially resolved & time integrated excitation temperature dis-
tributions along the stagnation layer for two seed plasma separations, namely
1.3 mm and 2.66 mm.

3.4.2 Laser Pulse Energy Variation

In this section, as in sections 3.2.2 and 3.3.2, we vary the energy of the
laser pulse from 110 mJ through 160 mJ, to 210 mJ in a 6 ns pulse at
an operating wavelength of 1064 nm, and thus the on-target irradiance for
each seed plasma, and hold constant the target wedge angle (1400) and the
distance between the seeds (D = 1.3mm). The spatially resolved & time
integrated results are shown in figure 3.23 below.
The effect of changing the seed laser pulse energy on the time integrated
temperature distributions is a linear change in the overall temperature of the
plume while the general temperature distributions do not change as the laser
energies change. Space and time resolved temperature distributions (figure
3.24) show a similar pattern, with the temperatures decreasing monotonically
along the stagnation layer as a function of time.
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Figure 3.22: Spatially resolved excitation temperature distributions for a
range of time delays along the stagnation layer for two different seed plasma
separations, namely D = 13. mm and D = 2.6 mm.

3.5 Comparison of Emission Results

Spatially resolved and temporally integrated as well as spatially and tem-
porally resolved imaging spectra have been used to study the interaction of
counter-propagating laser-produced plasmas. The results presented show a
range of different behaviours in the interaction dynamics between each of the
plasma plumes, caused by differing initial conditions. A study of the pro-
gression of the peak of the intensity of the neutral emitting atoms along the
stagnation layer and ions as a function of time for a range of initial condi-
tions is presented in table 3.1, showing that while the growth rates of neutral
emitting atoms are generally relatively low, i.e. ≤ 5.5 × 105 cm/s, the ions
are more fast moving and vary significantly as a function of the wedge angle
between the seeds. The Cu+ ion growth rates range from 9.2 ×105 cm/s for
the case of the 1.3 mm, 210 mJ, 1000 wedge case to 26.1 ×105 cm/s for the
1.3 mm, 210 mJ flat target case.

In the flat target case, the stagnation layer grows predominantly in a direc-
tion normal to the target surface as time progresses. This is supported by
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Figure 3.23: Spatially resolved & time integrated excitation temperature dis-
tributions along the stagnation layer for three different laser pulse energies.

Figure 3.24: Spatially resolved excitation temperature distributions for a
range of time delays along the interaction region for three pulse energies.
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figure 3.1 (a), where the stagnation layer formed is narrow and elongated.
There is little or no growth along its lateral dimension, giving a strong in-
dication that the degree of interpenetration is quite low. This is known as
’hard stagnation’, and occurs when there is a low degree of interpenetration,
because the ion ion MFP (λii) is shorter than the typical dimensions of the
system [17], usually taken to be the separation of the seed plasma plumes.
The collisionality parameter, ζ, is greater than unity in the case of hard
stagnation (see equation 1.19).

Combining equation 1.19 with equation 1.20, one can see that ζ is highly
dependent on the relative collision velocity of the seed plasmas, decreasing
as the velocity increases, which in turn is caused by a decrease in the target
wedge angle. To rephrase, as the target wedge closes the collisionality pa-
rameter decreases and moves towards the ’soft stagnation’ regime, where the
degree of interpenetration of the colliding plasmas grows. Figure 3.1 (b) and
(c) illustrate this progression, where the increase in the lateral dimension, i.e.
the width, and the decrease in length is apparent. The decreasing growth
rates of the peak position of emitting atoms and singly charged ions (table
3.1) as the wedge angle closes, confirm this.

In general, the electron density follows the shape of the stagantion layer,
(along the length of the layer) as in figure 3.1. The density reaches a maxi-
mum of ∼ 1 ×1018cm−3 in the case of the 1000 wedge target for 1.3 mm seed
distance & 210 mJ total pulse energy, where it is spread across a 1 mm range
close to the base of the stagnation layer. Beyond this region it decreases
sharply to ∼ 1 ×1017cm−3, as do the stagnation layers in the 1400 and 1800

wedge cases. They do not reach the same densities in the base region, al-
though they do increase with decreasing wedge angle. The densities peak
between 100 and 300 ns after seed initialisation in all three cases. The tem-
perature reaches a maximum of ∼ 9,500 K in the 1000 wedge target, again
closest to the base of the stagnation layer. This decreases by ∼ 1000 K in
the tail of the plasma. A simiar pattern occurs for the other cases, except
that the temperatures are lower as the wedge angle opens. The time resolved
temperature measurements don’t show the same drop in temperature across
the layer, suggesting that the majority of the temperature gradient across
the layer occurs at t ≤ 300 ns. The effect of moving the seeds further apart
is to cool the plasma; in the case investigated (i.e. 1400 wedge, 210 mJ total
pulse energy, seed distance D = 1.3 mm & 2.6 mm) the effect of doubling
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the seed distance was to decrease the plume temperature by ∼ 1000 K.

Changing the laser energy and hence the on-target irradiance had little effect
on the growth rates of the species measured, i.e. neutral Cu atoms and Cu+

ions. An increase in laser energy has a strong effect on the electron densities
near the base of the stagnation layer causing the density to rise sharply,
but has only minor effects beyond this region. This is in contrast to the
temperatures; the influence of an increase in laser energy can be seen right
along the stagnation layer where the temperature seems to increase linearly
with laser energy.

3.6 Comparison of a Stagnation Layer with a

Single Seed Plasma

The stagnation layer of most interest for LIBS was in the case of the 1.3 mm
seed separation, 210 mJ total pulse energy, 1000 wedge case, where relatively
low species growth rates and high electron temperatures and densities oc-
cured. Here we compare these results to a plasma plume created by a single
laser pulse of the same energy.

Figure 3.25: Comparison of the movement of the peak of intensity of neutral
emitting atoms and ions for a single pulse plasma with a stagnation layer.

Figure 3.25 shows a comparison of the growth rates of species in a stagnation
layer created using the settings described above, and a single plume using the
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same pulse energy. The velocity of the both the peak of the neutral atoms
and of the singly charged ions is higher in the case of the single pulse plume,
and the ions disperse at almost twice the velocity in the forward direction.
The stagnation layer is confined in space which slows it’s evolution through
time and should cause the density gradient to be lower than the single pulse
case.

Figure 3.26: Comparison of the electron densities of a single pulse plasma with
a stagnation layer.

The electron density distributions plotted in figure 3.26 show that the den-
sity of the single plume is almost twice that of the colliding plasma at their
respective peak densities, but the density of the single plume plasma quickly
decreases to a value below that of the stagnation layer ∼ 200 ns after the laser
pulse impinges upon the target surface, while the stagnation layer maintains
it’s density for a longer period. The stagnation layer also holds it’s temper-
ature for longer, as figure 3.27 shows. It is expected that the temperature of
the single pulse plasma would be higher for earlier times than those shown,
but decreases at a faster rate than that of the stagnation layer.
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Figure 3.27: Comparison of the excitation temperatures of a single pulse
plasma with a stagnation layer.

3.7 Summary

The orientation of two seed plasmas with respect to each other has been
shown to alter the temperature, electron density, evolution of species in,
and degree of confinement of the stagnation layer generated when they col-
lide. By employing various distinct target configurations, plasma collisions
at both low and relatively high growth rates were studied. By decreasing
the angle of orientation between the seeds, the temperature was increased,
due to increased internal collisions, and the densities were raised due to a
higher number of plasma constituents involved in the collision process. Due
to a lower seed plasma growth component normal (and an increased com-
ponent parallel) to the target surface, the stagnation layer was confined and
temperatures and densities remained high for a relatively long time duration.

We have shown that the method of changing the target angle between two
colliding plasmas gives an extra dimension of control over plasma parameters
such as the density, temperature and confinement. The rate of decrease
of densities and temperatures is lower in the case of a stagnation layer as
opposed to a single plasma plume, allowing for the highly useful property of
an optical source with a long lifetime, which is suspended in space making it
a useful pre-heated target for applications in e.g., LIBS.
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Chapter 4

Emission Characteristics of
Ionic Species in a Tin Plasma

4.1 Introduction

In this chapter we introduce a novel technique to increase Laser Induced
Breakdown Spectroscopy (LIBS) performance through improved coupling of
laser energy to the target and ablated material, yielding more efficient pro-
duction of plasma species in an excited state. A dual laser scheme in com-
bination with the generation of a highly tunable stagnation layer (SL) is
employed to succesfully enhance emission line intensities and emission life-
times.

The double-pulse technique was initially reported in 1969 [1] in relation to the
analysis of solid aluminum alloy samples in air; since then several studies have
been undertaken (reviewed in [2]) to enhance the intensity of emission lines
employing numerous configurations of the double-pulse approach. However,
the reheating of a stagnation layer formed when two plasmas collide, and the
benefits that such a system might offer to LIBS have heretofore not been
studied.

The stagnation layer formed at the collision front between two colliding plas-
mas is a potentially important augmentation of the double-pulse technique
for many reasons. It is a plasma suspended in space, with tunable shape,
density and temperature [3]. If we consider the SL generated by colliding
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two nanosecond laser produced plasmas, the density can be made quite high
( 1019cm3), but the temperature is relatively low (1 - 5 eV typically) and so
it does not emit strongly in certain desirable wavelength regions. Hence the
SL is used simply as the fuel to be reheated by a second laser to the ap-
propriate temperature for optimal emission. The fact that the density may
be controlled for reheating-laser absorption, and also that its shape may
be controlled (important for certain applications, e.g. Extreme UltraVio-
let Lithography (EUVL) light sources) makes stagnation layers potentially
important as a target fuel.

In any consideration of the reheating of a laser plasma, one must take into
account plasma shielding. The critical density (described in subsection 1.3.2)
is given by

nc =
ε0me

e2
ω2
p (4.1)

.
This gives a value of ≈ 1 × 1021cm−3 for the fundamental wavelength of
Nd:YAG lasers (λ = 1064 nm). A plasma with a higher density will not
allow the laser beam to propagate; if the density is too low the laser beam
will be transmitted with little or no absorption. Previous experiments have
shown that a stagnation layer created by colliding two Nd:YAG fundamental
wavelength laser produced plasmas will have an electron density of the order
of 1017cm−3 [4]. This number can be increased in order to improve absorption,
at least in the case of each seed plasma, by using a lower wavelength laser
[5, 6], e.g. the first harmonic (532 nm) of the Nd:YAG laser.

Therefore, as a means of increasing LIBS sensitivity, the traditional double-
pulse scheme consists of separating the two steps of sampling and excitation,
and using the most appropriate laser wavelength for each. This amounts to
using a long wavelength pulse for ablation and creation of the stagnation
layer, followed by a higher pulse for efficient heating of the preplasma formed
in the ’sampling’ step.

Here we present a study of the effects of reheating the interaction region
of two colliding plasmas, while varying the initialisation conditions of those
plasmas. Key parameters involved in the study include variations in the
intensities and profiles of the spectral lines representing various ion stages
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of the stagnation layer, using combinations of laser pulses with different
wavelengths, energies and durations and with different target geometries,
along with the effects of interpulse delay on these spectral lines. Optical
diagnostics techniques such as broadband fast imaging and optical emission
spectroscopy (as described in subsection 2.2.4) have been employed to probe
the colliding plasmas, revealing important factors in the formation of the
reheated stagnation layer. For example the studies have found that the
increase in line emission is dependant on the target geometry. The target
used in all of these studies was composed of bulk tin slabs.

Figure 4.1: (a) Time integrated broadband emission imaging of a reheated tin
stagnation layer created on a 1400 wedge target.

Figure 4.1 shows a time-integrated (i.e. 10 µs) optical image of a reheated
stagnation layer. The Surelite laser system (discussed in subsubsection 2.2.1.1)
was used to generate pulses with a wavelength of 532 nm and a pulse dura-
tion of 4 ns FWHM; this laser beam was split in two parts using the wedge
prism (subsubsection 2.2.1.2) prior to being focussed to two spots of ∼ 100
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µm diameter. The intensity ratio of the two resulting laser beams was ∼ 1:1
leading to an on-target irradiance on the order of ∼ 1010 W/cm2 (depending
on the energy per pulse). The focussed laser pulses irradiated slab targets
with a wedge angle of 1400 between them and with a seed separation of 1.3
mm, while the stagnation layer was reheated by a 1064 nm laser pulse car-
rying an energy of 340 mJ in a pulse of duration of 6 ns, with a delay of 120
ns after seed plasma formation.

4.2 Stagnation Layer Optimisation

In this section we will study the effects of changing the seed laser wavelength
on emission line intensity and emission lifetimes of specific spectral lines in
the stagnation layer, as well as measuring spatially and temporally resolved
electron density distributions. (N.B. the emission lifetime is a separate value
to the lifetime of the upper state in the transition). A variety of models exists
in the literature for laser produced plasmas under vacuum conditions e.g. [7],
and experiments carried out [6] reflect the findings; the laser wavelength has
a significant effect on properties such as electron temperature and density,
which strongly affect the line intensies. Here we study the effects of the
generation of two colliding tin laser plasma pulses by (i) a 532 nm pulse, and
(ii) a 1064 nm pulse. Using the Colombant & Tonon [7] model described in
subsection 1.5.2, the ion fractions for both laser wavelengths as a function
of temperature have been calculated, using a fixed electron density of 1018

cm−3 and for temperatures up to 5 eV, which are similar to those used in
the work presented here. Figure 4.2 shows that a plasma created by a longer
wavelength pulse will have higher ionisation states at a lower temperature.
However, equation 1.16 from the same model relates the temperature to the
laser wavelength,

T ∝ (Iλ2)n (4.2)

where I is the laser pulse irradiance and n=0.6 typically. The plasma created
by the longer wavelength laser pulse will have a higher temperature resulting
in a closer ionisation balance than two plasmas of the same temperature, due
to higher densities in the plasmas created by shorter wavelengths, leading to
collisional radiative excitations to higher states.

Here we will look at the electron density distributions as well as the en-
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Figure 4.2: Ion fractions for a LPP generated using a 532 nm and a 1064 nm
laser pulse at a fixed density of 1018 cm−3

hancement of intensities and emission lifetimes of two emission lines; namely
the 645.4 nm SnII line (5s26p 2P3/2 − 6s 2S1/2) and the 485.97 nm SnIII line
(5s6p 3P1 − 6s 3S1).

Figure 4.3 shows sample images of broadband (550 nm - 950 nm) time re-
solved emission imaging of a tin stagnation layer created using two 50 mJ 532
nm laser pulses of 4 ns FWHM duration on a 1400 wedge target. Note the
interaction region begins to emit radiation ∼ 40 ns after seed initialisation,
and the brightness peaks at ∼ 150 ns. By 290 ns there is very little emitted
radiation in this wavelength region, even with maximum intensifier ICCD
gain.

Emission imaging helps track the formation of the stagnation layer and can
give a time-space map of its evolution. Spectrally filtered imaging allows
tracking of excited state atomic & ionic species in certain circumstances. It
can also be used to compare directly with hydrodynamic fluid codes, how-
ever it does have its limitations. Spectroscopy gives much better species
selectivity, and combined with spatial resolution gives unprecedented space-
time measurement capability (see chapter 3). Three lines are presented
for spectral analysis here; the 485.97 nm SnIII line (5s6p 3P1 − 6s 3S1),
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Figure 4.3: Time resolved broadband emission imaging of a tin stagnation
layer created on a wedge target acquired at times (a) 0 ns, (b) 40 ns, (c) 80 ns,
(d) 120 ns, (e) 160 ns, (f) 200 ns, (g) 230 ns, (h) 260 ns, & (i) 290 ns. Images
(a), (b) & (c) were acquired using an intensifier gain setting of 1500, (d) was
acquired at a setting of 3000, and (e), (f), (g), (h) & (i) were acquired at a
setting of 4000.

the 492.57 nm SnIII line (5s6p 3P0 − 6s 3S1) and the 645.4 nm SnII line
(5s26p 2P3/2 − 6s 2S1/2). The SnIII lines can be recorded in a single spectral
window, as in figure 4.4.
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Figure 4.4: Time resolved emission imaging spectra of the 485 nm and 492 nm
specrtral lines of a tin stagnation layer created on a wedge target acquired at
times (a) 40 ns, (b) 60 ns, (c) 90 ns, (d) 120 ns, (e) 150 ns, (f) 180 ns, (g) 210
ns, (h) 240 ns, & (i) 270 ns. Images (a), (b), (c), (d), (e) & (f) were acquired
using an intensifier gain setting of 2000, (g) & (h) were acquired at a setting
of 3000, and (i) was acquired at a setting of 4000.

Figure 4.4 shows the spectral evolution of the two SnIII lines mentioned
above as a function of time. The spectra of the stagnation layer formed by
the collision of two seed plasmas which were in turn created by a pair of
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frequency doubled (532 nm) Q-switched laser pulses each carrying an energy
of 50 mJ in pulses of duration 4 ns FWHM, focussed on a wedge target with
an angle of 1400 between each seed and with a seed separation of D = 1.3
mm, are presented in this figure. They show that a weak signal (mainly
continuum) begins to appear at ∼ 40 ns, while discrete spectral lines do not
become apparent until 80 or 90 ns. The earlier continuum signal is indicative
of an initially hot and dense layer with a large number of electrons just as the
collision front is forming; it is well known [8] that the separation of charge in
space plays a significant role in the stagnation of various plasma constituents
and arrival of electrons prior to other plasma constituents has previously
been reported [9].

However, later results (section 4.3) show that the reheating laser pulse is
successfully coupled to the stagnation layer even at these early times; inverse
bremsstrahlung (IB) is required for this coupling mechanism which in turn
requires the presence of ions. Therefore the most highly ionised (i.e. the
fastest, due to ambipolar effects) ions have reached the collision plane by this
stage (≈ 90 ns) favouring IB and electron-ion recombination which will later
add to the excited states that will decay yielding spectral line emission from
lower charge states. The dense plasma will exhibit opacity effects at this early
stage, attenuating line emission so severely that they become buried below
the superimposed continuum. At later times the two lines become apparent
and the 485 nm line is more intense than the 492 nm line; otherwise the
evolution (i.e. the relative intensity and motion) of both lines is similar, as
expected.

If we look at the 645 nm line (figure 4.5) we can see that the presence of
continuum emission at an early stage is apparent here also. The emission
lifetime of this line is longer than either of the SnIII lines, although it is not as
intense (even accounting for other factors such as the grating efficiency). The
645 nm line represents a lower charge state and this is related to ionisation
balance. As the plasma expands, the temperature drops and so the Sn2+

fraction drops while the Sn+ fraction will be favoured (as per the Colombant
& Tonon collisional radiative model, figure 4.2).
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Figure 4.5: Time resolved broadband emission imaging of a tin stagnation
layer created on a wedge target acquired at times (a)40 ns, (b)60 ns, (c)90 ns,
(d)120 ns, (e)150 ns, (f)180 ns, (g)210 ns, (h)240 ns, &(i)270 ns. All images
were acquired using an intensifier gain setting of 4000.

4.2.1 Optical Time of Flight Studies

A more detailed analysis can be carried out by optical time-of-flight (OTOF)
studies of the plasma, which give information regarding the time taken by
a particular plasma specie to evolve after the plasma is formed, and the
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intensity of lines as a function of time. Lineouts of the spectra along the
length of each spectral line were obtained as follows. A box, enveloping the
complete image region of the spectral line which was 20 pixels wide and
stretched along the full length of the line, was defined. The lineout was
obtained by first integrating across the 20 pixel width at each vertical (along
the stagnation layer direction) position. The resulting trace was then plotted
for each spectral line of interest at different time delays after seed plasma
formation. Figures 4.6 and 4.7 show the intensities of these lineouts for the
485 nm line and the 645 nm line respectively, plotted as a function of time.
The intensities grow to a peak at around ∼ 150 ns in each case, after which
point in time the line starts to fade and is barely visible after 300 ns. The
position of the intensity peak of each lineout moves away from the target at
different velocities in each case.

Figure 4.6: Time and space resolved
plot of the spectral line emission
along the stagnation layer for the dou-
bly ionized Sn ions as tagged with the
Sn III 485 nm line. It can be seen
that the peak intensity point moves
along the stagnation layer as time
progresses.

Figure 4.7: Time and space resolved
plot of the spectral line emission
along the stagnation layer for the
singly ionized Sn ions as tagged with
the Sn II 645 nm line. It can be seen
that the peak intensity point moves
along the stagnation layer as time
progresses.

When comparing the intensities of these lines, the intensifier gain (subsection
2.2.3) and the grating efficiency at each wavelength (subsection 2.2.4) must
be accounted for. Figure 4.8 shows the movement of the peak of intensity
of the three aforementioned lines in a stagnation layer created using two 532
nm seeds and two 1064 nm seeds. Figure 4.10 shows the spectral line at 645
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nm due to Sn+ ions, isolated and magnified from figure 4.9. The variables
held constant were the laser energy used to create each seed (50 mJ), the
seed separation (1.3 mm) and the geometry of the target (a 1400 wedge).

Figure 4.8: Comparison of the movement of the peak intensity position along
the stagnation layer of emitting ions in a stagnation layer, Sn2+ (485 nm and
492 nm) and Sn+ (645 nm), for two different laser wavelengths.

The velocity of the peak of each line does not vary significantly; in each case
it is of the order of 104 cm/s. It can be seen that the velocities of the two
SnIII lines are the same (as expected), and the velocities of the SnII line
are lower than that of the SnIII line. Note that due to the lack of data
points it is difficult to fit a straight line to either of the SnIII lines in the
stagnation layer created by the longer wavelength seeds. Evidence of the
separation of charge in space occurring in expanding single plasma plumes
has previously been reported [10], where it was found that a fast electron
bunch leads the expansion of the plasma, followed by the more highly charged
ions. The excited neutral species were the slowest moving particles. This
phenomenon is also observed and presented elsewhere in this work (chapter
3). Velocity is used here in the sense of the rate of change of peak intensity
position with time. In the more usual case of plasma plumes expanding from

93



the laser focal or deflagration zone, it is quite usual to talk about plume
expansion velocities. Here, the stagnation layer is a plasma in the sense
that it contains ionised matter, however it’s expansion is not driven by the
more usual hydrodynamic effects, e.g., density and pressure gradients, as in
laser plasmas. Rather its growth outwards in time along the major axis is
reflective of the delayed arrival of material which has to travel greater and
greater distances to reach the more distant points on collision plane - in effect
the ’expansion’ or outward growth of the stagnation layer is determined by
the time-of-flight of seed plasma material to the collision plane. Of course,
material closer to the target will have a component of velocity along the layer
and so as time proceeds, some material will move along the layer, i.e the layer
itself will move. Also, accumulation of material just arriving and stagnating
with material moving along the layer creates a localised increase in material
density, which moves as time proceeds.

Figure 4.9: Comparison of spatially integrated intensities of emitting Sn2+

and Sn+ ions in a stagnation layer created by seed plasmas generated with
1064 nm laser wavelength and by seed plasmas generated with 532 nm laser
wavelength.
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The intensity of each line is vitally important in the context of LIBS. A
comparison of the spatially integrated intensities of each line as a function
of time and seed laser wavelength is shown in figure 4.9.

Figure 4.10: Comparison of spatially integrated intensities of emitting Sn+ ions
in a stagnation layer created by seed plasmas generated with 1064 nm laser
wavelength and by seed plasmas generated with 532 nm laser wavelength.

The integrated intensities of spectral lines created by Sn2+ in the stagnation
layer generated by the longer wavelength seeds peak earlier than that of the
shorter wavelength (i.e., 532 nm) seeds; however the SL created by two 532
nm laser pulses emits for longer. The Sn+ spectral lines peak earlier for the
532 nm case, and also emit for longer in this case. The higher intensities may
be misleading; as noted earlier continuum emission exists at earlier times
which increases the integrated intensity but is not useful for LIBS. LIBS
requires high signal to background ratio which is not available at earlier
times. The increased duration of the SL emission in the case of the 532 nm
laser generated seed plasmas may be explained in terms of plasma shielding;
since the plasma frequency scales as the square root of the plasma density,
the shorter the wavelength of the laser field, the more dense the seed plasma
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created. Accordingly it can be expected that the stagnation layer will be
more dense and so the emission intensity, relative to the SL created with
1064 nm seeds, should be expected to be of longer duration, as observed.

The 1064 nm laser creates hotter (equation 4.2) plasmas but they are of
lower density at this distance from the surface [6]. At the collision front
they have much more translational energy to convert to thermal energy in
the stagnation layer which is initially hotter but decays rather rapidly. For
the shorter wavelength laser a more dense but cooler (lower temperature and
hence more slowly moving) seed plasma is produced. This then results in
lower temperature stagnation layers which last longer because the seeds are
moving more slowly and hence the growth and decay of the stagnation layer
and its emission are more slow than in the 1064 nm case.

4.2.2 Spatio-Temporal Electron Density Distributions

In the current context, we are particularly interested in the density of the
stagnation layer plasma. As stated earlier, the density needs to be high
enough to absorb the second laser, without reaching the plasma’s critical
density where shielding will occur and the reheating laser will be completely
reflected from the layer. The density distributions were measured using the
Stark broadening method (subsubsection 2.3.1.3). The change in full width
at half maximum of the Lorentzian component (∆λ1/2, in nm) of the 645 nm
Sn+ line is used to estimate the electron number density. The equation of
interest is reproduced here for the reader’s convenience:

∆λ1/2 = 2w(ne/1016) (4.3)

where w in angstroms is the electron-impact parameter of the 645.4-nm SnII
line, obtained from reference [11] for two temperatures; 0.86 and 2.86 eV.
We estimated the density of the plasma by assuming the impact parameter
varies linearly in the temperature range mentioned above.

4.2.2.1 Electron Density Distributions as a Function of Laser Wave-
length

The electron density distributions of stagnation layers created by varying
seed laser wavelengths were measured and are presented in figures 4.11 and
4.12.
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Figure 4.11: Electron density distri-
butions of a stagnation layer created
using two 532 nm seeds on a 1400

wedge target.

Figure 4.12: Electron density distri-
butions of a stagnation layer created
using two 1064 nm seeds on a 1400

wedge target.

N.B. When comparing the stagnation layer generated by two different seed
laser wavelengths as in figures 4.11 and 4.12 it should be noted that the power
density on each target surface has been held constant. The laser energy has
been increased by 50% in the case of the 1064 nm laser wavelength since the
FWHM of the laser pulse is 4 ns FWHM in the case of the 532 nm laser and 6
ns FWHM in the case of the 1064 nm laser. The power density is calculated
using the following equation:

Applied Power Density = E/∆T × 1/πr2 (4.4)

where E is the energy of the incident laser pulse, ∆T is the FWHM of the
laser pulse and r is the radius of the laser focal spot. In each case the power
density for each seed is ∼ 1× 1011 Wcm−2.
The density distribution along the stagnation layer major axis (direction of
growth, i.e. normal to the target surface), is similar in both cases and so
a comparison of the peak of the density is justified. Following the peak for
each gives a plot as in figure 4.13.
Figure 4.13 shows that the densities are similar for both, although more
information is available for the 532 nm seeds - this is another reflection of
the extended emission observed for this laser wavelength compared to the
1064 nm seed case.
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Figure 4.13: Comparison of the peak density in a stagnation layer created by
two 532 nm seeds and by two 1064 nm seeds as a function of time.

4.2.2.2 Electron Density Distributions as a Function of Wedge
Angle

The target wedge angle can be varied using the setup described in subsubsec-
tion 2.2.1.3. The resulting effects have been explored in detail for the case of
colliding copper plasmas (chapter 3). Here we use the conclusions gathered
from those experiments to vary the shape and density of the stagnation layer.
Figures 4.14, 4.15 (as in figure 4.11, repeated here for comparison), 4.16 and
4.17 show the electron density distributions of a 1800 wedge target system, a
1400 wedge target system, a 1000 wedge target system, and an 800 wedge tar-
get system, respectively. Note in the case of the 1800 wedge, that the density
peak is quite sharp in space at earlier times, and broadens as it decreases.
The stagnation layer is not as confined as in the other cases, allowing for
a relatively quick expansion into vacuum after cessation of seed collisions.
This broadening as a function of time as the density peak decreases occurs
in the case of both the 1400 and the 1000 case, although the decrease is not
as sharp due to confinement of the layer. In the 800 case the peak density
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remains at a high value until around 180 ns after seed initialisation, where it
drops off to values similar to the other cases. This is reflected in figure 4.18,
where the peak density of each as a function of time is shown.

Figure 4.14: Electron density distri-
butions of a stagnation layer created
using a flat target (1800).

Figure 4.15: Electron density distri-
butions of a stagnation layer created
on a 1400 wedge target.

Figure 4.16: Electron density distri-
butions of a stagnation layer created
created on a 1000 wedge target.

Figure 4.17: Electron density distri-
butions of a stagnation layer created
on a 800 wedge target.

A study of the lateral density distributions has not been carried out, but
since the density distributions seem to follow the emission intensity distribu-
tions (see figure 3.1) we can assume that the density peak broadens as the
wedge angle decreases. When reheating of the stagnation layer is carried out,
this will become important as a higher proportion of higher density ’fuel’ is
available to the reheating laser allowing the focal spot to be larger or the
tolerance in the focal spot positioning to be relaxed, for example.
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Figure 4.18: Comparison of the peak density in a stagnation layer created by
two 532 nm seeds and by two 1064 nm seeds as a function of wedge angle &
time.

4.2.3 Opacity

Opacity tends to reduce line intensities and can attenuate line intensities to
the point where line intensities are reversed, i.e., the centre portion of a line
profile appears to have been sliced out.. Since the emission intensity scales
as Nf where N is number of excited ions and f is the oscillator strength of the
transition, while absorption (opacity) scales as eNfl, where l is the absorption
length, it is clear that strong lines or transitions (i.e., high f value), experience
also the strongest absorption while trying to pass through the cooler outer
regions of the plasma plume. Figure 4.19 and 4.20 shows the lineouts as a
function of time for the 485 and 492 line transitions for the 800 wedge, in
which case the density is highest and the plume most confined.
A dip occurs in each line at ∼ 100 - 200 ns, although at different regions
along the length of the plume. This suggests one of two things: there are
density ’islands’ in the plume, or opacity is apparent. Since no density islands
were apparent in the analysis in subsubsection 4.2.2.2, and the intensity of
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Figure 4.19: Opacity effects on
the spatially integrated intensities of
emitting ions in a stagnation layer
(485 nm line) as a function of time
for an 800 wedge target setup

Figure 4.20: Opacity effects on
the spatially integrated intensities of
emitting ions in a stagnation layer
(492 nm line) as a function of time
for an 800 wedge target setup

the dip occurs in different regions along the plume for the different lines,
it is more likely that the dip is due to opacity in the plasma. This ’dip’
was not observed in the larger wedge angle, lower density plasma plumes.
The significance or otherwise of opacity in the current context will become
apparent in the following section.

4.3 Reheating the Stagnation Layer

The aim of the dual pulse LIBS technique is to efficiently couple laser light
to a preformed plasma, in order to increase the signal-to-background ratio
(SBR) and hence the limit of detection. Dual pulse LIBS also seeks to achieve
enhanced emission intensities and longer sustained emission with the aim
of increasing the signal level and ideally signal-to-noise ratio (SNR). The
technique introduced in this section uses a ’reheating’ laser in combination
with the highly tunable stagnation layer with the aim of demonstrating that
these enhancements may very well be possible. The key parameters studied
are the effects of reheating on line intensities (corresponding to specific ion
stages) and lifetimes of singly and doubly charged ion transitions, i.e. the
spectral lines described above. The stagnation layer initialisation parameters
are varied to change the shape and density of the ’fuel’ plasma (i.e. the
plasma to be reheated), and the plasma is reheated at a range of delay times.
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When a laser interacts with a plasma, the laser radiation is absorbed by a
process known as inverse bremsstrahlung (IB). The absorption coefficient [12]
is given in subsection 1.3.2, and reproduced here for the reader’s convenience:

K = 25e4
(

2c2π

kbme

)3/2
z2n2

enclnΛ

ωL

(
ω2
L − ω2

p

)−1/2
(4.5)

where e is the charge of the electron, c is the speed of light in vacuum, kb is
Boltzmanns constant, me is the mass of the electron, nc is the critical density
for the laser pulse wavelength, ne is the electron number density, z the degree
of ionisation of the ions in the plasma, ωL is the frequency of the incoming
laser pulse radiation, lnΛ is the Coulomb logarithm (equation 1.6) and ωp is
the plasma frequency (related to the electron density, see equation 1.4). The
absorption coefficient is a strong function of the electron density no less so
when one considers that above the critical density, this quantity takes the
form of a reflection coefficient as the laser light is scattered from the critical
density layer. Upon absorption of the laser energy, enhancement of electron
kinetic energy occurs, increasing the collision frequency. The ions become
more excited and more highly ionised, resulting in enhanced intensities and
lifetimes of spectral lines.

Figure 4.21 shows time resolved imaging of a reheated tin stagnation layer
generated by colliding two 50 mJ of duration 4 ns FWHM, 532 nm seed plas-
mas at a distance of 1.3 mm on a 1400 wedge target together, and reheating
with a 340 mJ, 6 ns, 1064 nm laser pulse, which propagates through the in-
teraction region 120 ns after seed initialisation. When compared with figure
4.3 on page 88, it can be seen that reheating has a significant effect on both
emission intensities and emission lifetimes. If figure 4.21 (f) is compared to
figure 4.3 (i), both of which were acquired 290 ns after seed initialisation at
an intensifier gain setting of 4000, the intensity gain by reheating becomes
apparent. In figure 4.3 (i), emissions are minimal and peak at around 2000
counts, whereas in figure 4.21 (f), emissions from the layer are still quite in-
tense, peaking at over 2 × 104 counts. At 440 ns after seed initialisation, i.e.
figure 4.21 (i), the reheated stagnation layer emission levels have decreased
to a level similar to those at 290 ns without the reheating laser pulse.

The method described in section 4.2.1 above is used to study the effects of
reheating a stagnation layer. An example of this effect is shown by plotting
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Figure 4.21: Time resolved broadband emission imaging of a reheated tin
stagnation layer created on a wedge target acquired at times (a) 120 ns, (b)
150 ns, (c) 180 ns, (d) 210 ns, (e) 260 ns, (f) 290 ns, (g) 340 ns, (h) 390 ns,
&(i) 440 ns. Images (a), (b) & (c) were acquired at an intensifier gain setting
of 1500, (d) and (e) were acquired at a setting of 3000, and (f), (g), (h) & (i)
were acquired at a setting of 4000. The interpulse delay was 120 ns.

the lineouts of the 485 nm Sn III line as a function of time, without and
with reheating, as in figures 4.22 & 4.23 respectively. Again, it is apparent
that reheating has a significant effect on both the intensity and lifetime of
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the emission line. This effect is best represented by measuring the spatially
integrated areas of each line as a function of time.

Figure 4.22: Intensity trace of 485nm
SnIII line in a stagnation layer gen-
erated by creating two seed plasmas
with a 532 nm laser at a distance of
1.3 mm apart on a 1400 wedge target
as a function of time

Figure 4.23: Intensity trace of the
same 485nm SnIII line in a stagna-
tion layer which has been reheated
120 ns after seed initialisation using
a 340 mJ 1064 nm laser pulse.

4.3.1 Reheating the Stagnation Layer generated using
Differing Seed Laser Wavelengths

Presented in figures 4.24 & 4.25 are the results of the experiment to reheat
the stagnation layer generated by colliding two 50 mJ pulses of duration 4
ns FWHM, 532 nm seed plasmas at a distance of 1.3 mm on a 1400 wedge
target together, and reheating with a 340 mJ of duration 6 ns FWHM, 1064
nm laser pulse.

Figure 4.24 shows the effects of varying the interpulse delay from 40 ns to
240 ns (in steps of 40 ns), as well as the spatially integrated intensities as a
function of time without reheating. It can be seen that the intensity of the
485 nm line is almost doubled by reheating at 80 ns, with a similar result
at 120 ns. Referring to figure 4.11, it can be seen that the density reaches
a maximum within this time window. Reheating at later times significantly
increases the lifetime of the plasma. Not shown here is the case for the 492
nm line, since it is the same ion stage and carries the same information.
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Figure 4.24: Spatially integrated intensities of the SnIII 485 nm line of a
stagnation layer created using a 532 nm, 4 ns FWHM laser pulse on a 1400

wedge target for various reheat times, as a function of time.

Figure 4.25: Spatially integrated intensities of the SnII 645 nm line of a stag-
nation layer created using a 532 nm, 4 ns FWHM duration laser pulse on a
1400 wedge target for various reheat times, as a function of time.
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Figure 4.25 shows the integrated intensities of the SnII 645 nm line due to re-
heating. Interestingly, the arrival of the reheat laser pulse initially suppresses
the emission intensities, at least for short time delays and hence early into
the life cycle of the stagnation layer. In particular, in the case of the reheat
pulse after a 40 ns delay the layer is just being formed and so absorption of
the laser pulse is weak because of the low density at this stage. The singly
charged ions that are present at this stage are most likely ionised to higher
states causing the intensity to drop. As time progresses the higher ion stages
recombine to Sn+ ions and the line emissions again match those of the layer
without a reheating laser pulse. At later reheat pulse time delays, emissions
quickly increase to match the unreheated case, and the emission durations
are longer. The density is increased and so the layer is more suitable for laser
energy absorption, and radiates for longer.

Figure 4.26: Spatially integrated intensities of the SnIII 485 nm line of a
stagnation layer created using a 1064 nm, 6 ns laser pulse on a 1400 wedge
target for various reheat times, as a function of time.

Figure 4.26 & 4.27 show the results of the experiment to reheat the stagnation
layer generated by colliding two 80 mJ in 6 ns, 1064 nm seed plasmas at a
distance of 1.3 mm on a 1400 wedge target together, and reheating with a
340 mJ in 6 ns, 1064 nm laser pulse.
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Figure 4.27: Spatially integrated intensities of the SnII 645 nm line of a stag-
nation layer created using a 1064 nm, 6 ns laser pulse on a 1400 wedge target
for various reheat times, as a function of time.

For the case of seed initialisation with a 1064 nm laser pulse, the seed plasmas
are hotter (the temperature scales with the laser irradiance I (W.cm−2) as I0.6,
equation 4.2) and so the emission of the layer without reheating is already of
shorter duration than 532 nm. If we look first at the Sn2+ ions case, we can
see that the seeds and therefore the layer are of lower density, thus only at
early times will there be any chance that the density will reach that needed
to absorb a decent fraction of the main pulse. Of course initially this will
drive neutral Sn atoms to Sn+, Sn+ ions to Sn2+ and especially here Sn2+

to Sn3+ and higher (reducing Sn2+ emission) immediately after arrival of the
main pulse. Since the 1064 nm seeds are hot and lead to a stagnation layer
that is formed quickly, all processes from formation to decay are hastened
resulting in a weak and dilute layer at relatively early times. By 100 ns the
layer is so dilute that the reheating 1064 nm pulse just passes through it with
little or no absorption.

Figure 4.27 shows the effects of the reheat laser on the 645 nm line, repre-
senting the Sn+ ions. Once again only reheating with a 40 ns interpulse delay
shows significant signal increase, as the density is only high enough at this
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delay to get decent laser-plasma coupling leading to an increase in electron-
atom collisions and hence ionisation from neutral Sn to singly ionised Sn+.
For the interpulse delay of 80 ns there is still some coupling but it is most
likely driving the stagnation layer to higher charge states, resulting in a de-
crease in emission intensities. For longer interpulse delays there is an increase
in Sn+ emission as time progresses, which is quite different to the Sn2+ case.
Here the higher charge states in collision with electrons experience electron
capture and so the Sn3+ + e− ⇒ Sn2+ followed by Sn2+ + e− ⇒ Sn+ etc.,
as time progresses.

Figure 4.28: Spatially & temporally integrated intensities of the SnIII 485 nm
line of a stagnation layer created using different wavelengths for various reheat
time delays.

Figures 4.28 & 4.29 show both the spatially and temporally integrated in-
tensities, i.e. the total line emission yield of both lines under examination,
as a function of interpulse delay. Looking first at the Sn2+ case for a layer
created by two 1064 nm laser pulses, there is a peak in emission intensity for
a 40 ns pulse delay, and the total emission yield for all later times is very
similar to the case without reheating. This was noted earlier; the density
of the relatively low density high temperature plasma peaks early, allowing
for absorption of the reheat laser pulse at this interpulse delay only. For the
532 nm seeds case, the reheating laser has a large effect at all times, driving
the total emission yield to 4× that without a reheat laser pulse, at an 80
ns delay. Looking at the emissions from the singly charged ions, there is
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Figure 4.29: Spatially & temporally integrated intensities of the SnII 645 nm
line of a stagnation layer created using different wavelengths for various reheat
time delays.

a peak again at 40 ns interpulse delay for the case of the 1064 nm seeds.
For the 532 nm seed case, the 40 ns interpulse delay exhibits a decrease in
emissions, due to ions being driven to Sn2+ etc. The longer interpulse delays
don’t increase the emission signal significantly, although the Sn2+ signal is
increased significantly, again due to the singly charged ions being driven to
higher states.

4.3.2 Reheating the Stagnation Layer Generated using
a Range of Target Wedge Angles

The shape and density of the stagnation layer can be controlled further in
order to optimise emission intensities and lifetimes by varying the wedge
target angle. The experiment was repeated for three further wedge angles;
800, 1000 & 1800.
Figures 4.30, 4.31 & 4.32 show the effects on the 485 nm SnIII spectral line of
reheating the stagnation layer created using a 532 nm 4 ns FWHM duration
laser pulse on a 800, 1000 & 1800 wedge target respectively. The reheat laser
pulse was 340 mJ in 6ns at 1064 nm in each case. Also, the intensities in
the three plots are normalised to the peak intensity for the 800 wedge case,
illustrating the very significant difference in emission intensity by changing
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Figure 4.30: Spatially integrated intensities of the SnIII 485 nm line of a
stagnation layer created using a 532 nm, 4 ns FWHM duration laser pulse on
a 800 wedge target using various reheat times, as a function of time.

Figure 4.31: Spatially integrated intensities of the SnIII 485 line of a stagna-
tion layer created using a 1064 nm, 6 ns laser pulse on a 1000 wedge target for
various reheat times, as a function of time.
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Figure 4.32: Spatially integrated intensities of the SnIII 485 nm line of a
stagnation layer created using a 1064 nm, 6 ns laser pulse on a 1800 wedge
target for various reheat times, as a function of time.

the target wedge angle. Reheating too, differs greatly depending on wedge
angle. To understand these phenomena, one must consider (i) the density
distribution throughout the stagnation layer, (ii) the shape and size of the
plume, and (iii) the formation of the plume, which occurs at a time which
depends on the seed plasma velocity both parallel and orthogonal to the
collision plane. For single plasma plumes (seeds) it is well known that the
velocity normal to the target surface is higher than that orthogonal to the
surface [3], and so the wedge angle for a fixed laser beam direction will result
in different formation times and stagnation layer characteristics.

The results from the 800 wedge show that reheating of the stagnation layer
even at later stages has a significant effect on both the intensity and dura-
tion of the spectral line emission. The plasma is highly confined due to the
target geometry and the underlying stagnation layer plasma density remains
high even after emission intensities have decreased. Note that the emission
durations are increased in both the 1000 & the 1800 cases, although intensity
increases are minimal, and decrease slightly in the 1800 case.
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Figure 4.33: Spatially integrated intensities of the SnII 645 nm line of a stag-
nation layer created using a 532 nm, 4 ns FWHM duration laser pulse on a
800 wedge target for various reheat times, as a function of time.

Figure 4.34: Spatially integrated intensities of the SnII 645 nm line of a stag-
nation layer created using a 532 nm, 4 ns FWHM duration laser pulse on a
1000 wedge target for various reheat times, as a function of time.
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Figures 4.33, 4.34 & 4.35 show the effects on the 645 nm SnII spectral line of
reheating the stagnation layer created using a 532 nm 4 ns FWHM duration
laser pulse on a 800, 1000 & 1800 wedge target respectively. For the 800 case
one can see that the slowly evolving but higher density SL formed by 532
nm seeds shows higher Sn+ emission at later times as expected. Sn+ ions are
formed at early times in the no reheat case due to electron-ion recombination.
Such recombination processes later lead to neutral atomic Sn, which is still
tightly confined in the layer. This provides the fuel for the interdelay pulse,
which ionises the neutral atoms, increasing emission intensities and durations
of the Sn+ ions.

In the 1000 case (figure 4.34) the stagnation is likely to be softer with a more
extended stagnation layer, and a concomitantly lower SL plasma density
at all time delays. It can be seen that emission from the layer without
a reheating pulse tails off much more rapidly than in the 800 case, albeit
the peak intensity remains similar to the 800 case. Figure 4.35 shows similar
results to the 1000 case, although the intensities are much lower. The density
is similar but the volume is lower due to the target geometry.

For both cases, it is clear that reheating at short interpulse delays reduces
the Sn+ signal as the Sn+ fraction is reduced. Laser induced ionisation drives
the dominant ion stage higher than Sn+. At later times the neutral atomic
Sn dominates and so laser ionisation increases the Sn+ signal except for very
long time delays where the SL plasma becomes so dilute as to be almost
transparent to the reheating laser field.

Looking at the effect of reheating on the SnII 645 nm line of the stagnation
layer, it can be seen that there is a general increase in both emission inten-
sities and lifetimes for the 800 wedge target system, where reheating works
almost equally well at later times as it does earlier times (peaking at an inter-
delay pulse of around 80 ns, where double the intensity was recorded). The
increases are not so pronounced in either the 1000 or the 1800 case, where
the main contribution of reheating is to an increase in emission duration.
Figures 4.36 & 4.37 show the total line emission yield of both lines under
examination, as a function of interpulse delay. As expected, the yield from the
800 case is by far the highest for both lines (the 645 nm line is not shown for
the 800 case, but based on a comparison of figures 4.33 & 4.34, a significantly
higher yield than the 1000 case etc. is expected). There is more than 3×
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Figure 4.35: Spatially integrated intensities of the SnII 645 line of a stagnation
layer created using a 532 nm 4 ns FWHM duration laser pulse on a 1800 wedge
target using various reheat times, as a function of time.

Figure 4.36: Spatially & temporally integrated intensities of the SnIII 485 nm
line of a stagnation layer created using various target wedge angles for various
reheat time delays.

intensity yield of the 485 nm line when reheated with an interpulse delay
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Figure 4.37: Spatially & temporally integrated intensities of the SnII 645 nm
line of a stagnation layer created using various target wedge angles for various
reheat time delays.

of 160 ns, due to a combination of higher intensities and longer durations.
For each of the other cases the reheat laser generally increases yields, with
the maximum yield due to an interpulse delay of between 80 and 160 ns.
Reheating has the effect of increasing yields of the SnII line, although the
effects are not as significant as the SnIII case, due to a large portion of singly
charged ions being ionised to higher states by the process.

4.3.3 Background Reductions

For application in LIBS the signal-to-background ratio or SBR is a key pa-
rameter. Increasing the SBR increases the LIBS limit-of-detection or LOD
since the LOD is given by the expression:

LOD = (3× σbackground)/S (4.6)

where σbackground is the standard deviation of the background component of
the spectrum with the lowest concentration of analyte, and S is the slope of
the calibration curve. This is justified by the assumption that, in a calibration
curve (i.e. the intensity or line ratio plotted versus the concentration of
analyte) with slope S, any x value (elemental concentration) can be obtained
by dividing the intensity by the slope at a certain point y/(y/x)) = x. When
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the value of 3 × σbackground is substituted for the intensity of the analytical
line, the limit of detection is calculated. In the current context, we aim to
demonstrate the increased signal to background ratio by implementing the
method described.
Figure 4.38 shows the time resolved spectra which include the SnIII 485 nm
and 492 nm spectral lines of a tin stagnation layer created on an 800 wedge
target acquired at a range of time delays and for two different interpulse
delay settings. Comparing 4.38 (a), (b) & (c) which were produced without
a reheating pulse, to (d), (e) & (f) which were taken at the same time delay
and with an inter-pulse delay propagating 80 ns after the seed pulse, and
to (h), (i) & (j) which were acquired with an interdelay pulse propagating
120 ns after the seed pulse, it can be seen that the increase in continuum is
minimal in all cases. However, the increase in line intensity emissions has
been shown (figure 4.30) to be significant. The benefit of increased emission
lifetimes is demonstrated in figure 4.38 (g), where the background signal is
minimal and emissions are still at a high level. The SBR is improved by up
to 170% and 195% for the SnIII and SnII lines when using the 800 wedge.
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Figure 4.38: Time resolved emission spectroscopy of a tin stagnation layer
created on an 800 wedge target acquired at times (a)120 ns, (b)180 ns & (c)240
ns, without reheating, at times (d)120 ns, (e)180 ns & (f)240 ns with reheating
interpulse delay of 80 ns, and at times (g)120 ns, (h)180 ns, &(i)240 ns with
interpulse delay of 120 ns. All images were acquired at an intensifier gain
setting of 2000, apart from (c) which was acquired at a setting of 3000.

4.4 Summary

In this chapter we introduced a novel method to increase the emission line
intensity from a laser plasma by the formation of a stagnation layer that was
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reheated in a double pulse formation-excitation configuration. For the first
time it was demonstrated that pumping of the stagnation layer causes an
increase in emission intensity and duration of spectral lines within the layer.

Furthermore, the effects of reheating were compared for various target geo-
metric systems, and for various interpulse delays. It was found that although
opacity began to have a noticeable effect when the 800 target system was em-
ployed, reheating of the stagnation layer created by this system are by far the
most significant. Maximum emission yields were achieved when an interpulse
delay of 80 or 120 ns was used, although optimal delay times were found to
vary depending on the ion stage under consideration.

The modification of the dual pulse configuration is suggested as an enhance-
ment to the benefits of the target geometries studied in chapter 3, with possi-
ble applications in LIBS, fundamental atomic physics studies, and enhanced
emission from laser plasma light sources. It was shown that a ’reheating’ laser
significantly enhances both the emission intensities and lifetimes of spectral
lines representing singly and doubly charged ion transitions in a tin plasma.
By varying the angle of the target wedge and the seed laser wavelength, con-
ditions of the interaction region between two colliding plasmas were altered.
Time resolved emission imaging and spectroscopy were employed to study
the effects of reheating this stagnation layer at a range of interpulse delays,
and close to doubling of both the spatially integrated emission intensities and
lifetimes of the plasma was achieved.
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Chapter 5

Conclusions & Outlook

In this final chapter, a summary of the results obtained during the project and
an outlook for the future of the dual-pulse technique introduced in this thesis
is given. Potential applications and suggestions for follow-on experiments are
made.

5.1 Conclusions

The work presented in this thesis was divided into two main segments. The
first was concerned with the properties of a stagnation layer created by col-
liding two laser produced plasmas and the effects of the initialisation param-
eters on those properties. The second involved the introduction of a novel
technique to reheat the stagnation layer with a separate laser pulse, and its
effects on the optical emission from that layer.

In chapter 3 the spatial distribution of different plasma species in the stag-
nation layer produced by colliding two copper plasmas was examined. It was
found that the stagnation layer growth depends on the seed plasma plume
velocities and the growth rate of each atomic or ionic ’fluid’ within those
seeds. The spatial distribution as a function of time as well as the ratio of
velocities of both atoms and ions within the stagnation layer was found to
vary as a function of the wedge angle in the target system. For the case
of the 1000 wedge the stagnation layer is highly confined allowing for little
movement of the neutral species. When two ion stages were compared in
chapter 4 it was shown that the ’velocities’ of singly and doubly charged ions
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did not vary significantly.

In chapter 2 we described an experimental setup that could utilise a new cam-
era system to monitor the plasma via broadband imaging while simultane-
ously recording spectra. Along with the rotating target geometry setup that
provided fresh material for ablation, this method allowed for large amounts
of data to be recorded. The programmes described were able to handle these
large amounts of data and extract temperatures and densities, as well as
optical time-of-flight results.

The temperature and density distributions were determined for the copper
stagnation layer described in chapter 3, which revealed that the temporal
gradients of each were gentle compared with the single plume results. The
more confined layer was shown to have a higher temperature and electron
density, as well as a longer emission lifetime.

The high continuum, common presence of self-absorption, and short duration
of single pulse laser produced plasmas require that better optical emission
sources be developed [1] for laser induced breakdown spectroscopy (LIBS).
The dual-pulse LIBS technique shows much promise in overcoming these
problems, and many configurations have been explored [2]. However, to date
the highly tunable properties of the stagnation layer demonstrated in chapter
3 have heretofore not been utilised for such a purpose.

The use of a tin stagnation layer as the fuel to be reheated by a second laser
was described in chapter 4. This is the first time that coupling of laser en-
ergy to a stagnation layer was achieved, and significant effects were observed.
The stagnation layer properties were controlled using techniques described in
chapter 3, and the emission intensity and duration of spectral lines created
by transitions in singly and doubly charged ions were recorded. Although
the presence of opacity was observed using lower angle target systems, the
emission yields were highest here. The stagnation layer was pumped with
a reheating laser, which demonstrated for the first time that the stagnation
layer could absorb laser energy, and emission yields were increased consid-
erably. The delay between the seed laser pulse and the reheating pulse was
varied to find optimal settings. The maximum yield was attained by re-
heating the stagnation layer created on an 800 wedge target system, with an
interpulse delay of between 80 & 120 ns.
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5.2 Outlook

The work presented in this thesis indicates that manipulation of the target
systems of colliding laser produced plasmas has significant potential for both
fundamental studies of plasma collisions and applications. However, there
remains a large amount of systematic studies on the properties of the stag-
nation layer as a function of the target geometry. The response of some of
the parameters of the stagnation layer, such as temperature, density, spa-
tial distribution and temporal evolution etc. has been studied but there are
many parameters (e.g. target material, laser pulse duration, energy, wave-
length etc.) remaining to be varied and stagnation layer properties to be
measured. Such systematic and fundamental studies are vital to the progres-
sion of colliding plasmas from preliminary investigations in the laboratory (as
is the case currently) to being utilised for further applications. They can also
provide a valuable reference for designing future experiments/applications.
In addition, any next phase of the work will require the extension of exist-
ing models such as the multifluid approach [3] to the parameter range of
relevance here.

The reheating of the stagnation layer has been presented in the context of
LIBS, where in-depth investigations are needed in order to realise fully these
ambitions for the technique introduced. For example, studies on the relevant
materials and conditions must be carried out, as well as the response of the
system in the vacuum ultra-violet (VUV) , which has inherent advantages
over visible wavelength LIBS [4].

Reheating the stagnation layer has promise in further applications; including
the potential to increase conversion efficiency in tin plasmas for EUVL by
creating relatively low density - high energy plasmas which can overcome the
problem of EUV flux loss due to opacity while maintaining high brightness.
In simple terms, while the emitted flux increases linearly with excited species
number density, the opacity increases exponentially with ground state num-
ber density and so flux optimisation involves managing the tradeoff between
these two by determining the optimum density and temperature.

Further applications include the improvement and development of a gen-
eral array of laser produced plasma spectroscopy techniques, in particular,
the reduction of opacity in laser produced Hi-Z (or high atomic number)
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plasmas where under normal conditions one observes predominantly contin-
uum emission. For many applications, but especially plasma diagnostics,
the underlying line emission is needed. By reducing opacity, line emission is
enhanced.

In conclusion, the project has revealed some interesting findings into the
properties of both the stagnation layer and the reheated stagnation layer.
Preliminary experiments have shown that there is potential to utilise the re-
heated stagnation layer as a configuration in dual-pulse LIBS. Two manuscripts
based on each of chapters 3 & 4 are currently under preparation.
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