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Abstract

We have examined the energy distributions of ions and electrons ejected in the
interaction of clusters of several thousand noble-gas atoms with high-intensity (1014-
1016 Wem-2) femtosecond laser pulses. The dependence of the ion energies on laser
intensity and wavelength, cluster size and cluster medium has been studied. lon energies of
up to 1 MeV and clectron energies of up to 2.5 keV have been measured. The interaction
with clusters is considerably more energetic than that with single atoms or small molecules
irradiated at the same intensity.

A numerical model, which treats the cluster as a spherical nanoplasma, is used to
analyse the explosion of a single cluster. The model suggests that the super-heating of the
clusters arises from a sharp increase in the laser-driven collisional heating. This increase
occurs when the electron density in the expanding cluster drops to three times the critical
electron density, at which point the electric field inside the cluster plasma is resonantly
enhanced compared to the external field. We have investigated the possibility of using two
pulses with different frequencies to excite the resonance in the heating twice during the
expansion of the cluster, thereby enhancing the electron heating. The numerical model has
been adapted to simulate the irradiation of a cluster with a sequence of laser pulses. The
results of this new model support the idea that using two pulses of different frequencies will
enhance the heating.

We have performed experimental investigations of the dynamics of clusters of a few
thousand Xe atoms when irradiated by two laser pulses of different frequencies in sequence.
The dependence of the explosion temperature on the delay between the two pulses and on
their relative polarisations is examined. It is shown that using two pulses with the optimum
delay between them can indeed enhance the explosion temperature. The experimental results

show good agreement with the modelling.
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Chapter 1

Introduction

1.1 High-intensity laser-matter interactions

Progress in laser technology means that it is now possible to reach laser intensities
where the laser electric field is stronger than the electric field experienced by an electron in
an atom. A new regime of laser-matter interactions can now be studied [Perry 1994]. Peak
powers of a terawatt (10" W) can be accessed, but the laser pulses amplified are typically
shorter than a picosecond, meaning that only a very modest amount of energy (less than a
joule) is contained in each laser pulse. Very short pulses also means that the system being
irradiated can survive to the peak of the laser pulse and so be exposed to the highest
intensities.

The intensities routinely accessible with university-scale lasers increased
dramatically with the first demonstration of ‘chirped pulse amplification” (CPA) in 1985
[Strickland 1985]. Prior to the advent of CPA, the intensities accessible were limited by the
high peak powers in the short pulses being amplified which caused damage to the laser. CPA
avoids this problem by stretching the pulse in time before amplifying it, and then
recompressing the pulse down to its original length. The CPA laser used to carry out the
experiments described in this thesis has a pulse length of ~200 femtoseconds and a peak
focused intensity of ~10'" Wem™,

The interaction of intense and ultrashort laser pulses with single atoms [Agostini
1988, Burnett 1993, Protopapas 1997], small molecules [Sheehy 1996, Codling 1994] and
bulk solids [Gibbon 1996] has been extensively studied. There is a dramatic difference
between the irradiation of a monatomic gas, which results in a cold (few 10s of eV) plasma
[Glover 1994], and a bulk solid which is ionised to produce a hot (~ 1 keV) plasma [Caruso
1969]. This thesis describes the interaction of intense laser pulses with van der Waals

. 2 5 ~ . .
bonded clusters of 10° — 10" noble gas atoms. Clusters are an intermediate state between
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single atoms or molecules and bulk solids [Castleman 1988], as they have the same local
density as a solid, but can have the same average density as a gas. Clusters can be created as
a gas cools while expanding from a high-pressure gas-jet into vacuum. The size of the
clusters produced depends on the species of gas, its initial pressure and temperature, and the
geometry of the gas-jet nozzle. The radius of the clusters used in these experiments was
typically a few tens of angstroms, small compared to the laser wavelength of 780 nm.

The interaction of lasers with matter at high intensities is very different to the
standard ‘weak field’ case which can be studied using perturbation theory to describe the
laser as a small perturbation on the atomic system.

The laser pulses used in the experiments described in this thesis had peak focused
intensities of 10" - 10" Wem™. The laser intensity / is related to the electric field strength E£
by

[

I ==cgE?
2 [}]

(1.1)
I{Wem ?] =1.33% 10 E[Vem ™)’
where ¢ is the speed of light and &, the permittivity of free space.

At an intensity of 3.5 x 10'° Wem™ (one atomic unit of intensity), the oscillating
laser electric field is as strong as the Coulomb field acting on a ground-state electron in a
hydrogen atom. Perturbation theory is obviously inadequate to describe the interaction at
these intensities.

At high intensities, the quiver or ponderomotive energy (Up) of an electron
oscillating in a laser field can be quite substantial. Averaged over a cycle, the ponderomotive
energy is

U e’E?
Jp = Z’W

(/,‘ [CV]:: (),33)( 10 '4I[Wcm 2],1[[[1“’1]2 (12)

where ¢ and m, are the electron charge and mass, and E, @ and A the laser electric field,
frequency and wavelength. For a 780 nm field at 10'° Wem™, the ponderomotive energy is
~ 570 eV. In comparison, the energy of a single 780 nm photon is 1.5 eV.

The ponderomotive energy is not transferred to the electron during the laser pulse if
no other force acts on the electron. The electron energy rises and then falls as the pulse
passes. Energy can only be transferred to the electron if something happens to break the
adiabacity. For example, the electron could collide with an ion and change direction
(collisional absorption or inverse bremsstrahlung) or absorb a photon in the presence of an

ion (above threshold ionisation).
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In a experiments with long laser pulses (~ picoseconds), an electron can travel out of
the laser focus before there are significant changes in the electric field amplitude. During its
passage its total energy is conserved, so as it passes to regions of lower light intensity its
ponderomotive energy is converted to directed kinetic energy. With pulse durations below ~
500 fs, the pulse-length is short compared to the time it takes an electron to escape the
ionisation region, and there is insufficient time for the electron to accelerate before the pulse
leaves. The electron energy spectrum then records the actual electron energies and angular

distributions at the moment of ionisation [Freeman 1987].

1.1.1Atoms

Photo-ionisation of atoms by photons with energies smaller than the ionisation
potential can occur at high laser intensities. To ionise a noble gas with visible or near IR
photons, the atom must absorb many photons. For example, eight 780 nm photons are
required to singly ionise xenon and a laser intensity of ~ 10" Wem™ is needed. This effect
is known as multiphoton ionisation (MPI). It can be described as the simultaneous
absorption of N photons with an ionisation rate

Ry = o, 1" (1.3)
where oy is the cross-section for N-photon absorption and 7 is the laser intensity.

The multiphoton picture applies to the low intensity, short wavelength regime where
the amount of ionisation in an optical cycle is small (fig 1.1a). Time-averaged quantities,
such as the energy levels of the atom and the photon energy can be used to describe the
process.

As the intensity or wavelength increase, we reach a regime where there is a
significant amount of ionisation in an optical cycle. The laser field distorts the atomic
potential over each cycle of light and electrons tunnel through the potential barrier (fig 1.1b).
This is the tunnelling regime and represents the quasiclassical limit where it is more useful
to think in terms of electric fields rather than photons. The ionisation rate is at its highest

when the electric field is largest and the barrier at its lowest and so is phase dependent. The

N,

(a) (b) (©

Figure 1.1. (a) Multiphoton ionisation. (b) Tunnel ionisation. The atomic potential is distorted in the
laser field and the laser can tunnel through the potential barrier. (c) Over-the-barrier ionisation. At
even higher laser intensities the laser field distorts the atomic potential so much that the electron can

pass over the potential barrier.
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probability of tunnelling remains constant as the frequency changes, because the tunnelling
time is determined by the size of the potential barrier. The ionisation rate can be calculated
from the *ADK’ (Ammosov, Delone and Krainov) formula [Ammosov 1986].

There is also a third regime - over the barrier field ionisation - where the atomic
potential is so distorted in the laser electric field that the electron can simply pass over the
potential barrier (fig 1.1c). The onset of ionisation can be approximated as the intensity at
which the sum of the Coulomb and ponderomotive potentials cause the electron to be
unbound [Augst 1989]. This intensity is given by
= el

1287e”Z (1.4)

I,[eV]!
SSad N

(s

I, [Wem 2] = 4.00x10°

Here, I, is the onisation potential and Z is the charge on the ion (after ionisation)
Although there is no definite boundary between these three cases, it is possible to
determine whether ionisation is taking place in the tunnelling or multiphoton regime by

evaluating the Keldysh parameter [Keldysh 1965]. This is a dimensionless figure of merit

defined as
y= Ay ) (1.35)

If y<< 1, ionisation is dominated by tunnelling, and if y >> 1 it is dominated by
multiphoton ionisation. For hydrogen in a 780nm field, » = 1 at an intensity of
~1.2% 10" Wem”, two orders of magnitude below the intensity at which the laser electric

field is equal to the electric field experienced by the electron in a hydrogen atom.

1.1.2 Molecules

Many of the phenomena seen in single atoms in laser fields have close parallels with
those observed in small molecules. As with atomic physics, molecular dynamics can be
divided into strong field and weak field regimes. In the weak-field limit, molecules can

ionise through multiphoton ionisation, while in intense laser fields the field ionisation model

can be applied.

e L ?
.

Figure 1.2. Potential wells for a dielectric molecule in a strong laser field. (a) Electric field parallel to

the molecular axis. (b) Electric field perpendicular to the molecular axis.
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Figure 1.2 shows the potential wells for a diatomic molecule with the electric field
oriented parallel to (1.2a) and perpendicular to (1.2b) the molecular axis. There is a greater
tunnelling probability when the laser electric field is along the molecular axis, as the electric
field acts over a larger distance.

After the molecule is ionised, the ions in the molecule experience Coulomb
repulsion. The molecule undergoes a Coulomb explosion leading to fragments with energies
given by

; =492
“Coulomb
dme,r

14,4949,
\ V gy s e
' r[A]

where ¢, ¢, are the charges on the ions and r is the internuclear separation at ionisation.

(1.6)

Il’( ‘oulomb [

Typical measured ion energies would be, for example, 55 eV for the O™ ions from
CO, if the carbon was also triply charged [Cornaggia 1994]. The measured ion energies are
consistently lower than the Coulomb repulsion energies of the ions at the equilibrium
internuclear separation — approximately 50% of the calculated energies for CO, [Cornaggia
1994, Frasinski 1994]. These consistently low measured Coulomb explosion energies can be
explained by tunnel ionisation at an optimum internuclear separation which is larger than the

equilibrium separation [Codling 1989].

1.1.3 Solids

The leading edge of a high-intensity laser pulse produces free electrons at or near the
surface of a solid through multiphoton processes. These electrons absorb energy and are
rapidly heated (electron heating mechanisms are discussed further in Chapter 2). They then
ionise the much cooler atoms, creating a high-temperature plasma at the surface of the solid.

The dispersion relation for electromagnetic waves with frequency @ and
wavenumber & in a plasma is

2 2 2.9
W =w, +k“c”, (1.7

where @, is the plasma frequency. This is the frequency associated with the charge density
fluctuations caused by the motion of free electrons in a plasma (the ions are treated as a
fixed, uniform, neutralising background) and is given by

/2

m, . (1.8)
®,[s"'] = 5.64 10" n,[em™]"

Here, n, is the electron density and ¢ and m are the charge and mass of an electron.
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The minimum frequency of propagation of a light wave in a plasma is @, as the
wavevector k becomes imaginary for @ < a),. Therefore, the condition @), = @ defines the
maximum plasma density to which the light can penetrate (for regimes where relativistic or

gross ponderomotive effects are unimportant). This is the ‘critical density’, n1.4ica, which is

71'(72/’1(,
’ll‘l‘flil al - A 5
A
21 (1.9)
=3 1.1x10
”wilfr :/f[('ln I = /17[“7]?]?4

- . 4 . 21 3 } ’ . ’
For 780 nm radiation, n,,4.q is 1.8 x 107" em™, about 1/30" the number density of ions in a

solid. Inside the target, beyond the skin-depth (('/(z)l, ), the free electrons partially screen the
laser field by a factor ~ m/ml, [Panofsky 1978]. This effect reduces the importance of any
high-field or non-linear absorption mechanisms.

Laser produced plasmas have been investigated since the 1960s for applications
such as inertial confinement fusion [Nuckolls 1972, Meyer-ter-Vehn 1997], x-ray lasers
[Eder 1994, Matthews 1995] and sources of (incoherent) x-rays [Murnane 1991]. Plasmas
created from short laser pulses are fundamentally different from those created with long
(nanosecond) pulses [Caruso 1969]. If the laser pulse is much longer than a few tens of
picoseconds, the plasma undergoes substantial expansion into vacuum on a time-scale
shorter than the pulse duration, creating a density gradient. Light is then absorbed by
collisional heating of electrons up to critical density and through resonant processes at or
near the critical density. Laser light can be absorbed efficiently, resulting in low reflectivity
(< 20% for a Si target [Murnane 1991]).

If the pulse creating the laser is shorter than ~ 1 ps, the density gradient will be
much steeper and can be shorter than the skin-depth. This means that laser energy can be
deposited at much higher densities than in nanosecond interactions [Gibbon 1996].
However, the absorption is low and ~ 90% of the incident light can be reflected [Murnane
1993].

The energy deposited into a solid target can diffuse rapidly: the high thermal
gradients lead to rapid conduction into the bulk solid (by thermal and hot electrons and
radiation transport), the high pressure gradients mean that the plasma can expand rapidly
into vacuum, and the non-equilibrium conditions ensure that electrons cool by inelastic
collisions with atoms and ions.

Laser interactions with clusters differ in several fundamental respects from solid-
target interactions. The small size of the clusters (they are much smaller than both the skin-

depth and the laser wavelength) means that all of the atoms in a cluster experience
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essentially the same laser field. As the average density of the clusters is low, there is no bulk

solid to cool the plasma.

1.2 Organisation of the manuscript

This thesis describes the explosion of atomic clusters irradiated by high-intensity,
femtosecond laser pulses. We have measured the energies of ions and electrons ejected in
the cluster explosion and the dependence of the ion energies on laser intensity and
wavelength, cluster size and cluster medium has been studied. The interaction with clusters
is considerably more energetic than that with single atoms or small molecules irradiated at
the same intensity. lon energies of up to 1 MeV and electron energies of up to 2.5 keV were
measured.

A numerical model which treats the cluster as a spherical nanoplasma is used to
analyse the explosion of a single cluster. The model suggests that the super-heating of the
clusters arises from a sharp increase in the laser-driven collisional heating. This increase
occurs when the electron density in the expanding cluster drops to three times the critical
electron density, at which point the electric field inside the cluster plasma is resonantly
enhanced compared to the external field. The numerical model shows good qualitative
agreement with the experimental results and is able to predict the shape of the electron
energy spectrum and the trends in the mean ion energies.

To more fully test the nanoplasma model, we have investigated the possibility of
using two pulses with different frequencies to excite the resonance in the heating twice
during the expansion of the cluster, thereby enhancing the electron heating. The numerical
model has been adapted to simulate the irradiation of a cluster with a sequence of laser
pulses. The results of this new model support the idea that using two pulses of different
frequencies will enhance the heating.

We have performed experimental investigations of the dynamics of clusters of a few
thousand Xe atoms when irradiated by two laser pulses of different frequencies in sequence.
The dependence of the explosion temperature on the delay between the two pulses and on
their relative polarisations is examined. It is shown that using two pulses with the optimum
delay between them can indeed enhance the explosion temperature. The experimental results
show good agreement with the modelling.

Chapter Two of this thesis considers the theory relevant to the laser-cluster
interaction. Electron-heating mechanisms in gas and solid targets are discussed and various
theoretical models of the cluster explosion mechanism are reviewed. The nanoplasma model
is detailed and numerical results are presented.

The Blackett Laboratory Laser Consortium Ti:Sapphire laser used was to carry out

all the experiments described in this thesis. A detailed description and characterisation of the
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laser, together with a discussion of the generation and amplification of ultrashort laser
pulses, forms Chapter Three.

Chapter Four describes the experimental apparatus used. Our clusters were formed
in the expansion of gas from a pulsed gas-jet into vacuum and their sizes have been
estimated from scattering measurements. The measurement of the ion and electron energies
in a time-of-flight spectrometer is detailed.

Chapter Five presents measurements of the ion and electron energies from the
explosion of clusters irradiated by a single laser pulse. The scaling of the ion energies with
cluster size and cluster ion species, laser wavelength and laser intensity have also been
measured and these results are compared against the predictions of the nanoplasma model.

Chapter Six describes the ‘two-colour” experiment. The clusters were irradiated with
two laser pulses of different frequencies and the ion energies measured as the delay between
the two pulses was varied. The nanoplasma model was adapted to describe this situation and
the results are in good agreement with the model.

Chapter Seven concludes the thesis and presents some suggestions for future

experiments.



Chapter 2

Theory of the laser-cluster
interaction

2.1 Introduction

In this chapter, various theoretical models that have been used to describe the laser-
cluster interaction are discussed. Ditmire et al [1996] have developed a model — referred to
as the ‘nanoplasma’ model throughout this thesis — which treats the cluster as a small
spherical plasma. The nanoplasma model and its predictions are discussed in detail, as the
results of this code are tested against the experimental measurements described in Chapters 5
and 6 of this thesis.

The version of the nanoplasma model described here and used for all the numerical
calculations presented in this thesis differs slightly from that presented in [Ditmire 1996] as |
have adapted it to allow the easy addition of a second laser pulse with a different frequency
(described in Chapter 6). In particular, this version uses instantaneous rather than cycle
averaged ionisation rates. The code has also been largely re-written in C++ rather than C to
take advantage of C++ features such as classes and creation of arrays during run-time. This
has enabled us to easily model several different atomic species. The user-interface has also
been re-written to allow the code to run through large sets of initial conditions automatically.

As we treat the cluster as a plasma, the relevant electron heating mechanisms in
plasmas, including above-threshold ionisation, stimulated Raman scattering and inverse

bremsstrahlung, are also discussed.
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2.2 Models of the laser-cluster interaction

2.2.1 Coulomb explosion

Many studies of the dissociation of small clusters (typically 2 — 60 atoms or
molecules) have interpreted the resulting ion kinetic energies in terms of Coulomb explosion
of the cluster [Last 1997, Purnell 1994, Rexer 1997]. In a Coulomb explosion, the electrons
are assumed to leave the vicinity of the ion immediately after explosion, so they have no
effect on the subsequent ion dynamics. As with small molecules, Coulomb explosions of
clusters can be divided into two classes: ‘vertical’ where ionisation occurs at the neutral
geometry of the cluster, and ‘non-vertical” where ionisation takes place during the expansion
when the interatomic distances are larger than in the neutral cluster. Non-vertical ionisation
leads to lower kinetic energies of the fragment ions.

The vertical Coulomb explosion of small Xe clusters has been numerically modelled
by Last et al [1997].The final average velocity of the Xe ions was found to be equal to a
constant times the charge on the ion for a given cluster size, with the constant increasing as
the cluster size increased from 2 to 55 atoms. However, measurements of the ion energies
from HIAr, clusters [Purnell 1994] were found to be in poor agreement with the theoretical
predictions for a vertical Coulomb explosion [Last 1997].

The case of non-vertical Coulomb explosion has also been examined [Last 1998] by
calculating the shape of the potential wells in the expanding cluster and performing classical
electron trajectory calculations. However, in these simulations the authors found that most of
the electrons were, in fact, ionised when the internuclear distance was close to equilibrium.
Coulomb repulsion alone may be inadequate to explain the observed ion energies from even

fairly small exploding clusters and the effect of the electrons should be considered.

2.2.2 Particle codes

Classical particle dynamics simulations of small (<55 atoms) exploding clusters
have been performed in which both ion and electron trajectories are tracked [Ditmire 1998c].
This is in contrast to Coulomb explosion models which ignore the electrons after ionisation.
The model assumes that electrons are created through both tunnel and collisional ionisation
in the cluster. For large clusters (55 atoms), a large fraction of ionised electrons were found
to remain in the cluster after ionisation due to the strong positive charge on the cluster. This
means that collisional ionisation by laser-driven electrons is important. For example, the
model predicts that all the Ar atoms in a 55-atom cluster will be stripped to 8" - 10" at
10" Wem™?, whereas 10™ Wem™ would be required to reach Ar’* through over-the barrier

ionisation [Augst 1989] (equation 1.4).
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These results were compared with those obtained when the model was run ignoring
the electric fields of the electrons and electron collisional ionisation and was found to be in
fairly good agreement for small clusters (6 atoms) but in poor agreement for large (55-atom)
clusters. This indicates that the Coulomb explosion model is only satisfactory for very small
clusters, where the electrons leave the cluster volume fast.

A model of a cluster as a linear chain of 2 to 12 atoms has been developed by
Brewczyk et al [1998]. The model treats the atoms classically, and the electrons through an
electron density function. The cluster explosion was found to be sequential, with the ions at
the end of the cluster leaving first and having the most kinetic energy. (For a spherical
cluster this would correspond to shells of ions being thrown off.) This leads to a wide
spectrum of ion kinetic energies for a given charge state. The electron heating was found to
be higher when the ion density was higher, consistent with heating through inverse
bremsstrahlung, and more effective in larger clusters. The heating occurs stepwise in time as
the electron wave-packet is driven from one end of the linear cluster to the other.

These results have been compared to a Coulomb explosion model, in which
electrons are suddenly removed from each atom in the chain. The Coulomb explosion model
leads to lower final ion energies for chains of six or more ions. This again indicates that the
Coulomb explosion model is only valid for extremely small clusters, and that the effect of

the electrons must be considered.

2.2.3 lonisation ignition

Cluster explosions in an intense laser field have also been theoretically modelled
with classical particle dynamics simulations by Rose-Petrucket al [1997]. 25- and 55-atom
Ne clusters and 25-atom Ar clusters irradiated by an 800 nm, 15 fs pulse at intensities of
5% 10" Wem” to 5% 107 Wem™ were modelled. At the start of the laser pulse, some
electrons are ionised through over-the-barrier ionisation. These ionised electrons are then
heated by inverse bremsstrahlung before the cluster starts to expand and are quickly
removed by the laser field to produce an ultrafast pulse of hot electrons. The Coulomb
potential binding an electron to an ion can be lowered by the Coulomb attraction of its
neighbouring ions, thereby enhancing the rate of over-the-barrier ionisation. When the laser
intensity exceeds the threshold for saturation of single ionisation, an avalanche of ionisation
is initiated — this is known as ‘ionisation ignition’. lonisation ignition can result in a much
higher charge state being attained in clusters than in individual atoms.

A two-dimensional model of a cluster as an array of potential wells has been
constructed which also examines the effect of neighbouring ions on triggering an ionisation
avalanche [Hu 1997ab]. The electron in an ion experiences the Coulomb field of its parent,

the combined Coulomb field of all unscreened ions, shielding of the laser field by free
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electrons and scattering during laser-driven oscillatory motion. Again, it was found that the
ionisation probability of an atom increases as with the number of other ions surrounding it,

leading to an ionisation avalanche.

2.2.4 Inner shell excitation

Studies of clusters in strong laser fields were triggered by the realisation that
previous observations of x-ray emission from gas targets had been due to the presence of
clusters [McPherson 1993]. Line emission from charge states higher than would be expected
in the irradiation of atoms at the same intensity was observed, and a numerical model was
developed to explain these observations [McPherson 1993, 1994b].

Enhanced ionisation can occur in a cluster compared to a gas with the same average
density due to collisional ionisation by electrons that are accelerated by the laser field. If the
electrons are energetic enough, they can remove inner-shell electrons from ions. This puts a
cluster size-dependent lower limit on the intensity. Another lower limit is given by the need
for the distance the electron oscillates over in the laser field to be comparable to or larger
than the cluster size. For an inner shell hole to form, there must be some electrons remaining
in the upper level: this puts an upper limit on the intensity which is set by the over-the-
barrier ionisation threshold. In this way, allowed regions of cluster size and laser intensity
where inner shell radiation can be emitted are defined.

This model has been examined by Brunner et al [1997, 1998] who have calculated
the optimum ion density and pulse length for achieving population inversion. They predicted
that gain in XUV radiation for short wavelength (< 350 nm) pulses of less than 100fs would
be possible [Brunner 1998]. The cluster expands rapidly after ionisation, so the gain
decreases and the time duration for prompt and amplified x-ray emission would be less than
50 fs [Brunner 1997].

The probability of inner shell ionisation has also been calculated by analysing the
electron trajectories during cluster explosion [Rose-Petruck 1997]. These results also
indicate the possibility of inner-shell vacancies and x-ray line radiation from clusters which

undergo ionisation ignition.

2.2.5 Coherent electron motion

The inner-shell excitation model has been modified by the addition of several new
phenomena to enable the model to more closely fit the experimental results [Boyer 1994ab,
Thompson 1994]. Based only on a factor of four difference between estimates of power
radiated per atom based on experiment and the ‘allowed zones’ model described in the
previous section, the Z field-ionised electrons are now allowed to move coherently in the

laser field like a quasi-particle with charge Ze and mass Zm, [Boyer 1994a]. Simultaneous
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ejection of multiple (typically 2 or 3) electrons from cluster ions is considered, and the rate
is found to be comparable to the rate of removal of a single electron. Multiple transits of

driven electrons in the cluster are also considered.

2.2.6 Discussion

The results of the models of the described above emphasise the importance of the
electrons in the laser-cluster interaction. The high density inside a cluster means that
collisional ionisation can occur, which will enhance the ionisation rates compared to that of
individual atoms in low-density targets. The results of the Coulomb explosion models and
particle codes suggest that electrons can be retained in the cluster by the space-charge of the
ions. The laser electric field in the cluster will then be modified due to the presence of the
free electrons. These factors suggest that it may be appropriate to model the ionised cluster

as a small laser-produced plasma.
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2.3 Electron heating in laser-plasmas

The irradiation of clusters with intense laser pulses results in ions and electrons with
extremely high energies, as the experimental results in Chapters 5 and 6 will show. In order
to understand the origins of these high energies and compare them to the ion and electron
energies from gaseous, molecular and solid targets, some electron heating mechanisms in
laser-produced plasmas must be introduced. In the following sections, electron heating
during 1onisation (‘above threshold ionisation’), through Coulomb collisions with ions
(“inverse Bremsstrahlung’), and by driving plasma waves (‘stimulated Raman scattering’)

are discussed.

2.3.1 Above-threshold ionisation

At very high light intensities where I > Up > hv and y > 1 the electron energy
spectrum following multiphoton ionisation of any atom changes from a single well-defined
threshold peak (figure 2.1a) into multiple peaks separated from one another by the photon
energy. These peaks are due to ionisation following the absorption of more than the
minimum number of photons required for ionisation (figure 2.1b): this is above threshold
ionisation or ATI.

ATI occurs only in intense fields. A free electron cannot absorb a photon as it is
impossible for both energy and momentum to be conserved. The conservation rules can,
however, be satisfied when the electron is coupled to the ion by the Coulomb interaction. In
weak field ionisation, the electron has left the region of the strong Coulomb field before
there is a high probability of absorbing another photon, while in an intense laser field there is

a high probability of absorption of further photons while the 'tonised' electron is still near the
g )
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Figure 2.1. Above-threshold ionisation. At very high light intensities the electron energy spectrum
following multiphoton ionisation of an atom changes from a single well-defined threshold peak (a) into
multiple peaks separated from one another by the photon energy (b). These peaks are due to
ionisation following the absorption of more than the minimum number of photons.
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ion core.

By examining the photoelectron spectra, it can be seen that ATI cannot adequately
be described by perturbation theory. Contrary to the expectations of perturbation theory, the
intensity of the photoelectron peaks does not decrease rapidly with increasing order but
reaches a plateau at ~10th order [Paulus 1994].

In the tunnelling regime where Up > 1 » hvand y < I, ATI occurs as a two-stage
process [Corkum 1989]. The first stage is the ionisation stage, where the electron is released
from the atom near the peak amplitude of the oscillating field with zero initial velocity. In
the second (above-threshold) stage, the electron moves in the strong field and is periodically
returned to the ion. lonisation occurs when it does not return to the nucleus. The ATI energy
depends on the drift velocity that the electron gains from the field and therefore on the phase
of the field at which the electron is born.

In a linearly polarised laser field, £ = [, cosat , the electron has a velocity

eE,. /. . :
v, = — (sinax — sinax’) (2.1)
m,w

where t"is the time at which the electron was born (so the electron has zero velocity at

birth). Averaged over a laser cycle, its mean energy is proportional to sin” Ag , where Ag is
the phase difference between the peak of the electric field and the time at which the electron
is ionised. The ATI energy is then zero at the peak of the field, where the ionisation rate is
highest. This results in a cold plasma. Measurements of the ATI spectra from He irradiated
at 7% 10" Wem” [Mohideen 1993] produced an electron spectrum which was a good fit to a
30 eV Maxwellian, compared to the ponderomotive energy of 430 eV. The resulting ion
energies are even lower, typically only a few eV [Glover 1994].

In a circularly polarised field, the electron always drifts perpendicular to the field in
which it was released and its energy is independent of the phase of the field [Corkum 1989].
The electron energy spectrum is significantly hotter in this case. Mohideen et al [1993]

reported a spectrum centred at 65 eV with circularly polarised light.

2.3.2 Stimulated Raman scattering

A third electron heating mechanism is ‘stimulated Raman scattering” (SRS), which
is the decay of an electromagnetic wave (with frequency @ and wavenumber k) into an
electron plasma wave (@, k,) and a scattered electromagnetic wave (@, ;). The frequencies
and wavenumbers obey the relations

W = @, + @

k=k,+k

(2.2)



Theory of the laser-cluster interaction 33

The minimum frequency of a light wave in plasma is @,, so SRS requires that @ > 2@, i.e.

"l' - ”ruluul /‘4 o

The energy transferred to the plasma wave heats the plasma as the electron wave
damps. As the electron plasma wave can have a phase velocity close to the speed of light it
can produce extremely energetic electrons when it damps [Kruer 1988]. For example,
2 MeV electrons have been measured from SRS in a He plasma with an electron density of ~
10" em ™ irradiated by 600 fs, Imm pulses with intensities of 8 x 10”7 Wem™? [Coverdale
1995].

The scattered and plasma waves grow exponentially due to a feedback loop which
creates an instability. If a light wave propagates through a plasma with density fluctuations it
generates a transverse current. This current generates a scattered light wave. The scattered
wave interferes with the incident light to produce a variation in wave pressure, which can in
turn create density fluctuations.

SRS from ultrashort laser pulses differs from that observed with longer pulses as the
laser pulse duration is comparable to the instability growth time [Darrow 1992]. With sub-
picosecond laser pulses, heating through Raman scattering becomes significant only at high
intensities. Blyth ef al [1995] found that the SRS reflectivity of a Ne plasma increased by
four orders of magnitude as the intensity of their 350 fs, 248 nm pulses increased by only a
factor of three, from I =3 x 10" Wem™., Electron temperatures in excess of 1 keV were also
measured.

The intensities at which we would expect to observe significant electron heating
through SRS are far higher than the intensities at which the experiments described in
Chapters Five and Six of this thesis were performed. However, it should be noted that
several of the experiments performed by other groups were at intensities in excess of
10" Wem™?  [McPherson 1994a, Borisov 1996, Kondo 1997, Dobosz 1998] and the
possibility of a contribution to the electron heating from SRS should not be neglected.
McPherson et al [1996] have, in fact, looked for forward Raman scattering from a gas of Xe
clusters irradiated at 10" Wem™ and found that it does not occur at significant levels. They
suggested that the growth of the Raman wave was suppressed due to absorption of the
Raman wave by the clusters and electrons being forced out of the focal region due to the

high ponderomotive force.

2.3.3 Inverse Bremsstrahlung

When an oscillating electron collides with a charged ion it is able to absorb energy
from the laser field — this is collisional heating or inverse Bremsstrahlung. As discussed in

Chapter 1, the energy an electron gains by oscillating in the laser field returns to zero as the
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laser field passes unless the electron is perturbed in some way. If the electron undergoes a
collision which dephases it, the electron maintains energy after the field has passed.
If the electrons are scattered at a collision frequency v,;, the rate at which the

oscillatory energy of electrons is randomised by scattering is given by

ou 1
—=—nmyv’ v, . (2.3)
o 2
In a collisional plasma, the oscillation velocity is [Kruer 1988]
el
Vope ™ =g (24)
m(w+iv,)
S0
30 v, E’
— (2.5)

a  Sr(w' +v))
The electron-ion collision frequencies have been calculated by Silin [1965] from the
plasma kinetic equation. In the limits where the electron thermal velocity, vir, is very much
smaller or larger than the oscillation velocity in the laser field, v, the Silin collision

frequencies have exact solutions. The collision frequencies, Vi, in these limits are given by

a(22\"*  Z%*n,
3 ——=InA, Vv, <<V

V.\'rl.r - S 1o o NHG
T9 ”’r]'/h(kn"c)\/z

1 (2.6)
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v
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Viitin = — P In F1|InA, v, >>V,;
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Here, n; is the ion density, Z is the charge per ion, kj is the Boltzmann constant, 7, the
electron temperature and InA the Coulomb logarithm. (The Coulomb logarithm is the log of
the ratio of the maximum to minimum impact parameters for an electron colliding with an
ion. The maximum impact parameter is the Debye length, since other electrons in the plasma
shield out the Coulomb potential over this distance. The minimum impact parameter is the
larger of either the classical distance of closest approach or the DeBroglie wavelength of the
electron.) At 1 x 10" Wem?, v, is comparable to vy at a temperature of 570 eV. Note that
in the high-field limit, the collision frequency decreases with increasing laser intensity as

r

P



Theory of the laser-cluster interaction 35

2.4 The nanoplasma model

2.4.1 Assumptions

The nanoplasma model [Ditmire 1996] assumes that the exploding cluster is a small
spherical plasma, with uniform temperature and density across the cluster and a Maxwellian
electron energy distribution. If the cluster is small compared to the skin-depth, then it can be
assumed that all the atoms in the cluster simultaneously experience the same laser electric
field strength.

For the cluster to be treated as a plasma, it must be larger than a Debye length,

\1/2
it |

Ap z
4m e

> v 2.7
Ap[A] =743 x 10 ./‘If"'IP,X]
n,Jem 7|
where n, is the electron density. For a solid density Xe plasma ionised to 5 with an electron
temperature of 1 keV, the Debye length 4 is 8 A, which corresponds to a 40-atom Xe
cluster. We expect that the nanoplasma model will not be valid for clusters of much less than
a hundred atoms.

The temperature distribution across the plasma will be isotropic if the plasma is
small enough and collisional enough that there are no temperature gradients. The ion density
distribution is assumed to be uniform across the cluster and the expansion is assumed to be
self-similar, so the density remains uniform across the cluster throughout the expansion. The
electron energy distribution is assumed to be Maxwellian throughout, which is not strictly

true as the hot electrons leave the cluster first. We have to assume that the electron

thermalisation happens on an extremely fast time-scale.

2.4.2 lonisation mechanisms

lonisation in the cluster is assumed to take place through three mechanisms: tunnel
ionisation by the electric field of the laser inside the cluster, thermal collisional ionisation
(inverse bremsstrahlung) and collisional ionisation of the electrons driven by the laser field.

The instantancous tunnel ionisation rate, W, is given by the ADK [Ammosov

1986] formulae
s n' —|m|
- (20 + 1)+ | m]) (2«) 1y 2(21,)" Gl
- 2" m M- | m |)' n
2(21,)"?
3E

(2.8)
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where @, is the atomic frequency (4.3 x 10" s"), I is the angular momentum quantum
number, m is the magnetic quantum number, n” is the effective principle quantum number,/,
is the ionisation potential in eV, and £ is the instantaneous value of the electric field inside
the cluster. (The ionisation rate averaged over a cycle is obtained by multiplying equation

28 by

3E

— 2.9
e, )" P

[Perelomov 1966].)
The thermal collisional ionisation rate, Wy, is calculated from the Lotz empirical
ionisation rate [Lotz 1968],

w "
)

a ., ¢
W =n, a3 ——dx., (.10
IIJ (kﬂlr )' Ii'/l:[r' *

Here, a; is an empirical constant (4.5 x 10" eV? em™) and g; is the number of degenerate
electrons in the outer shell of the ion.

The laser-driven collisional ionisation is calculated by assuming that the electrons
have a pure sinusoidal velocity in the laser field. This will tend to over-estimate the
ionisation rate as the electron velocity is reduced through collisions. The laser-driven
ionisation rate, Wi siven, 18 given by

W,

laser ~driven "v(yl' I Vrm' l Kc > Ip

2.11
= () K, <1 : )

II

where v, is the electron velocity in the laser field, o is given by

In(K, /1
O, = d, n(KL) (2.12)

and K, is the electron kinetic energy.

2.4.3 Heating mechanisms

The heating of the cluster is assumed to be primarily through collisional heating of
the electrons, although ATI heating is also included as the ionised electrons gain kinetic
energy which depends on the phase of the field at ionisation. SRS heating is not considered,
as we do not expect it to be important for the intensities we are considering (<
2% 10" Wem™).

The collisional heating rate inside the cluster is obtained by considering the cluster
to be a uniform dielectric sphere in a uniform electric field. The uniform field approximation

is valid because the clusters considered here are much smaller than the skin depth (¢/a,) and
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the laser wavelength. A cluster of 4 x 10° Xe atoms has a radius of 39 nm, 1/20" of the laser
wavelength, and the skin depth is A/10 at an electron density of 10027,0a.
The energy deposition rate per unit volume, U /dt , into the cluster is given by

X lgR

ot 4 ot

(2.13)

’

where D = £ (& is the dielectric constant) [Landau and Lifshitz 1960]. Over a cycle, the

heating rate averages to

v_o lm[z:]l:"z. (2.14)
8

ot
The dielectric constant is calculated from [Kruer 1988]

2
w

g=1-——"»4 < (2.15)
(I)((l) 1 1-'(,5)
where @ is the laser frequency and v, the electron-ion collision frequency. Substituting this
into equation 2.14 gives the inverse Bremsstrahlung heating rate (equation 2.5) again.
The field inside a dielectric sphere in a uniform electric field, £, is related to the
vacuum electric field £, by [Jackson 1975]
J

B! (2.16)

‘o -

The field inside the cluster is shielded from the external field wheng < -5 and reaches a peak
relative to the external electric field when ¢ = -2.
Combining equations 2.13 to 2.16 gives

o
oUu o w,v, 1

2

LT T -2
o 87 Yo (@ +v,)+ w,(o,

(2.17)

The heating rate per electron calculated from this equation is shown in figure2.2 as
a function of the electron density n, for three values of v./@. The heating rate in the cluster

has a maximum at 7, = 31,4, and this maximum heating rate is higher and sharper for

lower values of v, w.

2.4.4 Electron—ion collisions

The electron-ion collisional frequency in the cluster is calculated from the Silin
formulae [Silin 1965] (equation 2.6). These formulae have exact solutions only in the limits
where the electron thermal velocity, vir, is very much smaller or larger than the energy of
oscillation in the laser field, v,,.. Between these two limits, an approximate analytical fit to
the numerical solution of the Silin equations is used.

The Silin formulae return an unphysically high collision frequency, so to ensure that

the maximum collision frequency is always less than the laser frequency we take the
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Figure 2.2. Heating rate per electron for a cluster irradiated by a 780 nm laser pulse at
1% 10" Wem®. The heating rate is shown as a function of the ratio of the electron density n, to the

critical electron density n.uca for three different ratios of collision frequency v to optical frequency w.
harmonic average of the Silin collision frequency and the laser frequency. This gives a
collision frequency, v, , of

1_t .1 (2.18)

Vo Vs @

When the electron density inside the cluster is near 3 7.4, the field inside the
cluster is enhanced relative to the external field. This results in a decrease in the electron
collision frequency if the electron quiver velocity in the field is larger than the thermal
velocity (equation 2.6). However, as figure 2.2 shows, a decrease in the collision frequency
actually results in an increase in the heating rate per electron when the electron density is

close to 3 n ... In this way, the enhancement of the electric field at 3 n.,.. results in an

increased electron heating rate.

2.4.5 Cluster expansion

The cluster expansion is driven by two mechanisms: the charge build-up on the
cluster and hydrodynamic pressure from hot electrons. The hot electrons expand outwards,
dragging the ions with them, so random thermal energy is converted to directed kinetic
energy. The hydrodynamic pressures due to the electrons, ., the cold ions, P;, (which have
temperature 7, and density n;) are given by

P, =nk,T,

. , (2.19)
Iy =nk,T;
The Coulomb pressure Peuiomn from the charge Qe on a sphere of radius r is
)ee®
) Le (2.20)

Coulomb — 4
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The hydrodynamic pressure scales as /¢’ (through the electron density n,) while the
Coulomb pressure scales as /', This means that Coulomb pressure is expected to be
relatively more important for smaller clusters.

The cluster expansion rate is calculated by equating the rate of change of the cluster
kinetic energy, K .., with the rate at which work is done by the plasma in its expansion
[Haught 1970].

I)

otal cluste ra
(] (‘)I (—)[ 2 luster 0’ 0{

,or oK %
A3 o Nonser _ ]M 6[0' J ) (2.21)

Here, P, is the total hydrodynamic and Coulomb pressure and M., is the cluster mass.

The equation of the radius of the cluster obtained from this is

8y o B4 1

o’ : nm; +n.m,r ' e

The charge build up on the cluster is due to electrons free-streaming from the
surface of the sphere. To be able to do this, the electrons must be less than one mean free
path (in the direction of travel) from the surface and have an energy greater than the escape

energy of the cluster. The electron mean free path is given by the Spitzer formula [Spitzer

1962],
2
kT, )
. =- ( f ‘)4 — (2.23)
4m (Z + De” In A
The escape energy, Ko e, 18 calculated from the potential energy on the surface of
a sphere with charge Q. If the charge is distributed isotropically over the sphere, it acts as a

point charge at the centre giving an escape energy of

e L Q+De (2.24)
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2.4.6 Electron and ion temperatures

The electron and ion temperatures are calculated by accounting for the change of
temperature due to the cluster expansion, electron-ion equilibration and heating of the cluster

electrons,

o1, of * orT, ‘ ar,
o 0’ xpansion o equilibration (7[ eating
expan: quilibrat heat ;,. (225)
or, _ar| a,
ot ot ot

expansion equilibration

The electron temperatures are also scaled with the number of free electrons in the
cluster to ensure that the total electron energy is conserved. Upon ionisation, tunnel and
laser-driven collisionally ionised electrons gain kinetic energy which depends on the phase

of the field at ionisation (ATI heating). The laser-driven collisionally ionised electrons are
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assumed to result from an elastic collision which gives the two electrons the same thermal
energy.

The change of temperature due to expansion arises because hydrodynamic pressure
is the conversion of random thermal energy to directed kinetic energy. This is calculated by
equating the rate at which work is done by the plasma in its expansion with the rate of

change of thermal energy, so for the ions,
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and similarly for the electrons.

The total rate of change of electron and ion temperatures are
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where the electron-ion equilibration time Zguipranon 18 given by the standard Spitzer formula

[Spitzer 1962]
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2.4.7 Running the model

Equations 2.8 and 2.10 to 2.29 are combined to produce a numerical model of the
interaction of a cluster of atoms with a high-intensity femtosecond laser field. The input
laser parameters are the frequency, peak intensity and pulse-shape of the laser field
(normally set to be Gaussian, or a sum of Gaussians to model the effects of any pre-pulse
and pedestal). The density of ions in the cluster is assumed to be the same as the density of
the bulk solid [Briant 1975].

At each timestep in the laser pulse, the tunnel, laser-driven and thermal ionisation
rates are calculated using equations 2.8, 2.10 and 2.11. The number of ions in each charge
state is then found. The total charge on the cluster after free-streaming of electrons
(equations 2.23 and 2.24) is computed, together with the cluster radius and radial velocity
(equation 2.22). The new number density of ions and electrons is then calculated. The ion

and electron energies can then be found from equation 2.28.
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To find the electron energy distribution, it is assumed that the energy distribution of
electrons inside the cluster is Maxwellian at all times. All electrons with energy greater than
the escape energy and within one mean free path of the surface are allowed to leave the
cluster (and the energy distribution in the cluster re-thermalises). The energy distribution of
the electrons which have left the cluster is then just the sum of the hot tails of these
Maxwellian distributions.

This loop is repeated until the laser pulse has passed (3 pulsewidths after the peak).
At this point the (low-energy) electrons remaining inside the cluster are added on to the
distribution as it is assumed that they will all eventually reach the detector. The model
produces a large set of output files, showing the final electron energy and ion charge state
distribution as well as parameters such as cluster radius, electron energy and electric field
inside the cluster as a function of time through the explosion. The model runs 60,000

timesteps in about 15 minutes on a Pentium 133.

2.4.8 Predictions of the nanoplasma model
The time-history of an exploding cluster of 5000 xenon atoms irradiated by a 200 fs,

780 nm laser pulse with a peak intensity of 1 x 10'® Wem™ is illustrated in figures 2.3 to 2.9.
The peak of the laser pulse is at = 0 fs.
Early on in the laser pulse, at around ¢t = -280fs when the intensity is

~4 % 10" Wem™, a few free electrons are created through tunnel ionisation (figure 2.3b).
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Figure 2.3. Irradiation of a 5000-atom Xe cluster by a 200 fs, 780 nm laser pulse with a peak intensity
of 10" Wem™. (a) The envelope of the vacuum electric field due to the laser pulse and the electric
field in the cluster. (b) lonisation rates due to thermal, tunnel and laser-driven collisional ionisation.
The red vertical line marks Tx, the point where the electron density drops through 3 neriicar.
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The electron density rises to reach three times the critical electron density at = -270 fs
(figure 2.4). At this point the field in the cluster is enhanced (figure 2.3a) and more electrons
are liberated through tunnel, laser-driven and thermal ionisation. The electron density is now

higher than 3 n,. and the field inside the cluster is shielded from the external laser field.
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Figure 2.4. (a) The ratio of the electron density in the cluster, n,, to the critical electron density Ncriicar..
(b) Electron temperature.
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Figure 2.5. (a) The charge build-up on the cluster (b) Escape energy. (c) Electron free-streaming rate.
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Figure 2.6. Hydrodynamic pressure from the electrons (black) and Coulomb pressure due to charge
build-up on the cluster (green).

The tunnel and laser-driven ionisation rates fall off, but electrons are still created through
thermal collisions.

From ¢ = -50 fs onwards, some electrons are able to leave the cluster (figure 2.5), as
the mean electron temperature is in the region of 100 — 1000 eV and the escape energy is ~
200 — 2000 eV. The combined effect of the free-streaming of electrons out of the cluster and
the hydrodynamic pressure of the electrons causing the cluster to expand is that the electron
density starts to fall, after peaking at over 50 times the critical density. The field in the
cluster again starts to rise as the electron density drops, so the tunnel and laser-driven
ionisation rates increase while the thermal ionisation rate falls. Near the peak of the laser

pulse, at # = -12 fs, the electron density in the cluster drops to 3 Mg.uica (this time is marked
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Figure 2.7. (a) Cluster radius, (b) expansion velocity and (c) acceleration.
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with a vertical red line in all the time-history plots). The increased heating rate causes the
electron temperature in the cluster to soar to 25 keV (figure 2.4b). The field in the cluster is
also strongly enhanced and the peak intensity in the cluster reaches 2 x 10" Wem™, twice
the intensity outside. The electron free-streaming rate (figure 2.5) increases sharply as a
significant number of electrons have energies above the 4 keV escape energy.

The total charge on the cluster increases to 5.5 x 10" e, resulting in the Coulomb
pressure increasing to 10 Mbar (figure 2.6). However, this is small compared to the
hydrodynamic pressure due to the hot electrons of 200 Mbar. This pressure causes a sharp
increase in the cluster expansion velocity (figure 2.7) as the cluster starts to explode. The
final expansion velocity of the cluster is 3.3 x 10" ecms™, which corresponds to a maximum
ion energy of 79 keV. The ion velocity increases linearly with cluster radius from zero at the

centre of the cluster, so the mean ion energy £ is related to the maximum by

w 31 3
E===mv, ==FE _ . 2.30
5 ( 2 i cxpmul) 5 max ( )

The average ion energy of the explosion is then 48 keV. The final electron energy is
much lower, only 30eV, as energy is transferred from hot electrons to ions in the
hydrodynamic expansion. The ion temperatures never exceed a few eV during the explosion.

The 1ons are stripped to very high charge states: the final charge state distribution
(figure 2.8) shows ions from Xe'" to Xe'™. The over-the-barrier threshold intensities for
these charge states are 1 -3 10" Wem™ for monatomic xenon (equation 1.4) [Augst
1989]. Higher charge states are therefore expected to be produced for the same peak laser
intensity interacting with a cluster than with a low density gas.

Figure 2.9 shows the energy distribution of all the electrons that leave the cluster
during the explosion. The model predicts that the electron energy distribution will have a
characteristic double-peaked shape. The hottest peak, at ~7 keV for this set of conditions, is

due to electrons which leave the cluster as the electron density drops through 3 n.uical
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Figure 2.8. Calculated ion charge state distribution following the irradiation of a 5000-atom Xe cluster
by a 200 fs, 780 nm laser pulse with a peak intensity of 10'® Wem?.
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Figure 2.9. Energy distribution of electrons which leave the cluster during the explosion.
following a period of extremely high collisional heating rates in the cluster. The ‘warm’
peak comes from electrons which have predominantly been ionised through tunnel and laser-
driven ionisation and which leave the cluster earlier in the explosion, from abouts = -50 fs
onwards. This group of electrons forms the ‘warm’ lobe of the electron distribution. The

group of electrons with energies less than ~200 eV consists almost entirely of those which

remain in the cluster after the laser pulse has passed.
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2.5 Discussion and conclusions

The nanoplasma model of a cluster as small spherical plasma is expected to be valid
for cluster sizes from few hundred atoms (so the cluster is larger than a Debye length) to a
few hundred thousand atoms (so that it is small compared to the skin depth and the laser
wavelength and so experiences a uniform electric field).

After ionisation, a significant proportion of electrons are retained within the cluster
by the space-charge of the ions, which means that both thermal and laser-driven collisional
ionisation (inverse bremsstrahlung) occurs within the cluster. ATI heating is also included as
the ionised electrons gain kinetic energy which depends on the phase of the field at
ionisation. SRS heating is not considered, as we do not expect it to be important for the
intensities we are considering (< 2 x 10" Wem™?), but this means that the model may not be
valid for intensities greater than ~ 10" Wem™.

The presence of the free electrons means that the field inside the cluster can be
shielded or enhanced relative to the external laser field. The enhancement is maximised
when the electron density is three times the critical electron density. There is a sharp
increase in the collisional heating when the electron density drops to this point. This causes a
rapid jump in the electron temperature, which increases the hydrodynamic pressure and
causes the cluster to explode.

The two-dimensional model of a cluster as an array of potential wells [Hu 1997b]
treats the field inside the cluster as being shielded by equation 2.16, where the dielectric
constant ¢ is calculated from that of a solid density cluster of Ar" ions, rather than from
equation 2.15. The 3 n... resonance is ignored. It is considered to have little effect on the
cluster dynamics as the electron density sweeps through this point extremely fast. This is in
direct contrast to the predictions of the nanoplasma model, where the explosion is driven by
the enhancement of the electron heating at 3 n.yicar-

As the electrons are retained within the cluster and the electron temperature is so
high, the nanoplasma model predicts that the expansion is primarily due to the
hydrodynamic pressure of the hot electrons rather than the Coulomb pressure of the ions. As
the cluster size decreases, the scalings of Coulomb and hydrodynamic pressure with cluster
size mean that Coulomb pressure will become relatively more important.

The model does not account for the lowering of the potential barriers due to the
presence of neighbouring charged ions, as in the ionisation ignition model. However, the
numerical results indicate that the final explosion energies are relatively insensitive to the
initial ionisation rate. The electron density quickly rises to the point where the field inside
the cluster is shielded from the laser and the ionisation is dominated by thermal collisional

ionisation.
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The model does also not include any estimate of inner shell excitation rates.
lonisation is assumed to be strictly sequential and no recombination is allowed to occur.

The nanoplasma model predicts that the irradiation of a cluster with high-intensity,
femtosecond pulses will result in the production of keV electrons with a characteristic two-
peaked distribution. The hot electron peak will be due to ions which leave the cluster just
after the 3 n.4.. point, following a period of extremely high collisional heating in the
cluster. The warm peak will be from electrons which have predominantly been ionised
through tunnel and laser-driven ionisation and which leave the cluster earlier in the
explosion. The ionisation ignition model also predicts that a pulse of hot electrons will be
produced from collisionally ionised electrons. Extremely high ion kinetic energies (~
10° eV) are predicted and the ions will be stripped to extremely high charge states. The
tonisation ignition and inner-shell excitation/coherent electron motion models also predict
the existence of highly charged ions. The nanoplasma model assumes a self-similar
expansion of a uniform density plasma, which then means that the ion velocity will increase
linearly outwards from zero at the centre of the cluster, resulting in a velocity distribution
where the number of ions with velocity v is proportional to v’. Although we expect that the
nanoplasma model provides a good description of the heating mechanisms driving the
cluster explosion, it is not expected to accurately model the expansion of the cluster after

this point.



Chapter 3

High-intensity laser systems

3.1 Introduction

Revolutionary advances in laser physics over the last few years mean that it is now
possible to produce terawatt, femtosecond pulses from a system that fits on a table-top. The
pulses produced by these systems can be focused to peak intensities of up to 10" Wem™,
The key to producing these ultra-intense pulses without exceeding the damage threshold of
the laser amplifiers is chirped pulse amplification (CPA). In this technique a short, low
intensity pulse from an oscillator is stretched in time before being amplified and then
compressed back down to its original pulse-length. By amplifying the stretched pulse rather
than the oscillator output, high final intensities can be obtained without damaging the
amplifiers. The generation of short pulses requires a laser medium with a large bandwidth
and the introduction of new, broadband solid-state media, such as Titanium-doped Sapphire,
has also been important in the development of these lasers.

This chapter briefly introduces the concepts of short pulse generation and
amplification, especially chirped pulse amplification, and discusses the problems associated
with producing and transporting short, wide-bandwidth pulses. The Blackett Laboratory
Laser Consortium Ti:Sapphire CPA laser system is then described. This laser consists of a
Ti:Sapphire oscillator, a pulse stretcher, a series of Ti:Sapphire amplifiers and a pulse
compressor. The final output pulses are ~200 fs in duration at a wavelength of 780 nm with
energies up to 45 mJ, which can be focused to intensities in excess of 2 x 10" Wem?, A
detailed characterisation of the final output used for the experiments in this thesis is

presented.
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3.2 Ultrashort pulses

The bandwidth theorem states that a pulse that is short in the time domain must have
a large spectrum in the frequency domain, so a laser designed to produce short pulses must
have a large gain bandwidth. Transform limited pulses will always have

AVAT =k 3.1
where Av is the gain bandwidth, Az the pulse length and & a constant that depends on the
pulse shape. k is 0.441 for Gaussian and 0.315 for sech’ pulses. The bandwidth of a 90 fs
FWHM (full width at half maximum height) sech’ pulse, for example, is 3.5x 10" Hz.

The frequencies at which a laser can oscillate are determined by the mode
frequencies which are covered by the gain bandwidth of the laser medium. If the laser
operates in many of these modes independently, and their relative phases are random, the
resulting output will be just noise (a series of identical bursts of incoherent light, spaced by
the cavity round-trip time [Diels 1996]). If the cavity modes are made to oscillate with
locked phases, the oscillating modes will interfere to produce a chain of evenly spaced light
pulses: this is mode-locking. The longitudinal mode spacing, oV, is determined by the

cavity length, L and is

(4
v, =—. -
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For a 1.8 m cavity, the mode spacing is 83 MHz, so there are 42,000 modes across the
FWHM spectrum of a 90 fs sech” pulse.

The electric field amplitude of the laser pulses in time, (1), is proportional to the
Fourier transform of the spectral amplitude, F(w). If the phase difference between two
consecutive modes is constant, then Fourier analysis shows that the laser pulses will be
transform limited [Svelto 1989]. Pulses longer than the transform limit will be produced if
the phase difference between consecutive modes is not a constant.

Figure 3.1 shows the relationship between E(w) and E(t) for a transform-limited
mode-locked laser, which shows that the output is a train of pulses separated in time by
& = 1/6v,,. This time & is equal to 2L/c which is equivalent to the cavity round-trip time.
The phase-locked modes oscillating inside the cavity can, therefore, also be considered as
being an ultrashort pulse of duration A7 which propagates back and forth inside the cavity.

Mode-locking not only produces pulses of very short duration but also of high peak
power. A non-mode-locked laser operating on n modes has a power, Poumode-lockeds

proportional to the sum of powers in each mode,

n=n

) o i 2
llmrl maode ~locked — Zl‘m & (3-3)

m=()
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Figure 3.1. The Fourier transform of a series of modes, evenly spaced in frequency with a constant
phase difference between them, is a train of pulses. The width and shape of the envelope of the series
of modes determines the shape and length of the pulses. The separation of the modes determines the
separation of the pulses. dvy, is the mode spacing, L is the cavity length, ¢ the speed of light, Av the
spectral bandwidth, Arthe pulse length and & the time between pulses.

However, for a mode-locked laser, the peak power is proportional to

n=n

(34

P =| Y E
maode ~locked “m ’
m=()

a factor of ~ n higher than the non-mode-locked case. For example, if a laser which has an
average power of 200 mW is mode-locked at the same power to produce 90 fs sech® pulses
at a repetition rate of 83 MHz, their peak power will be 27 kW - a factor of ~10° higher.

A large number of mode-locking techniques have been developed, and an extensive
review is given by French [1995]. The mode-locking technique used in our Ti:Sapphire
oscillator is Kerr lens mode-locking. This relies on the nonlinear optical Kerr effect, which
has a significant effect only at the intensities reached by the high-peak-power mode-locked

pulses and not at the low average intensities of the non-mode-locked oscillator.

3.2.1 The optical Kerr effect

The refractive index of all dielectrics contains an intensity-dependent term, which is
unimportant at low intensities but significant at the high intensities we are trying to access.
If an electric field is applied to a dielectric a polarisation is induced. This can be written as a
series expansion

L) = (2) 2 33
P=y"gE+yy E*+y7"E +.. (3.5)

7'"is very much greater than the higher-order susceptibilities, so in small electric fields a

. . . 7 o
linear response is seen. The second-order term, y”E? | must (from symmetry arguments) be
identically zero in any material that has a centrosymmetric arrangement of atoms. For certain
non-centrosymmetric crystals the second order term may be dominant, and it gives rise to

effects such as second harmonic generation and the Pockels effect. The third term is present
in all optical materials regardless of structure. The electric displacement, D = g,F + P, in a

centrosymmetric dielectric is now given by
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and so the refractive index, n = D/(g,E ), becomes
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Usually, this non-linear effect is negligible. Fused silica, for example, has an n, of
3.2 % 10" em®W ', If the field is intense enough that n,/ becomes significant, two effects
occur: third harmonic generation, which can usually be ignored as it is, in general, weak and
not phase-matched; and a change in refractive index produced by the field itself - theoptical

Kerr effect.

3.2.2 Self-focusing and optical breakdown in
dielectrics

As the intensity of a (TEM,,) laser beam is highest in the centre, the refractive index
of the dielectric through which it passes is greater there. The dielectric acts as a graded-index
positive lens and focuses the beam. This self-focusing increases as the beam propagates,
until it reaches the diffraction limit or damages the dielectric (see figure 3.2a).

The accumulated phase-front distortion across the laser beam due to the nonlinear

refractive  index «can be calculated from the breakdown integral (B-integral)

[Koechner 1992],
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Figure 3.2 (a) Self-focusing due to the optical Kerr effect. (b) Filamentation of pulse in a Kerr medium.
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where 4, is the wavelength of light in vacuum and d/ is the integral along the optical path.
The value of B at any position in the beam gives the phase delay (in radians) which that part
of the beam has undergone compared to a low-intensity beam.

Another important consequence of the Kerr effect is small-scale self-focusing. Any
initially small ripples on the beam profile grow exponentially from their original amplitude
by a factor [Koechner 1992]

g=e”, (3.9)
where B is the B-integral (equation 3.8). The beam may then collapse into very small
filaments or self-focused focal spots (figure 3.2b). The power density in these may be large
enough to damage optical components or cause a breakdown.

As a general rule, the total B-integral along a laser system must be kept below 4 to

maintain the optical quality of the beam.

3.2.3 Kerr lens mode-l ocking

The focusing due to the Kerr effect can be used to advantage to mode-lock lasers. As the
highest intensity beams are focused most strongly, a laser cavity can be designed which
prefers short (and therefore intense) pulses to propagate (see figure 3.3) because they see
less loss. Spence et al [1991] were the first to observe and use this technique. They found
that their Ti:Sapphire laser cavity could be made to mode-lock by slightly misaligning the
end mirrors and then tapping them to introduce a noise spike. Kerr lens mode-locking
(KLLM) is now widely used to generate pulses of ~10 - 300 fs [Asaki 1993, Fraser 1996].

One problem with KLLM is that it is, in general, not self-starting - although it is self-
sustaining. The short interaction length of the solid state amplifiers typically used in KLM

oscillators (~20 mm) means that they are only weakly non-linear. The initial intensity

Low intensity mode

-

Pump beam|

Laser rod ‘;/',
High intensity mode

Aperture

Figure 3.3 Kerr lens mode-locking. The highest intensity mode (which corresponds to short pulses) is
most strongly focused by the Kerr effect in the laser rod. It is then re-collimated by the lens and
passes through the aperture. Low intensity modes are only weakly focused by the Kerr effect, not re-
collimated and are clipped by the aperture. The high intensity mode therefore experiences less loss.
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Figure 3.4 A sequence of prisms which can be adjusted to give a negative value of group velocity
dispersion. The second pair of prisms can be replaced with a mirror, M.

fluctuations in a laser cavity are not usually strong enough to generate enough non-linearity
to evolve into stable pulse trains. An additional mechanism is required to start the mode-
locking process. Introducing a noise spike by tapping the end mirrors is a common

technique, but systems involving acousto-optic modulators or saturable absorbers have also

been used.

3.2.4 Group velocity dispersion

If the refractive index of a material is a function of frequency, different frequencies
will propagate at different speeds. This will both chirp and broaden a pulse propagating
through it, without affecting the spectral profile. This is group velocity dispersion orGVD.
In a material with normal dispersion higher frequencies travel more slowly, giving a positive
chirp.

In a laser cavity any element through which the light propagates (including air,
optical components and the gain medium) will introduce dispersion. This dispersion imposes
a limit on the minimum pulse duration achievable. To generate very short pulses it is
necessary to control or compensate for intracavity dispersion. To do this we need to
introduce a system with negative group velocity dispersion - one such system is the prism
pair [Fork 1987, Martinez 1987, Treacy 1969] (see figure 3.4). The first prism provides
angular dispersion due to positive GVD and the second re-collimates the components. The

path between the two prisms is shorter for the higher frequencies and so introduces negative
“ e - . . . 2 .
GVD. The amount of negative GVD depends on the prism separation and (dn/d )", while

- . ' 2
the positive GVD component is governed by the length of the path in glass and dzn/d(u ’
The net GVD can be controlled by translating a prism along its axis of symmetry. The best
remedy for dispersion in a cavity is to design the gain medium and other components such

that they introduce the smallest possible amount of GVD, and then use a prism sequence just

to fine-tune dispersion.
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Figure 3.5 Chirped pulse. Self-phase modulation produces a frequency chirp proportional to dl/dt on
the pulse.

3.2.5 Self-phase modul ation

A laser pulse passing through a dielectric can experience the Kerr effect in the time
domain. On the leading edge of the pulse, dn/dt >0 and the optical frequency is lowered;
on the falling edge the reverse is true and so the frequency is raised. This effect - self-phase-

modulation - gives the pulse a frequency chirp (figure 3.5).
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3.3 Gain media for ultrashort pulse generation

Chirped pulse amplification was first applied to Nd:glass systems [Maine 1988,
Patterson 1991] but these are limited to a pulse length of ~500 fs at the TW level due to the
limited bandwidth of the gain medium [Perry 1990]. To produce pulses shorter than this a
laser medium with a much greater bandwidth is needed.

Although the pulses as short as 6 fs pulse have been produced from a dye laser
system [Fork 1987], dye lasers have several significant disadvantages. Laser dyes (such as
Rhodamine 6G) give a large gain per unit length because of their large emission cross-
section, but for that reason they saturate easily. A typical saturation fluence for a dye is ~
10" Jem™ compared to ~1 Jem” for a solid-state laser, which means a dye-laser system
capable of delivering much more than a few mlJ will have an unfeasibly large aperture.
Murnane and Falcone [Murnane 1988] have developed a colliding-pulse mode-locked dye
laser capable of delivering 2.5 mJ in 100 fs. Dye lasers tend to suffer from problems
including the photo-induced degradation of dyes, instability in jet flows and thermal effects
which are difficult to control. Kerr lens mode-locking and the development of new ultra
broadband solid state media mean that dye laser systems have now been superseded by solid
state amplifiers, which are much more convenient to use and have greater tunability.

Titanium-doped sapphire, 7i"'ALO;, was first characterised and made to lase by
Moulton [1986]. The structure of the 7i'' ion is a closed shell plus single, exposed 3d
electron. It has broad absorption and emission linewidths as a consequence of the strong
coupling between the vibrational energy states of the host and the electronic energy states of
the active ions. Ti:Sapphire has the advantages of broad tunability (it has the widest
percentage tunability of any laser), a large gain cross-section and good thermal properties
compared with Nd:glass. Laser operation spanning the entire expected gain bandwidth is
possible and pulses as short as 11 fs have been produced [Asaki 1993]. It exhibits very
efficient (nearly quantum limited) conversion of pump energy. The main disadvantage with

Ti:Sapphire is that, due to its very short upper-state lifetime of 3.2ps, it is difficult and

Ti:Sapphire Cr:LiSrAlFs  Nd:glass Rhodamine
6G

Tuning range (nm) 660-1100 750 - 950 1043 -1063 700 - 820
Gain cross section (x 10*°cm?) 30 3.0 4.0 0.0002
Saturation fluence (Jem®) 0.8 7 4.9 0.002
Storage lifetime (us) 3.2 67 350 0.001
n, (x 10" 1.3 0.5 15
Thermal diffusivity (cm’s”) 0.156 0.019 0.003
Maximum power (TW) 4.7 8.5 55 0.02
Shortest pulse (fs) 1 33 130 6

Table 3.1 Laser media for ultrashort pulse generation
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inefficient to pump directly with flashlamps, arc lamps or laser diodes. It requires rapid
pumping and so is often pumped with a frequency-doubled Nd:YAG laser.

Cr:LiSrAlF s [Payne 1989] has also been used in terawatt, femtosecond systems
[Ditmire 1993]. It has a broad emission cross-section and a sufficiently long upper-state
lifetime to allow flashlamp pumping. Its absorption spectrum overlaps well with the
emission of xenon flashlamps; and it can also be diode pumped. It has a much lowern, than

Ti:Sapphire, which minimises nonlinear effects during amplification.
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3.4 Chirped puls e amplification

The main problem in amplifying ultrashort pulses is that the non-linear refractive
index (n;) in the gain material and other optical components at high intensities leads to beam
distortions and small-scale self-focusing. The intensities in these amplified distortions often
exceed the damage threshold of the material. The amplifier materials must also be chosen
with care: they must have a bandwidth large enough to accommodate the full spectrum of
the pulse. To extract the energy stored in the amplifier efficiently the fluence of the pulse has
to be near the saturation fluence of the medium.

Chirped pulse amplification (CPA) is an idea originally adapted from radar [Klauder
1960]. Radar uses short energetic pulses - but when it was being developed no circuits could
handle the required peak power. The solution was to stretch the pulse in a dispersive delay
line, amplify and transmit it, and then compress the echo in a system with the opposite
dispersion. In a CPA laser system an initially short pulse from a mode-locked oscillator is
passed through a dispersive delay similar to that produced by a prism pair in an oscillator. It
stretches the pulse and gives it a frequency chirp. The pulse can then be amplified, without
reaching intensities where the Kerr effect is a problem, and then recompressed (see figure
3.6).

Treacy [1969] first pointed out that a pair of diffraction gratings with their faces and
rulings parallel (figure 3.7) can be used to compress positively chirped optical pulses. The

variation in phase with frequency for this system can be written as a power series expanded

about the central frequency, @, :

¢(a))= I/ +a,(w -a)n)+az(a) —a)o)2 +a3(a) - a)o)3 + (3.10)
If this is then differentiated, we get the delay
r=dp(w)/do =0+a, +2a, (- w,)+3a (0 -a,) +... (3.11)
Short
input 1 — > Low intensity long pulse
pulse

Stretcher %

Amplifiers

:l:r;;:med Compressor Amplified long pulse

pulse

4

e e

Figure 3.6. Chirped pulse amplification. An initially short pulse is stretched in time before being
amplified and then recompressed
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Figure 3.7 Compressor grating configuration. s is the centre wavelength separation of the compressor
and ¢ is the input angle onto the grating from the normal.

The first non-zero term in this expression,e, , is the group delay; the second is the linear
chirp; the third, the quadratic chirp and so on. If the chirp produced by the grating pair is
equal and opposite to that on the stretched pulse then the original pulse will be reproduced.

The amplification and recompression of chirped optical pulses was first
demonstrated by Strickland et al [1985]. They stretched a 150 ps pulse to 300 ps in 1.4 km
of optical fibre, amplified it and used a grating pair to compress it down to 2 ps. The
interplay of self-phase-modulation and group velocity dispersion in an optical fibre both
broadens the spectrum and changes the pulse shape (see figure 3.8).

The spectral broadening means that the pulse can be compressed to a fraction of its
original length (to ~1/Av). The change in pulse shape, however, puts a limit on the

maximum compression ratio (defined as 7,4 / Teompressea ) OF around A/SA [Perry 1994].

Attempting to compress the pulse more than this causes ripples to appear either side of the

intensity

(O] - l — ;" \

Figure 3.8 Pulse stretching in an optical fibre. Self-phase-modulation produces a frequency chirp
proportional to dl/dt on the pulse. The chirp is negative on the wings of the pulse and positive near the
peak. As the fibre has positive group velocity dispersion, the centre of the pulse will be stretched while
the wings are sharpened. At the exit of the fibre, the pulse is rectangular.
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Mirror Pulse in/’(

Stretched pulse
out

Figure 3.9 Stretcher grating configuration. The telescope inverts the angular dispersion (giving
positive GVD) provided that the gratings are inside the focal planes of the lenses. The effective
separation contributing to the system is then given by the sum of the distances from each grating to
the adjacent focal plane, = 2f — z; — z,.

main pulse. The stretcher and compressor are not a perfect match and dispersion can only be
cancelled up to second order.

To get higher compression ratios (and so shorter pulses at higher power) the
dispersion in the stretcher and compressor needs to be as closely matched as possible.
Martinez [1987] showed that, by placing a telescope between the gratings in a compressor,
the sign of the dispersion achieved can be inverted (see figure 3.9). The first demonstration
of an all-grating system [Pessot 1987] succeeded in stretching an 83 fs pulse to 85 ps and
then recompressing it to 91 fs. This is a compression ratio of 1000 - dramatically better than
the maximum achievable with a fibre-grating system. The stretch factor obtained from a
grating stretcher/compressor depends on the ruling of the grating and the geometry of the

stretcher/compressor and is given by [Faldon 1992]

aiyd’s ‘
r\ll‘l et . (3.12)
" ,cosz()

« ’l)"ll" (AR

where 7, and 7, are the lengths of the stretched and compressed pulses, a is a

constant that depends on the pulse-shape (0.78 for sech® pulses), d is the grating ruling
density in lines/mm, s is the centre wavelength separation of the compressor, ¢ is the speed
of light and @ is the input angle on to the grating from the normal.

If the grating stretcher/compressor system is modelled paraxially and material
dispersion in the lens is neglected, the stretcher produces dispersion equal and opposite to
that of the compressor to all orders, provided that the grating incidence angles are the same
and the compressor grating separation is equivalent to the effective grating separation in the

stretcher, 2f —z;-z, (figure 3.9).
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3.4.1 Limits on the recompressed pulse duration

Transform  limited recompressed pulses can be obtained if the grating
stretcher/compressor gives zero net dispersion in all orders of frequency shift. In practice,
however, perfect recompression is not possible - especially for very short (<30 fs) pulses
with large bandwidths. There are two major factors which prevent recompression of
stretched and amplified pulses back to their original length: modification of the amplitude
and the phase of the spectrum. The amplitude is modified through clipping or narrowing of
the spectrum, and the spectral phase is altered by the presence of higher-order phase terms

which cannot be compensated for in the compressor.

3.4.1.1 Spectral clipping and narrowing

‘Hard” clipping of the spectrum, where the spectrum is sharply cut-off outside a
certain frequency band, has the effect of producing wings on the recompressed pulse. Hard
clipping most often arises in the stretcher or compressor when the spectrum is imaged on to
an optic with a finite size. Dielectric coatings on optics such as mirrors and lenses which
have insufficiently broad bandwidths can also clip the spectrum.

The spectrum of the amplified pulse must be narrower than the gain bandwidth of
the amplifier material. A reduction in the gain bandwidth reduces the duration of the
stretched pulse, giving a longer compressed pulse [Perry 1994]. The single-pass power or
intensity gain in an amplifier is given by [Siegman 1986]

G(@) =e’* " (3.13)
where G(w) is the gain and a(w) the gain coefficient which is proportional to the shape of
the gain bandwidth. Because a(w) appears in the exponent of the gain expression, the gain
falls off rapidly with detuning. This is an important consideration in CPA systems where the
overall gain can be as much as 10", For example, in a Nd:glass system Perry et al [1990]
found that gain narrowing meant that only a ~4 nm spectrum could be maintained in the
amplifier system giving a minimum compressed pulse-length of ~1 ps. The extremely high
gain bandwidth of Ti:Sapphire, however, means that gain narrowing is irrelevant for pulses
down to 100 fs [Le Blanc 1996].

Gain-shifting is a problem unique to CPA. When a pulse is amplified to near
saturation, the lower frequencies at the front of the pulse see higher gain. This leads to a
temporal (and thus spectral) reshaping of the chirped pulse - this is gain-shifting. Multi-pass
amplifiers tend to produce more gain-shifting for the same total gain than do regenerative
amplifiers because the pulse is amplified closer to saturation [Le Blanc 1996]. In
combination with the finite bandwidth of optical elements and dielectric coatings, gain-

shifting can result in narrowing of the spectrum.
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3.4.1.2 High-order phase terms

In a real CPA system, there is always some dispersive mismatch between the
stretcher and compressor due to material dispersion in amplifier material as well as spherical
and chromatic aberrations in the stretcher telescope. Linear chirp on the pulse can be
removed by adjusting the grating separation. Quadratic chirp produces pre- or post-pulses
according to its sign and can be compensated for by changing the incidence angle of the
beam onto the gratings. However, adjusting the compressor to eliminate linear and quadratic
chirp means that it is no longer perfectly matched to the stretcher, and higher-order phase
terms can no longer be perfectly cancelled. For a 20 fs system, these effects can result in
pulse broadening of the order of the pulse duration [Lemoff 1993].

There are two routes to reduce the high-order phase terms: designing a system with
the minimum phase distortion, and introducing extra material to cancel out the higher order
phase terms. One way to reduce phase distortion is to design an ‘aberration free’ stretcher, as
the lens in a conventional grating stretcher introduces chromatic and spherical aberration on
the pulse. This approach has been taken by the group at ENSTA whose stretcher is based on
the Offner triplet [Antonetti 1997]. Their experimental results and numerical modelling by
Mason [1999] have highlighted the importance of the surface quality of the stretcher optics
on the contrast ratio of the compressed pulse. It is also important to reduce the material path
length in the amplifiers to reduce the higher order phase distortion.

In contrast to this work, Lemoff and Barty [1993] have shown that it is possible to
simultaneously eliminate GVD, third and fourth order phase by correctly choosing the
separation and incidence angles of the compressor gratings and adding extra material in the
amplifier path. Another approach is to introduce controlled aberrations in the stretcher
which, when combined with the added GVD from the amplifier, can be compensated for in
the compressor. This can be done by using an air-spaced doublet in the stretcher [White
1993] which corrects spherical and chromatic aberration. The higher order phase terms can
then be controlled by adjusting the doublet spacing and position.

State of the art CPA systems such as the laser at ENSTA [Antonetti 1997] are now
capable of amplifying 30 fs pulses to 0.8 J and recompressing to close to the original pulse-
length with a contrast ratio of >10°. Focused intensities in the region of 5 x 10" Wem™ are

now accessible.
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3.5 The Blackett Laboratory Laser Consortium

Ti:Sapphire CPA laser system

The laser system used for all the experiments described in this thesis was the
Blackett Laboratory Laser Consortium Ti:Sapphire CPA laser system. This is a CPA laser
system with a final output of ~ 40 mJ in 200 fs at 780 nm with a 10 Hz repetition rate. The
focused intensities achievable exceed 10'® Wem™, The system was described in its original
configuration by Fraser [1996], but has since been modified. The layout of the laser, which
occupies two optical tables, is shown in a block diagram (figure 3.10). It consists of a mode-
locked Ti:Sapphire oscillator which produces a train of ultrashort pulses, a grating stretcher,
a series of Ti:Sapphire amplifiers and a pulse compressor.

The laser has undergone two major upgrades during the course of the experiments

described in this thesis. In early 1997 the stretcher and compressor were rebuilt with new,
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Figure 3.10. Block diagram of the Imperial College Ti:Sapphire laser system. ‘Fl ‘is a Faraday isolator.
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larger gratings to enable us to increase the diameter of the compressed output beam so that
higher energy pulses could be propagated to experiments. At the same time, a single pulse
isolator was added after the first stage of amplification to reduce the level of pre-pulse. In
carly 1998, a third amplifier stage was inserted before the final amplifier to increase the final
output energy and the compressor was again rebuilt to improve the pulse contrast.

Each stage of the laser system will be described in turn, and the output of the laser in

cach of the three configurations used for experiments in 1996, 1997 and 1998 will be

detailed.

3.5.1 The Oscillator

The source of ultrashort pulses is a Kerr lens mode-locked Ti:Sapphire oscillator
(figure 3.11). The oscillator consists of a 1.8 m folded cavity, containing a 20 mm
Ti:Sapphire crystal (0.05% doping). The crystal is pumped through the back of one of the
curved cavity mirrors by 5.5 - 6 W from a CW argon-ion laser (Coherent Innova 100)
operating on all lines in the blue-green. The cavity also contains a hard aperture to help
sustain mode-locking and a prism pair to compensate for intra-cavity dispersion. An
adjustable slit after the prism pair, where the spectrum is spatially dispersed, enables
wavelength tuning. The oscillator is, in principle tuneable over ~50nm, but is always used at
780 nm. Mode-locking is achieved by tapping on a cavity mirror. A water-cooled copper
jacket on the Ti:Sapphire crystal stabilises its temperature, and the oscillator is enclosed in a
box to prevent air currents from disrupting mode-locking.

The oscillator output is monitored by a photo-diode which looks at the pulse-train, a
spectrometer with a linear CCD array, and a second-order scanning auto-correlator which
uses an LED as the non-linear medium [Reid 1998].

The oscillator produces 90 fs pulses (assuming a sech” pulse-shape) centred at 780
nm with an 80 MHz repetition rate. The average output power varies from 200 - 400 mW,
equivalent to 2.5 - 5 nJ per pulse. The bandwidth is approximately 8 - 10 nm, giving a time-

bandwidth product AvAT of 0.36 - 0.44 (~1.25 x the transform limit for sech® pulses).

AN Tuning slit

CW Argon ion
pump laser

Aperture

” ~p Output

Figure 3.11 Kerr lens mode-locked Ti:sapphire oscillator.
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Figure 3.12. The stretcher. The retro-reflector ensures that the output beam is offset vertically from
the input beam.

3.5.2 The stretcher

The oscillator pulses are then stretched in a grating stretcher (figure 3.12) by a factor
of ~2500 to 250 ps (figure 3.13). The stretcher contains a single gold-coated grating which is
passed four times by the beam. The beam is sent in at a slight upwards angle to ensure that
the input and output beams are vertically separated from the retro-reflector. The output beam
travels back along the path of the input beam until it reaches the Faraday isolator, from
where it is sent to the amplifiers. Losses in the stretcher mean the pulse energy here is ~1 nJ.
The single-grating stretcher is effectively the same as the two-grating stretcher illustrated in
figure 3.9, but the mirror ensures that both passes of the grating have the same angle of
incidence. With two-grating stretchers angular mismatch can be a problem.

A 2000 line/mm grating and a 750 mm focal-length lens were originally used in the
stretcher - these were replaced in 1997 by an 1800 line/mm grating and a 1 m focal-length
lens. The compressor gratings were replaced by larger ones at the same time. The aim of this
change was to increase the diameter of the final pulse so that higher energies could be

propagated to the experiments.
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Figure 3.13. Stretched pulse, measured with sampling head. The FWHM is ~ 250 ps (1997).
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Figure 3.14. Ti:sapphire regenerative amplifier.

3.5.3 The regenerative amplifier

The first stage of amplification is a regenerative amplifier (figure 3.14) which
consists of a 20 mm Ti:Sapphire crystal (0.1% wt doping) between two dielectric mirrors.
The mirrors are 3 m concave and 4 m convex and the cavity length is 1.75 m, forming a
stable resonator. The advantage of this configuration is that the output pulse will have the
same temporal characteristics as the input pulse, but the spatial characteristics of the output
will be determined by the cavity - i.e. a TEM,, Gaussian mode.

The amplifier is pumped at 10 Hz by 90 mJ 532 nm light from a frequency-doubled
Q-switched Nd:YAG laser (Continuum Surelite II). The pump laser is focused onto the
crystal by a 50 cm lens approximately 25 c¢m from the crystal, giving a pump fluence of
~1 Jem™,

The cavity also contains a Pockels cell between two thin-film polarisers. The

vertically polarised input pulse is injected into the cavity by reflection off one of the
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Figure 3.15. Build-up of the IR pulse in the regenerative amplifier. The timing of the switch-out is
optimised (to maximise the energy and minimise the amount of pre- and post-pulse) by looking for the
sharpest cut-off between the last trip in the cavity (A) and the next pulse (B). The successive pulses
are separated by the cavity round-trip time of 11.5 ns.
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polarisers. A 6 kV electrical signal drives the Pockels cell to the 780 nm half-wave voltage,
trapping a single pulse (which is now horizontally polarised) in the cavity. The electrical
pulse now travels down a delay line before returning to the Pockels cell to switch out the
laser pulse after 20 cavity round-trips. The laser pulse is vertically polarised and has been
amplified until close to saturation. At this stage it has been amplified by a factor of >2 x10°
to ~2 mJ.

The build-up of the pulse in the cavity is monitored by a photodiode looking at the
leakage through the back of one of the cavity mirrors (figure 3.15). A second photodiode
looks at the pulse directly after the exit of the amplifier. This photodiode is used as the
optical trigger for experiments as the height of the pulse remains approximately constant
(independent of the final pulse energy, which is controlled later in the system) and changes
only when the alignment or timing moves away from optimum. In this way, if the Pockels
cell timing drifts and two lower energy pulses (separated by the round-trip time of 11.6 ns)

are switched out, the data acquisition electronics stop triggering.
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Figure 3.16 The single pulse isolator. The solid arrows show the direction of laser polarisation and the
size of the arrow reflects the pulse energy. The pre-pulse is shown in grey and the main pulse in

black.
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Figure 3.17. Pre-pulse level with and without the single pulse isolator (‘slicer’).

3.5.4 The single pulse isolator
It is important to ensure that the final laser pulse has no significant pre-pulse
associated with it as this will interact with and modify the experimental target before the

16 17 -2
- 10" Wem™, a pre-pulse

main laser pulse is incident on it. With final laser intensities ~10
at the 10" level can cause ionisation. In order to remove any pre-pulse present on a
nanosecond time-scale, a single pulse isolator (figure 3.16) was built at the output of the
regenerative amplifier in early 1997, The isolator is essentially a Pockels cell followed by a
polariser. The additional components associated with our isolator serve to reject any residual
horizontally polarised light from the regenerative amplifier, control the laser energy and
ensure the final polarisation is correct before the next stage of amplification. When the
Pockels cell is driven to its half-wave voltage a laser pulse can pass through the isolator,
otherwise it will be strongly attenuated. The timing of the high-voltage pulse is set to be as
near as possible to the front of the main pulse without attenuating it at all. The polarisation
of any pre-pulse is unchanged on passing through the Pockels cell and is rejected by the final
polariser, while the polarisation of the main pulse is rotated 90° and passes straight through.
The laser pulse with and without the isolator is shown in figure 3.17. Without the
isolator the pre-pulse is ~10™ of the main pulse, using the isolator has reduced it to ~2.5 x
10, The maximum final intensity of the pre-pulse is then only ~10" Wem™?, which will not

significantly ionise the gascous targets typically used in experiments with this laser.

3.5.5 The multi-pass power amplifiers

After the pre-pulse is removed by the single pulse isolator, the laser pulse is
amplified by a series of two multi-pass power amplifiers. The first amplifier is a double-pass
pre-amplifier (figure 3.18), pumped by 180 mJ from the Continuum Surelite Nd:YAG laser
which also pumps the regenerative amplifier. The pump pulse is focused by a 1 m focal

length lens to a fluence of 2 Jem™” onto the 7.5 mm long, Brewster cut Ti:Sapphire crystal.
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Figure 3.18. Ti:sapphire double-pass pre-amplifier.

The laser pulse is down-collimated to a diameter of 2 mm, before making two passes of the
Ti:Sapphire crystal where it is amplified to 12 mJ, a gain of 6. The pulse is then magnified
and collimated to a diameter of 6 mm and sent to the final stage of amplification. Prior to the
addition of this amplifier stage (in January 1998), the laser pulse passed directly from the
regenerative amplifier or single pulse isolator to the final amplifier. It entered the final stage
of amplification with an energy of 2 mJ and a diameter of 6 mm.

The final amplifier is a multi-pass Ti:Sapphire power amplifier (figure 3.19). This
amplifier uses angular multiplexing, whereby successive passes of the amplifier are at
different angles and the beam follows a ‘bow-tie’ path. This ensures that the passes are
spatially separated, but the overlap with the pump volume remains good. The laser pulse
makes a total of five passes of the crystal. The crystal is 1 cm® of Ti:Sapphire, AR coated at
both 780 nm and 532 nm and water-cooled. The crystal is pumped from both sides by
532 nm light from a frequency-doubled Q-switched Nd:YAG laser (BMI 503). The field
distribution at the doubling crystal is imaged by a lens system onto the crystal. This provides
spatially uniform ‘top-hat' pump beams of about 7.5 mm diameter. The pump energy is
~200 mJ on each side of the crystal. Without the pre-amplifier, the laser energy is 60 mJ at
the output (a gain of 30). With the pre-amplifier, the output energy is 100 mlJ, a gain of 8.

BS Lens

Frequency-doubled
Nd:YAG pump laser » E I [I >
Lens

Input

Figure 3.19 Ti:sapphire multi-pass amplifier.
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Figure 3.20. Autocorrelations of the amplified pulse at the exit of the laser for the three major sets of

laser configurations. (a) 1996, (b) 1997, when the stretcher and compressor gratings were changed,
and (c) 1998, when the compressor was completely re-aligned.

3.5.6 The compressor

After amplification, the beam is up-collimated and sent to the compressor, which
consists of a pair of parallel gratings, as in figure 3.7. The compressor diagnostics are a
single-shot auto-correlator to optimise the pulse shape and duration, and a far-field monitor
which uses a microscope objective to image the focal spot.

The compressor was upgraded in early 1997. In the original configuration, the
gratings were 11 x 4 ¢cm, 2000 line/mm gold-coated holographic gratings, with a separation
of ~75 e¢m. The grating size limited the 1/¢* beam diameter to 17 mm. A typical auto-

correlation of the compressed pulse is shown in figure 3.20a. The pulse duration is 170 fs
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Figure 3.21. Beam profile at the entrance to the compressor, obtained through measurement of the
energy transmitted through a variable radius aperture. The solid lines are Gaussian fits to the data.
The 1/’ radius is 13.4 + 0.1 mm.(1997).
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Figure 3.22. Laser spectrum measured after the oscillator, where the FWHM is 9.3 nm, and at the
output of the system where the spectrum has narrowed to a 5.5 nm FWHM. (1998).

(assuming a sech” pulse-shape). This is longer than the original pulse due to higher-order
phase terms picked up by the pulse on propagation through optics and amplifier crystals, and
bandwidth-limiting elements such as dielectric coatings.

The gratings were replaced by 14 ¢m diameter, 1800 line/mm gratings, with a
separation of ~120 cm. The telescope into the compressor was changed to give a (1/¢”) beam
diameter of 26 mm (figure 3.21). Auto-correlations of the final pulse are shown in figure
320 b and c. The pulse duration is considerably longer with the new stretcher and
compressor (up to 255 fs), due to aberrations in the stretcher which cause the spectrum to
narrow in the regenerative amplifier. As a consequence, the central wavelength also shifts to
782 nm. This can be seen in figure 3.22, which compares the spectrum of the compressed
pulse from the new stretcher-compressor with the oscillator spectrum. The compressor was
completely realigned in early 1998, and the pedestal and wings visible on the 1997 auto-
correlation were dramatically reduced.

The throughput of the compressor is ~50% for p-polarised pulses. The maximum

pulse energy obtained is 30 mJ without and 45 mJ with the pre-amplifier.

3.5.7 Final output and focused intensity

The final output of the laser system in the three configurations used for the
experiments described in this thesis is tabulated in Table 3.1.

The focused intensity achievable with the Ti:Sapphire laser system has been
measured by examining ionisation rates in xenon or helium (figure 3.23a). The laser pulse
was focused down into a vacuum chamber containing a static fill of the gas to a pressure of
10 mbar. The laser intensity is calculated from the over-the-barrier appearance intensities
[Augst 1991] of the charge states. The error on the intensity obtained in this way is
approximately a factor of two — smaller than the error in estimating the intensity from pulse

shape and focal spot size.
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Figure 3.23. Measured ion yield of Xe', Xe”" and Xe®' as a function of laser energy at 780 nm (a) and
390 nm (b). The laser intensity calculated from over-the-barrier appearance intensities is shown on the
top axis. (1998)

A 3 mm thick type 1 KDP crystal is used to frequency double the 780 nm laser pulse
to 390 nm (blue). The highest conversion efficiency we measured was 6 mJ blue from 30 mJ
IR, an efficiency of 20%. This conversion efficiency is lower than would be expected from
an estimate based on the intensity we propagate and the pulse-length. This may be due to
phase modulation of the fundamental from residual chirp on the pulse after compression,
which can strongly reduce the conversion efficiency [Krylov 1995]. The focused intensity
obtained in the blue has again been measured from ionisation rates (figure 3.23b).

A typical focal spot in the IR with a 19.3 c¢cm focal length lens is shown in figure
3.24. The spot size is 12 x 18 pm, which is 3x times diffraction limited in the x-direction,

and 5x diffraction limited along the y-axis.

Figure 3.24. Typical IR focal spot with f = 19.3 cm lens (1997).
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1996 1997 1998
Stretcher/compressor | 2000 1800 1800
grating ruling
(lines/mm)
Pre-amplifier No No Yes
Single pulse isolator No Yes Yes
Pulse-length (FWHM) | 170 fs 230 fs 255 fs
Bandwidth (FWHM) 6.0 nm 55 nm 55 nm
Maximum energy 30mJ 30mJ 45 mJ
Shot-to-shot stability | +2mJat12mJ t2mdati12md +1.4md at45 md
Contrast (on a ns 10" 25x10° 25x10°
timescale)
Pre-pulse ~0.1 at + 450 fs ~0.2 at + 600 fs < 0.01
Pedestal < 0.01 ~0.1 over ~ 1 ps < 0.01
Beam diameter (1/e°) | 17 mm 26.8 + 0.2 mm 26.8 + 0.2 mm
IR Focal spot (1/e”) 10 pm x 9 um 13 pm x 18 um 65 pm x 12 um
(20 cm lens) (19.3 cm lens) (on target with

33.5 cm lens)

Focused intensity per
mJ IR

6.7 x 107" Wem™

56 x 10" Wem™

3.3 x 10" Wem™

Max blue energy 6 md 3md 3md
Blue focal spot (1/e”) 6 um x 8 pm (Not measured) 76 um x 13 um
(20 cm lens) (on target with
32.3 cm lens)
Focused intensity per | (Not measured) 6.3 x 10" Wem™ 2.0x 10" Wem™
mJ blue -8 x 10" wem™?
Max focused intensity | 2 x 10" Wem™ 1.7 x 10" Wem™ 1.5 x 10" Wem™ with

with 20 cm lens - IR 33.5 cm lens
Max focused intensity | -5 x 10"” Wem ® 2x 10" Wem™ 6 x 10" Wem™ with
with 20 cm lens - blue 32.3 cm lens

Table 3.2. Laser parameters in the three major sets of laser configurations.

The intensity calibrations obtained through measurements of over-the-barrier
appearance energies in general agrees to within a factor of 2 — 3 with those obtained from
the measurements of focal spot sizes and pulse lengths. The exception is the blue calibration
from 1998, which is greater than a factor of 10 different. This may be explained by the
second harmonic having a peculiar pulse-shape, as we had a surprisingly low second

harmonic conversion efficiency at the time.
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3.6 Conclusions

The use of chirped pulse amplification has been fundamental to the production of
high power, ultrashort pulse laser systems. CPA was developed in response to the problems
associated with amplifying high peak-power pulses - the main problem being self-focusing
and optical breakdown caused by the optical Kerr effect. It is somehow appropriate that one
of the most successful methods of generating ultrashort pulses, namely Kerr lens mode-
locking, should rely on this same effect.

Terawatt, femtosecond laser systems have enabled major advances in the field of
high-intensity laser-matter interactions. The phenomenally high intensities achieved by these
systems have opened up a whole new regime for study. Both the development of systems
capable of delivering even shorter pulses and even higher power and the study of the
interactions of these pulses provide major theoretical and experimental challenges.

The Blackett Laboratory Laser Consortium Ti:Sapphire CPA laser system delivers
780 nm pulses at 10 Hz with energies up to 45 mJ and pulse-lengths in the region of 200 fs.
The maximum power is ~0.2 TW and the laser can be focused to intensities in excess of
10" Wem™, The laser has been used extensively in studies of high-harmonic generation and
molecular dissociation as well as for the cluster fragmentation studies described in this

thesis.



Chapter 4

Experimental apparatus and
techniques

The mechanism of cluster formation in gas-jets is discussed in this chapter, together
with Rayleigh scattering measurements which have allowed us to determine the mean cluster
size in the interaction region. The experimental techniques and apparatus (in particular the

time-of-flight spectrometer) and data analysis algorithms are introduced.

4.1 Cluster formation in gas-jets

In the experiments described in this thesis, clusters were formed during the adiabatic
expansion of high-pressure gas from a pulsed gas-jet into a vacuum. The gas cools as it
expands and atoms and molecules are able to form van der Waals bonded clusters. The
degree of clustering in the gas-jet is a function of the gas species, the initial gas pressure and
temperature and the geometry of the gas-jet nozzle. The mean sizes of Xe, Kr and Ar
clusters formed in the gas-jet have been measured using Rayleigh scattering. The
dependence of mean cluster size on gas-jet backing pressure, initial gas temperature and gas
species has been examined. These studies have enabled us to more fully characterise the

medium with which the laser interacts.

4.1.1 Determination of cluster size

It is extremely difficult to accurately measure or control the distribution of cluster
sizes in a cluster beam. The non-availability of reliable techniques for selecting the sizes of
large clusters means that almost all experiments on them (including those described in this
thesis) rely on manipulating the average size of the distribution by changing the gas-jet
backing pressure and temperature.

Time-of flight mass spectrometry has been used to measure cluster sizes [Hagena

1972], but the distributions obtained using this method can be strongly distorted, especially
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for small clusters which tend to disintegrate before detection. Large clusters of more than ~
10" atoms undergo multiple ionisation, but distortion of the size distribution due to
fragmentation may be relatively minor [Gspann 1973, Karnbach 1993]. High-energy
electron diffraction [Farges 1986] suffers because the diffraction peaks are smeared out by
the broad distribution of cluster sizes. The cluster sizes have to be obtained by determining
the cluster structure from the diffraction pattern and comparing these with calculated cluster
structures. Several methods have been developed which involve crossing the cluster beam
with a second molecular beam, or passing the cluster beam through a buffer gas, and
measuring the angular scattering [Buck 1996, DeMartino 1993, Lewerenz 1993] or change
in cluster velocity [Cuvellier 1991]. All of these techniques involve specialised equipment
and complicated analysis, so we turn to Rayleigh scattering [Bell 1993] as a simple method
that can be carried out without major additions to our experimental apparatus. Mie
scattering techniques are not applicable here as the clusters we are interested in have a radius

of only a few tens of angstroms, much smaller then the wavelength of light.

4.1.1.1 Hagena parameter

The extent of atomic clustering in a gas-jet can be estimated using the principle of
‘corresponding jets” [Hagena 1972]. This states that expansions which have the same value
of an empirical scaling parameter I'" (the ‘Hagena parameter’) are expected to exhibit the
same degree of clustering, i.e. have the same fraction of atoms condensed into clusters and

the same mean cluster size. The Hagena parameter is given by,

) 0.85
£ it (d/tana) " p, @.1

where d is the diameter of the nozzle (in pm), a the jet expansion half-angle, p, the gas-jet
backing pressure (in mbar), 7, the initial gas temperature (in K) and k& the condensation
parameter (an empirical constant that depends on the gas). The value of k is 5554 for Xe,
2980 for Kr, 1646 for Ar and 185 for Ne [Karnbach 1993].
Published scalings of cluster size with Hagena parameter indicate that whenI”" <
300, there is almost no clustering in the gas-jet, with less than ~ 2% of atoms having
condensed into small clusters (predominantly dimers and trimers) [Wormer 1989, Karnbach
1993]. In the region where 300 < I < 1800, the cluster size scales as with mean number of
atoms per cluster, N¢, as [Buck 1996, Karnbach 1993]
N ~ [7(164 01 185) (4.2)
The fraction of clusters that have condensed into atoms rapidly increases from 5% to
30% as I goes from 400 to 600, and then rises steadily until nearly all the atoms have

condensed into clusters at I ~ 1800 [Wormer 1989]. When I'™ > 1800, we are in the regime
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of “massive condensation” in the gas-jet, where nearly all the atoms have condensed into
large clusters and the mean cluster size is > 100 atoms per cluster. In the massive
condensation regime, the cluster size scaling varies more steeply with ™ as [Farges 1986,
Hagena 1991, Karnbach 1993]
N ~ 7195235 0r20%) (4.3)
Three independent sets of measurements all point to the mean cluster size being ~
100 when 1" ~ 1800 [Hagena 1991, Karnbach 1993 and Buck 1996].
Measurements of the size distribution of large noble gas [Lewerenz 1993 and
Karnbach 1993] and nitrogen [Gspann 1982] clusters suggest that the cluster sizes exhibit a
log-normal distribution with a full-width at half maximum approximately equal to the mean

cluster size.

4.1.2 Rayleigh scattering

We can estimate the size of the clusters produced in the expansion by measuring the
Rayleigh scattered signal at 90°. The cross section for classical Rayleigh scattering is given

by [Kerker 1969]

6 2_
do 2”&; n | (4.4)

where o is the cross-section, £2 the solid angle that the light is scattered into, R the cluster
radius, A the wavelength of the scattered light and n the refractive index of the medium.
This expression is valid only when the radius of the scatterers is < 0.05 A, which corresponds
to a cluster of ~ 10° xenon atoms with 532 nm light.

The scattered signal, Sy, is proportional to the product of the Rayleigh scattering
cross-section of the cluster and the density of clusters, 7. The cross-section at a given
wavelength scales as

Sps ~ MRS (4.5)
The total number density of monomers ny is given by

ny=  .n.N, (4.6)

all - cluster  sizes
where N is the number of atoms per cluster. For self-similar distributions (where the width
of the distribution is proportional to the mean cluster size) it can be shown that
. n3 N7
Sps ~ Rz ~nyN 4.7)
where R is the mean cluster radius. This can be demonstrated analytically for the delta-

function distribution. If we assume that all the atoms have condensed into clusters of the
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same size, it then follows that the number density of clusters will be given by the monomer

density before clustering divided by the number of atoms per cluster so

n.~n,/N., (4.8)

(

Substituting Eq. (4.8) into Eq. (4.5)and using the fact that R. ~ (N(A)V3 we again
obtain Eq. (4.7). The fact that the scatter signal depends only on mean cluster size and
number of monomers for a self-similar distribution implies that we can obtain no
information about the width or shape of a self-similar cluster size distribution using this
technique. We are also unable to distinguish a change in mean cluster size from a change in
condensed fraction, so this technique is only valid in regions of parameter space where the
condensed fraction is constant.

If the monomer density before clustering is proportional to p, /T, , we can scale the
Rayleigh scatter signal by this factor to account for the change in the number of monomers
ejected by the gas-jet and get
N, ~Tog (4.9)

¢ “RS * ¢
I)()

Recent work on the characterisation of cryogenically cooled gas-jets of the type used
in this experiment has indicated that the scaling of the number of monomers ejected by the
gas-jet with temperature deviates from 1/7; at high backing pressures as the initial gas
temperature drops towards the liquefaction point [Smith 1998] and a few extremely large
droplets are formed in the jet. The signature of this is a sudden and very rapid increase in the
Rayleigh scatter signal.

We expect that when large clusters are present in the gas-jet, the scaling of scatter
signal with backing pressure and temperature will vary as (from eqs. (4.3) and (4.9))

295-3.93

Po (4.10)

Sks ~ msATIAT "
Iy

Observation of a sudden change in scaling of the scatter signal corresponding to the
onset of massive condensation in the cluster beam (where the mean cluster size is ~100
atoms/cluster) can establish a fixed point in the cluster size scaling. Non-observation of this

change in scaling at least allows us to fix a minimum size for the clusters produced.
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Gas flow

- Copper jacket

__ Coolant
pipes

Return spring Poppet

Figure 4.1. Gas-jet used to produce clusters. The jet body is a General valve series 99 solenoid
pulsed valve with a 500 um diameter sonic nozzle. It has been modified for use at cryogenic
temperatures by the addition of a copper jacket, round which pass coolant pipes. (RAS).

4.1.3 Experimental ap paratus

The gas-jet used to produce the clusters in this experiment was a General Valve
Series 99 solenoid pulsed valve sonic gas-jet with a 500 um diameter nozzle and jet
expansion half-angle of 45° (figure 4.1). The gas-jet was modified to allow its operation
down to ~ 80 K by wrapping the reservoir in a copper jacket around which passed cooling
pipes [Smith 1998]. Nitrogen gas was forced under pressure through a separate heat-
exchanger cooled with liquid nitrogen and then through the cooling pipes. By varying the
flow-rate we were able to control the temperature of the gas in the reservoir to a precision of
~ + 2 K. The gas-jet was run with an opening time of 400 ps and a repetition rate which
varied from 10 Hz to 0.2 Hz. The repetition rate was determined by the need to ensure that
the gas in the reservoir cooled to the jacket temperature and that the vacuum returned to
better than ~10™ mbar between shots.

Vertically polarised 532 nm light from a frequency-doubled Nd:YAG laser (86 ] in
a 10 ns pulse) was focused by a 30 em focal length (f/30) lens into the vacuum chamber
1.5 mm below the gas-jet nozzle (Fig. 4.2). The 90° scattered light from this region was
imaged by an f= 10 ¢m lens and detected by a photo-multiplier. The photo-multiplier was
fitted with a narrow-band, 532 nm interference filter and a small aperture to ensure that only
scattered light from the interaction region was detected. The scattered light was found to be
highly vertically polarised, consistent with Rayleigh scattering. The interaction region was
also imaged by a CCD camera to monitor the position of the interaction region relative to the
gas-jet nozzle and ensure that there was no laser-induced breakdown of the gas. The relative

timing of the laser pulse and gas-jet trigger was adjusted to optimise the scatter signal. The
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Target gas
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Figure 4.2. Experimental set-up to observe 90° scatter. The laser pulse (86 pJ in 10 ns at 532 nm) is
focused into the vacuum chamber ~ 1.5 mm below the nozzle of the gas-jet. The direction of laser
propagation is out of the page. A photomultiplier tube (PMT) connected to a digital oscilloscope and a
CCD camera image the interaction region.

background level was obtained by subtracting the signal when the gas-jet was fired with no
gas in it. Neutral density filters placed in front of the photo-multiplier allowed us to extend

our dynamic range for linear detection to ~ 3 orders of magnitude.
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4.1.4 Results

We have examined the scaling of the Rayleigh scatter signal with gas temperature
and gas-jet backing pressure in xenon, krypton and helium (fig. 4.3). We were not able to
unambiguously observe the change in scaling of the scatter signal corresponding to the onset
of massive condensation.

The wvariation of scatter signal with gas-jet backing pressure for xenon at
temperatures of 300 K, 250 K and 200 K is shown in fig. 4.3a. The scatter signal scales as
p’, where b is ~ 3.5 to 4.0, for pressures above ~ 1.0 bar at 300K, 0.8 bar at 250 K and 0.6

bar at 200K. The consistency of these pressure scalings with equation 4.10 indicates that
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large clusters of more than ~100 atoms are present in the gas-jet in the temperature and
pressure ranges where the data can be fitted by a power law.,

Fig. 4.3b shows the dependence of the scatter signal on initial gas temperature for
xenon with gas-jet backing pressures of 1.4, 2.8 and 4.1 bar over the temperature range from
300 K to 170 K. The scatter signal varies with temperature as 7° where b is ~ —6 to -7
(again, this is consistent with eq 4.10). At 4.1 bar the scatter signal increases rapidly below ~
220 K, as a few much larger droplets start to form in the jet.

The scalings in xenon have also been compared with other gases, and the scatter
signal as a function of pressure for xenon, krypton and argon at 200 K is shown in Fig. 4.3c.
Large clusters are present in the argon jet at pressures above ~ 2.8 bar and in krypton from
~ 1.7 bar. The scatter signal scales in Aras p™** " and in Kras p*°* %! (as in eq 4.10).

We can obtain scalings of No with 7™ for the xenon data, as shown in Fig. 4.4. The
scatter signals have been multiplied by 7,,/p, to normalise them to the same monomer
density ejected by the gas jet (Eq. 4.9). The six separate scans overlap which confirms both
our assumption that the monomer density ~p, /7, and that the Hagena parameter is a useful
way of characterising the degree of clustering in the jet. From this we obtain a scaling of
cluster size with Hagena parameter of No ~ 7% **% This is consistent with previous

measurements of the variation of /7™ with mean cluster size (eq. 4.3).
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Figure 4.4, Dependence of scatter signal (multiplied by T/p to account for the variation in the number
of monomers) on hagena parameter. The data points are taken from temperature scans at 1.4 bar
(open squares), 2.8 bar (filled circles) and 4.1 bar (filled triangles) as in Fig. 4.3b and pressure scans
at 300 K (filled squares), 250 K (filled circles) and 200 K (filled triangles) as in Fig. 4.3a. The line is a
power-law fit to the experimental data and is proportional to 1% 099,



Experimental apparatus and techniques 82

4.1.5 Cluster sizes

The estimated cluster sizes for Xe, Kr and Ar as a function of gas-jet temperature
and backing pressure are shown in table 4.1 below. The scalings of relative cluster sizes with
temperature, backing pressure and gas have been calculated from the Hagena parameter
assuming that N ~ 7" The fixed point on which these scalings are based is 100-atom
clusters with a Hagena parameter of ~ 1800 (consistent with the scalings measured by
Hagena [1991], Buck [1996] and Karnbach [1993]). Large clusters are observed in the gas-
jet at higher values of I'” than this, and we observe no signal above the noise at lower values
of I'". This sets a lower limit on the cluster size but as we were unable to observe a change in
scaling of the scatter signal corresponding to the onset of massive condensation in the jet, we
cannot set a precise upper limit. Our cluster size calibration is, therefore,

o \2.40

N, ~25 —— 4.11
3 1000 @.11)

The cluster radii were calculated from the number of atoms per cluster by assuming
that the clusters have the same density as the bulk solid. (Briant and Burton [1975] found
that the nearest neighbour distances between atoms in argon clusters were within 1% of the
bulk value for clusters larger than ~ 10 atoms.) The error on the estimate of cluster size is

obably a factor of two, which corresponds to an error of ~ o 01 adius.
yrobably a fact ft hicl Is t r f ~ 25% on the radius
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Table 4.1. Estimated cluster sizes for Xe, Kr, and Ar over the range of gas-jet backing pressures and
temperatures investigated, calculated from eqs 4.1 and 4. 11.

Xenon
Temp(K) 300 200
Pressure I+ Nc Rc (A) r* Nc Rc (A)
(bar)
0.5 1200 40 8 2900 300 17
1 2300 200 14 5900 1800 30
2 4600 1000 24 11800 9300 51
3 7000 2600 34 17600 25000 71
4 9300 5300 43 23500 49000 90
5 11600 9000 51 29400 84000 107
6 14000 14000 59 35300 130000 124
8 19000 28000 74 47000 260000 156
10 23000 47000 89 58800 440000 186
12 28000 74000 103 70600 680000 216
Krypton
Temp(K) 300 200
Pressure [* Nc Rc (A) r* Nc Rc (A)
(bar)
0.5 600 8 4 1600 70 9
1 1200 40 8 3200 400 16
2 2500 200 14 6300 2100 29
3 3700 600 19 9500 5500, 39
4 5000 1200 24 12600 11000 50
5 6200 2000 28 15800 18800 59
6 7500 3100 33 18900 29000 69
8 10000 6200 41 25200 57900, 86
10 12000 10700 49 32000 99000 103
12 15000 17000 57 38000 150000, 120
Argon
Temp(K) 300 200
Pressure r* Nc Rc (A) r* Nc Rc (A)
(bar)
0.5 300 2 3 900 20 6
1 700 10 5 1700 90| 10
2 1400 50 8 3500 500, 17
3 2100 140 11 5200 1300, = 23
4 2800 300 14 7000 2600, 29
5 3400 500 17 8700 " 45000 35
6 4100 800 19 10000, 7000 41
8 5500 1500 24 14000 13900, 51
10 6900 2600 29 17000 24000, 61
12 8300 4000 34 21000 37000, 71
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4.2 Experimental techniques and apparatus

4.2.1 Time-of flight sp ectrometer

In our experiment (illustrated in figure 4.5), a beam of atomic clusters, produced in
the expansion of a high-pressure gas into vacuum, is irradiated by a focused, high-intensity,
femtosecond laser beam. The electrons and ions expelled from the clusters with velocities
perpendicular to both the cluster beam and the laser beam propagated along a time-of-flight
(TOF) tube and were detected by a micro-channel plate detector (MCP). The ion energies
were then determined by measurement of their flight time; the electron energies were found
by measuring the decrease in the MCP signal as a retarding voltage was applied to a grid
placed between the focus and the MCP.

The clusters produced by the gas jet were collimated into a low density cluster beam
for the time of flight experiments. A skimmer with an aperture of 0.5 mm and 50° cone
located 15 em below the gas jet was used to collimate the cluster beam and separate the
chamber containing the gas-jet from the interaction region and TOF spectrometer. This
produced a low density cluster beam which intercepted the laser beam at the focus. The
density at the focus was estimated to be 10" atoms cm™ per bar of gas-jet backing pressure,

so with a 20 pm diameter focal spot the laser interacts with ~ 10" 100-atom clusters at 1 bar

and ~ 10" 7000-atom clusters at 6 bar.

The two chambers were

" differentially pumped to enable
ﬂ cluster formation in the gas-jet while
Gas-jet ensuring that the vacuum in the

interaction region remained

Turbo

um ne o u
g sufficiently low. The base pressure

3 . 27
in the main chamber was ~ 10

£1 8 8mm _ mbar. The repetition rate of the gas-
Skimmer A aperture Flight tube . .
: ) / ‘ jet was determined by the pump-rate
Cluster \J n of the vacuum chamber, and was set
" :
i l 2] to ensure the base pressure in the
]
e " _7
Laser main chamber returned to ~ 10
focus e “gn
Grids Dual mbar between shots. A repetition
chevron .
mi rate of 1 Hz when the gas-jet was
Turbo ol
pump Cr;?;’;el backed with 6 bar was typical. The

Figure 4.5. Experimental configuration for measuring ion opening time of the gas-jet was set at
and electron energies.
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the minimum for which clusters were reliably produced. The opening time used varied
between 400 ps and 2000 ps, as it is a sensitive function of the degree of tightening of the jet
and wear on the poppet.

The timing electronics used to trigger the oscilloscope (Tektronics TDS 500 or 600
series) monitoring the MCP are shown in figure 4.6, and figure 4.7 shows the sequence of
trigger events produced for a repetition rate of ~1 Hz. Both the gas-jet and the oscilloscope
require a trigger at an integer multiple of the laser repetition period, and the oscilloscope
trigger must be optically stable. The gas-jet needs to be fired ~1 ms before the laser pulse
reaches the interaction region to ensure that the laser pulse coincides with the arrival of
clusters from the gas-jet. Achieving this required a complex sequence of delays and logic
triggers. The delay generator (SRS DG 535) for the experiment was triggered at T, from the
laser master delay generator. The maximum output trigger rate was deliberately slowed by
setting Ty to be roughly equal to the required interval between gas-jet shots. The delay
generator was then set to produce a 40 ps wide pulse centred on the laser pulse after the
trigger. The oscilloscope used a logic trigger on this pulse AND a fast optical trigger from a
diode. The gas-jet timing T, was then set by looking for electron and ion signal at the MCP,

as signal was only observed when the laser pulse coincided to within ~ 0.1 ms of the centre

DELAY GENERATOR
Master delay
generator . > Triggerin = T
a T
Gas-jet A
driver Tg =~1Hz to force slow rep-rate

Tc=TO +~041 “S

TD = TC b 40“3

Micro-channel Trigger

Gate from Tgto T,
plate diode ¥ o L
1 MQ Diode
e i
= monitoring
4 l 1 nF——= 50 (| pulse
1 M£2 energy
DIGITAL DC e 4
Pulse stretching circuit
OSCILLOSCOPE
Logic trigger PC

Figure 4.6. Timing and acquisition electronics.
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Figure 4.7. Sequence of trigger events required to ensure cluster beam is intercepted by laser pulse.

of the pulse of clusters from the gas-jet.

To measure the laser energy on each shot, we used the output of a diode at the exit
of the target chamber. The diode signal was stretched with the pulse-stretching circuit shown
in fig 4.6 to a width of a few ps so that it could be resolved on the same time-base as that
used by the oscilloscope for the ion signal. The diode was calibrated against a power meter
(Molectron EPM 1000), and the integrated signal was found to be a linear function of pulse
energy over ~ 3 orders of magnitude. We rejected laser pulses with energies outside a
required energy range only during electron energy measurements and studies of the intensity
dependence of the interaction. Tight energy binning was not found to be critical, due to the
good shot-to-shot energy stability of the laser (see table 3.2) and the very slowly varying

dependence of the explosion dynamics on laser intensity (§5.3).

4.2.2 Measurement of electron energies

The electrons emitted in the interaction were detected by a two-stage chevron micro-
channel plate (MCP) with a 14 mm diameter active area placed at the end of a 17 cm flight
tube, oriented perpendicular to both the cluster beam and the laser beam. The area
subtended by the MCP detector limited the detection cone angle to 0.021 sr. Electrons
ejected outside this solid angle were not detected. This is in contrast to magnetic bottle
electron spectrometers which can collect electrons emitted into 2nsr. Two grids (spaced
3 mm apart) were placed immediately behind the entrance to the flight tube. The first grid

was charged to a voltage @ and the second was grounded, introducing a potential barrier to
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electrons with energy less than ¢ @. The front plate of the MCP was grounded and the back
held at +2 kV. The total gain of the MCP was ~ 10°. The MCP output was capacitively
coupled to the digital oscilloscope and fast gated integrators, which were interfaced with a
PC. The electron signal was measured as a function of retarding voltage, smoothed with a 3-
point adjacent averaging routine, and differentiated to give the electron energy spectrum.

Each data point is the average of 50 shots, taken within a + 10% laser energy bin.

4.2.3 Measurement of ion energies and charge states

The ion energies were determined by measuring their flight time in the drift tube,
which was extended to 38 cm or 80 cm for these measurements. The detection solid angle
for these experiments was 4.3 x 107 sr or 1.0 x 107 sr respectively. The front plate of the
MCP was held at =2 kV, the back plate at =100 V and the collection anode at earth. A
grounded metal grid placed ~2 mm before the MCP ensured that the flight tube was field
free. The signal was again processed by a digital oscilloscope (with the bandwidth limited
to 20 MHz) interfaced with a PC.

A typical time-of-flight spectrum (which represents the average of ~1000 laser
shots) is shown in figure 4.8. The fast peak a few nanoseconds after the trigger is due to
electrons with energies above 2 keV, while the broad signal extending from ~0.5 ms is due

to ions. The TOF trace yields the ion distribution function, f(¢t)dt . To retrieve the energy
distribution function, f(£)dE , the number of ions in each time bin was divided by dE/dt

y " o PR . p
(which is m,["t ", where m; is the ion mass,

O s ; .
1 R e [ the length of the flight tube and ¢ the flight
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2 w time). We use the same algorithm to
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- analyse each time-of-flight trace, from
- . : .
9 1 which we obtain the ion energy spectrum
| ¢ +—jons , , ,
C and the mean and maximum ion energies.
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D"_’ 3 1 The maximum ion energy £,,, is found by
S : integrating the time-of-flight spectrum and

3 electrons fitting a straight line to the noise between
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the electron peak and ion peak. The point
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Figure 4.8. (a)Time-of-flight spectrum from 4700- noise level defines the shortest ion flight
atom xenon clusters (backing pressure 5 bar) {ime and maximum energy. The mean ion
irradiated by a peak intensity of 2 x 10'® Wem™®.
The 38cm flight tube was field-free, but electrons
with energy <2 keV are not detected as the front
plate of the MCP is charged to +2 kV.

energy is defined as
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,.' max

J.I:]' (E)dE
E = Lon . (4.12)

/

J'/ (E)dE
o

where E,,, is set to be 1 keV (we cannot set F,;, to be 0 keV as this would require an
infinitely long flight-time). Using this value of £,,, results in an overestimate of the mean
ion energy by ~ 15% (estimated by calculating I as a function of £,,;, and extrapolating to
Eots =10),

We were able to measure the charge state distribution of the ions as a function of
their kinetic energy by varying the voltage on three metal grids, spaced ~3 mm apart, placed
along the flight tube roughly one-third of the distance from the laser focus. Charging the
middle grid to a potential @ while keeping the front and back grids at earth introduced a
barrier to ions with energy less than Ze@ (where Z is the charge on the ion) without
significantly altering the flight time of higher energy ions. The number of ions of a given
energy, I+ AL (AL = 20%), was calculated for each value of the retarding potential, @.
This gives the number of ions with charge Z greater than (£ + AE)/@. This was smoothed
with a three-point adjacent averaging routine and then differentiated to give the number of

1ons in each charge state with energy I + AF.

4.2.4 Microchannel plate response

We have measured the response of the microchannel plate as a function of ion
arrival time by analysing the pulse height distributions as a function of arrival time. Fig 4.9
shows the ion time-of-flight trace from a single laser shot. The sharp peaks are individual

ion hits. The inset graph is an enlarged section of the trace, showing that the individual ion

i

MCP signal (arb. units)

¥ ] \ Figure 4.9. Single shot of
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hits are resolvable. The distribution of pulse heights from ~ 2500 laser shots, together with
the mean pulse height, is shown in figure 4.10 as a function of ion arrival time. The
algorithm used to analyse the data searches for peaks by finding the maximum height of the
signal each time it rises above a fixed noise level. The noise level was set by examining the
distribution of noise peaks in the signal-free region of the oscilloscope trace before the
trigger. For this dataset, it was fixed at 6 units. Over most of the energy spectrum the MCP
response is reasonably flat, varying from 20 units for flight times longer than 25 ps (150 eV)
up to 40 units at 1 ps (100 keV). The response appears to drop sharply from its peak at ~
Iis down to only 10 units at 300 ns (I MeV) but there are very few ion hits in this energy
region and the noise level may be slightly higher here too, so it is possibly an artefact of our
pulse-height analysis routine. The routine could be improved by using traces recorded with
no gas-jet to set the noise levels. To enable us to quantify the effect of the variation of MCP
response with flight time, we have compared the ion time-of-flight spectra (fig 4.11a) and
energy spectra (fig 4.11b) obtained by simply averaging over the time-of-flight traces (blue
lines) and by counting the number of ion hits within a 100 ns time bin (red lines). The
spectra obtained using the two methods look very similar. The mean energies calculated in
cach case were 8.2 keV from averaging and 7.7 keV from pulse-counting — so ignoring the
variation in MCP response results in an overestimate of the mean energy of only 6%.
Because we use a grounded metal grid ~ 2 mm in front of the MCP, the front of
which is charged to —2 kV, the ions experience some charge-dependent acceleration and gain

an additional energy of 27 keV before reaching the detector. Their flight times are not
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Figure 4.10 Pulse height distribution obtained from 2500 shots of 14000-atom Xe clusters irradiated at
an intensity of 1.5 % 10" Wem . The number of ion hits at each height is shown for each flight time,
together with the mean pulse height. The threshold level for pulse counting was set at 6 units. (NH)
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Figure 4.11. Comparison of (a) the time-of-flight traces and (b) ion energy spectra obtained by
analysing the data through pulse counting (red lines) and averaging (black lines). The mean ion
energies calculated in each case were 8.2 keV from averaging and 7.7keV from pulse counting.

significantly altered by this extra region of acceleration. For example, a 100 keV ion with a
charge of 25+ has a flight time ~ 0.5 ns faster than a singly charged 100 keV ion on a total
flight time of ~ 1 ps.

The MCP response at time 7 is a function of the arrival energy, which is the initial
ion kinetic energy plus that gained over the final 2 mm of flight, and so depends on ion
charge as well as initial kinetic energy. This means that we cannot simply correct every
(averaged) ion time-of-flight spectrum by dividing by the MCP response curve in fig 4.10,
as the ion charge state distribution for a given ion kinetic energy is expected to depend on
the experimental parameters (such as laser intensity, cluster size and cluster medium).

The major error on the measurement of ion energies due to the uncertainty in the
measurement of Ty. The time-step used on the oscilloscope varied between 1 ns and 40 ns
per point. The worst case error on energy measurement is for a 1 MeV ion (which has a
flight time of 314 ns) and 40 ns timestep where the error on the energy is 2x(40/314) ~ 25%.

For 100 keV ions, the error is less than 10%.
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4.3 Conclusions

Rayleigh scattering has been used to characterise the mean size of clusters produced
by a pulsed gas-jet. We have established a scaling of mean cluster size with gas-jet backing
pressure, temperature and gas species which is consistent both with our measurements and
with previously published scalings. We are able to produce clusters of from ~10% to 10°
atoms, with radii in the region of 10 to 100 A. Our characterisation of the mean cluster sizes
could be improved by carrying out time-of-flight studies on cluster ions, after they have been
singly ionised by a low intensity laser or by electron attachment.

lons and electrons produced in the interaction of intense laser pulses with these
atomic clusters can be detected and their energy spectra obtained from time-of-flight
measurements. We have shown that, although our experimental techniques could be
improved by implementing a pulse-counting algorithm, our current technique of averaging
over many laser shots and assuming the MCP response to be flat still provides a sufficiently

accurate measure of the ion energy spectrum.



Chapter 5

Clusters irradiated by a single
high-intensity, femtosecond
laser pulse

5.1 Introduction

This chapter presents studies of the interaction of clusters with high-intensity,
femtosecond laser pulses. The work described here concerns the first measurements of ion
and electron energies from the cluster explosion. Earlier studies of the laser-cluster
interaction at high intensities [McPherson 1993, 1994ab, Ditmire 1995] had concentrated on
spectroscopy of the x-rays produced. These studies indicated that the interaction was
extremely energetic, as x-ray emission from very highly stripped ions was observed. Studies
of the time history of the radiation [Ditmire 1995] showed that it was consistent with
emission from the hot, underdense bulk plasma after the clusters had expanded. The ion and
electron energies were not directly measured.

We have studied the interaction of a gas of clusters with short, intense laser pulses
and used time-of-flight spectrometry to measure directly the ion and electron energies. The
average density of the clustered gas was much lower (10" atoms cm” compared to
10" ¢m™) than in the earlier studies of x-ray production, allowing us to isolate the laser
interaction with individual clusters from the properties of the bulk plasma formed after the
clusters expand. We have obtained an electron energy spectrum [Shao 1996] from the laser-
cluster interaction and examined the scaling of the ion energy distribution with cluster size
and cluster medium, laser intensity and laser wavelength [Ditmire 1997ab, 1998a]. These
results are compared with the predictions of the nanoplasma model [Ditmire 1996], detailed

in Chapter 2.
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5.1.1 Anomalous x-ray emission from clusters

Studies of the interaction of atomic clusters with intense laser fields were triggered
by McPherson and co-workers [McPherson 1993] when they realised that some earlier
measurements of x-rays from noble gas targets had produced anomalous results due to the
presence of clusters in the target gas-jets. Further investigations confirmed that the x-rays
observed from clusters corresponded to transitions in Xe, Kr and Ar ions stripped to higher
charge states than would be attained from single atoms irradiated at the same intensity
[McPherson 1994ab]. The authors also observed x-rays identified as resulting from inner
shell transitions. Atoms with inner-shell vacancies could provide a possible route for making
an x-ray laser [McPherson 1994a].

Evidence that the irradiation of large clusters with intense pulses results in a hot
plasma was provided by experiments carried out on mixed gas expansions [Ditmire 1996,
McPherson 1996]. McPherson et al [1996] compared the x-ray spectra obtained from pure
Xe clusters and from a Xe/Ne mixture which contained Xe clusters and monatomic Xe. The
spectra observed in each case were virtually identical, indicating that the x-rays were from
clusters rather from monatomic gas. Ditmire and co-workers [1996] mixed helium with a
small fraction of a gas known to cluster and passed it through the gas-jet. Helium does not
itself cluster, but is known to enhance the formation of clusters of heavier gases. By
observing the Ly-ea line in He', bulk plasma rather than intracluster effects could be studied.
The intensity of the Ly-a line was a factor of ~100 higher with He/Ar, He/Kr or He/N,
mixtures where large clusters were present, compared to He/Ne or pure He expansions when
there is no clustering. With no clustering the line was found to decay fast, consistent with the
cold plasmas produced in ATI. When clusters were present the line decayed much more
slowly, consistent with a hot (>100 ¢V) plasma cooling by hydrodynamic expansion.

The time history of the x-ray emission from ~ 100A noble gas clusters was then
studied [Ditmire 1995, 1996]. A short-lived initial spike in the x-ray emission was observed,
and this was attributed to emission from the dense cluster nanoplasmas immediately after
heating by the laser, followed by lower-intensity emission on a nanosecond time-scale after
the clusters had expanded. The lifetime of the lower-intensity x-ray emission was found to
be consistent with the emission from the hot, underdense bulk plasma resulting after the
clusters had expanded to form a uniform plasma. The short-lived spike was found to contain
less than 1% of the total x-ray signal. This is in contrast to the results of McPhersonet al
[1993, 1994b] who claimed that the x-ray emission was prompt.

Again, x-rays from much higher charge states than would be expected from tunnel
ionisation of atoms were observed. For example, x-rays corresponding to transitions in Kr'"*

» 13 . . . 16 o . . .
to Kr'™" was observed at a laser intensity of 1.5 x 10" Wem™, when an intensity in excess of
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3x 107 Wem ™ would be required to achieve these ionisation stages in monatomic krypton.
Typically, 2-5% of the incident energy was converted into 250-400 eV photons, a yield
comparable with that from solid targets. The authors developed the nanoplasma model

[Ditmire 1996] to interpret their results (§2.4).

5.1.2 Comparison of measurements with predictions
of nanoplasma model

In this chapter we present experimental measurements of the energy spectra from
electrons (§5.2) and ions (§5.3) which are compared with the predictions of the nanoplasma
model, which was discussed in detail in Chapter 2.

The model results obtained are from a single cluster, the size of which is the mean of
the distribution as calculated in Chapter 4, table 4.1. The model laser pulses used were

Gaussians with the same FWHM as the pulse-length calculated from auto-correlations (table

3.1). The FWHM of the second harmonic pulse is assumed to chl/—Z of the fundamental
pulse-length, as the doubling crystal was not near saturation. The peak intensity of the laser
pulse in the model is the same as the peak intensity used in the experiment. The model
results are not averaged over the focal volume, or over the cluster size distribution, as the
goal of this section is to gain some useful insights into the cluster explosion mechanism and
its scaling with various cluster and laser parameters, rather than to attempt to reproduce the

absolute values of the experimental results.
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5.2 Electron energy spectra

The measured energy spectrum of electrons emitted along the direction of the laser
polarisation during the irradiation of clusters of ~ 7000 xenon atoms by a 170 fs, 780 nm
pulse with a peak intensity of 1.3 x 10" Wem™ is shown in figure 5.1(a). The experimental
apparatus and measurement technique are described in §4.2.1 and §4.2.2. The electron
energy spectrum has a distinctive double-peaked character. The first, broad peak consists of
‘warm electrons’ with energies ranging from 0.1 to 1 keV. A second, sharper peak (referred
to as the ‘hot electrons’ throughout this thesis) appears at 2.5 keV. Both peaks were only
present when the laser interacts with clusters. When the interaction region contained only
monatomic gas (in a static fill), we detected no electrons with energy above 100eV.

The electron kinetic energies are remarkably high. Measurements of ATI spectra
from single atoms at this intensity and pulse duration have indicated that the vast majority of

clectrons produced have energies below 100 eV and that only a very small fraction (typically
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Figure 5.1. (a) Measured electron energy distribution from xenon clusters for a peak intensity of
1.3 x 10" Wem™?. The gas-jet backing pressure was 4.5 bar, corresponding to an average cluster
radius of 47 A or 7000 atoms. (b) Calculated electron energy spectrum from a cluster of 7000 Xe
atoms irradiated by a 170 fs, 780 nm pulse with a peak intensity of 1.3 x 10'® Wem™.
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107 to 10™) have energies above 200 eV [Walker 1994, Mohideen 1993]. Photoelectrons
from small molecules have energies comparable to those from atoms. Zavriyevet al [1990]
measured electrons with energies up to 100eV from H,. The spectrum observed from Xe
clusters shows that there is a much greater coupling of laser energy to electrons than during
the irradiation of single atoms or small molecules. The laser-cluster interaction may even
produce hotter electrons than a laser-solid interaction at this intensity and pulse-length.
Electron temperatures of 100 — 500 eV were measured from solid Al targets irradiated with
fs pulses [Shepherd 1994, Guethlein 1996], and a plasma temperature of 230 eV resulted
from the irradiation of Si targets with 160 fs pulses at 10'° Wem™ [Murnane 1989]. 2 —
10 keV electrons were reported with 1 ps pulses incident on layered Si/Al targets at an
intensity of 2 x 10" Wem™” [Meyerhofer 1993]. Much hotter electrons, with temperatures
~ 10" = 10" keV, have been measured from solid targets irradiated by long laser pulses of
~ 10 ps — 100 ns [Gitomer 1986].

Varying the gas-jet backing pressure enables us to study the effect of cluster size on
electron yield. Figure 5.2 shows the variation of hot electron production with gas-jet backing
pressure, obtained by integrating the MCP signal over time. Hot electron production has a
sharp onset with a gas-jet backing pressure of ~ 1.2 bar, corresponding to a cluster size of
approximately 300 atoms. No hot electrons are observed at lower backing pressures and
smaller cluster sizes than this. Only the irradiation of large clusters of more than ~ 300
atoms results in a measurable hot electron signal.

The calculated electron energy distribution from a cluster of 7000 xenon atoms

L]
o ® [ ]
° [ ]
10 L4
g 1 .
= .
s 1 [ ]
£ |
8 »
o |
B
>
c 14 w
2 ]
’6 4
m 4
6 o
"6 "
-
b [ ]
0'1 T T T T T
1 1.5 2 25 8 35 4

Gas-jet backing pressure (bar)

Figure 5.2. Measured yield of hot electrons as a function of xenon backing pressure. The peak laser
intensity was 1.3 x 10'® Wem®.



Clusters irradiated by a single high-intensity, femtosecond laser pulse. 97

irradiated by a 170 fs, 780 nm pulse with a peak intensity of 1.3 x 10" Wem™ is shown in
figure 5.1b. The spectrum was calculated by summing the energy distributions of the
electrons ejected from the cluster at each step throughout the laser pulse. The energy
distribution of all the electrons in the cluster at any point in time is assumed to be
Maxwellian. The electrons that leave the cluster have energy greater than the escape energy
of the cluster (and are also within one mean free path of the surface heading out of the
cluster) and so are in the hot tail of the Maxwellian.

If the calculated electron energy distribution is compared to the experimentally
measured spectrum (figure 5.1a), taken with nominally the same cluster size and laser pulse
parameters, it can be seen that the model does successfully reproduce the two-peaked
character of the electron spectrum. The calculated distribution has a sharp hot electron peak
at 7 keV, a broader warm electron peak from ~ 1-5 keV, and a large number (approximately
15% of the total) of low-energy electrons with energies below 100 eV. The low energy
electrons would not have been detected experimentally as their long flight times would have
fallen outside the time-gate we integrated over.

The model indicates that the sharp hot electron peak consists of electrons ejected at
the point in the expansion where the electron density in the cluster drops to 3 times the
critical electron density. At this point the mean electron energy rises sharply to > 20 keV and
the escape energy increases to 7 keV, so a large number of high energy electrons leave the
cluster. The broad tail of the hot electron peak arises because the electron energy distribution
is assumed to be Maxwellian. In reality, the distribution will not have time to thermalise
fully, and the high-energy tail of the electron energy distribution will not be fully populated.
The model over-estimates the energy of the hot electron peak (the calculated peak is at
7 keV, whereas the measured peak was at 2.5 keV).

The warm electron peak consists of electrons which leave the cluster earlier on in
the laser pulse, before the sharp peak in the collisional heating, when the escape energy and
mean electron temperature are much lower.

The majority of the low energy electrons are those which were still inside the cluster
at the end of the explosion (after the cluster expansion velocity has stopped increasing).

The model predicts that the temperature of the hot electron peak is a sensitive
function of the cluster size (it is, in fact, linearly related to the maximum ion energy).
Integrating the electron energy distributions over a typical log-normal distribution of cluster
sizes broadens the hot electron peak significantly. It is not clear why we observed such a
sharp hot electron peak, and this is a crucial question for further work. It is possible that the
cluster size distribution is narrower than we expect. Experiments are currently in progress to

measure the cluster size distribution from our jet. More data on the electron spectra is also
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needed to establish whether the hot electron peak shifts in energy under different laser and

cluster conditions, as predicted by the model.

5.2.1 Angular distribution of electrons

The presence of two distinct peaks in the electron energy spectrum suggests that
these two groups may be produced under different conditions at different times in the cluster
expansion. This assumption is supported by examining the angular dependence of the
electron emission with respect to the laser polarisation (Figure 5.3). The angle between the
direction of polarisation and the detector was varied with a A/2 plate placed before the
entrance to the vacuum chamber. The measured angular distribution of warm electrons is
shown in figure 5.3a, and that of the hot electrons in figure 5.3b.

The angular distributions of the two groups of electrons are markedly different. The
hot electron emission is completely isotropic while warm electron emission is peaked along

the laser polarisation. The warm electron peak has a full-width at half-maximum of about
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Figure 5.3. (a) Angular distribution of ‘hot electrons' with energies ranging from 2 to 3 keV. (b) Angular
distribution of ‘warm electrons' with energies ranging from 0.3 to 1 keV. Emission along the direction of
laser electric field polarisation is defined as being at 0° and 180°. The average cluster size was 5300
atoms and the laser intensity was 1.3 x 10'® Wem®,
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60°. Both these distributions are significantly different from the angular distributions
associated with single atoms. The electrons from high-order ATI are expected to have a
much narrower angular distribution. A width of 15-20°, peaked along the laser polarisation,
was reported by Mohideen et al [1993]. In high field tunnelling ionisation, the narrow
angular distribution stems from the much higher tunnelling rate in the direction of the laser
field. The electrons observed in our experiment cannot, therefore, be interpreted as simply
resulting from the tunnel ionisation of individual atoms. Some re-scattering of the electrons
by ions in the cluster is necessary to explain the broadening observed in the warm electron
distribution. The isotropic distribution of the hot electrons indicates that these electrons have
undergone many electron-ion collisions in the laser field, completely randomising their
velocity distribution.

The different angular distributions of the two groups of electrons are consistent with
the nanoplasma model which predicts that the warm electrons leave the cluster before the
collisional heating peak at 3 n,,..., and that the hot electrons leave after this peak having

undergone many collisions.
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5.3 lon energy spectra

The remarkably high energies of the electrons produced in the intense laser-cluster
interaction suggest that highly charged ions with large kinetic energies may also be ejected
from the cluster. Hot ions are indeed observed, as the TOF trace in figure 5.4 illustrates. The
measurement of ion energies is described in detail in §4.2.3. The spike near zero time is due
to electrons with energies above 2 keV, while the lobe extending out from ~300 ns is due to
ions. With xenon in a 38 cm drift tube, 1 MeV ions have a flight time of 300 ns, and
100 keV ions have a 1 ps flight-time.

The energy spectrum of ions resulting from the interaction of ~9000-atom Xe
clusters with a laser pulse of intensity ~ 1.5 x 10'° Wem™ is shown in figure 5.5a (obtained
from the TOF trace in figure 5.4). Nearly 0.5% of the ions have energies of more than
I MeV. This energy is four orders of magnitude higher than has previously been observed in
the Coulomb explosion of molecules [Cornaggia 1994] and about 1000 times higher than the
energy of Ar ions ejected in the disintegration of small clusters of up to six argon atoms
irradiated at 10" Wem™ reported by Purnell et al [1994]. The average ion energy of this
distribution is 91 # 5 keV. We find that the mean ion energy is typically ~ 10% of the
maximum.

Figure 5.5b compares the ion energy distribution with a Maxwellian with the same
mean energy and with the distribution expected from the isotropic expansion of a uniform
sphere. With a uniform isotropic expansion, the ion energy increases linearly from zero with
the cluster radius, so the number of ions at cach velocity, v, will be proportional to v?. The

measured energy spectrum is totally different from both of these models. This indicates that
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Figure 5.4. Time-of-flight spectrum from 9000-atom xenon clusters (backing pressure 5 bar) irradiated

by a peak intensity of 2 x 10" Wem™®. The 38cm flight tube was field-free, but electrons with energy <2
keV are not detected as the front plate of the MCP is charged to +2 kV.
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Figure 5.5. (a) lon energy spectrum from clusters of 9000 Xe atoms irradiated by a peak intensity of
1.5x 10" Wem”?, derived from the time-of-flight trace shown in figure 5.4. The mean ion energy is
91 keV. (b) Solid line: Maxwellian with a mean energy of 91 keV. Dotted line: Uniform isotropic
expansion with a mean energy of 91 keV.

the nanoplasma model is inadequate for modelling the expansion of the cluster plasma after

it is heated.

5.3.1 Angular distribution of ions

Figure 5.6a shows the raw time-of-flight signal from 5300-atom clusters as a
function of angle with respect to the direction of laser polarisation. The polarisation was
rotated by placing a A/2 plate in the beam path just before the vacuum chamber. The time-of-
flight distribution appears to be isotropic with respect to the direction of laser polarisation,
but calculation of the mean ion energy as a function of laser polarisation (figure 5.6b)
reveals that the mean ion energy is ~ 15% higher along the direction of laser polarisation
than perpendicular to it. Some anisotropy of the exploding ions would be expected as the
warm electrons are also emitted anisotropically, with a peak along the direction of the laser

polarisation (as shown in figure 5.3).
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Figure 5.7. lon TOF traces with 38 cm flight tube of 9000-atom Xe clusters irradiated with a peak
intensity of 1.3 x 10" Wem™? at retarding voltages of 0, 800, 1600 and 3300 V.

5.3.2 Charge state distributions

Another striking feature of the ions produced from the cluster explosion is ionisation
to very high charge states. X-rays from highly stripped Xe and Kr ions have been observed
by McPherson et al [1994abland Ditmire et al [1995]. Both these papers reported charge
states significantly higher than would be expected from simple field ionisation at the
intensities used.

Figure 5.7 shows the time-of-flight spectra from ~ 4700-atom xenon clusters

irradiated by 1.3 x 10'® Wem™ as the retarding voltage, @, is varied from 0 to 3.3 kV. The
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Figure 5.8. Measured charge state distribution of clusters of 9000 Xe atoms (backing pressure 5 bar)

and 3100 Kr atoms (6 bar) irradiated with a peak intensity of 1.3 x 10'® Wem™ for ion kinetic energies
of 1, 2, 5, 10, 20 and 30 keV.(JT)
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Figure 5.9. Mean charge state as a function of ion kinetic energy for Xe (solid circles) and Kr (open
circles), calculated from the ion charge state distributions in figure 5.8.

retarding voltage introduces a potential barrier to ions with energies less thanZe @, without
significantly altering the flight-times of higher energy ions. The charge state distributions
calculated from these spectra (as detailed in §4.2.3) are shown in figure 5.8 for kinetic
energies from 1 to 30 keV. For high-energy Xe ions, the peak is at Z = 18" to 25", with some
ions having charge states as high as 40", These are much higher charge states than those
expected from field ionisation of single atoms at these intensities. We would expect to see
charge states out to 8' in xenon at an intensity of 1.3 x 10" Wem™ [Augst 1991]. Over-the-
barrier ionisation to Xe™* would require an intensity of nearly 5 x 10"™ Wem™? [Augst 1991]
if the ionisation were due to this alone.

Figure 5.8 also shows the ion charge state distributions from ~ 3100-atom krypton
clusters at the same intensity. The shapes of the charge state distribution for a given ion
energy are very similar in the two species, but the charge states attained are lower in Kr than
Xe. The peak for high energy krypton ions is at 12" to 17" (as against 18" to 25" in xenon)
with the highest charge state present being around Z = 25'. At an intensity of
1.3% 10" Wem™, over-the-barrier ionisation of atomic krypton would be expected to
produce charge states out to 7*; ionisation to 25" would require 10" Wem”.

The mean charge state attained depends only weakly on the ion kinetic energy
(figure 5.9). The mean charge increases with ion energy up to an energy of ~4 keV, before
levelling off at ~20" in xenon and ~14" in krypton. The nanoplasma model assumes that all
the ions in the cluster have the same charge, irrespective of their energy, so this result
confirms that it is a sensible approximation.

The calculated charge state distribution from clusters of 10* xenon, krypton or argon
atoms are shown in figure 5.10. The model predicts that the charge states attained are from
12" to 17" in xenon clusters, from 10" to 15" in krypton and from 7" to 10" in argon. If the
ionisation was due to field ionisation alone, the intensities required would be
~1-4x 10" Wem? for Xe, 2 x 10" = 1 x 10" Wem™ in Krand 2 x 10" -2 x 10" Wem?

in Ar. The model assumes that the charge state distribution is not a function of the ion
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Figure 5.10. Calculated charge state distributions from clusters of 10* Xe, Kr or Ar atoms irradiated by
a 170 fs, 780 nm pulse with a peak intensity of 1.3 x 10'® Wem™?,

energy. These charge state distributions are much narrower than the experimentally

measured distributions in figure 5.8, but the charge states attained are comparable to those

measured for 10 keV Xe and Kr ions. Both experiment and model agree that charge states

much higher than those produced from atoms irradiated at the same intensity are produced.

Thermal collisional ionisation in the cluster, which occurs primarily while the cluster is

shielded from the external laser field, strips the ions to higher charge states.

Numerical calculations for a variety of cluster targets (figure5.11), with 6000 atoms

per cluster, show that the maximum ion energy achieved in the explosion depends on the
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Figure 5.11. Calculated maximum ion energy as a function of mean charge state obtained in the
explosion for eight different atomic species. The cluster size was 6000 atoms and the laser pulse was

780 nm. 260 fs, 2 x 10'® Wem™.
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square of the mean charge of the target atom. (There is no dependence on the atomic mass in
this scaling, the same scaling is found if the calculations are performed for xenon with the
ionisation potentials raised to 1 keV to clamp the ionisation at a given charge state). ThisZ’
scaling of the ion energy is typical of Coulomb explosions, but in the nanoplasma model the
hydrodynamic pressure of the hot electrons exceeds the Coulomb pressure by at least a

factor of ~10 throughout the explosion.

5.3.3 Scaling with cluster size

Our ability to control the cluster size by changing the backing pressure of the gas-jet
enables us to examine the scaling of the ion energies with cluster size. Figure5.12 shows the
time-of-flight spectra obtained from the interaction of clusters of 200 to 74000 atoms with a
laser pulse of 3x 10" Wem™. The time-of-flight signal has been scaled by the backing
pressure to account for the numbers of atoms in the interaction region. The ion energy
spectra are shown in figure 5.13 and the maximum ion energies of these distributions are
shown in figure 5.14.

Hot ions (with energies above 1 keV) are first observed in the time-of-flight signal at
a backing pressure of 1 to 1.3 bar. This pressure corresponds to the onset of hot electron
production from the exploding clusters (figure 5.2). The time-of-flight spectra also show that
electrons with energies above 2 keV (they must have an energy greater than this to reach the

MCP) are only detected when hot ions are produced. This points to a change in the dynamics
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Figure 5.12. lon time-of-flight spectra from clusters of 200, 400, 1000, 5300, 14000, 28000, 47000
and 74000 xenon atoms (backing pressures 1, 1.3, 2, 4, 6, 8, 10 and 12 bar respectively) irradiated by
a 230 fs pulse with a peak intensity of 2.8 x 10" Wem™, The 38 cm flight tube was field-free. The
curves are offset for clarity. The signal has been scaled to account for the number of monomers

ejected by the gas-jet.
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Figure 5.13. lon energy spectra obtained from the time-of-flight spectra in figure 5.12.from clusters of
1000, 5300, 28000 and 74000 xenon atoms (backing pressure 2, 4, 8 and 12 bar respectively)
iradiated by a peak intensity of 2.8 x 10’ Wem™. The signal has been scaled to account for the
number of monomers ejected by the gas-jet.

of the cluster expansion once the cluster size increases to above ~ 200-400 atoms.

The time-of-flight spectra (figure 5.12) clearly show the presence of a second, hotter
ion peak at flight times < 2 ps, corresponding to energies > 25 keV, at backing pressures of 4
to 6 bar (~ 5000 to 14000 atoms). The presence of more hot ions at these backing pressures
can also be seen in figure 5.13. The total number of ions detected appears to increase with
backing pressure, but we only detect ions with a flight time < 30 us which will have energies
above 100 eV.

The maximum ion energy (figure 5.14a) rises from 8 keV at 1 bar (200
atoms/cluster) to 53 keV at clusters of ~ 5000 — 15000 atoms before falling to 28 keV as the
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Figure 5.14. (a) Maximum ion energies obtained from the time-of-flight spectra in figure 5.12. The
peak laser intensity was 2.8 x 10'* Wem™. (b) Calculated ion energies as a function of cluster size for
230 fs, 780 nm pulses with peak intensities of 1 x 10" Wem™ (dashed line) and 3 x 10" Wem™ (solid
line).
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cluster size is increased beyond 50,000 atoms/cluster. The mean ion energies (not shown
here) follow a similar trend.

Figure 5.14b shows numerical calculations from the nanoplasma model of the
variation of maximum ion energy with cluster size for 230 fs, 780 nm pulses with peak
intensities of 1 x 10" Wem™ and 3 x 10" Wem™. The model predicts the existence of an
optimum cluster size, which increases with the laser intensity. The optimum size is ~ 6000
atoms at 1 x 10" Wem™ and 20,000 atoms at 3 x 10" Wem™?. The predicted variation in ion
energy with cluster size is in good agreement with that measured experimentally, especially
as there is an uncertainty of a factor of two in the experimental intensity calibration.

The nanoplasma model suggests that the dynamics of the explosion is governed by
the point in the laser pulse at which the cluster experiences the resonant heating. The highest
ion temperatures are obtained when the cluster passes through the 3 1. point close to the
peak of the laser pulse. Small clusters expand more quickly and reach this point before the
peak: larger clusters pass through 3 .. well after the peak. Increasing the intensity
increases the initial ionisation and expansion rates so that the 3 n,,.. point occurs earlier in
the laser pulse for a given cluster size. This shifts the optimum size towards larger clusters.

The model is unable to reproduce the sharp onset of the cluster explosion at a cluster
size of a few hundred atoms which was observed experimentally. The model is only
constructed to study the field-enhancement mechanism and so is only valid when the ionised
cluster is big enough to be approximated as a plasma. This reinforces the point that there is a

dramatic change in the cluster dynamics once the clusters contain more than a few hundred

atoms.

5.3.4 Intensity depend ence

We have examined the scaling of the ion energy distribution with laser intensity and
the resulting plots of mean and maximum ion energies are shown in5.15. There is a sharp
onset of hot ion production at an intensity of 6 x 10" Wem™. The mean and maximum ion
energies rise steeply up to ~ 1 x 10" Wem™, where the mean is ~ 5 keV and the maximum is
~ 50 keV. At intensities higher than these, the mean and maximum ion energies increase
only weakly with increasing intensity and the integrated ion yield increases as ~I"",
consistent with the increase in focal volume (an I'” scaling would be expected for a
Gaussian focal spot). At 1 x 10" Wem™®, the maximum ion energy is 90 keV and the mean is
7 keV.

The calculated intensity dependence of the mean ion energy attained in the
explosion of 5300- and 14,000-atom Xe clusters irradiated by a 230 fs pulse is shown in

figure 5.16. The intensity dependence is very similar for both cluster sizes. Below



Clusters irradiated by a single high-intensity, femtosecond laser pulse.

-

Max ion energy (keV)

109

Intensity (Wcm'z)

(a) (b)
L]
- T o oyt .
T A I S
‘ L 3 X
| 1w : :
S | ~.
{ )
e -
b ()]
c E3
{ 15
- ! o
2
10-: T
vy — —
10" 10" 10"
Intensity (Wem™)

Figure 5.15. (a) Maximum and (b) mean ion energies measured as a function of laser intensity from
3x 10" Wem™ to 2 x 10" Wem™. There were 5300 Xe atoms per cluster. The 780 nm laser pulse
was 230 fs long (1997).

6 » 10" Wem?, the clusters are not strongly ionised and do not explode (their radial

velocities do not increase).

The mean ion energy increases sharply with laser intensity from 40 eV at 6 x 10"

Wem? to 2 keV at 3 x 10" Wem™. In this intensity region, the amount of ionisation is

sufficient that the electron density within the cluster reaches 3 n.4cq1, at which point the field

in the cluster is enhanced with respect to the laser field and the cluster expansion velocity

of 780 nm.
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Figure 5.16. Calculated intensity dependence of the maximum ion energy for Xe clusters of 5300
(filled circles) and 14000 atoms (open circles). The laser pulse was 230 fs long and had a wavelength
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increases. The expansion velocity is not, however, large enough compared to the ionisation
rate that the electron density in the cluster can drop to 3 n.i.ar again before the laser pulse
has passed.

When the laser intensity is greater than ~ 6 x 10" Wem™ the cluster is ionised
enough to reach 3 n 0 fairly early on in the laser pulse. It then starts to expand and the
combination of collisional ionisation and cluster expansion causes the electron density to
rise and then fall through 3 n,.. before the laser intensity drops off. As the electron density
drops through 3 7,45 for the second time, the field in the cluster is strongly enhanced and
the radial acceleration increases dramatically. In this intensity regime, the ion energies
increase only slowly with increasing intensity. The maximum ion energies produced under
these conditions range from ~ 20 keV at 6 x 10" Wem™ to ~ 100 keV at 10" Wem™? for both
cluster sizes. These numerical results are in extremely good agreement with the experimental
measurements, matching both the general trends and the point where the ion energies start to

level off.

5.3.5 Wavelength scaling

We have examined the wavelength scaling of the cluster explosion dynamics by
carrying out a comparative study of the ion energy spectra at the laser fundamental and the

second harmonic. For these experiments the laser was frequency doubled to 390 nm using a
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Figure 5.17. lon time-of-flight spectra from clusters of 80, 200, 400, 1000, 5300, 14000, 28000, 47000
and 74000 xenon atoms (backing pressures 0.7, 1, 1.3, 2, 4, 6, 8, 10 and 12 bar respectively)
iradiated by a 390 nm pulse with a peak intensity of 5.0 x 10'® Wem® The 38 cm flight tube was field-
free. The curves are offset for clarity. The signal has been scaled to account for the number of
monomers ejected by the gas-jet.
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Figure 5.18. (a) Maximum ion energies measured in the interaction of xenon clusters with 780 nm (red
circles) and 390 nm (blue circles) radiation. The peak intensity of the 390 nm pulses was
5.0 x 10" Wem™ and that of the 780 nm pulses was 2.8 x 10" Wem™?. (b) Calculated mean ion
energy as a function of cluster size for Xe atoms irradiated by a 230 fs, 780 nm pulse (red) or a 160 fs,
390 nm pulse with a peak intensity of 3 x 10'® Wem™? (blue).

3 mm thick Type 1 KDP crystal. The second harmonic was vertically polarised for all these
experiments which means that the electric field vector was perpendicular to the detection
axis.

Similar behaviour is found in the cluster explosion with IR (780 nm) and blue
(390 nm) light. As with the IR, the mean and maximum ion energies with 390 nm light are
approximately 15-20% lower perpendicular to the laser polarisation than parallel to it. All
measured ion energies in the blue should be scaled up by this amount for comparison with
the IR.

Figure 5.17 shows time-of-flight spectra from Xe clusters varying in size from 200
to 74,000 atoms (backing pressure 1 bar to 12 bar) irradiated by 5 x 10" Wem™ of 390 nm
radiation. The maximum ion energies calculated from these spectra, together with those
from clusters irradiated by 3 x 10" Wem™ of IR (from figure 5.14) are shown in figure
5.18a.

Hot ions are only produced with backing pressures greater than one bar, when
clusters of more than 200 atoms are present in the jet, as was found with IR irradiation. The
mean ion energies increase sharply up to a energy of 5 keV at 2 bar (1000 atoms), and then
stay roughly constant as the cluster size is increased further. The maximum ion energies
follow a similar trend. The optimum cluster size is larger for the blue than the IR, at about
28,000 atoms. For large cluster sizes, the second harmonic produces higher mean and

maximum ion energies than does the fundamental.
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Figure 5.19. Measured intensity dependence of the maximum (a) and mean (b) ion energies from the
irradiation of 5300-atom Xe clusters with 390 nm (blue circles) and 780 nm (red circles) laser pulses
(1997).

Numerical calculations have been performed to compare the mean ion energy
resulting from the explosion of clusters of Xe atoms irradiated by laser pulses at 780 nm and
390 nm with the same intensity over a range of cluster sizes (figure 5.18b). At low cluster
sizes (<10,000 atoms), the mean energy in the blue is ~ 5 keV higher with 390 nm
irradiation than with 780 nm. The optimum cluster size is ~ 20,000 atoms at 780 nm and
80,000 atoms at 390 nm. The ion energies obtained with the second harmonic are predicted
to be much higher than with the fundamental for large cluster sizes. If these results are
compared with figure 5.18a, it can be seen that model is in only partial agreement with the
experiment. With cluster sizes below 10,000 atoms, the measured explosion energies are
lower in the blue than the IR. At larger cluster sizes, the mean energies are higher in the
blue, as predicted by the model. Both experiment and model agree that the optimum cluster
size is bigger in the blue than the IR.

Experimental measurements of the intensity dependence of the mean and maximum
ion energies in the IR and the blue for clusters of 5300 Xe atoms show that the intensity
scaling is very different for the two wavelengths (figure 5.19). While the clusters irradiated
with IR pulses exhibit a sharp increase in energy with laser intensity followed by a plateau,
the energies of clusters irradiated with blue light increase as ~ I” over the intensity range
investigated. However, the total integrated ion yield does scale as ~ I’ for intensities above

7 x 10" Wem™, consistent with the increase in the focal volume, as was also found in the IR.
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Figure 5.20. Calculated intensity dependence of the mean ion energy from clusters of 5300 Xe atoms
irradiated by a 230 fs, 780 nm pulse (red) or a 160 fs, 390 nm pulse (blue) with a peak intensity
between 10'> Wem™ and 10" wem™?.

In contrast, the nanoplasma model predicts that the scaling of mean ion energy with
increasing laser intensity is very similar at both wavelengths, as shown in figure 5.20. With
both wavelengths, the model predicts a sharp increase followed by a plateau where the mean
ion energy is ~ 3 x 10" eV. The onset of the plateau is at a lower intensity with the blue — at
2 x 10" Wem™ compared to 6 x 10" Wem™ in the IR — and the ion energies before the
plateau are higher in the blue than the IR.

The wavelength scaling of the ion energies from cluster explosions are not well
predicted by the nanoplasma model. It is still unclear whether this is a failure of the model or
an experimental artefact. We have had considerable problems frequency-doubling the laser

and have consistently found that the blue conversion efficiency is very much lower than we

expect. This may mean that the width of the blue pulse is not 1/ \2 of the fundamental

and/or that its shape does not follow the square of the fundamental as expected.

5.3.6 Dependence on cluster ion species

The nanoplasma model predicts that, for a given cluster size and laser pulse, the
maximum ion energy scales as the square of the mean charge state achieved in the explosion
(figure 5.11), which will depend on the species of ion in the cluster. We have examined the
explosion of clusters of other rare gases to investigate how the explosion dynamics are
dependent on atomic species. Our investigations have so far been confined to krypton and
argon, as the lighter noble gases and hydrogen do not cluster very well.

Figure 5.21 shows ion energy spectra from Xe, Kr and Ar clusters with similar

numbers of atoms per cluster (~ 1200), and from Ne with ~ 30,000 atoms per cluster. The
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Figure 5.21. lon energy spectra from Xe, Kr, Ar and Ne clusters. The gas-jet backing pressures and
temperatures were 2 bar Xe at 300K (~1000 atoms), 4 bar Kr at 300 K (~1200 atoms) , 8 bar Ar at 300
K (~1500 atoms) and 12 bar Ne at 80 K ( ~ 29000 atoms). The laser intensity in each case was
1.3 x10"® Wem™ for Xe, Kr and Ar, and 1.8 x 10" Wem™ for Ne.

data shows that similar behaviour to that of Xe is observed in the explosion of Kr, Ar and Ne
clusters, but that the explosion becomes less energetic as the atomic number is decreased.
This is illustrated more quantitatively in Figure 5.22a, which shows the maximum ion
energies from rare gas clusters as a function of cluster size. The mean ion energies follow a
very similar trend.

The measured mean charge states (§5.3.2) were ~20+ in Xe and ~15+ in Kr for high
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Figure 5.22. (a) Measured maximum ion energies from Xe (red), Kr (green), Ar (blue) and Ne (black)
clusters with a variety of cluster sizes. The laser intensity was 1.3 x 10" Wem™ for Xe, Kr and Ar and
1.8 x 10" Wem™ for Ne. The Neon data was taken with gas-get LN, cooled to 80 K; Xe, Kr and Ar
data taken at 300 K. (b) Calculated mean ion energy from clusters of Xe, Kr, and Ar and Ne atoms
irradiated by a 170 fs, 780 nm pulse with a peak intensity of 1.3 x 10" Wem™ .
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Figure 5.23. (a) Maximum and (b) mean ion energies measured as a function of laser intensity from
3x 10" Wem™ to 2 x 10" Wem™ for 5300-atom Xe clusters and 6200-atom Kr clusters. The 780 nm
laser pulse was 230 fs long (1997).

energy ions. The model predicts that the maximum ion energy should be proportional to the

square of the mean charge state (figure 5.11), so we would expect the Xe ion energies to be
(20/1 5)2 ~ 1.8 higher than the Kr energies. At 3000 atoms/cluster, the ratio of energies is ~

1.9:1. The measured ion energies and charge states are, therefore, roughly consistent with
the Z scaling predicted by the model.

Numerical calculations comparing the mean ion energy resulting from the explosion
of Xe, Kr and Ar clusters irradiated by a 170 fs, 780 nm pulse with a peak intensity of
1.3 x 10" Wem™ are presented in figure 5.22b. At low cluster sizes (<10,000 atoms) the
mean ion energies from Xe clusters are ~ 5 keV higher than those from Kr clusters, and
higher again than Ar clusters. It is this cluster size region that we have data for (figure
5.22a), and the trends in the data are consistent with the model. However, at much larger
cluster sizes (>20,000 atoms) the model predicts that it is the Ar clusters which have the
highest energy ions, followed by Kr and then Xe.

The dependence of ion energy on laser intensity of clusters of 6200 krypton atoms
(41A) has been compared with 5300-atom (43A) xenon clusters (figure 5.23). The krypton
ion energies follow a similar trend to the xenon, with a sharp increase up to a mean energy
of 9keV at 10" Wem™ followed by a plateau. The maximum ion energies are lower in

krypton than xenon (75 keV rather than 90 keV at 10" Wem™), but the mean energies are
higher.
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Figure 5.24. Calculated intensity dependence of the mean ion energy from clusters of 5300 Xe atoms
(red) or 6200 Kr atoms (green) irradiated by a 230 fs, 780 nm pulse with a peak intensity between
10" Wem™ and 10" Wem™?,

The nanoplasma model (figure 5.24) predicts that xenon and krypton will exhibit
very similar scalings with intensity with the laser and cluster parameters used in the
experiment. The maximum ion energies from xenon are predicted to be higher than those
from krypton (80 keV compared to 65 keV at 10'® Wem™), consistent with the measured

energies.
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5.4 Discussion

The experiments described in this chapter represent the first direct measurements of
the ion and electron energies from the explosion of large atomic clusters irradiated with
high-intensity femtosecond laser pulses.

We found that the electron energies have a characteristic double-peaked distribution.
The hot electron peak has a measured energy of up to 2.5 keV while the ‘warm’ electrons
have energies from 100 eV to 2 keV. The nanoplasma model correctly predicts this double-
peaked form of the spectrum, although the calculated temperatures are about a factor of three
too high. The model suggests that the hot electrons are emitted after the electron density in
the cluster has dropped below three times the critical electron density, at which point the
collisional heating in the cluster is resonantly enhanced. The warm electrons are ejected
before this period of collisional heating. This is consistent with our experimental findings
that the hot electrons are emitted isotropically with respect to the direction of laser
polarisation, while the warm electrons are preferentially emitted along the laser polarisation
vector, as the velocity of the hot electrons will have been completely randomised by the
collisional heating.

Several other groups have also investigated the interaction of large atomic clusters
with high-intensity, femtosecond laser pulses. The x-ray yield from clusters has been

measured by Dobosz et al [1997]. They found that the mean number of x-ray photons

produced per laser shot scaled as ~ (P — P,)  where P is the pressure corresponding to onset
of clustering. We found that hot electrons and hot (> I keV) ions (§5.3.3) were only
observed when clusters of more than ~200 atoms were present in the gas-jet. X-rays, hot
electrons and hot ions are then produced only when large clusters are present, indicating a
change in the nature of the interaction once the cluster size reaches some critical threshold.

We have also measured ion energy spectra (§5.3) from the exploding clusters. The
ion energy spectrum is very different from a Maxwellian, and also differs from the spectrum
obtained directly from the nanoplasma model which assumes a uniform density, isotropic
expansion. This suggests that, although the nanoplasma model may adequately describe the
heating of the cluster, it is unable to describe the subsequent expansion of the plasma.

We have observed ions with energies up to 1 MeV from the explosion of 9000-atom
Xe clusters. The mean ion energy was 91 keV in this case. Recently, x-ray spectroscopy of
CO, cluster plasmas irradiated at 10" Wem™ has also suggested that ions up to 1 MeV are
produced [Dobosz 1998]. Hot, highly charged ions can even be produced when clusters are
irradiated with long laser pulses at quite modest intensities. For example, Leziuser al [1997]

' 3 ¥ 14 ) ¥
irradiated Ar clusters with 30 ps laser pulses focused to 10 Wem™ and reported Ar ions
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stripped as far as 9" with energies of up to 5 keV — ion energies much higher than would be
expected following simple Coulomb explosion of the clusters. The high energies and charge
states were attributed to collisional ionisation of the cluster followed by hydrodynamic
expansion,

These ion energies are much higher than those observed from the irradiation of
molecules and small clusters at similar intensities. Energies of up to 55eV have been
observed in the Coulomb explosion of triatomic molecules [Cornaggia 1994], Hay and co-
workers observed C** ions with energies up to 1 keV from the irradiation of Cy at intensities
~ 5% 10" Wem™? [Hay 1999], while Purnell [1994] observed 1 keV Ar** ions from HIAr,
clusters with less than 10 Ar atoms at an intensity of 10" Wem™.

In contrast, the ion energies from the irradiation of solid targets at similar intensities
and pulse-lengths are much lower as the plasma is cooled through conduction into the bulk
solid, although some fast ions are blown off the target which can have energies of hundreds
of keV [Meyerhofer 1993]. This suggests that energy is coupled much more efficiently into
clusters than into solid targets. The energy absorption efficiency of short high intensity, laser
pulses in a gas of atomic clusters can be extremely high and absorption fractions of up to
95% have been observed [Ditmire 1997d]. Absorption of greater than 90% has been
measured from ‘gold black’, a low-average-density solid matrix of ~ 50 A gold clusters,
irradiated with 150 fs pulses at 10" Wem™ [Murnane 1993]. In contrast, the absorption
fraction in a (flat) solid target is much lower, in the region of 15% [Murnane 1991] to 40%
[Kieffer 1989] at 10" Wem™?,

Dobosz et al [1998] suggested that the mechanism for the generation of the MeV
1ons was ponderomotive acceleration of unclustered ions by standing waves set up between
clusters. (They state that, under their operating conditions, only half the atoms in the
expansion from the gas-jet would have condensed into clusters). However, their average ion
density was 10" em™ and we observed MeV ions at 10" em™ (an inter-cluster spacing 50
times greater) which might suggest that the MeV ions result from the clusters themselves
rather than the unclustered atoms between them.

We have also measured the ion charge states from xenon and krypton clusters
(§5.3.2) and found that charge states much higher than those expected from over-the-barrier
ionisation of single atoms at the same intensity were produced. Evidence for highly stripped
ions had previously been found from x-ray spectroscopy of cluster plasmas [McPherson
1993, 1994ab, Ditmire 1995]. The nanoplasma model predicts the existence of high charge
states through collisional ionisation in the near-solid density plasma. The ionisation ignition
model (§2.2.3) predicts high charge states because of the lowering of the potential barriers

due to the close presence of other charged cluster ions. The inner-shell ionisation model
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(§2.2.4) also predicts that higher charge states will be observed in clusters than in
monatomic gases due to collisional ionisation.

From a simple Coulomb explosion, the mean ion energy for a given charge state,
E(Z), scales as Z°. Argon ions from small HIAr, clusters (n <10) and Ar, clusters (m <6),
which are assumed to undergo Coulomb explosion, follow the E(Z) ~ 7’ pattern [Purnell
1994]. In contrast, a simple hydrodynamic expansion results in ions with energies given by
E(Z)=ZkyT,. Lezius et al [1998] have measured ion charge states as a function of energy
following the explosion of 10’-atom Ar clusters and 10%atom Xe clusters, using magnetic
deflection time-of-flight spectrometry. They observed that the energies of Ar and Xe ions
with a charge of up to 6" - 8" scaled as Z°. This was attributed to Coulomb explosion of the
cluster. Most of the Xe ions with charges greater than 10" followed a hydrodynamic energy
scaling with 7, ~ 1.5 keV, except for a high energy tail where £(Z) ~ Z’. Our measurements
(figure 5.9) show that the mean charge state is only a weak function of ion kinetic energy,
with ions over 5 keV having a mean charge of 20" for Xe and 15" of Kr, suggesting the
expansion is driven predominantly by hydrodynamic rather than Coulomb pressure.

We have also examined the scaling of ion energies with cluster size (§5.3.3). We
find that the mean and maximum ion energies increase as the cluster size increases up to an
optimum cluster size, from which point they drop. Zweibacker al [1999] have examined the
relationship between cluster size and laser pulse length for optimal cluster heating.
Measurements of the absorption and x-ray yield as a function of pulse width for various
cluster sizes have confirmed that there is an optimum pulse-width for a given size of cluster,
and that this optimum increases as the cluster size increases.

The nanoplasma model suggests that the dynamics of the cluster explosion is
governed by the point in the laser pulse at which the electron density in the cluster falls
through 3 n,,.., where the electron heating rate is dramatically enhanced. The highest ion
temperatures are obtained when the cluster experiences this resonant heating close to the
peak of the laser pulse. This explains the existence of an optimum cluster size for a given
pulse length, and an optimum pulsewidth for a given cluster size. Small clusters expand
more quickly and reach the 3 n... point before the peak of the laser pulse, while if the
clusters are too large they pass through this point well after the peak. If the pulsewidth is too
short for the cluster size, 3 n.uicq 18 on the rising edge of the laser pulse, too long and
3 Neriicar 18 ON the falling edge.

The existence of these optimum cluster sizes and pulselengths is an important
finding in favour of the nanoplasma model. Coulomb explosion models predict that the ion
energies increase monotonically as the cluster size increases [Last 1997]. Studies of the
ionisation ignition mechanism indicate that the lowering of potential barriers due to the close

presence of other charged ions, which leads to enhanced ionisation rates, increases as the
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number of ions surrounding each ion increases [Hu 1997a]. However, for larger clusters the
tonisation ignition model predicts little dependence on the degree of clustering as only the
closest 1ons efficiently lower the ionisation potential of the ions within a cluster. The inner
shell excitation and coherent electron motion models [McPherson 1993, Boyer 1994a]
predict that, for a given intensity, there will be an allowed zone of cluster sizes for which
x-ray emission from a given shell will occur, with the number of x-rays produced scaling as
(cluster size)™”.

Snyder et al [1996] have studied the highly charged ions produced as atomic and
molecular clusters were irradiated by femtosecond laser pulses at 10" Wem?. They
observed multi-charge Kr ions only when a trace amount of HI was added to the Kr. This
effect was also observed in Ar [Purnell 1994]. The authors [Snyder 1996b] attributed this
effect to the presence of the iodine within the noble gas cluster lowering the barrier to
ionisation in noble gas atoms and thus triggering ionisation ignition. However, highly
charged ions have been observed from pure rare gas clusters by several other groups [for
example, McPherson 1994a, Ditmire 1997a, Lezius 1998]. We believe that the presence of
the highly polar HI molecule, which has a high condensation parameter [Tisch 1999], simply
acted to enhance the degree of clustering in the gas-jet, meaning that highly charged ions
were observed only from larger clusters.

A disadvantage of studying noble gas clusters is that their size and structure are not
well defined. An alternative target is Cqo, which can be regarded as a small carbon cluster.
Studying Cgo could also provides an indication of the cluster size at which the nanoplasma
model becomes a valid description of the laser-cluster interaction. Wiilkerer al [1994] have
observed x-ray production and lines corresponding to C™ from the irradiation of Cg at
6 % 10" Wem™, findings that were attributed to collisional ionisation followed by expansion
of the resulting plasma. (The over-the-barrier threshold for C' production is at
4% 10" Wem?; that for C** is three orders of magnitude higher.) However, two sets of time-
of-flight studies of Cg at similar intensities [Constantinescu 1998, Hay 1999] found no
evidence of C** production. lon energies of up to 1 keV were measured in both studies, but
were found to be consistent with Coulomb explosion of Cy [Hay 1999], although C" was
observed below the over-the-barrier threshold which suggests that electron impact ionisation
may be occurring [Constantinescu 1998]. The C** discrepancy could be due to the way in
which the Cyy was produced. While the time-of-flight studies both used an oven to produce a
molecular beam, Wiilker ef al used laser ablation which could produce large particles of Ceg
rather than individual molecules.

The effect of the laser intensity on the cluster explosion dynamics has also been
examined (§5.3.4). We observed a sharp onset of hot ion production at a laser intensity of

14 - . 2 ' . , . 7
6% 107 Wem ™. The mean and maximum ion energies increase rapidly as the laser intensity
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is increased to 1 x 10" Wem™, from which point the ion energies increase only slowly. The
integrated ion yield scales as I'” for intensities above 1 x 10" Wem™, consistent with the
increase in focal volume. This result is in good agreement with the numerical calculations of
the nanoplasma model. The weak dependence of the cluster explosion dynamics on laser
intensity at higher intensities has also been seen by Dobosz and co-workers [1997]. They
performed x-ray spectroscopy of cluster nanoplasmas, calculated the mean number of x-ray
photons emitted per laser pulse and found that it scales as 7’7, again consistent with the
increase in focal volume. For Kr clusters of 7 x 10" atoms, the explosion process was found
to saturate below 4 x 10" Wem™,

Ditmire et al [1997¢] measured the x-ray yields from Xe clusters as a function of
laser intensity. They found that the yield of x-rays with energies above 1 keV scaled as I**
" and x-rays above 3 keV scaled as I”7* for laser intensities of 10'® — 10" Wem™. These
results are only consistent with the intensity scalings found by us (§5.3.4) and Doboszet al
[1997] if the x-ray spectrum is shifting to shorter wavelengths as the intensity increases.

We have used the first and second harmonics of the Ti:Sapphire laser (at 780 nm
and 390 nm) to examine the wavelength scaling of the cluster explosion dynamics (§5.3.5).
We find that similar behaviour is found in the cluster explosion at both wavelengths. Again,
there is an optimum cluster size for a given laser pulse and, as predicted by the nanoplasma
model, the optimum cluster size is larger in the blue than the IR. However, we find that the
intensity dependence of the ion energies at 390 nm is different to that at 780 nm, scaling as
1”7 in the blue rather than the sharp increase followed by a levelling off as found for the IR
and as predicted by the model.

The wavelength scaling of cluster dynamics has been examined by several groups.
Kondo et al [1997] found that the x-ray yield from clusters was much lower at 800 nm than
248 nm. However, they compared results from two very different laser systems: 90 fs,
800 nm pulses at 1.4 x 10" Wem™ from a Ti:Sapphire laser and 270 fs, 248 nm pulses from
a KrF laser at 10" Wem™. Given the dependence of x-ray yield on pulse-length observed by
Zweiback [1999], this is unlikely to be a fair study of the wavelength dependence. The
authors claimed [Kondo 1997] that the nanoplasma model fails completely at 248 nm even if
it is adequate at 800 nm. This is because collective effects (coherent electron motion) are
predicted to have a dephasing time of ~1 fs (~ 1 optical cycle at 248 nm), and so will be
much more important at 248 nm than at 800 nm, where an optical cycle is 2.7 fs. In contrast
to these results, both Dobosz et al [1997] and Ditmire et al [1998b] found that there was no
strong scaling of x-ray yield from first to second harmonic. Numerical calculations with the
nanoplasma model indicate that there is no substantial change in the time history of the

cluster dynamics when the wavelength of the radiation used to heat the cluster is varied from

250 nm to 1 pm.
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We have studied the explosion of clusters of several different ion species and
obtained similar spectra from Xe, Kr, Ar and Ne (§5.3.6). We find that, in general, the ion
energies decrease as the atomic number decreases. Our numerical calculations which
indicate that the maximum ion energy obtained scales roughly as the square of the mean
charge state. This is consistent with our observation that the ratios of ion energies from Xe

. rp2
and Kr are roughly proportional to Z°.

5.5 Conclusions

Our measurements of the ion and electron energies obtained from the explosion of
clusters irradiated by intense, femtosecond laser pulses are in good agreement with the
heating mechanisms of the nanoplasma model developed by Ditmire ez al [1996]. In
particular, the characteristic double-peaked electron spectrum supports the idea of sharp
increase in the resonant heating at a particular electron density, and the existence of an
optimum cluster size confirms the importance of the resonant heating occurring close to the
peak of the laser pulse. More work is now needed to examine the variation of the electron
spectrum with cluster and laser parameters. The expansion mechanism of the hot cluster
plasma also needs further theoretical investigation, as the nanoplasma model is unable to

calculate the shape of the ion energy spectrum.
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The explosion of atomic clusters
irradiated by a sequence of two
high-intensity laser pulses

6.1 Introduction

In the previous chapter, we examined the interaction of clusters with single high-
intensity laser pulses. We found that extremely energetic ions, with energies up to 1 MeV,
and keV electrons are produced as the atomic clusters explode. The ions produced are also
stripped to very high charge states. The interaction is more energetic than that with single
atoms or small molecules at same intensity.

The nanoplasma model developed by Ditmire er al [1996], and described in detail in
section 2.4, suggests that the cluster explosion is driven by an enhancement in the electron
heating in the cluster. This enhancement occurs when the electron density in the cluster
drops to three times the critical electron density (3 #.4;0q1), at which point the electric field in
the cluster is greater than the vacuum electric field, there is a peak in the instantaneous
electron temperature, and the cluster expansion velocity increases dramatically. The
numerical model is in good qualitative agreement with our experimental results (§5.3 and
[Ditmire 1998a]), successfully reproducing the trends in mean ion energy with cluster size,
cluster ion species and laser intensity. The model also predicts a characteristic double-
peaked electron spectrum, which has been observed experimentally (§5.2 and [Shao 1996]).
The sharp “hot electron’ peak in the spectrum is due to electrons which leave the cluster at
the 3 n,ui. resonance. The existence of an optimum cluster size for a given laser pulsewidth
(§5.3.3) and an optimum pulsewidth for a given cluster size [Zweiback 1999] are also

evidence of this resonance in heating, as the cluster size determines the time taken for the
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electron density in the cluster to drop to 31,,4.a1, and this point has to be near the peak of the
laser pulse for optimal heating.

The nanoplasma model suggests that the explosion dynamics can be manipulated by
irradiating the cluster with two laser pulses of different frequencies in sequence. The critical
electron density is wavelength dependent, so the 3 1. enhanced heating point will occur
at a higher electron density for shorter wavelengths. This suggests that a cluster irradiated
with two laser pulses of different frequencies will experience enhanced heating at two points
in its expansion.

In this chapter, we present numerical simulations and experimental results which
show a change in the cluster dynamics when the cluster is irradiated by two pulses of
different frequencies in sequence. The cluster experiences two peaks in its heating and
electron temperature, which leads to an increase in the energies of the ions produced in the
explosion. We present experimental measurements of ion energies from Xe clusters
irradiated with high-intensity femtosecond laser pulses, at the laser fundamental frequency
(780 nm) and its second harmonic. The mean and maximum ion energies are found to
depend on the relative delay of the two pulses but not on their relative polarisations. The
mean ion energy is doubled for the optimum value of the delay between the two laser pulses

[Springate 1998, 1999],
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6.2 Numerical mod elling of the two-colour
interaction

6.2.1 Adapting the model to simulate cluster
interaction with two pulses of different
frequencies

The numerical model of the laser cluster interaction, described in section 2.4, has
been adapted to simulate the irradiation of a cluster by two laser pulses with arbitrary
frequencies, intensities and relative delays.

The tunnel and laser-driven ionisation rates (equations 2.8 and 2.11) are calculated,
as in the one-colour case, from the instantancous value of the electric field inside the cluster
which is now the sum of the electric fields from the two pulses.

The heating is, as before, assumed to be through collisional heating of the electrons
by the laser field (inverse Bremsstrahlung). The time-averaged energy-deposition rate
(equation 2.14) in a two-colour field of frequencies @, and @, given by
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There are no cross-terms in the time-averaged heating rate between the two fields: the total
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heating rate is just the sum of the heating rates due to the two individual fields. The field
inside the cluster is then calculated from the external field by (from equation 2.16)
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The dielectric constant & (equation 2.15) which is a function of optical frequency @, plasma
frequency @, and collision frequency vis calculated for each laser wavelength. The collision
frequencies (equations 2.6 and 2.18) are also treated separately for each field.

The rate of change of the ion temperatures is unchanged in a two-colour field, but

the electron temperatures will now be given by (from equation 2.28)
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as the electron heating rates from the two fields, oU, /orand E)Umz/(?t, are added

separately.
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6.2.2 Numerical simulations of the explosion

The results of a numerical simulation of a xenon cluster irradiated by a 390 nm pulse
coincident with a 780 nm pulse are shown in figures 6.1 to 6.4. As in the case of a cluster
irradiated by a single laser pulse (section 2.4.8), a few free electrons are tunnel ionised early
on in the laser pulse. The electron density rises through the 3 71,4 for both frequencies, at
which points the field in the cluster is enhanced and more electrons are liberated through
tunnel, laser-driven and thermal ionisation. The electron density is then high enough to
shield the field in the cluster from the external laser field. The tunnel and laser-driven
ionisation rates fall off but electrons are still created through thermal ionisation.

The hydrodynamic pressure of the electrons causes the cluster to expand and this,
combined with the free-streaming of some electrons out of the cluster, means that the

electron density starts to drop. At t = -47 fs, the electron density (figure 6.1c) is
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Figure 6.1. Numerical modelling of the interaction of a cluster of 14000 Xe atoms irradiated by a
185 fs, 390 nm pulse with a peak intensity of 2.5 x 10" Wem™ and a 260 fs, 780 nm pulse with a
peak intensity of 4.0 x 10" Wem™? . The centres of the two pulses are coincident at f = 0 fs. (a) The
envelope of the electric fields of the two individual pulses. (b) Electric field inside the cluster. (c)
Electron density. (d) Electron temperature in the cluster. The blue and red vertical lines mark the
points at which the electron density passes through 3 neriices for 390 nm and 780 nm respectively.
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2.2 x 10” em™, three times the critical density for 390 nm radiation (this time is marked with
a blue vertical line on all the plots). The increased heating rate at 3 7. causes a peak in
the electron temperature (figure 6.1d), coulomb and hydrodynamic pressures (figure 6.2a),
radial acceleration (figure 6.2b) and free-streaming rate (figure 6.3b). 22 fs later, at
t = - 25 fs, the electron density is 3 M. for the 780 nm radiation (this time is indicated by
a red line). The cluster again experiences a peak in the electron temperature, coulomb and
hydrodynamic pressures, radial acceleration and free-streaming rate. The effect of the
‘double kick' from the resonant heating from both fields is to increase the final ion energies
to 148 keV (compared to 100 keV from just the IR pulse and 91 keV from the blue pulse
alone).

The electron energy spectrum is also changed from the single-pulse case (compare

figure 6.4 with figure 2.9). There are now two distinct hot electron peaks: one at 8.3 keV due
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Figure 6.2. Numerical modelling of a cluster irradiated with two laser pulses with intensities and delays
as in figure 6.1. (a) Hydrodynamic (solid line) and Coulomb (dotted line) pressure in the cluster.
(b) Acceleration of the cluster radius.
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Figure 6.3. Numerical modelling of a cluster irradiated with two laser pulses with intensities and delays
as in figure 6.1. The centres of the two pulses are coincident at t = Ofs. (a) Escape energy. (b)
Electron free-streaming rate.
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Figure 6.4. Calculated electron energy spectrum from a cluster of 14000 Xe atoms irradiated by a
185 fs, 390 nm pulse with a peak intensity of 2.5 x 10'* Wem™ and a 260 fs, 780 nm pulse with a peak
intensity of 4 x 10'°Wem® . The centres of the two pulses are coincident at t = 0 fs. The peak at
10.7 keV is due to electrons which leave the cluster near the point where the electron density passes
through 3 neiieal for 780 nm, and that at 8.3 keV is from electrons leaving near 3 Neritical for 390 nm.

to electrons that leave the pulse at ~ 50 fs, near the 3 n.. point for the blue when the

escape energy is up to 8.3 keV, and at 10.7 keV from electrons which leave near the — 25 fs

IR 3 14 point when the escape energy is up to 10.7 keV (figure 6.3a).

6.2.2.1 Relative delay of the two pulses

The effect on the electron energy spectrum of changing the relative delay between
the blue and IR pulses is shown in figure 6.5. Throughout this chapter, the delay is defined
as the separation between the peaks of the two pulses and ¢ = 0 is at the centre of the IR
pulse. A positive value of delay means that the IR pulse precedes the blue.

When the cluster is irradiated first by the blue pulse, then 1000 fs later by the IR
(figure 6.5b) the explosion is essentially over by the time the IR pulse arrives, and the
electron energy spectrum is very much the same as that due to the blue pulse alone (figure
6.5a). With a delay of —400 fs (figure 6.5¢), a small peak appears in the spectrum at ~ 1 keV
due to electrons which leave the cluster when the electron density reaches the 3 1.,uica point
for the IR. At ¢ = =200 fs (figure 6.5d), the electrons leaving at the 3 .. point for both
wavelengths have nearly the same amount of energy (~ 8 keV). The proportion of electrons
in the hot peak also increases at this delay. The case when the two pulses are coincident

(figure 6.5¢) has been discussed in the previous section and is also shown in figure 6.4.
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Figure 6.5. Calculated electron energy spectra from clusters of 14000 Xe atoms irradiated by a 260 fs,
780 nm pulse at 4 x 10" Wem™® and a 185 fs, 390 nm pulse with a peak intensity of 2.5 x 10'® Wem'.
(a) shows the spectrum due to the 390 nm pulse alone, while (i) shows that from the 780 nm pulse
alone. (b) to (h) show the change in electron energy spectrum as the delay between the two pulses is
varied from -1 ps to +1 ps.

When the blue pulse arrives later than the IR (figure 6.5f), the change in electron energy
spectrum is not so dramatic, and for delays of +400 fs or longer (figures 6.5g and h), the
electron energy spectrum is essentially the same as that due to the IR pulse alone (figure
6.51).

The final ion energies also depend on the relative delays of the two pulses (figure
6.6). In this example the maximum ion energies increase from 90 keV with the blue pulse

alone and at large negative delays, or 100 keV from the IR pulse alone and at large positive
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Figure 6.6. Calculated maximum ion energies from the irradiation of 14000 atom Xe clusters with one
780 nm, 260 fs, 4 x 10'° Wem® pulse and one 390 nm, 185 fs, 2.5 x 10'* Wem™ pulse as the delay
between the two pulses is varied. The maximum ion energy obtained with the 780 nm pulse alone was
100 keV. With the 390 nm pulse only, the maximum was 91 keV. The dashed line is a Gaussian fit to
the points. The FWHM is 340 + 25 fs and the centre is at —-36 + 8 fs.
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delays to a maximum of 160 keV at a delay of ~ -25 fs. This is a significant enhancement of
the ion energies at the optimal separation. Using only one pulse, an intensity of 1.1 x 10"
Wem™ at 780 nm or 2.5 x 10" Wem™ at 390 nm is needed to produce 160 keV ions (figure
6.7) — a factor of nearly 3 higher in the IR and 10 times higher in the blue.

In all the sets of two-colour delay scans that have been modelled so far, the optimal
delay has been found to be when the blue pulse precedes the IR by ~10 — 100 fs. Essentially,
the final ion energies are optimised when the 3 1. resonant heating point falls close to the
peak intensity of each laser pulse. This condition is satisfied for a four times higher electron
density at 390 nm than at 780 nm. As the electron density is falling through this resonant
heating point, this means that the optimum delay is expected to be negative so that the blue

pulse precedes the IR pulse.

6.2.2.2 Effect of the relative phase of the two laser pulses

These numerical calculations indicate that there is no significant variation in
electron energy spectrum or final ion energy when the phase between the blue and IR pulses
is varied. The relative phase of the two colours affects the initial numbers of electrons

ionised through tunnel ionisation, through the change in the peak value of the electric field,
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Figure 6.7. Calculated maximum ion energies from clusters of 14000 Xe atoms irradiated by a 260 fs,
780 nm pulse or a 185 fs, 390 nm pulse as the peak laser intensity is varied from 1 x 10" Wem™ to
25x 10" wem?.
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but this does not have a large effect on the explosion dynamics. There may, however, be
changes in the angular dependence (relative to the laser polarisation) of the explosion as the
total electric field is asymmetric, but the model is unable to predict this.

It would be extremely difficult to detect any phase effects in practice, due to the
phase shift through the focus. Coherent control experiments examining phase effects rely on
the extremely nonlinear character of the interaction studied, which means that particles
produced at the highest intensity part of the focus form the dominant number of those
detected [Muller 1990]. We cannot rely on this effect when studying cluster explosions, as

the intensity dependence is much weaker (§5.3.4 and figure 6.7).
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6.3 Experiment

6.3.1 Method

We have examined the ions produced in the interaction of Xe clusters with a
sequence of two high-intensity, femtosecond laser pulses of different frequencies — the laser
fundamental and its second harmonic. The laser pulses were focused down into a low-
density beam of clusters and the energies of the ions produced in the interaction were

determined from measurement of their flight time in a field-free drift tube (Chapter 4).

6.3.1.1 The two-colour delay line

The experimental set-up used to vary the relative delays, intensities and polarisations
is shown in figure 6.8. The second harmonic was produced by frequency doubling in a 3 mm
type 1 KDP crystal. The two beams were then separated by a dichroic beamsplitter and sent
round separate paths before being recombined in the TOF spectrometer.

The conversion efficiency to second harmonic was extremely low (less than 5%) so
we expected no significant change in the shape of the fundamental pulse after doubling
[Krylov 1995]. The blue energy was controlled simply by varying the incident energy on the
KDP crystal, and the IR energy was varied using a half-wave plate/polariser in the IR arm.
The IR arm contained a translation stage which could be moved in steps of 5 um (changing

the path length by 10 pm) allowing a time resolution of 33 fs. The polarisations of the blue
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Figure 6.8 . Experimental set-up used to vary the relative delays, intensities and polarisations of the
fundamental and second harmonic pulses.
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and IR pulses were separately controlled by half-wave plates. These had a clear aperture of
40 mm and were the limiting aperture of the system in the vertical axis. The beams were
clipped horizontally to less than 36 mm on passing through the 50 mm beamsplitters at 45°.

The blue and IR were focused separately by lenses with a focal length of 335 mm
(IR) and 323 mm (blue). A focal spot monitor consisting of a x40 microscope objective and
CCD camera looking at the light leaking through the back of the final beam-combiner
enabled us to ensure that the red and blue foci had not moved after initial alignment.

These experiments were carried out in 1998, so, at the exit of the compressor, the
fundamental pulse was 255 fs and the second harmonic 180 fs long (table 3.2). Group
velocity dispersion in the delay line increases both pulse-lengths by no more than 5 fs in the

interaction region.

6.3.1.2 Spatial and tem poral overlap of the two beams using
N, breakdown
Spatial and temporal overlap of the IR and blue foci was obtained by filling the TOF

chamber with dry N, until the pressure was high enough that the full power focused IR pulse
caused a breakdown. This breakdown occurred at close to atmospheric pressure and was
detected by the characteristic distortion of the beam at the exit of the chamber (figure 6.9b).
The IR beam was then blocked and the blue intensity reduced by de-optimising the KDP
crystal until the blue beam could propagate through the TOF chamber without causing a
breakdown. Figure 6.9a shows the undistorted blue beam. The IR beam was then
reintroduced into the chamber and the delay arm set so that the IR pulse preceded the blue.
Spatial overlap could then be set by adjusting the final blue turning mirror until the blue
beam was distorted at the exit of the chamber, as in figure 6.9c. This distortion was due to
the blue beam propagating through the breakdown caused by the IR beam. Temporal overlap
could then be set by moving the IR delay arm back until the distortion disappeared. We were
able to consistently find temporal overlap to within 500 fs using this method. The relative z-
positions of the two foci (adjusted by moving the lenses in the direction of laser propagation)

could be set by looking at the spatial extent of the distortion across the blue beam. When the

Figure 6.9. Using breakdown in N3 to obtain spatial and temporal overlap of the red and blue foci. (a)
Undistorted blue beam at the exit of the TOF chamber with the IR blocked. (b) IR beam at the exit of
the TOF chamber showing distortion caused by breakdown in Nz. (c) Blue beam at the exit of the TOF
chamber after it has passed through the plasma created by the IR focus. These are false-colour
images.
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foci were not overlapping in z, only a small portion of the blue beam was distorted on
passing through the breakdown at the IR focus, but when they were coincident the entire
beam was distorted.

The persistence of the distortion in the blue beam over 10 mm of IR translation stage
movement indicated that the relative delay could be scanned over at least 66 ps without

losing the overlap of the two foci.

6.3.1.3 Finding T-zero by looking at ionisation rates in Xe**
The translation stage position corresponding to zero time delay between the blue and

IR pulses was found more accurately by looking at Xe®* and Xe®" ionisation rates. The TOF
chamber was filled to a pressure of 2 x 10° mbar with (monatomic) Xe and the blue and IR
intensities were set to be separately just below the threshold for Xe’* production (at
~2.5 x 10" Wem™). The blue and IR polarisations were set to be parallel (both horizontally
polarised). The integrated Xe** and Xe’* ion yields were then measured as a function of

translation stage position (figure 6.10). Numerical integration of the ADK tunnelling

Calculated delay (fs)
-1000  -500 0 500 1000
IS (S0 W TS S, | (O THET I W W Y

PR

ron Y

8.00 (@) Xe”
6.00

4.00

2.00

0.00 4
0.50 (b) Xe™ .

0.40 4

4

0.30

Integrated Xe™ signal (arb. units)

0204

0.10 S

Y e L —
785 790 795 800 805 810 815 820

Timing arm position (mm)

Figure 6.10. Measured ion yields of (a) Xe2+ and (b) Xe3+ as the delay between the blue and IR
pulses is varied. The TOF chamber contained a static fill of Xe to a pressure of 2 x 10°® torr. The blue
intensity was 2.4 x 10'* Wem™ and the IR intensity was 2.7 x 10" Wem™. The red and blue points
indicate the signal level with IR and blue alone. The red lines are Gaussian fits to the data. From the
Xe®* signal we obtain T, = 8.050 + 0.001 mm, and from the Xe3+ signal, To = 8.051 + 0.001 mm. The
error of 0.001 mm corresponds to 6.7 fs. The FWHM of the Gaussian fits are 475 + 35 fs for Xe*" and
400 + 35 fs for Xe™
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ionisation rates over the focal volume confirms that the ion yield peaks when the two pulses
are coincident in time. By fitting a Gaussian to the data points, we were able to find T-zero

(the position corresponding to zero delay) to +0.001 mm, or +6.7 fs.

6.3.2 Results

6.3.2.1 Varying the delay b etween the two pulses

We have obtained ion time-of-flight spectra from the explosion of 14,000-atom Xe
clusters irradiated sequentially by 1.9mJ (~0.6 x10"” Wem™) at 780 nm and 1.3 mJ
(~2.5 % 10" Wem™?) at 390 nm as the delay between the two pulses was varied (figure 6.11).
The relative intensities of the blue and IR pulses were set to give approximately the same
mean ion energy individually. Both the size and shape of the ion time-of-flight spectrum
vary as the delay between the two pulses is varied. (As before, negative delay times mean
the blue pulse is before the IR pulse). The optimum delay from this data appears to be at
t=-200fs. At this delay the peak of the spectrum shifts to earlier arrival times
(corresponding to higher kinetic energies) and the total integrated ion yield is a maximum.

The mean and maximum ion energies calculated from the time-of-flight spectra are
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Figure 6.11. Measured ion TOF spectra from the irradiation of 14000-atom Xe clusters with a 780 nm
and/or 390 nm laser pulse. (a) Blue pulse only. (b) Blue precedes IR by 600 fs. (c) Blue precedes IR
by 200 fs. (d) Blue pulse 600 fs after IR. (e) IR pulse only. In each case the intensity of the 780 nm
pulse was 6 x 10" Wem™? pulse and that of the 390 nm pulse was 2.5 x 10'® Wem™.
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shown in figures 6.12a and b. Both the mean and the maximum ion energy vary with the
delay between the two pulses for delays less than ~1 ps. The mean and maximum ion energy
is approximately double that obtained with either pulse alone at the optimum delay. The
mean and maximum cluster ion energies vary only weakly with incident laser intensity in
this intensity range. For example, a laser energy of 5.75 mJ (~2x 10" Wem™) at 780 nm is
required to give mean ion energies of 30 keV. This is three times higher than the energy
used in the two-colour experiment. The pulse energy required in the blue is well beyond the
maximum we were able to obtain with our laser — we estimate it would require a factor of
between 3 and 4 times higher intensity to produce ions with mean energies of 30 keV.

A Gaussian fit to the data points puts the optimum delay at-40 + 35 fs or -60 + 65 fs
(blue pulse precedes the IR) from the mean and maximum ion energies respectively. The full

width at half maximum of the fit is ~750 fs. For comparison, the results of the numerical
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Figure 6.12. (a) Mean and (b) maximum ion energies measured from the irradiation of 14000 atom Xe
clusters (6 bar Xe) with one 780 nm, 6 x 10" Wem™? pulse (1.3 mJ) and one 390 nm, 2.5 x 10'® Wem™?
pulse (1.9 mJ) as the delay between the two pulses is varied. The energies obtained with the 780 nm
pulse alone were 14 keV mean and 143 keV max. With the 390 nm pulse alone, the mean was 19 keV
and 140 keV the maximum. (c) Calculated ion energies. 14000 Xe atoms irradiated by 4 x 10" Wem?,
780 nm, 260 fs and 2.5 x 10'° Wem™®, 390 nm, 185 fs. The IR intensity was set at this value to match
the measured maximum ion energies. The dotted lines are Gaussian fits to the data. (a)The centre of
the fit is at -40 +35 fs and the FWHM is 765 + 130 fs, (b) centre at —60 + 65 fs, FWHM 750 + 200 fs,
(c) centre at -36 + 8 fs, FWHM 340 + 25 fs.
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model are shown in figure 6.12c.

The calculation uses the same cluster size, pulse lengths and blue intensity as we
believe we used experimentally, but the IR intensity was adjusted to give an ion energy
comparable with that due to the blue pulse. Our experimental calibrations suggested we had
6 % 10" Wem™ at 780 nm, and the calculation uses a figure of 4 x 10" Wem?. Part of the
discrepancy in the intensities could be due to errors in the experimental calibration. The red
focal spot was quite large and an unusual shape due to the long path-length in optics in the
delay line. The distorted focal volume may have hampered our ability to calibrate the
intensity through the observation of the appearance of Xe" ion signal.

With the adjustment in intensity, the calculation successfully reproduces the trends
in the experimental data. Both experiment and model can be fitted by a Gaussian with an
optimum ion energy at a delay of ~ -40 fs. The measured enhancement in ion energies is

100%, better than the calculated 60%.
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Figure 6.13. (a) Mean and (b) maximum ion energies measured from the irradiation of 14000 atom Xe
clusters (6 bar Xe) with one 780 nm, 1.1 mJ pulse (~6 x 10'* Wem™®) and one 390 nm, 1.1 mJ pulse
(~2.5 x 10'° Wem'?) as the delay between the two pulses is varied. With the 780 nm pulse alone the
mean energy was 8 keV and the maximum was 40 keV. With the 390 nm pulse alone, the maximum
was 80 keV. (c) Calculated max ion energies from a 14000-atom Xe cluster irradiated by
2 x 10" Wem™, 780 nm, 260 fs and 2 x 10'°, 390 nm, 185 fs. The IR intensity was set at this value to
be consistent with that used in figure 6.10.
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Figure 6.13 shows a second set of data from 14000 atom Xe clusters irradiated with
1.1 mJ at 780 nm (~4 x 10" Wem™) and 1.1 mJ at 390 nm (~2 x 10"* Wem™®). The mean ion
energies (6.13a) increase from 11 keV when the blue precedes the IR by ~1400 fs to
~16 keV at a delay of <150 fs. The maximum ion energies follow a similar trend (6.13b).
The results of the numerical model are shown in figure 6.13¢c. The intensities used in the
calculation are consistent with those used in figure 6.12¢. The calculation again successfully
reproduces the trends in the experimental data, predicting a peak ion energy of 130 keV at a
delay of 50 fs, compared to the 120 keV measured at —13 fs.

6.3.2.2 Effect of the relative polarisations of the two pulses
To gain further insight into the explosion mechanism with two pulses, we have

compared the ion energies produced in the cluster explosion when the two laser fields have
parallel and perpendicular polarisation (figure 6.14). To account for the slight anisotropy of
the cluster explosion we have averaged over two orthogonal angles with respect to the

direction of polarisation of the combined field. For example, the data for blue and IR
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Figure 6.14.. Measured mean ion energies from the irradiation of 14000 atom Xe clusters with one
780 nm, 0.5 x 10"* Wem™ pulse and one 390 nm, 1.3 x 10"® Wem™ pulse as the delay between the
two pulses is varied. Vertical polarisation means electric field is perpendicular to detection axis, with
horizontal polarisation the electric field is parallel to the detection axis (a) Black circles: Blue and IR
both vertically polarised. Green circles: Blue and IR both horizontally polarised. Red squares: IR
horizontal, blue vertical. Blue squares: IR vertical, blue horizontal.(b) Circles: Blue and IR are polarised
parallel to each other (average of green and black circles in (a)). Squares: Blue and IR are polarised
perpendicular to each other (average of red and blue squares in (a)).
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polarised parallel to each other is the average of data taken with both pulses polarised
parallel to the detection axis, and both pulses polarised perpendicular to the detection axis.
The measured mean ion energies as a function of delay between the two laser pulses
were found to be the same (to within the error on the mean ion energy) whether the blue and
IR pulses had parallel or perpendicular polarisations. This implies that the explosion is not
driven by a process that is strongly dependent on the peak value of the electric field (as

tunnel ionisation is, for example).
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6.4 Discussion

The measured mean ion energies were found to be the same whether the blue and IR
pulses had parallel or orthogonal polarisations. This is consistent with the nanoplasma
model, as the heating mechanism (collisional ionisation) is not strongly dependent on the
peak electric field strength (equation 6.2). The tunnelling ionisation rate is, however,
strongly dependent on the peak electric field strength. In the nanoplasma model, tunnelling
ionisation is only important at the start of the explosion. It provides a seed for subsequent
thermal collisional ionisation, but the final ion energies are not strongly dependent on the
numbers of tunnel ionised electrons — as can be seen by the calculated lack of dependence on
the relative phase of the two laser pulses. In contrast to this, the ionisation ignition model
[Rose-Petruck 1997] rests on the enhancement of the tunnel ionisation rate due to the close
proximity of other charged ions in the cluster. The tunnel ionisation rate will be significantly
enhanced when the blue and IR fields have parallel polarisations compared to the case when
they have orthogonal polarisations. We would expect the cluster dynamics to be different in
the two cases, resulting in a difference in the final ion energies between the two cases.

Using two pulses of different frequencies to heat the cluster can provide a significant
increase of the ion energies, as the ion energies have only a weak dependence on laser
intensity (figure 6.7 and §5.3.4). To double the ion energy would require that the laser
intensity be tripled. However, due to the very low conversion efficiency in the blue and the
need to keep the blue and IR energies similar to ensure that the focal volumes were similar,
the best ion energies we obtained using two colours were no higher than could be obtained
using full-power IR (~17 mlJ, 5 x 10" Wem "‘).

Experimental measurements of the electron energy spectra as a function of delay
between the two pulses would provide further confirmation of the applicability of the
nanoplasma model. We would expect to see two hot electron peaks in the spectrum, the

energies of which would depend on the delay between the two pulses.

6.4.1 Cluster irradiation by two pulses of the same
frequency

When the cluster is irradiated by two pulses with the same frequency, there is only
one peak in the heating rate and only one hot electron peak in the electron energy spectrum.
The final ion energies are dependent on the electric field strength at the 3 n.ca resonant
heating point and so will increase as the two laser pulses overlap in time. The explosion
temperature is dependent on the relative phase of the two pulses when the two pulses overlap

in time, as in this case the envelope of the electric fields changes (figure 6.15).
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Figure 6.15. Intensity envelope from two pulses of the same frequency, one with ~ half the intensity of
the other and relative phases of ¢ = 0 (solid line) or ¢ = n (dashed line). (Pulsewidths 25 fs FWHM,
delay 40 fs).

Zweiback et al [1999] have studied the disassembly of clusters irradiated by two
pulses of the same colour in a pump probe experiment. They studied large Xe clusters (85 —
170 A) irradiated by a 1.6 x 10" Wem” pump pulse and a 1.6 x 10'” Wem™? probe pulse,
both at 810 nm with a 50 fs FWHM. They found that the absorption of probe radiation
reaches a maximum for a particular time delay between pump and probe pulses and that this
time depends on the cluster size. The optimum time is the time taken for the cluster to
expand to the 3 n.,.. resonance condition.

It may also be possible to use two pulses of the same frequency with a controlled
phase difference to optimise the explosion dynamics by effectively tailoring the shape of the
electric field. The optimum shape of the electric field would probably be close to the shape
of the electric field inside a cluster irradiated by a single pulse, so would have a small peak
to start the ionisation followed by a low field to correspond to shielding of the electric field
in the cluster, and then increase near the 3 1. point. This is a different regime to that

investigated by [Zweiback 1999] as the two pulses are separated by less than a pulsewidth.
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6.5 Conclusions

In this chapter, we have presented numerical simulations and experimental results
which show a change in the cluster dynamics when the cluster is irradiated by two pulses of
different frequencies in sequence. The cluster experiences two peaks in its heating and
electron temperature, which leads to an increase in the energies of the ions produced in the
explosion.

We have measured experimentally the ion energies from Xe clusters irradiated at the
laser fundamental frequency (780 nm) and its second harmonic. The mean and maximum
ion energies are found to depend on the relative delay of the two pulses but not on their
relative polarisations. The mean ion energy is doubled for the optimum value of the delay
between the two laser pulses.

The calculations successfully reproduce the trends in the measured ion energies as
the delay is varied, predicting the degree of enhancement and that the optimum ion energies
will be produced when the blue pulse is approximately 50 fs before the IR pulse. These
results support the idea that the cluster explosion is driven by an enhancement in the electron
heating in the cluster which occurs when the electron density drops to three times the critical

electron density.
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Conclusions

7.1 Summary

This thesis has presented investigations of the interactions of clusters of 10° — 10°
atoms with high-intensity, femtosecond laser pulses. The experiments described in this thesis
used a CPA Ti:Sapphire laser system, delivering 200 fs laser pulses at intensities of up to
10" Wem™, Studies of the interaction of intense laser pulses with clusters of atoms or
molecules allow us to investigate the intermediate regime between laser-molecule and laser-
solid interactions. Despite the fact that a cluster is very much smaller than a laser
wavelength, it still behaves in many respects as a bulk solid target does. The ion and electron
energies, and ion charge states, are very much higher than those produced from the
irradiation of atoms or small molecules at the same intensity and comparable to those from
solid targets.

A numerical model of the cluster as a spherical nanoplasma [Ditmire 1996] has been
extensively tested against our experimental results. The model predicts that first the cluster
is field ionised early on the rising edge of the laser pulse. As the cluster has near solid-
density, the electron density in the cluster quickly rises to the point where the cluster is
shielded from the external laser field and more electrons are created through collisional
ionisation and are collisionally heated. The cluster starts to expand slowly due to the
hydrodynamic pressure of the electrons, and some electrons are able to free-stream out of the
cluster. The combined effect of the expansion and free-streaming is that the electron density
starts to drop. When the electron density drops to three times the critical electron density,
there is a dielectric enhancement of the field inside the cluster. This produces a sharp
increase in the electron heating, which then leads to a very rapid expansion of the cluster.

The nanoplasma model predicts a characteristic two-peaked electron energy

distribution, which we have observed experimentally (§5.2 and [Shao 1996]). The high ion
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energies and charge states predicted have also been observed (§5.3 and [Ditmire 1997a, b]).
Our experimental results successfully reproduce the theoretical variation in ion energy with
cluster size (§5.3.3), cluster ion species (§5.3.6 and [Ditmire 1998a]) and laser intensity
(§5.3.4). The existence of an optimum cluster size for a fixed laser pulsewidth (§5.3.3), and
of an optimum pulsewidth for a given cluster size [Zweiback 1998] are also evidence for the
3 Neviear Tesonance in the heating, as the cluster size determines the time taken for the
electron density in the cluster to drop to this point and this has to be near the peak of the
laser pulse for optimum heating.

To further test the validity of the nanoplasma model, we have studied the explosion
of clusters sequentially irradiated by two pulses of different frequencies (Chapter 6 and
[Springate 1998]). The nanoplasma model predicts that, as the resonant heating point will
occur at a higher electron density for shorter wavelengths, a cluster irradiated by two pulses
of different frequencies will experience enhanced heating twice in its expansion. Our
experimental measurements confirm this prediction, reproducing the calculated variation of
ion energy with delay between the two pulses. As expected, the delay for optimum heating

occurs when the high frequency pulse precedes the low frequency pulse.

7.2 Further work and future directions

The experiments described in this thesis point towards several suggestions for future
work, including improvements to the experimental techniques, further measurements to test
the validity of the nanoplasma model, refinements of the modelling, and experiments using
the energetic, highly stripped ions and hot plasma formed in the laser-cluster interaction.

Some of these ideas are discussed in the following section.

7.2.1 Cluster size distribution measurements

The uncertainty on our measurement of the cluster sizes obtained through Rayleigh
scattering experiments and evaluation of the Hagena parameter (§4.1) is approximately a
factor of two (in the number of atoms). We are also uncertain about the distribution of
cluster sizes, although a log-normal distribution with a width approximately equal to the
mean cluster size has been measured by other groups [Gspann 1973, Lewerenz 1993,
Karnbach 1993]. In order to reduce this uncertainty, we are currently carrying out time-of-
flight studies on clusters which have been singly ionised with a nanosecond, UV laser pulse.
This will enable us to more fully understand how sensitive the ion and hot electron energies

are to the cluster size.
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7.2.2 Self-similar expansions

Although the nanoplasma model is successful in predicting the electron energy
spectrum and the variations of ion energies with cluster size, laser pulse-length and intensity,
it is not able to model the ion energy spectrum. The self-similar solution of the ion fluid
equations for an isotropic, radial expansion has been found for a Xe plasma with a Z of 20
and an electron temperature of 2.5 keV [Ditmire 1998a]. The calculated TOF trace and ion
energy distribution are very close to those obtained from a 9000-atom Xe cluster, suggesting
that the expansion is largely driven by hydrodynamic pressure. We now need to investigate
how this solution varies with different electron temperatures and charge states and compare
this with experimental measurements to determine whether it is a valid description of the

cluster explosion.

7.2.3 Second peak in ion spectrum

Under some conditions (for example, figures 4.12 and 5.12), we observe a second,
higher energy, peak in the ion spectrum at energies > 25 keV (corresponding to flight times
of < 2 ps for Xe in a 38 ecm flight tube). The MCP response peaks at this ion energy, but
pulse-height analysis (figure 4.12) suggests that it may be a real effect rather than just an
artefact of the MCP response. More detailed pulse-height analysis of this part of the
spectrum (with higher oscilloscope resolution and more data-points per ion hit) will be
needed to check whether this peak is real.

Wickens and Allen [1979] predicted an ion energy spectrum with two peaks would
result from the self-similar expansion of a plasma with two electron temperatures. In this
case, the free expansion of the hot electron component leads to the acceleration of the hot
ions in the second peak, while the other electron component accelerates the less energetic
ions which form the main peak. The authors predict that the relative size of the hot peak will
be a sensitive function of the ratio of the two electron temperature, and of the fractions of
electrons in each distribution. If pulse-height analysis shows that this second peak is real, an

examination of its relation to the electron energy spectrum is called for.

7.2.4 Electron energy measurements

Further measurements of the electron energy spectra from exploding clusters are
required, as the nanoplasma model predicts that the energy of the hot electron peak will vary
as the laser pulse and cluster parameters are changed.

The electron energy measurements described in §5.2 were carried out by integrating
the electron signal as the voltage on a set of retarding grids was varied, and then
differentiating the resulting data-set. The differentiation can introduce a significant amount

of noise into the data-set. An alternative way to measure the electron energy spectrum would
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be to adapt the magnetic deflection time-of-flight technique which was used by Lezius et al
[1998] to obtain charge state information. This technique uses a magnetic field perpendicular
to the flight tube to deflect ions and electrons. Using a (time-integrated) imaging
microchannel plate to detect the electrons, it should be possible to obtain an electron energy
spectrum in just a few laser shots. We are now trying to build a magnetic defection electron

spectrometer to add to our time-of-flight apparatus.

7.2.5 Molecular clusters

The nanoplasma model predicts that the maximum ion energy produced in the
explosion depends (for a fixed number of atoms per cluster and laser pulse) on the square of
the mean charge on the ions. We therefore expect that pure hydrogen clusters, which are
limited to a mean charge of 1" compared to 20" for Xe clusters, will not produce multi-keV
protons unless we go to extremely large cluster sizes. As hydrogen does not cluster well, a
very high pressure (~50 kTorr), liquid helium cooled jet would be needed. In order to
overcome this limitation, we have investigated the heating of hydrogen iodide clusters
[Tisch 1999].

Although we are not yet able to simulate mixed species clusters with the nanoplasma
model, the model does show that a pure iodine cluster would reach approximately the same
temperature and charge state as a xenon cluster of the same size. However, we found that the
ion energies from a 60,000-molecule HI cluster were comparable to those from a 5000-atom
Xe cluster, with a maximum iodine energy of 90keV and a mean of 9 keV. The iodine
energies showed a monotonic increase with cluster size up to this point, which was the
largest cluster size we could obtain. This indicates that the iodine energies from the HI
clusters were lower than would be obtained from a pure iodine cluster of the same size. The
degree of electron collisional heating should be the same for HI and pure I clusters (as the
electron-proton equilibration time is longer than the time-scale of the heating). This suggests
that the protons modify the dynamics of the cluster expansion, reducing the energy of the
iodine ions.

We measured protons from 60,000 atom HI clusters with a mean energy of 250 eV
and a maximum energy of 2.25 keV. The nanoplasma model predicts that to match these
energies, much larger pure hydrogen clusters would be required. The irradiation of
molecular clusters, such as HI, therefore enables us to produce energetic ions which do not
cluster readily in their pure form and can potentially boost the energies of low-Z ions.

To enable us to discriminate between iodine and hydrogen ions with the same flight
times pulse-height analysis was used. We obtained a pulse-height distribution for protons by
using an extraction voltage to accelerate initially cold protons from the ionisation of

contaminant H,0 out of the interaction region. Because of the technical difficulties in making
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pure iodine clusters, we instead examined the pulse-height distributions of xenon clusters.
The two distributions were markedly different: the xenon distribution was bi-modal, while
the protons had a single peak. The TOF spectrum from HI clearly shows two groups of ion
hits which are partially overlapping in time, but have pulse-height distributions closely
similar to those from protons and Xe ions. This enables us to distinguish between H" and [
with the same flight times.

We are now planning future experiments on molecular clusters (in particular,
deuterium iodide clusters). Pulse-height analysis will be indispensable in allowing us to

differentiate between different ion species.

7.2.6 Highly stripped ions for particle accelerators

The high charge states in the explosion of atomic clusters has suggested the
possibility of using a cluster source to provide highly stripped ions to accelerate in a particle
accelerator. The mean charge state measured from Xe ions with energies of more than
10 keV was found to be 20" (figure 5.9). Two-thirds of all ions detected from clusters of
9000 Xe atoms had energies greater than this (although we only detect ions with energies
above ~100 ¢V because of the finite length of the oscilloscope trace). Although the
experiments described here used an average ion density of 10" cm™, the ion density directly
under the gas-jet is 10" em™. Experiments are planned which will allow us to quantify the

absolute numbers of highly stripped ions that are produced in a cluster explosion.

7.2.7 Thermonuclear fusion

The hot plasma formed following the irradiation of a gas of clusters may make
possible table-top fusion experiments. With 10%-atom deuterium clusters irradiated by an
250 fs pulse at an intensity of 2 x 10" Wem™?, the nanoplasma model predicts an ion
temperature of ~25 keV. We assume that if fusion events occur, they will occur in the hot
plasma produced after the clusters have disassembled. The ion density directly under the
gas-jet would be ~10" em™, the plasma disassembly time is ~ 100 ps [Ditmire 1996] and the
focal volume is ~ 10° ecm™. The observable neutron yield under these conditions could be as
much as 10" neutrons per shot [Teller 1981]. However, the Lawson criterion for energy
breakeven requires that a 20 keV deuterium plasma be confined for 10" s cm™ [Beynon
1982], a factor of 10" higher than we can achieve.

Experiments to look for neutrons following the irradiation of deuterium clusters with
intense laser pulses were pioneered here at Imperial College, but have so far been
unsuccessful. Neutrons have now been observed in similar experiments [Ditmire 1999]
using a 100 mJ, 35 fs table-top CPA laser system, indicating that nuclear fusion can occur in

. . o v 3 4
the hot plasma produced from exploding clusters. The yield was approximately 107 neutrons
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per shot. This is equivalent to 10" neutrons per joule of laser energy — comparable to the
yield from large-scale laser fusion experiments. This result opens up the possibility of

carrying out laser-fusion experiments with laboratory-scale laser systems.

7.3 Conclusions

The irradiation of clusters with intense laser pulses will continue to be a fruitful area
of research. The studies described in this thesis go some way towards allowing us to
optimise the ion energies produced from exploding clusters, by showing how we can tailor
the cluster size and ion species to a particular set of laser parameters. By using a sequence of
two pulses of different frequencies, we were able to enhance the heating rate and vary the
ion energies by changing the delay between the two pulses. This is just a small step towards
being able to manipulate and control the dynamics of the explosion, and has enabled us to

further examine the mechanism of the laser-cluster interaction.
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