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SYNOPSIS

In the recent times, there is a continued interest for enhancing the energy absorption
of high intensity, ultra-short laser pulses in their interaction with matter. The enhanced
absorption is manifested in the observation of energetic electrons, MeV ions and x-rays. The
x-rays are useful as a micron sized point source which has many potential applications like
time resolved x-ray diffraction studies, imaging of live biological specimen, mammography,
radiography, and x-ray lithography. Since the absorption of the high intensity (~10" W/cm?)
ultra-short (~100 fs) laser pulses by planar solid targets is low, various types of targets like
gratings, structured targets, pre-deposited metal clusters, gas clusters, snow clusters etc. have
been used to enhance the coupling of the laser energy in matter. The increased deposition of
the femtosecond pulse energy in the grating targets and in pre-deposited metal clusters, has
been achieved through plasmon resonance and field enhancement in protrusions. However,
since the gratings are expensive, they are practically unusable on routine basis as targets for
x-ray source. Next, high absorption (80-90%) of ultra-short laser pulses has been observed in
gas atom clusters. The interest in the clusters stems from the fact that the electric field inside
the cluster is highly enhanced at three times the critical density (n;) and it is a debris-free
source. However, there are few limitations on the use of gas atom clusters as an x-ray source,
such as : only few noble gases or cryogenically cooled gases can be used for cluster
formation and it is a low rep-rate source.

Solid clusters have also been used as targets for efficient laser energy absorption but
this involves two steps, first depositing the clusters on a planar solid substrate, and then using
it as a target for plasma formation. Recently, intense femtosecond laser irradiation of solid
targets has been proposed as a simple means of synthesis of clusters. If the cluster formation
can be done by an ultra-short laser pulse and then these generated clusters in the plasma

plume are irradiated by a time delayed intense ultra-short laser pulse, it offers a lot of

vii



advantages as an x-ray source. First and foremost, this gives an access to a wide range of
materials from which clusters can be formed, and it also has the advantage of being a high
rep-rate source.

Minimum debris is a must for applications using a solid target as an x-ray source. For
example, in applications like lithography, one does not want to spoil a nano-structure by
debris deposition. In situ formed clusters can help overcoming the debris problem if the delay
between the cluster forming pulse and intense main pulse is so adjusted such that cluster
density at the interaction zone is highest. We have explored this possibility of using the in
situ formed clusters for absorption of the intense ultra-short pulse and the consequent x-ray
emission.

Since the properties of nano-particles are highly size dependent, their size is a crucial
factor in any area of application. Hence size control becomes a crucial parameter in their
generation. We observed that the size of clusters/nano-particles produced by short pulse laser
can be easily controlled by varying the incident laser pulse duration, or by varying incident
laser light intensity. A high absorption of the intense 45 fs laser pulses and efficient x-ray
conversion in both soft (water window) and hard x-ray region (> 1 keV) is observed from in
situ formed clusters. We have also carried out experiments for finding the laser parameters
and other factors for finding conditions for maximization of x-ray yield. Absorption and x-ray
emission was studied as a function of pre-pulse intensity, main pulse intensity and main pulse
duration and the delay between the pulses.

Other nano-structures are also used to study their interaction with intense ultra-short
laser pulses. The laser energy absorption in nano-structures has a profound dependence on
shape, surface morphology, and other geometric factors. Nano-structures in various shapes
like elongated and pointed nano-structures have shown enhanced x-ray and energetic particle

emission and this has been attributed to the enhanced electric field at the tip, also referred to

viii



as the “Lightning rod effect”. It is desirable to design a nano-target with a geometry which
will enable even higher field enhancement when irradiated by ultra-short laser pulses for
efficient x-ray and energetic particle generation. Recently, some other kinds of nano-
structures have been used for laser matter interaction studies, especially the ones which have
a hollow structure for example fullerene, nano-hole alumina, carbon nano-tubes etc. They
show efficient x-ray and hot electron generation, but their resonance densities have not been
reported. In order to understand the reason for the x-ray enhancement from nano-tubes, we
investigated both theoretically and experimentally the effect of the hollow structure on the
field enhancement.

Experiments have shown that grating targets when irradiated with intense laser pulses
lead to enhanced absorption, x-ray emission and high energy collimated electrons generation.
Such grating-like surface structure may also be produced by ultra-short laser pulses on
interaction with a solid surface and they are called nano-ripples. Nano-ripples can be another
candidate of in situ formed nano-structured target. The laser energy absorption in such
periodic structures depends primarily on the ripple width. We have explored the possibility of
forming nano-ripples on semiconductors with different band gaps and to identify conditions
which control the width of nano-ripples by varying the laser parameters and the ambient
medium. The critical role of the surface plasmons in deciding ripple period is identified to
help in controlling the ripple period. Considerably narrow ripple period was observed in high
band gap materials as compared to that in low band gap semiconductors. These femtosecond
laser modified structures are also interesting for applications like improving the response and
conversion efficiency of photovoltaic devices.

A chapter wise summary of these studies is given below.

Chapter 1 begins with a brief introduction to plasma and laser produced plasma,

followed by a brief presentation on various absorption processes relevant to the present thesis



work. Absorption processes like inverse bremsstrahlung, resonance absorption, vacuum
heating, and JxB heating are described. A brief introduction to the laser energy absorption in
clusters is given describing the electric field resonances in nanoparticles. Apart from this, the
x-ray emision processes like bremsstrahlung emission, line emission, inner-shell line
radiation in general are discussed with special emphasis on water-window x-ray emission and
the 17.5 keV Mo K-a characteristic line emission.

Chapter 2 gives the description of the 10 TW, 45 fs Ti:sapphire laser system used for
the experiments included in the thesis. The uncompressed sub-ns pulse from this high power
femtosecond laser system is used for cluster generation. To study the absorption and x-ray
emission from in situ formed clusters, various diagonistics were used for absorption and
scattering measurements. The x-ray emission was monitored with calibrated x-ray p-i-n
diodes and various spectrographs were used to record different spectral regions of the x-ray
emission. A transmission grating spectrograph was used for sub-keV measurements and an x-
ray CCD camera was used for measuring hard x-ray spectrum above 2 keV. These
diagonistics are elaborated in this chapter.

Chapter 3 describes an experimental study on the generation of nano-particles of
various sizes using Ti:sapphire laser pulses. Nano-particle formation in plasma plumes of
metals like silver and copper, expanding in vacuum, has been studied using sub-ns stretched
pulses and compared with that generated with the 45 fs compressed laser pulses. The
description of the structural analysis of the nano-particle was done through AFM and SEM.
Also, the visible light transmission and reflection from the nano-particle film of Ag and Cu
on glass substrate showed surface plasmon resonance. It is shown that the 45 fs pulses form
smaller sized particles, whereas on using the sub-ns pulses, larger particles are produced.
Thus, it is shown that by controlling the laser pulse duration, one can control the size of the

nano-particles formed.



Chapter 4 describes the utilization of the in situ formed clusters by a sub-ns pulse as
a target for intense ultra-short laser pulse. Conditions for enhancing the absorption and x-ray
emission were optimized by changing the pre-pulse intensity, main pulse intensity, and the
delay between the two beams. Silver clusters produced by a sub-ns laser pulse were
irradiated by a 70 mJ, 45 fs compressed laser pulses. An absorption of the laser light
exceeding 70% was observed, resulting in an x-ray yield (>1 keV) of ~ 60 pJ/ pulse, which
corresponds to a conversion efficiency of 8.5x107 %.

Chapter 5 describes the utilization of in situ formed carbon clusters in a
different more-easy-to-use geometry compared to that described earlier. The water-window
x-ray spectral measurements were done using a transmission grating spectrograph.
Description of the experimental results and analysis of the carbon cluster characterization by
AFM is presented. Optimization of the x-ray yield as a function of the delay and the main
pulse duration is described. Simulations for pre-plasma characteristics are also described. It
is shown that the technique leads to an enhanced water window x-ray emission (23-44 A).
The conversion efficiency of the laser energy converted to the water- window x-ray emission
was also measured. For a 110 mJ, 45 fs laser pulse, the conversion efficiency in the water
window was 5.8x10 % /sr from planar graphite. For the dual pulse configuration with 8 ns
delay between the cluster forming pulse and ultra-short high intensity main pulse, the
conversion efficiency from carbon clusters was estimated to be 0.54 % /sr. This x-ray source
is an efficient, high repetition rate, and low debris x-ray generation alternative.

Chapter 6 describes a comparative experimental study on the x-ray emission in the
water-window spectral region performed using carbon nano-fibers (CNF) of different sizes
and graphite plate targets, irradiated with ultra-short (Ti:sapphire) laser pulses. The chapter
includes description of the experimental set up. Soft x-ray yield dependence on target

geometry, laser pulse intensity and pulse duration is presented. More than an order of
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magnitude enhancement in the x-ray yield is observed from CNFs of 60 nm diameter with
respect to graphite targets. The effect of the laser pulse duration on the x-ray emission from
the CNFs was also studied by varying the pulse duration from 45 fs up to 3 ps and it was
found that optimum laser pulse duration for maximum Xx-ray emission increases with the
diameter of CNFs used. The results are explained from physical considerations of heating
and hydrodynamic expansion of the CNF plasma in which resonance field enhancement
takes place while passing through two-times the critical density.

Chapter 7 contains discussions of the experimental results on nano-hole alumina
when irradiated with intense short pulses. The effect of laser pulse duration, chirp, and hole
size on the hard x-ray yield was studied. The theoretical studies of laser nano-hole interaction
is also presented. The x-ray yield enhancement from the nano-holes shows an increased
coupling of the laser energy to the target. The effect of laser pulse duration on the x-ray
emission was also studied, where a peaked behavior was observed. The results can be
explained by considering the hydrodynamic expansion of the laser irradiated structure and
field enhancement in the nano-holes.

Utilization of the target geometry for maximum field enhancement is crucial for laser
energy coupling. In the quest for identifying a target with a geometry which causes high field
enhancement and supports many resonances is done theoretically. The Chapter 8 chapter
describes intense laser pulse interaction with nano-tubes. Four specific nano-tubes are
chosen viz. solid nano-rods, thin, ultra-thin, and resonant nano-tubes. The electric field in a
nano-tube plasma is shown to be resonantly enhanced at multiple densities during the two
phases of interaction, first the ionization phase and second the hydrodynamic expansion
phase. It is further shown that by a proper choice of hollowness of the nano-tubes resonance
can occur right at the solid density and also a continued occurrence of the resonance over a

longer time can be achieved.
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Chapter 9 describes nearly complete absorption and hard x-ray emission from carbon
nano-tubes (CNT) irradiated by intense ultra-short pulses. The theoretical analysis done in
chapter 8 is experimentally explored in this work. First, a description of the experimental set
up and CNT characterization is given. Absorption studies in CNTs show near complete
absorption of the energy of intense ultra-short laser pulses (45 fs, intensity ~1.6x10% - 2.5
x10'" W/cm?) in carbon nano-tubes deposited on a planar molybdenum substrate. The hollow
structure of the nano-tube plasma facilitates resonant electric field enhancement during its
ionization phase. This resonantly enhanced localized field at a density much larger than the
critical density n leads to efficient hot electron generation, which results in enhanced K,
emission of Mo at 17.5 keV.

As mentioned earlier, an experimental study of nano-ripple formation in various band-
gap semiconductors was done. This study is described in Chapter 10. The effects of the
number of laser shots, the angle of incidence, polarization, fluence and incident laser
wavelength of the laser, band-gap, and ambient medium on the ripple period, have been
studied. Depending upon the experimental parameters, nano-ripple sizes varied in the range
of ~ (0.1-1) A. The observed results are explained considering the transient metallic nature of
the semiconductor surface on irradiation with intense femtosecond pulse which excites
surface plasmon leading to the nano-ripple formation. It is also proposed to use nano-ripples
in future as an alternative target that can be generated in situ.

Chapter 11 gives a summary of the results in the thesis, and conclusions derived
from the presented work. The future proposed works for extension of the present work is also

outlined.
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Chapter 1

Introduction

One of the most important inventions of this century is unquestionably the invention of
LASER, which has led to the exploration of a plethora of phenomena in physical, chemical, and
biological sciences [1,2], apart from its innumerable applications in medicine, material
processing, defense, and entertainment, etc. Using lasers, it is now possible to study matter in its
fourth state (i.e. plasma state) at extremely high temperature (~ tens of keV) and density (higher
than solid density), thanks to the rapid developments in the technology of ultra-intense, ultra-
short pulse lasers [3]. In particular, with the advent of chirped pulse amplification technique [4]
one can obtain few optical cycle pulses with focused intensity reaching as high as ~ 10% W/cm?
[5]. This has opened a very wide range of research and developmental activities where the ultra-
short, ultra-intense laser produced plasma becomes relevant as a high peak brilliance table-top
source of high energy charged particles [6-13] and x-rays [14-17]. Most importantly, these lasers
now have the capability to deliver a large amount of energy in a hot spot in a compressed core of
deuterium and tritium, in order to ignite a fusion pellet in the inertial confinement fusion fast
ignition scheme.

This thesis work is on the absorption laser light and subsequent x-ray emission from the
interaction of ultra-short laser pulses (10 TW, 45 fs Ti:sapphire) with planar solid and nano-
structured targets. The thesis begins with a brief description of the basic concepts of plasma and
laser-plasma interaction involving laser energy coupling to the plasma, and emission of radiation
from the heated plasma. Different absorption mechanisms possible in the laser-plasma
interactions are discussed, starting with inverse bremstrahlung and standard resonance

absorption. The other important absorption mechanisms for ultra-short, ultra-intense laser plasma
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interactions known as “not-so-resonant” resonance absorption or vacuum heating and JXB
heating are also be discussed briefly, followed by some description of laser-nano-particle
interaction and various models that are used to understand the underlying physics. The x-ray
emission process are also covered briefly, primarily focusing on the water window Xx-ray
emission and characteristic K-o line emission. In the quest for finding better targets and
techniques for enhancing the laser energy coupling in plasma, various techniques have been

proposed and demonstrated, which are described in detail in this thesis.

1.1 Basic plasma parameters

1.1.1 Plasma : Definition

The word “plasma” describes a quasi-neutral assembly of charged and neutral particles,
which exhibits collective behaviour. The term “quasi-neutrality” implies that the plasma is
neutral on a macroscopic scale so that the overall charge of the electron and the ions can be taken
as equal and opposite [18]. However, on microscopic scale, the charge in a given small volume
need not be not completely neutral. The term “collective behavior” implies the existence of long
range Coulomb force on large number of particles, as a result of which particles of a particular
species (electrons or ions) tend to behave like a single entity, giving rise to several interesting
phenomena. The terms quasi-neutrality and collective behavior can be further elaborated in terms

of the following parameters which are characteristics of any plasma:

1.1.2 Debye length (Ap) : The length over which the field of an individual charge is shielded
out by the response of surrounding particles, is called the Debye length. If one puts an electric

field inside the plasma, say by inserting an electrode connected to a battery, the electrode will



attract the particles of opposite charge and a sheath would be formed around the electrode to
shield its electric field. The thickness of this charge-non-neutral layer surrounding the electrode
(or a test charge) is called the Debye length. Physically, the Debye length is the distance over
which the charge non-neutrality can exist in the plasma. Mathematically, the Debye length is

given by [18],

Ap = 7430 LEV) (1.1)

e

where, T, is the plasma temperature in eV, and n is the plasma electron density in m™. Since
the plasma is quasi-neutral, it is required that length of plasma (L) must be greater than the
Debye length, as within Ap the plasma can be non-neutral (i.e. L >> Ap). Further, for the Debye
shielding to be statistically meaningful and effective, the number of particles (Np) in the Debye

sphere should be large (i.e. Np = ne Ap°>> 1)

1.1.3 Plasma frequency (wpe) : If the electrons in the plasma are displaced from a uniform
background of ions, an electric field will be set up in a direction so as to restore the neutrality of
the plasma by pulling the electrons back to their original position. However, due to their inertia,
the electrons will overshoot and oscillate around their original position, with a characteristic
frequency known as the “plasma frequency”. It is denoted by wpe and it characterizes the
response of plasma to the external time varying fields. Mathematically, the plasma frequency is
given by [18]

Wpe = 56.4 V(ne) rad/s 1.2)



where ne is the electron density in m™. Since ope IS the characteristic frequency of the collective
oscillation of the electrons, it is required that it should be more than the frequency of collisions,
so that the collective behavior can be sustained. This means
OpeT >> 1 (1.3
where 7 is the mean time between collisions.
In short, for a quasi-neutral ensemble of charge particles to be called a plasma, it has to
satisfy the following three criteria :

1)L>>%p; 2)Np=neAp®>>1; and 3) wpet >> 1

1.1.4 Waves in non-magnetized plasmas :

In general, a plasma can be a magnetized plasma (e.g. Tokamak plasma) or a non-
magnetized plasma (e.g. laser produced plasma). As the present thesis work is related to laser
produced plasmas, we shall discuss here only the waves which a possible in a non-magnetized

plasma.

a) Electron Plasma waves : The plasma oscillations are electrostatic oscillations and do
not propagate. However, plasma oscillation can propagate due to the thermal motion of electrons.
Electrons streaming into adjacent layers of plasma with their thermal velocities will carry
information about what is happening in the oscillating region. In this case, the plasma
oscillations can be called a “plasma wave” or “electron plasma wave” or “Langmuir wave”. The

electron plasma wave dispersion relation (i.e. the energy-momentum relation) is given by

2KT,
m

* =’ +gk2vt2h, where V{ = (1.4)



b) lon acoustic waves : Just as acoustic waves propagate from one layer to the next by
collisions among the air molecules, in the plasma, an analogous phenomenon occurs. This is
called an “ion acoustic wave”. Ordinary sound waves cannot occur in the absence of collisions,
but ions can still transmit vibrations to each other because of their charge; and acoustic waves
can occur through the intermediary of an electric field. Since the motion of massive ions is
involved, these waves have low oscillation frequency. The dispersion relation for an ion acoustic

wave is given as [18]

% = /% =V, where Vv, is the sound speed in a plasma. (1.5)

It may be noted that whereas the plasma oscillations are basically “constant-frequency
waves” with a correction due to thermal motion, the ion acoustic waves are basically “constant-
velocity waves”, and exist only when there is thermal motion.

c) Propagation of electromagnetic waves in plasma : For an electromagnetic (e.m.)
wave of frequency w_ propagating in plasma, the dispersion relation gets modified from w = kc
in vacuumto [18]

oL’ = my? + k3 (1.6)
where, o, is the plasma frequency, k is the wave propagation vector and c is the velocity of light.

The refractive index (y,) of plasma varies as

u=,1-— . (1.7)

It may be noted from the above expression that the light wave propagates in plasma only if the

refractive index is real i.e. when o > op.



1.2 Plasma production with lasers

Although 99% of the matter in the universe is said to be in the plasma state (the fourth
state of matter), on the Earth, very little matter can be found in plasma state. However, plasma
can be created artificially by several methods such as electrical discharge (DC), radio frequency
(RF) discharge, ohmic heating, heating by particle beams, pinch devices etc. Plasma created with
these methods give access to matter over an enormous range of temperature and densities [18].
One of the most important categories of plasma is the “Laser-produced plasma”. On account of
its high temperature and high density, is relevant for research investigations such as inertial
confinement fusion [19] and x-ray lasers [20]. Laser produced plasma is a very small sized, high
brightness source of short duration x-rays, which has many interesting applications such as in
time resolved diffraction studies [21,22]. Further, the plasma produced by a high intensity laser
is recognized as one of the most promising field of study due to its potential to accelerate ions
[23] and electrons [24] to GeV energies on a small scale length, and for generating coherent x-
rays [25].

When a high power laser beam is focused on a target (solid, liquid, gas), if the intensity
is high enough, plasma is produced. The electric field associated with an electromagnetic wave
of intensity I is E, (V/cm) = 27.5 V' | (W/cm?) [18] and at high intensities it can be higher than
the atomic fields. Moreover, the oscillatory energy (quiver energy) of electron in the linearly
polarized laser field {e = e* Eo2/ 4 m w® = 9.33 lyu A(um)® (s = 1 /10" W/cm?) } can become
tens to hundreds of keV at moderate intensity of 10*°*® W/cm? . Even at lower laser intensities ~
10" W/em?, plasma is formed on the target surface (this intensity depends on the laser pulse
duration). The physical process through which initial ionization takes place depends upon the

intensity and temporal profile of the laser beam. For instance, at intensities 10'*™* W/cm?, the
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ionization of atoms is through nonlinear process of multi-photon ionization [26]. When the single
laser photon energy is less than the ionization energy of the atom, simultaneous absorption of
many photons can give a bound electron energy sufficient to cross the ionization barrier. For
higher intensities (~10**° W/cm?) the laser electric field is strong enough to cause the distortion
of the atomic potential and gives the electron a finite probability of tunnel ionization, provided
the tunneling occurs before the field polarity reverses to increase the potential barrier [27,28].
Further increase of intensity distorts the atomic potential so much that the atoms are ionized
through optical field ionization [29]. The above mentioned mechanisms causes the generation of
free electrons and ions during the initial portion of an ultra-intense, ultra-short laser pulse and the
subsequent laser pulse interacts with and gets absorbed in this plasma. Large spatial gradients in
plasma density and temperature exist inside the plasma. Generally, the density decreases
approximately exponentially with the distance away from target surface. One important
parameter of laser-produced plasma is the density scale length (L). It is defined as the distance
over which the density of the plasma decreases by a factor of 1/e [30]. For the case of an
exponentially decreasing density profile of the type
n=ngexp (-x/L) (1.8)

the density scale length {given by n / (dn/dx) } is equal to L. However, the hot plasma expands
during the laser pulse itself and results in a decrease in density with the distance away from the
target surface. This decrease in density essentially depends on the laser pulse duration t.. In laser
irradiated planer targets with finite spot size R, the plasma expansion may be considered to be
nearly planar to an expansion distance of an order of focal spot radius R. The density scale length

depends on laser pulse duration.



1) For laser pulse duration t ~ few nano-seconds, the density scale length can be taken equal to
focal spot radius [31].

2) For sub-nano-second (ps to fs) laser pulse duration t, the density scale length is given by cgt ,

Y2 cg is typically ~ 10%° mis.

where cg is the plasma sound speed and is given by cs =(z k Te/Mj)
Therefore, for t ~ 100 ps, L ~=1-10um ~ > andfort~100fs, L~ =1-10nm <<\  Fort
~100ps, L~1um ~ AL Fort~100fs, L ~1nm << AL The density scale length and the
laser pulse intensity are the key to various absorption process be it collisional or non collisional

in nature. In the following we discuss some important laser energy absorption processes typically

in the moderate intensity range of 10"°-*8 W/cm?.
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Fig. 1.1 The density profile of laser produced plasma and the trajectory of light in such plasmas.

Figure 1.1 shows a typical density profile of laser produced plasma. Since the laser-
produced plasma has outward decreasing density profile, hence wp will increase in the inward
direction (i.e. the direction of propagation of light). So at normal incidence, the laser light will
penetrate only up to the density at which the frequency of laser light will become equal to the
frequency of the plasma. This density at which o_ = o, is called the "critical density” and is

represented by nc, and can be calculated as



2
o= [ (1.9)
EAN

In the terms of the wavelength of the e. m. wave, the critical density is given by
ne =1.1x10%1/ A(um)2cm=3 (1.10)

It is at this density, that the laser light undergoes total internal reflection. If the plasma has lower
density than the critical density i.e. when the time period of electromagnetic oscillation is smaller
than the response time of plasma electrons (¢, > (Dp) the plasma will allow the electromagnetic
wave to propagate through it. However, if the plasma density is high such that ¢, < wp, then the

plasma electrons respond fast enough and reflect the electromagnetic wave. Such a plasma is

called over dense plasma.

1.3 Absorption processes in laser produced plasma

Any absorption process of the electromagnetic interaction with matter should obey the
Poynting theorem [32]. The theorem is basically about the electromagnetic energy conservation
and, in a general form, is given by

N vs=-JE (L11)
where U = (1/26E? + 1/2B%/u0) represents the energy density of the laser electromagnetic fields,
S is the Poynting vector defined as S = ¢, - E x B and J is the electric current density. The
rate of change of energy density is due to the energy flow expressed by the divergence of the

Poynting vector and is due to the work done by the electromagnetic field onto matter [33]. In
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steady-state conditions, averaging over the laser period T, the first term of the above equation

becomes zero. Consequently <V.§>:<—JE> which implies that the averaged divergence of the

Poynting vector is the dot product of the current density and the electric field of the

electromagnetic wave.

For free electrons oscillating in an electric field, E and J (=neV) are out of phase by
n/2. In this case, as expected, there is no absorption as J.E=0. For absorption to occur, the
phase of J and E have to differ from 7/2, i.e. dephasing is required [34]. This can happen if

there are collisions, which change the phase of J (or velocity) w.r.t. the external electric field E
. The random direction of the electron velocity (and its magnitude, as the collision can happen at
any instant) after collision means heating of the plasma. Thus the energy gets transferred
(absorbed) from the applied electric field of the electromagnetic wave (laser) to the plasma via
collisions. Details of this mechanism are given in the next section (1.3.1).

The other way of coupling of the laser energy in plasma is through the processes of
collision less absorption. This mechanism is discussed in detail later in section 1.3.2. Here, the
electromagnetic wave excites plasma wave at the critical density and damping of this plasma
wave couples the energy of the laser to the plasma.

We now describe in detail the various mechanisms of absorption of laser light into

plasma.
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1.3.1 Collisional absorption ( Inverse bremsstrahlung absorption)

Inverse bremsstrahlung is one of the most common and well-understood absorption
mechanisms of laser-matter interaction. It arises from electrons that have gained energy from the
laser field and lose this energy in collisions with the ions. In this way, the light wave is
effectively damped by the plasma, and the plasma correspondingly heats up [35-37].

The electron ion collision frequency determines the absorption and is given by [30,31]

2

2762 nz:> nz

Vei oC ni( zj Vte oc Iy oC ey (1-12)
M,V T2 T2

The electric field of the laser is E =Eq exp i( kz-wt). In the presence of electron-ion collision

frequency v, the wave vector k gets modified to

W, _a)_P2 i @y’ Vei
k_{T}\/ COLZ {1 I(“’LZJCOLXZ(]-_CUP/ WLZ)} 42

k = krea| + kimag ’ WhICh gIVES kimag as

k_ ZE(COPZJ Vei
"2\’ | cli- w02 ) (1.14

The imaginary part of the wave-vector is responsible for the absorption and, since kimg o ve|j ,

it means that laser absorption by the inverse bremsstrahlung process can take place only in
presence of the electron-ion collisions. This mechanism takes place in the under-dense plasma
region. The electron-ion collision frequency which describes the damping of the high frequency

wave in a plasma is given by

Ve; #3x107°In An{_l_za/2 J (1.15)

e
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where InA is the Coulomb logarithm. The Coulomb logarithm, which is the ratio of maximum
and minimum impact parameters, the maximum being the Debye length (Ap) and minimum being
the inter-atomic distance [31]. The minimum for the Coulomb logarithm is the 90 degree
collision cross-section of the electron or the deBroglie wavelenglh of the electron, whichever is
larger [31]. Its value is not very sensitive to the density and temperature and varies from 5-10 for
a wide range of plasma parameters [18]. In eqn. 1.15, the electron density is in cm™ and the
electron temperature in eV. This expression also indicates that the inverse bremsstrahlung
absorption will be stronger for lower temperatures, higher densities, and for high Z-target
material. Moreover, it will be more for long density scale length plasmas [38].

At higher intensities, i.e. 1> 10" W/cm?, the inverse bremsstrahlung absorption gets
reduced due to the decrease in collision frequency [39]. The electron temperature and the density
scale length dependence on laser intensity is given by Riley et al as [40] for a laser pulse
duration of 12 ps and a wavelength of 268 nm

T (eV) = 9.05 x 107 [laps(W cm2)]%6% (1.16)
L (m) = 4.28 x 10 [1as(W cm™)]%3%® (1.17)

It must be noted that the temperature and scale length will be different at different times
for another laser system depending on its wavelengths and pulse duration. Though, in general, it
is concluded that at higher intensities, the electron temperature is higher and hence the collisional
frequency decreases, as a result of which, the inverse bremsstrahlung absorption decrease on

increasing intensity [38].

1.3.1.a Absorption by inverse bremsstrahlung of laser light incident normally

When the laser light is incident normally on the plasma, it travels up to the critical

density n. at which the laser light propagation stops and the e.m. wave gets reflected. The
12



absorption of the laser light in the under dense region can be estimated from the imaginary part

of the wave vector (Kimg). The absorption of laser light into the plasma also depends upon the

density profile. The absorption can be estimated for linear and exponential density profiles as

below [31]

1) For linear density profile:

n:nc(l—ﬁj
L

Absorption in length L is given by

A = 1—exp| /]

n2

2k|mg :ﬂ = Ol—e
n
ncrz 1_ %:r

where o = vei(ner)/c. On solving this, one gets the absorption factor A as

ol (4

ii) For exponential density profile

n=n exp(— 5)
cr L
. 4
Absorption =1- exp{— (E]QL}

(1.18)

(1.19)

(1.20)

(1.21)

(1.22)

(1.23)

Based on the above equations, the absorption due to inverse bremsstrahlung can be

estimated for linear (eqn. 1.21) and exponential (egn. 1.23) density profiles. The values of o and

vei depend on the density and temperature of the plasma.
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1.3.1.b Absorption by inverse bremsstrahlung of laser light incident obliquely

When the laser light is incident obliquely on a target, the absorption due to inverse
bremsstrahlung process decreases sharply with increasing angle. This is because the laser light
gets reflected at n.cos?0 (which is less than the critical density). Here 6 is the angle of incidence
of laser light from target normal [30,31]. Since the inverse bremsstrahlung absorption depends
on the density, at larger angles of incidence, it is lesser in comparison to that at normal incidence

[40,41]. It can be shown that in this case,

32v,.L
A=1-exp — Yei” 005" 0 (1.24)
15c
and for an exponential density profile,
8L
A=1-exp —S—'Ccos 0 (1.25)

For both these profiles, the absorption of laser light by inverse bremsstrahlung process
decreases with increase in the incidence angle. At oblique incidence, the inverse bremsstrahlung
absorption is estimated by assuming a density profile using the above relations. Thus, the
following conditions are favorable for better inverse bremsstrahlung absorption

1) Short wavelength of laser light is better for inverse bremsstrahlung process. The shorter
wavelength laser light penetrates up to a much higher density in the plasma. The
corresponding collision frequency is also higher. Since the absorption of laser light by
inverse bremsstrahlung process depends upon the collision frequency, inverse
bremsstrahlung absorption is higher for shorter wavelength lasers.

2) The second important parameter for inverse bremsstrahlung process is the pulse duration of
the laser light. For the long duration pulses, the density scale length is large (~focal spot).

For the short duration pulses, the density scale length is proportional to the pulse duration
14



(cst). Therefore, the absorption of laser light by inverse bremsstrahlung process increases

with increase in the pulse duration. Thus, long duration pulse is favorable for inverse
bremsstrahlung process.

3) Lower laser intensity is also more favourable for inverse bremsstrahlung absorption. At
higher intensity, the temperature is also higher. The collision frequency decreases with
increase in the temperature and hence with intensity. Hence low intensity (or low
temperature) is favorable for absorption by the inverse bremsstrahlung process.

4) High density and high atomic number (Z) plasma are favourable for the absorption of laser
light by inverse bremsstrahlung process, because the collision frequency increases with an
increase in density and atomic number, as seen from eqn. 1.15. Thus, higher density and

higher atomic number are more favourable for the inverse bremsstrahlung absorption.

1.3.2 Resonance absorption

laser pulse

-—— = L

Evanescent wave excites
electron plasma wave
resonantly at n,

Fig. 1.2: Mechanism of resonance absorption
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When a p-polarized laser light is obliquely incident on a plasma having density gradient,
the laser is reflected from the n.cos?0 surface and the evanescent wave excites the plasma waves
as shown in Fig. 1.2 [30,31]. The evanescent wave amplitude decreases exponentially with
distance from the reflecting interface. The evanescent wave has both transverse and longitudinal
components. The longitudinal component resonantly excites oscillations at the critical surface,
where the plasma frequency matches with the frequency of oscillation of the driving evanescent
wave (i.e. the laser frequency). Therefore, the energy of the laser wave is coupled to the plasma
by resonant excitation of electron-plasma wave at the critical density [42-46]. The driven
electrostatic plasma oscillations are damped either by collisions or by collisionless process. The
energy is, in effect, transferred from the laser electric field to the plasma. This process takes

place only if the electric field has a component in the direction of density gradient [18,30,31].

The resonance absorption depends upon the polarization of electric field E. For s-polarization,
the electric field is perpendicular to the plane of incidence, which means that there is no E field
component in the direction of density gradient. Hence the evanescent wave does not have any
longitudinal component. As a result, no resonance absorption should take place for the s-
polarized laser light. However, finite resonance absorption is still reported due to surface
roughness [47], rippling of critical density surface [48,49], polarization rotation due to self

generated magnetic field in plasma [50,51], and the finite “p” component due to focusing

geometry.
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1.3.2.a Landau damping

As mentioned earlier, a collisionless damping of the electron plasma wave excited by the
resonance absorption takes place by Landau damping. This damping mechanism can be
explained using the simplistic picture below (it can be also explained by rigorous mathematics).
A wave will exchange its energy with the particles traveling with a velocity close to the phase
velocity of the wave. If the particle has higher velocity than the wave velocity, it will overshoot
the wave and get slowed down to the wave velocity and if its velocity is lower, it will gain
energy from wave. So in plasma, the electrons with slightly higher velocity than the plasma wave
velocity will lose their energy to the plasma wave and those with slightly lower velocity will gain
energy from the plasma wave [30,31]. A Maxwellian distribution has, for any wave velocity,
more slower electrons than faster ones i.e. the number of electrons having velocity slightly
greater than the phase velocity of plasma wave is always lesser than the number of electrons
having velocity slightly smaller than the phase velocity of plasma wave [18]. Therefore the
electrons will gain net energy from the wave i.e. wave always gets damped. The temperature of
these "hot electrons"” (Tho) produced due to resonance absorption is given by Ty (keV) = 10
(TevlisA?)M [52], where Tev is the background electron temperature.

The resonance absorption is critically dependent on the incidence angle of the laser. If the
incidence angle 6 is small, then the component E sin6 along the density gradient small, and
therefore small density fluctuation takes place. Hence resonance absorption is low. If 0 is large,
then the total internal reflection takes place at lower densities and hence the turning point is at a

larger distance from ngr, Hence evanescent field does not reach the critical density surface

efficiently. Hence the resonance absorption is less. Thus, there exists an optimum angle of
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incidence where the resonance absorption reaches a maximum. For a linear density profile, the
optimum angle 6 is given by [31]

[k L]L/3Sine =08 (1.26)
For L >> A, , the resonance absorption occurs in small range of angles around 6 given above.
However, for L << 1, the laser light is practically close to the critical density for large range of

angles, and there is no sharp maximum angle.

For effective resonance absorption, the following conditions of the laser are favorable:

1) P-polarized light is necessary because it light has a component of the electric field vector is
in the direction of the density gradient, which produces the plasma wave at the critical
density.

2) Higher laser intensity is favorable for resonance absorption because at high intensities the
electric field being large, for a given angle of incidence, the component of electric field E
sin@ along the density gradient is also high, so that it excites the plasma wave effectively.

3) Short laser pulse is favourable for resonance absorption, because for a short pulse, the density
scale length is short (L=cst). Hence, the distance of critical surface from reflected surface is
small. Therefore, the evanescent field of the reflected laser light reaches the critical density

properly. Therefore resonance absorption is high for short laser pulse.

1.3.3 Vacuum heating
This absorption mechanism was first discussed by Brunel [53] and is also known as
Brunel heating. The electric field of laser light drives electrons across a density gradient which

is much smaller than the wavelength of laser light [54-57]. Consider a resonantly driven plasma
18



wave at the critical density with a field amplitude Ep. In a sharp edged profile, Ep will be roughly
same as incident laser field E,. The electrons will undergo oscillation along the density gradient
with amplitude

ek V,
Xp=—T57=-"2= (1.27)

The resonance breaks down if this amplitude exceeds the density scale length L, i.e. if

Vv
Yos 5, (1.28)
@y

Under this condition, the electrons are not heated by a plasma wave, since this wave is destroyed
and rebuilt afresh each cycle. Brunel proposed that here the electrons are directly heated by the
p-polarized component of the laser field. According to the Brunel model, electrons are dragged
away from the target surface, turned around and accelerated back into the solid all within half a
laser cycle. The laser field only penetrates to a skin depth or so. Assuming that the electrons gain
a velocity v during their vacuum orbit, the absorption fraction has been estimated as [52]
fun = (8/C)Vosc SIN°H (2.29)

As expected, the absorption fraction of the laser light by the vacuum heating process
increases with increasing the incidence angle, since the component of the electric field of the
laser in the direction of target normal increases with increase in angle of incidence. Brunel
heating absorption is proportional to V(IA%) therefore it is dominant absorption mechanism for
intense few cycle laser pulses [58].
1.3.4 JxB heating

Plasma heating mechanisms like resonance absorption and vacuum heating can occur
only for oblique laser incidence with p-polarization. However for high intensity pulses, high

absorption is recorded even at normal incidence and s-polarization [59]. At high intensities the
19



electric field of laser is strong enough to drive the electrons relativistically, then the magnetic
term of the Lorentz force is not negligible and makes the electrons undergo "figure-of-eight"
motion. The longitudinal component of this motion can drive longitudinal plasma oscillations
leading to heating of plasma by the damping of the plasma oscillations. Heating by such
mechanism is referred to be JX B heating [60]. For intense light, the plasma density is steepened
because of the ponderomotive force (due to longitudinal component of electron motion). The
driving term is the high frequency vxB component of the Lorentz force, which oscillates the
electron undergoing figure-of-eight motion at twice the laser frequency. A wave E = Ey(X) Sinwt

gives rise to a longitudinal pondermotive force term given by [60]

mov. 2
f=—>2"95 (1-CoS2at 1.30
T A ( ) (1.30)

If the magnitude of the force is large enough, all the electrons at the boundary will oscillate in
the direction of the k vector of the laser. From this expression, it is clear that this force is
proportional to v, and the spatial gradient of ves , both of which become high for ultra-short
ultra-high intensity pulses [60]. The fraction of electrons escaping as hot electrons depends on
the strength of the oscillating force and laser energy is directly coupled to the hot electrons. If the
energy associated with the electrons is given by the potential they feel during the interaction,
then an effective “temperature” of the “hot” electrons is given by [52]

| A2 (1.31)
T ~| J1+—2_-1|511keV
o ( T 2.8x107 j

To summarize, the absorption mechanisms involved in the laser plasma interaction
depends on the laser intensity, pulse duration, polarization, and incidence angle. One can find out

which absorption mechanism is dominant in a given plasma condition, with the help of
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polarization, incident angle, and emission characteristics of electrons [59,61,62]. Resonance
absorption and vacuum heating takes place only for p-polarized light. By measuring the
absorption before and after changing the polarization, one can distinguish between these two
groups. By changing the laser polarization from s to p, if the absorption increases, the possible
absorption mechanism could be resonance absorption or vacuum heating. To distinguish between
resonance absorption and vacuum heating, one needs to change the angle of incidence of the
laser as vacuum heating keeps on increasing with increasing angle of incidence. If for a given
angle of incidence, by changing polarization from s to p, the absorption does not change, the
possible absorption mechanism could be inverse bremsstrahlung absorption or JxB heating, as
they are independent of laser polarization. By varying the incident laser intensity, one can
distinguish between inverse bremsstrahlung and JxB heating. On increasing the intensity, the
inverse bremsstrahlung absorption decreases as the hotter plasma becomes more and more
collisionless. On the other hand, with increasing intensity, the JxB force increases, as the
ponderomotive force is higher at higher intensities. In general, the inverse bremsstrahlung
absorption dominates up to 10'” W-cm™. Beyond this intensity, JxB heating dominates over the
inverse bremsstrahlung absorption. The hot electron emission characteristics also shed some light
on the absorption process. In the case of resonance absorption, or vacuum heating, the hot
electrons comes out normal to the target surface [55,63]. In JxB heating, if the magnitude of the

JxB forces increases, then the electrons go in the direction of the laser [59,61,62].

1.4 Absorption in gas clusters / nano-particles
The absorption of the high intensity (~10" W/cm?) ultra-short laser pulses (~100 fs) by

planar solid targets is quite low (~10-20% at near normal incidence) [39, 64 ]. At an oblique
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incidence of 45° and similar intensity range, Borghesi et al have measured ~ 10% absorption for
s-polarized light and ~ 30% for p-polarized light [65]. At even higher intensities the absorption
varied from 10-40% for a large range of incidence angle and showed very less dependence of
absorption for s and p-polarized light [66]. This low absorption at moderate intensities ~10"®*
W/cm? is because the short scale length of the ultra-short laser produced plasma offers a
negligible collisional absorption, especially at higher intensities, due to the decrease in collision
frequency [39,40]. Resonance absorption also requires an optimum scale length which is
achieved by either changing the angle of incidence [40,45] or by introducing a prepulse which
creates a pre-plasma of the desired scale length [67,68]. For pulses < 100 fs, the scale length
becomes too small for excitation of plasma wave and vacuum heating is considered as the major
absorption mechanism, though this process of heating is more effective at intensities >10"
W/cm? [59]. Therefore, it becomes important to find targets offering a high absorption of the
laser energy. Hence experimental investigations on interaction of intense ultra-short laser pulse
with gas clusters and nano-structured targets are being widely pursued for enhanced energy
coupling [69-71] leading to bright x-ray emission [72], generation of MeV ions [73], fusion
neutrons [74], and hot electrons [75]. Nano-structures with pointed and elongated shapes have
shown enhanced x-ray and energetic particle emission and this has been attributed to the
enhanced electric field at the tip, also referred to as the “Lightning rod effect” [76-78]. Some
other kinds of nano-structures have been used for laser matter interaction studies, especially the
ones which have a hollow structure [79-86]. They show efficient high x-ray generation and hot
electron generation [79-86]. To name a few, the hollow nano-targets that have been used for
experiments with intense short pulses include: fullerene [79 ], nano-hole alumina [80], foam

[81], nano-brush [82], carbon nano-tubes (CNTSs) [83,84] etc. The enhanced field and surface
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currents in hollow structures are believed to support hot electron generation and transport [82-
86] necessary for the fast ignition scheme of inertial confinement fusion, and also for efficient x-
ray generation. The electric field enhancement in the nano-structures make the effective laser
intensity on the target very high, and consequently, it leads to x-ray yield enhancement that is
proportional to the rescaled enhanced intensity [87]. Similarly a lot of work has been done on
laser gas atom cluster interaction [88,91]. These clusters created by expanding a jet of gas in
vacuum are Van der Waal bonded. The cooling associated with the adiabatic expansion causes
the gas to supersaturate and the atoms nucleate into clusters. The size of these cluster depends on
the nozzle diameter, expansion half angle, backing pressure, and stagnation temperature of the
gas being used [92]. To explain the enhanced absorption in clusters, a variety of models of the
laser—cluster interaction have been put forward. These include: inner shell excitation [ 91],
ionization ignition [ 93], collective electron dynamics [94], Coulomb explosion [95], and nano-
plasma model [96]. The last one explains the maximization of the absorption cross-section and
the electric field in the vicinity of Mie resonance at 3n. in spherical clusters. A large number of
experimental results concerning laser energy absorption and spectral emission characteristics
[97-100] are observed to be consistent with this model. Various models of laser cluster / nano-

particle interaction are briefly described in the following sub-sections.

1.4.1 Nano-plasma model (uniform density)

The interaction of a laser pulse with a cluster can be understood as that of laser
interacting with a small ball of high density plasma. This picture is valid when the cluster
dimension is significantly larger than the plasma Debye length. When high intensity laser

interacts with a cluster, two important processes take place. First, the ionization takes place,

23



which is followed by heating during cluster expansion [96-100]. According to uniform density
model, heating of the cluster volume occurs uniformly. Since light penetrates into solid to a
depth of about a wavelength, when the size of the cluster is very small compared to the laser
wavelength, the cluster sees uniform electric field inside. The field inside a dielectric sphere kept
in uniform electric field E, is given by [96-100]

E=3E,/ (e +2). (1.32)

When (g +2) = 0, the field inside gets highly enhanced. For plasma, & = 1 — ne/n; . Hence the
condition €+2=0 means ng/n;=3 or ne =3n This means that as a cluster is heated from
solid density, it will start expanding and as the density reaches three times the critical density, the
laser field inside the cluster gets highly enhanced and the light gets strongly absorbed. The

absorption cross-section for a cluster is given by

O, = ATkr® |m[5—_1j (1.33)
‘ E+2

which also has the same inverse € + 2 dependence and gets enhanced at ne = 3 n¢. In a practical

situation, € depends on the collision frequency also and the expression gets modified to,

a)2

¢ = 1 - ——L2 __ which gives the absorption a finite width and finite peak, instead of
o (o +v)

being a Dirac delta function.

Figure 1.3 describes the absorption process of ultra-short laser pulse in a cluster. There
exists an optimal pulse duration for maximum laser energy absorption [97]. If the pulse width is
too small ( <100 fs), the cluster absorbs energy and expands, but by the time it reaches 3n the
laser pulse is over. If the pulse is too long, then the 3n. condition is reached before the arrival of

the peak of the laser electric field [96,97]. It is therefore desirable for maximum absorption and
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X-ray generation that the resonance condition is met at or near the peak of the ultra-short laser
pulse [96,97,101]. Therefore, for meeting this requirement, the laser pulse is generally stretched
and there exists an optimum pulse duration for a given size of a cluster. The expansion time of

the cluster to reach the resonance density is given by [97],
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Fig. 1.3 Pictorial depiction of uniform density nano-plasma model a) for pulses < 100 fs b) optimal pulse

for maximum absorption ¢) Long laser pulses > 1 ps

Cluster expansion can be attributed to two process. First one is the hydrodynamic
pressure (nekT). Since in an expanding cluster, ne o 1/r* , the hydrodynamic pressure also
decrease with increase in the cluster radius. The other mechanism of cluster expansion is the
Coulomb pressure due to the cluster ionization and it has a variation o 1/t* . The Coulomb
pressure is more dominant for smaller clusters [96]. When the resonance condition is reached in
a cluster, the field inside becomes extremely high due to field enhancement. This field gives a
oscillates the electrons at a high amplitude, driving them out of the cluster. Once the electron is
out of the cluster, it sees the actual electric field of the laser which is much lower than the inside

field. As a result, the electrons which come out of the cluster tend to fly off (as the field outside
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is too low to push them back into the cluster), leaving a cluster of positively charged ions. Due to
the strong Coulomb repulsion, this cluster expands with a high velocity (i.e. explodes). This

phenomenon is called Coulomb Explosion.

1.4.2 Non-uniform density model

This is an extension and improvement of the uniform density nano-plasma model. In the
non-uniform density model, one considers the radial non-uniformities during cluster expansion in
the laser interaction with atomic clusters [102]. Holkundkar et al [103] have calculated the laser
absorption by solving the Helmholtz equation for a stratified sphere using a recursive algorithm.
They include three types of ionization mechanisms, namely: tunnelling ionization, collisional
ionization and ponderomotive ionization Furthermore, the collisional ionization is calculated by
using a numerically fitted formula for the gases of low atomic numbers (Z < 28), while Lotz
formula is used for higher-Z elements. The hydrodynamics is treated by solving the conservation

of mass, momentum and energy equations in 1D Lagrangian geometry. The uniform density

Laser electric field (E(t))

o= 8 = § =

Resonance absorptionin the n_layer

Fig. 1.4 Pictorial depiction of non-uniform density model. As time progresses, the n. layer keeps evolving

giving rise to high absorption during the entire hydrodynamic expansion of cluster

model, where the cluster is considered as a one region sphere, is a particular case of this general

model. It is shown that the spatial non-uniformities play a vital role in the absorption dynamics.
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In the case of the uniform density model, the resonance occurs only once , but here the resonance
point keeps moving in space and time giving higher absorption as depicted in the Fig. 1.4. For a
laser intensity of 5x10™ W/cm?, the laser absorption increases by a factor of 40 as compared to
the uniform density model. Study of the effect of the pulse duration of the laser revealed that in

this model also, there is an optimum pulse duration for maximum absorption.

1.4.3 Oscillator model and nonlinear collisionless absorption.

In the first stage of irradiation of a cluster, the generation of free electrons by laser field takes
place. This is referred to as “inner ionization"”. With increasing laser intensity, few electrons may
leave the cluster. This is referred to as “outer ionization”. The laser field displaces the electron
cloud, and the ions being massive are considered stationary. The separation of the charged
spheres causes the setting of space charge fields which provides the restoring force and causes
the oscillation of the electron cloud about the ion sphere, as shown in Fig. 1.5. The problem has
been modeled by Saalmann et al [104] considering a damped driven harmonic oscillator. The
linear resonance is met when the ®=wmp/\3, where © is the laser frequency and wpy/\3 is the
natural frequency of cluster oscillation. The cluster oscillation frequency is very high initially
due to the solid density plasma created in the foot of the intense laser pulse. Therefore, for linear
resonance, the cluster has to expand sufficiently so that the cluster oscillation frequency is

reduced to become equal to the laser frequency.
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Fig. 1.5 Depiction of oscillator model of laser cluster interaction where the electron cloud is displaced

with respect to ion sphere, the restoring force is provided by the Coloumb attraction

If the electron sphere is displaced to a very large extent, the restoring force is reduced,
which leads to the reduction of the instantaneous oscillation frequency. Like in other nonlinear
oscillations, here also the instantaneous frequency of oscillation depends on the instantaneous

amplitude [105,106]. The instantaneous oscillation frequency is given by

o(t)= a"’v(;) (l—(%)A(t)j (1.35)

where A is the amplitude of the electron cloud displacement per unit cluster radius. Nonlinearity
starts playing an important role only when the displacement A becomes large and hence there
exist a threshold intensity that depends on the cluster size and density [107]. The resonance
condition can be met during every cycle and even without considering cluster expansion, high

absorption is likely to occur.
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1.5  X-ray Emission Processes in Plasma

The absorption processes described above cause heating of the plasma and a hot dense
ionized matter is created, which emits radiation right up to the x-ray region. The spectrum of x-
ray emission from plasma is an envelope of the radiation emitted from a) free-free, b) free-
bound, and c) bound-bound transitions in various ionization species present in the plasma. The
spectrum is therefore a superposition of the line radiation on a broad continuum. The x-ray
emission from laser produced plasma (LPP) is determined by the charge state distribution as well
as the excited level population of different ions [108]. This in turn depends on the hydrodynamic

parameters viz. plasma temperature and the electron density.

1.5.1 Free-free radiation

This radiation is emitted when a charged particle is accelerated or retarded in the
Coulomb field of another charged particle. Here as the particle emitting radiation is free before
and after the emission, it is called free-free radiation. It is also called bremsstrahlung (braking
radiation). In a hot plasma, when an energetic electron comes in the Coulomb field of an ion, it
gets deflected, undergoes acceleration and emits radiation. The emitted photon energy has the
following dependence:

Ag o Z% | bPv (1.36)

where v is the velocity of the electron, b is the impact parameter, and Z is the ion charge. Along
with the electrons, the ions also gets deflected but being massive the acceleration is negligible
and hence they do not make a significant contribution in the emission. The interactions between
ion-ion and electron-electron do not result in the emission of radiation (except at relativistic

velocities). This is because when two identical particles of equal charge and mass interact, they
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produce equal and opposite acceleration and the radiation emitted by both the particles cancels
out. Thus for plasma, the bremsstrahlung radiation is primarily due to the deflection of electrons
in the field of ions. The power emitted/volume of bremsstrahlung radiation (Wg) is proportional

to VTe, and the power emitted per unit volume per wavelength is given by the expression

Wg" =2.2x10% Z n? [Te] Y2 [(1/22) exp- (hc/AKTe)] erg sec™* cm™ (1.37)

1.5.2 Free-bound radiation

This radiation is emitted when a free electron is captured in the bound state of an ion.
Since the electron is free before emission and bound after emission, this radiation is called free-
bound radiation. The radiation is emitted in the form of photon of energy hv = KE + E, where
KE is the Kinetic energy of the free electron and E is the ionization potential of the recombining
level of the ion. hv = E is called the recombination edge. The recombination spectrum is
continuous as the free electrons have a continuous energy distribution (Maxwellian distribution).
However, since the recombination can occur in various shells with different values of E, the
overall spectrum is quasi—continuous showing discontinuities at various shell energies. The
emitted power/ volume (Wg ) of the recombination radiation is given by

Wg =2.4 Wg [Z2 E [ KTe] (1.38)

The continuum x-ray emission spectrum from a plasma consists of both free-free
radiation and free-bound radiation. Power emitted as recombination may exceed that of
bremsstrahlung at low temperatures and high ionization potentials. At very high temperatures,

the free-free radiation dominates as ions become completely stripped.
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1.5.3 Bound-bound radiation

Bound-bound radiation or line radiation is emitted as a result of transition between two
bound states of an ion or an atom. The spectrum of the emitted radiation therefore consists of line
at discrete wavelength rather than being continuous. Power emitted per unit volume (Pyp,) as line
radiation from plasma is given by

Poo = 3.5 X 10°°(KT& 2 N = N i1 exp(-E; / kTe) Wiem® (1.39)
where E; is the energy of radiation emitted by an ion of charge i. The line radiation can be put
into three different categories as described below:

a) Resonance lines: These are the transitions from excited states to the ground state of
partially ionized species. The selection rules followed by these transitions are same as those for
the optical transitions. Resonance lines play an important role in the diagnostics of plasma.
Intensity ratio of the two resonance lines can be used for temperature estimation and these lines
with the combination of other lines can be used for density and temperature estimation in
plasmas. Since the oscillator strength of resonance transition is very high, such lines are quite
likely to be reabsorbed in dense plasma and thus the opacity of such radiation should be taken
into account for quantitative analysis.

b) Intercombination lines: The intensity of the optically allowed transition of same
multiplicity is very high (as in the case of resonance transitions). Relatively weaker lines which
arise due to transitions between states of different multiplicities, are called intercombination
transitions. The energy of an intercombination line is slightly less than that of the corresponding
resonance line. These weaker lines thus appear as satellites of the resonance lines on the higher
wavelength side. The ratio of the intensity intercombination lines to that of the resonance line

can be used for the density estimation of plasmas.
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c) Dielectronic satellite lines: In an x-ray spectrum, the dielectronic satellite lines arise
as a result of transitions originating from doubly excited states of multiply charged ions. Due to
the presence of an additional electron, called the spectator electron, the Coulomb shielding
decreases, this results in transitions occurring at slightly lower energy than that of resonance line.
Depending on the excited state of the additional electron, there can be a number of satellites but
the most distant from the resonance lines and at the same time the strongest are those
corresponding to the transitions in the presence of an additional electron in the state of lowest
quantum number n=2. The ratio of intensities of dielectronic satellites can be used for density

estimation.

1.5.4 Characteristic line radiation

The characteristic line radiation is generated by a two stage process, first the generation
of vacancy in the atomic (or ionic) inner shell (K, L, M etc.) and second is lowering of the
energy by the atom by one of its outer shell electron jumping to the inner shell, emitting a photon
having energy equal to the difference energy. The filling of a vacant K-shell by an L-shell
electron results in K-a radiation. The inner shell vacancies are mostly created by external
energetic free electrons, like the hot electrons in the plasma. Hence, the K-a yield essentially
depends on the energy distribution of the hot electrons and the K-shell ionization cross-section
ok for electron impact. It is assumed that: i) the hot electron energy distribution is Maxwellian;
and ii) the K-a photons generated by the hot electrons with certain energy are emitted at some
mean depth. Reich et al [109] predicted existence of an optimum laser intensity for the K-a yield

as a result of equilibrium between the K-a production and the re-absorption in bulk targets. It
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occurs when the mean emission depth is comparable to the absorption length for K-a. It is found
that there is both an optimal target thickness and hot-electron temperature for forward emission.
This temperature has been shown to be six times the K-shell ionization energy and it was
independent Z of the target [109]. As the hot electron temperature is related to the laser
absorption mechanism, it is important to optimize the energy distribution of the hot electrons in

experimental conditions to achieve high conversion efficiency of the K-a line radiation.

15,5 Water window x-rays

Pulsed soft x-ray from laser produced plasmas offers a chance to study living cells with a time
resolution sufficient to capture dynamical processes on a sub-nano-second or even sub-
picosecond time scale. Although electron microscopy can provide high resolution, it requires
dehydration of the sample and its treatment before analysis. X-ray microscopy using X-rays in
the "water-window" spectral region (2.3— 4.4 nm) from laser produced plasma allows imaging of
live biological samples [108]. This is the x-ray region between the K-edge of carbon and the K-
edge of oxygen. In this region, carbon has high absorption and water has low absorption, so that
there is no need to dehydrate the biological specimen. This region allows transmission of the
probe beam through the live sample while providing natural contrast between proteins (i.e.
carbon, nitrogen and oxygen) and water (oxygen), which can yield information on protein
structures, since water present in the live samples has a very low absorption coefficients

compared to proteins as shown in Fig. 1.6.
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Fig.1.6 Absorption in protein and water in the "water window" spectral region
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Chapter 2

Laser System and Various Diagnostics

The laser used in the various studies reported in this thesis was a 10 TW, 45 fs, 10 Hz
Ti:sapphire laser system. In this chapter, a brief description of this laser is given, along with the
characterization of its pulse duration. This is followed by a general description of the
experimental arrangement for absorption and x-ray measurements. Various diagnostics that have
been used to carried out x-ray emission measurement like : x-ray pin diodes, x-ray CCD camera
working as a dispersion less spectrograph, and transmission grating spectrograph are described in
detail. The nano-particles / cluster used in various experiments and also those formed in situ by
the laser pulses were characterized by various microscopic techniques like scanning electron or
scanning tunnel microscopy. A brief discussion on these is given, along with that of the atomic
force microscope used to study the surface morphology of the nano-structured targets and nano-

ripples.

2.1 10 TW, 45fs Ti: sapphire laser system
This is a commercial system supplied by Thales Laser, France. This system, like any
chirped pulse amplification (CPA) based laser system consists of the following main

components:

1) Oscillator (which provides the ultra-short pulses for amplification).
2) Stretcher (which temporally stretches the pulses to be amplified).

3) Amplifiers (which amplify the stretched pulses).
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a) Regenerative amplifier (pumped by a frequency doubled Nd:YAG laser) followed
by pulse cleaner and pre-amplifier.
b) Main amplifier (pumped by two frequency doubled Nd:YAG lasers)
4) Pulse compressor (which compresses the amplified pulses to generate the ultra-short
pulses).

A block-diagram of the laser system is shown in Fig 2.1.

The output characteristics of the laser system are shown in Table 2.1.

Parameter Measured value
Pulse duration ~45fs
Wavelength ~ 800 nm
Bandwidth ~50 nm
Repetition rate 2,5, 10 Hz
Energy/pulse ~450 mJ
Peak power 10 TW

Table: 2.1

36



45 fs O/P
Energy ~ 500 mJ
Electrical I
umpin
Compressor
! | vacuum chamber

Femtosecond
Oscillator @
20 fs
Regenerative
Stretcher .
b amplifier | Main amplifier ‘

300 ps

Pump laser
Semiconductor

Fig. 2.1 A block diagram of the 10 TW Ti:sapphire laser system
A brief description of the various components of the laser system is as follows
2.1.1 Oscillator

It is a “Kerr lens mode locked Ti:sapphire Oscillator” whose output characteristics are

shown in Table 2.2 .

Pulse duration < 20fs
Spectral width > 50 nm
Average output power > 300 mW
O/P energy @ 75 MHz >4n)

Pump beam diameter(1/e®) | 2 mm, TEMgo

Pump power @ 532 nm 5W

Table 2.2
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This oscillator uses a Ti:sapphire crystal as the gain medium. Ti:sapphire exhibit a broad
absorption band in the blue-green region of the visible spectrum with a peak around 490 nm and
a broad vibronic fluorescence band which can allow tunable laser output between 670-1070 nm,
with the peak of gain curve around 800 nm. Also it has high thermal conductivity, good optical
quality, and mechanical rigidity. It is commercially available in large sizes. This crystal has a
high damage threshold (~5GW/cm?) and hence used in amplifiers also. In the oscillator, this
crystal is end-pumped by the p-polarized 532nm, 5W laser (Model: Verdi) which is a compact
solid state, diode pumped, frequency doubled Nd:vanadate laser that provides single frequency
green (532nm) output at power level 5-6 W with vertical linear polarization. The oscillator cavity
is a long cavity so that a large number of modes can fall within the broad gain profile of
Ti:sapphire. These modes are locked using the Kerr lens mode locking technique [110] with soft
aperture, where the Ti:sapphire crystal itself acts as the Kerr lens. This oscillator gives mode-
locked ~20fs, ~ 4 nJ energy pulses of nearly transform-limited nature at 76 MHz. These pulses

are sent to the stretcher.
2.1.2 Stretcher

For amplification of ultra-short pulses it is mandatory that the laser power above the
damage threshold of crystals or any optical component in the amplifier chain is never exceeded.
Therefore, the short laser pulse has to be stretched in time. In our laser system, an all reflective
type of stretcher called Offner Pulse Stretcher is used. The Offner pulse stretcher uses only one
grating, which serves the role of the two gratings. In it, a pair of a concave mirror and a convex
mirror is used. The Offner pulse-stretcher has another advantage that it is totally based on

reflection. So the group delay dispersion generates linear chirp only, which can be reversibly
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compensated. As the 20 fs pulse has a broad spectral width (50 nm), hence the pulse gets

stretched to ~300 ps. This stretched pulse is then sent to the amplifiers.

2.1.3 Regenerative amplifier, pulse-cleaner, and pre-amplifier

The regenerative (regen) amplifier is a Q-switched, cavity dumped, seeded oscillator. It is
end pumped by a frequency doubled Nd:YAG laser. The pulses coming from the stretcher are
horizontally polarized. A half wave plate and a Faraday rotator together shift the horizontal
polarization to vertical. There is a Pockels cell (PC) which changes its polarization to horizontal
and injects the laser pulse into the cavity. The injected laser seed pulse makes about 15 round
trips in the cavity and is amplified by passing through the Ti:sapphire crystal. A voltage pulse is
applied on the PC to change polarization to vertical and amplified pulse is ejected from the
cavity. The gain of the regen amplifier is around 10°. The vertically polarized pulse coming out
of the cavity goes through a pulse cleaner. A small part of the amplified beam can be transmitted
(leaked) by the polarizer at each round trip of the cavity. When these pulses get amplified in the
multi-pass amplifiers, they reduce the nano-second replica contrast of the main compressed
pulse. The pulse cleaner is used to transmit only one pulse from the cavity and block the rest.
The selected pulse is sent to the multi-pass pre-amplifier. It is a 4 pass bow-tie amplifier,
pumped at both ends by the same frequency doubled Nd:YAG laser. At the end of this stage, one
gets 40 mJ, 300 ps laser pulses at the set rep-rate. These pulses are then sent to the Main

amplifier.

2.1.4 Main amplifier

The main amplifier is based on the same principle as the pre-amplifier. It is a four pass

bow-tie amplifier having a bigger Ti:sapphire crystal as the gain medium, with both sides
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symmetrically end-pumped by two frequency doubled Nd:YAG lasers. It has a gain ~ 5-6. Here
one gets ~600 mJ, 300 ps laser pulses. These amplified pulses are sent to the pulse compressor
which is kept in vacuum as the intensity of the compressed 45 fs laser pulse can damage the

gratings (in air) and it also picks up phase distortion (B-integral) when transmitted in air.
2.1.5 Pulse Compressor

It utilizes the dispersive property of the grating pair kept parallel to each other. In this
configuration, shorter wavelengths travel shorter path than the longer ones. Hence negative
dispersion takes place. Thus the positively chirped stretched pulse gets compressed. The grating
separation and parallelism has to be precisely adjusted to get shortest pulse. Due to loss in
bandwidth in the amplifiers, one can never get back the pulse duration one started with. After

the pulse compressor, we get as output 450mJ, ~45 fs pulses at 10 Hz rep-rate.

2.2 Pulse duration measurements

Intensity autocorrelation method [111] is used to measure the duration of ultra-short laser
pulses. In the second order autocorrelator, a beam splitter splits the incoming laser beam into
two, which are then passed through a nonlinear crystal for second harmonic generation. If the
two beams overlap, both in space and time, a second harmonic beam is generated in the direction
mid-way between the two beams (non-collinear phase matching). The temporal overlap of the
two beams is achieved by adjusting the delay line of one arm of the autocorrelator. The angle
between two beams and the spatial width of the second harmonic correlated beam together give

the laser pulse duration.
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Fig. 2.2 A schematic diagram of the autocorrelator setup

A schematic ray diagram of the intensity autocorrelator is shown in Fig. 2.2. The detector
shown is a space resolved detector like a CCD camera. Only in the case of spatial and temporal
overlap of two beams, the central second harmonic beam, known as the autocorrelator trace, is
generated. As mentioned earlier, the width of the central trace depends on the duration of the
laser pulse and the temporal profile of the laser pulse. In a way, the measurement of the
autocorrelation trace width does not give full information about the ultra-short pulse, as one has
to know (or assume) the shape of the laser pulse in order to know the exact duration of the pulse.
The width of the autocorrelator trace (W) is related to the pulse width © (FWHM) of the laser
pulse and the cross-over angle 6 between the two overlapping beams (see Fig. 2.2) by the
relation [111]

T=[2W sin(6/2)]/ K¢ (2.1)

where K is a constant which depends on the exact temporal shape of the laser pulse, and c is the
velocity of light. For a hyperbolic secant squared (sech?) pulse, K = 1.55 . Figure 2.3 shows a

typical autocorrelator signal and its trace.
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Fig. 2.3 (a) Autocorrelator signal, and (b) its trace

One way to study the dynamics of laser-solid or laser-nano-structure interaction is by
changing the laser pulse duration, while keeping the fluence same. This variation of the laser
pulse duration can be easily done by changing the grating separation in compressor chamber of
the Ti:sapphire laser system. The stretching of pulse duration was done by changing the
separation between the compressor gratings. In the case when the grating separation was
increased, the pulse gets negatively chirped i.e. the higher frequencies precede the lower
frequencies temporally in the laser pulse. On the other hand, in the case when the grating
separation was decreased the pulse gets positively chirped i.e. the lower frequencies precede the
higher frequencies temporally in the laser pulse. The temporal feature of a stretched pulse
directly translates in to the spatial features of the autocorrelator trace recorded in the CCD.
Figure 2.4 shows the laser pulse duration measured experimentally as a function of the grating
separation. It is seen that the curve is symmetrical about the mean position of the grating where

the shortest pulse duration of 45 fs was recorded.
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Fig. 2.4 The variation of laser pulse duration by changing the grating separation in compressor chamber
of the Ti:sapphire laser system

2.3 Experimental setups for various experiments
2.3.1 Absorption measurement in solids and nano-structures

The absorption of laser light by the plasma formed from planar solids and various nano-
structured targets like carbon nano-tubes, nano-hole alumina etc. was estimated by measuring the
reflected energy of the laser light from the target. Measurement of the input and reflected energy
collected by a large aperture lens was done using two pyro-electric (Model: Gentec-¢) energy
meters. The basic working principle of an energy meter is that the coating on the pyro-electric
crystal absorbs the incident radiation and gets heated up. The pyroelectric crystal releases charge
upon heating and absorbs charge upon cooling. The electrical pulse generated is displayed on an
oscilloscope as voltage pulse. From the known calibration factor, the incident energy can be
measured. The energy meter used in our experiment is shown schematically in Fig.2.5. The rise

time of this energy meter is the order of millisecond and has a calibration factor of 3 V/J.
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The absorption was estimated as follows: first the energy incident was recorded and then
the energy reflected was found by taking transmission of all optical components like lenses and
windows coming before collection of the reflected light. The scattered signal was integrated over
a large solid angle to find the total energy scattered and this was taken in to account to estimate
absorption. To collect the side-scattered light, a sensitive energy meter with conversion factor
164 V/J was used. The scattering percentage was estimated by assuming isotropic scattering
distribution. The absorption fraction was calculated as {Energy incident - Energy reflected -

Energy Scattered}/ Energy Incident.

2.3.2  Absorption measurement in solids and nano-structures

The laser energy measurement from in situ formed clusters was done in the following
configuration. Details of the cluster formation by uncompressed stretched sub-ns pulses of the
Ti:sapphire laser is given in Chapters 3, 4 and 5. Clusters formed by the sub-ns prepulse were
irradiated by intense ultra-short laser pulses. Figure 2.6 shows the setup for measurement of
absorption in the in situ formed clusters / nano-particles. Figure 2.6a shows the clusters formed

by the stretched sub-ns pulses from the Ti:sapphire laser system. Figure 2.6b shows the
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transmitted light from the cluster containing plasma plume collected using a large aperture lens
and made incident on an energy meter. The clusters formed move away from the target surface
with a typical speed of 0.1-10 km/s and optimization of delay for getting maximum cluster in the

intense beam is needed. More details will be given in the subsequent chapters.

Planar targets (Ag, Cu, Graphite)

(b) Optimized delay
Maximum clusters

Planar targets (Ag, Cu, Graphite)

Fig. 2.6 : @) Cluster generation from sub-ns pulses of Ti:sapphire; b) Absorption measurement setup

2.3.3 Nano-ripple formation using Ti:sapphire laser

Using the same Ti:sapphire laser, we studied nano-ripple formation on different band gap
semiconductors. Multiple laser shots were fired on the semiconductor surface (InAs, InP, GaAs,
GaP, SiC etc.) to perform a parametric study of the nano-ripple formation with different laser
parameters and ambient media . Nano-ripples were formed using the Ti-sapphire laser with 8 mJ

energy, 45 fs pulse duration, and 800 nm wavelength (1.56 eV) at a fluence in the range of ~ 100
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mJ/cm? — 1/cm?. The effect of the number of laser shots, the angle of incidence, polarization of
the laser, fluence, incident laser wavelength, band gap and ambient medium was studied.

Schematic diagram of the setup used for experiments in air and water are shown in Figs. 2.7a

and 2.7b.
a) Solid wafer
Filter fs pulse
' ’ . |
we lens  Air
b ) Solid wafer

Filter fs pulse

’ ' . A H,0
we
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Fig 2.7: a) nano-ripple formation in air; b) in water. WP is wave plate used to change the polarization,

filters are neutral density filters to vary the laser energy.

2.4  Dispersion-less spectrograph

High energy x-rays spectrum generated from laser produced plasma can be easily
monitored online using as dispersion-less spectrograph [112-116]. Such a spectrograph can be
designed using the x-ray CCD camera working on single photon counting principle. The x-ray
CCD used for this purpose was a 16 bit, back illuminated, two stage cooled camera (4 M Reflex
SRO). The active image area was 27.6 x 27.6 mm?, the pixel size : 13.5 x 13.5um?, and the
image readout speed > 25 kilo pixel per second. Single photon counting condition was ensured
while recording the x-ray emission spectrum by eliminating low energy photons by appropriate
material filters. The high energy photon density can be reduced by increasing the distance

between the x-ray source and the detector. The spectrum in the 2-20 keV region was recorded in
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single shot mode using the dispersion-less spectrograph. A 25 um thick Ni foil (cut-off at 7.9
keV) was put before the CCD for cutting off the low energy x-rays. A magnet of 0.085 T (850
G) field was kept in front of the x-ray CCD camera. This field was sufficient to deflect even the
most energetic hot electrons, to avoid the x-ray contribution from the hot electrons striking the
filter foil in front of the CCD camera. If an x-ray photon of energy E is absorbed completely, it
will produce a photo-electron having energy almost equal to that of the incident photon. This
electron will lose its energy in the detector medium by producing several electron-hole (e-h)
pairs. If € is the average energy required for e-h pair creation (e.g. ~3.7 eV in silicon) and E is
the energy of incident photon, then the average number of the e-h pair produced is
approximately E/e. The charge generated by the x-ray photon is collected and transported to the
output amplifier. The availability of x-ray sensitive CCD with large number of pixels (typically
four million) allows one to record the entire x-ray spectrum in a single shot, by simultaneous
detection of a large number of single photon counting events [114-117]. This is equivalent of
capturing events equal to the number of pixels, in a single shot, and subsequently construction
the spectrum from these events. Histogram of the pixel values gives the incident x-ray spectrum
Pixel value is converted into incident photon energy through a calibration curve. Dispersion-less
spectrograph has advantage over wavelength dispersive spectrometers such as crystal
spectrometers. The advantages are: 1) large spectral range, 2) single shot operation, 3)
independent of dispersive element characteristics (such as reflectivity of crystal). Although
different types of high energy x-ray spectrographs have been reported in literature for
measurements of emission from laser-produced plasmas, the dispersion-less spectrograph is
simple to operate x-ray spectrograph for quantitative, single shot measurements and processing

of the data. Further it is easy in alignment and provides absolute x-ray flux information.
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2.5 Transmission Grating Spectrograph

In our experiment, a transmission grating soft x-ray spectrograph (TGS) was used for the
measurement of x-ray yield in the water-window region {23 A- 44 A} [118,119]. It had a gold
bar grating of 5000 lines per mm. The detector was a multi-channel plate (MCP) detector, with
its output imaged onto a CCD camera connected to a PC. Transmission grating spectrographs are
based on diffraction of soft x-ray radiation from free-standing gold microstructure with period of
sub-micron order. The grating may either be mounted on a slit or on a pin-hole aperture. The
simplest form of these spectrographs involves a grating in normal incidence geometry [119,
120]. A transmission grating spectrograph (TGS) has been used for measurements of soft x-ray
radiation spectrum from plasma produced carbon nano-fibers, carbon clusters, nano-hole
alumina, graphite and aluminum, as will be described in chapter 5, 6 and 7. A brief description
of the design principle and operating characteristics of this spectrograph is given here.

Figure 2.8 shows the basic geometry of a TGS in normal incidence mode. X-rays from a
laser produced plasma source incident on the grating are diffracted into the zeroth and higher
orders (on either side of the zeroth order) according to the standard grating equation

dsinf=nA, 2.2
where d is the grating period and n is the diffraction order number. The maximum wavelength
that can be detected is given by the theoretical grating cut-off at A = d, but in practical cases is
limited by the spatial extent of the detector along the dispersion axis. The minimum wavelength
detectable is limited by the spectral resolution or the overlap of the first order with the zeroth

order.
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Fig. 2.8: Geometry of TGS spectrograph operation.
Spectral resolution Alp is governed by the dispersive resolution of the grating, and the
geometrical resolution AAg on account of spectral blurring due to finite source size As, and the

slit/pin-hole aperture A. The dispersive resolution is given by

A ad

-~ ¥ 2.3
" " Nn nA

where N is the number of grating bars in the pin-hole or slit. The geometrical resolution is

M, :(QJ[AS +A+é} 24
n L D

where L and D are the source-to-grating and grating-to-detector distances respectively. The

overall spectral resolution AA is then given by

A= JAR +AL 2.5

In our experiments, L and D were 65 and 77 c¢cm respectively, n=1, A= 150 pm, and the source
size was assumed to be ~ 100 pm. The spectral range detected was ~ 15 A to 50 A with a

spectral resolution ~1 A in this wavelength region, with the above mentioned configuration.
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Fig. 2.9: A schematic diagram of the transmission grating spectrograph setup

Figure 2.9 shows a schematic diagram of the TGS setup for recording the x-ray emission
from plasma produced by an obliquely incident focused laser beam. The grating was mounted in
a long tubular housing connected to the plasma chamber. Spectrum was recorded on the MCP -

CCD system placed on a flange at the end of another long tubular housing.

2.6  X-ray p-i-n diodes

For the measurement of spectrally integrated x-ray intensity from the plasma, p-i-n x-ray
diodes have been used. These diodes consist of an active intrinsic (i) region sandwiched between
p and n type semiconductor layers. Hence the name “p-i-n” diode. The incident x-ray photons are
absorbed in the active region, resulting in a current proportional to the incident flux or energy.
Almost all the energy of x-ray photons is used to generate electron-hole pairs. About 3.6 eV is
required to generate one electron hole pair.

In our experiment, we have used several p-i-n diodes (Quantrad) each seeing a different
spectral region. They have sensitivity above 0.8 keV and have a large detection area of 1 cm?.
The rise time of diodes was ~3 ns and fall time ~5 ns and quantum efficiency was about 0.2 C/J
for 1 keV x-rays. 300 V reverse bias voltage was applied. X-ray pulse energy was measured from
the x-ray p-i-n diode signal obtained using a biasing circuit shown in Fig. 2.10. The signal from

the p-i-n diodes was recorded on an oscilloscope.
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Fig 2.10 : Circuit configuration used with the p-i-n diode.

Three p-i-n x-ray diodes were used to estimate the x-ray energy yield in different x-ray
photon energy ranges. A magnet of 0.15 tesla field was also kept in front of p-i-n diode to avoid
the hot electrons, emitted normal to the target, colliding with the filter foils of the p-i-n diodes
to generate Xx-rays, which can be misinterpreted as x-ray signal from the target. For cutting off
the low energy x-rays, a filter of 75 um Be was used, which has a cut-off at ~ 2 keV. For
monitoring the hard x-ray spectral region, two filters : 25 um Ni and 25 um Ag were used with
the remaining two diodes. The cut-offs for Ni and Ag are about 7 keV and 16 keV respectively.
Aluminized polycarbonate foil (B-10, atomic composition: aluminium : 0.05 mg/cm?, oxygen :
0.0375 mg/cm? and carbon : 0.15 mg/cm?) was also used as a filter. The cut-off energy of two B-

10 foils is ~ 0.9 keV.

2.7  Microscopic investigations

Nano-structures are characterized by various techniques like electron microscopy (SEM,
TEM), using AFM, x-ray diffraction etc. The technique to be used depends on the type of

material and information one needs to know. Properties like size, shape, abundance, crystalline
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type, composition are easily retrieved. In the electron microscope, electrons are used instead of
electromagnetic radiation. When electrons interact with sample, they are scattered. The scattered
electrons from the specimen are detected using a system of electrostatic and magnetic lenses.
Advantage of electron microscopy is that the probe wavelength can be tuned to a very small
value by changing the electron energy so that resolution can be increased. There are two types of
electron microscopes 1) Scanning Electron Microscope and 2) Transmission Electron

Microscope

2.7.1 Scanning Electron Microscope (SEM )

We have extensively used an SEM (Model : Philips XL30CP) for characterizing the
nano-particles formed by sub-ns and fs laser pulse. It was also used to study the nano-structured
targets like nano-holes, nano-fibers where the surface morphology, fill fraction, size and shape
information become clearly evident. Since the SEM has advantage of scanning a large area,
many samples of nano-ripples formed on various band gap semiconductors in different laser

focusing condition were also characterized by this method.

In an SEM, backscattered electrons from sample are used for imaging the sample. It can
be used to image the surface of a thick sample also. The electrons emitted from a hot filament
cathode are focused with the help of electrostatic or magnetic lenses. The focused beam is
scanned on the sample surface with the help of scan generator and the backscattered electrons are
collected by a detector. The signal from the scan generator, along with the amplified signal from
the electron collector, generates the image of sample surface. One disadvantage of an SEM is
that insulating samples cannot be analyzed directly because they get charged due to incident

electrons, leading to a blurred image. To avoid this, insulating materials have to be coated with a
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very thin metal film like gold or platinum (<10 nm) making them conducting, without altering

the details of the sample.

2.7.2 Transmission electron microscope (TEM)

TEM is ideally suitable for investigating the nano-structures as it can give very high
resolution (better than 0.5 nm). Since it works in a transmission mode, it is the best tool to see
whether a nano-structure is hollow from inside, which cannot be done using AFM or SEM. In
our experiments, we have used a TEM (Model : Philips CM200) for studying nano-fibers and
nano-tubes. The carbon nano-tubes clearly showed a hollow structure and the inner and outer
diameters of CNTs could be easily measured. In a TEM, an energetic electron beam (energy >50
keV) passes through a series of magnetic lenses (of variable focal lengths), and is made incident
on a thin sample. The electrons transmitted and diffracted through the sample are imaged onto a

detector. Additional lenses are used to improve the image quality and resolution.

2.7.3 Atomic force microscope (AFM)

We have also extensively used an AFM for characterizing the nano-particles of Ag, Cu
and C formed by sub-ns and fs laser pulses. The AFM (Model: SOLVER PRO, NT-MDT)
measurements were carried out in noncontact mode under an ambient environment. Silicon
cantilever tips of resonant frequency 180 kHz and spring constant 5.5 N/m were used. The AFM
has a very high resolution of fraction of a nano-meter. The surface characterization is carried out
by sensing the surface with a mechanical probe comprising of a cantilever (silicon or silicon
nitride) with a sharp tip at its end. When the tip is brought close to the sample surface, forces
between the tip and the sample lead to a deflection of the cantilever according to Hooke's law.
Depending on the situation, forces that are measured in an AFM include mechanical contact

force, Van der Waals forces, capillary forces, chemical bonding, electrostatic forces etc.
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Typically, the deflection is measured using a laser spot reflected from the top surface of the
cantilever into an array of photodiodes. As the tip at has an associated risk of striking the surface
and causing damage to the sample as well as the tip, a feedback mechanism is included for
adjusting the tip-to-sample distance while maintaining a constant force between them. An AFM
has a better resolution than an SEM, and in addition it provides a three dimensional topography
of the surface, and does not need a vacuum operation. Further, the samples do not require any
metal coating that would irreversibly change or damage the sample. A major disadvantage of
AFM as compared to an SEM is the image size. The SEM can image large area of dimension of
~ 1 mm? but AFM can only image a maximum height on the order of pm and a maximum

scanning area of around ~ 100 pm x 100 um.

2.8  Surface plasmon resonance of the nano-particle containing films

Nano-particles of silver and copper are known to exhibit absorption associated with the
surface plasmons. Surface plasmons are the longitudinal oscillations of free electrons on
interaction with an electromagnetic wave. The resonance occurs when the cluster polarizability
maximizes at a particular frequency of the light. Surface plasmons are a perfect example of a
optical, electrical, and mechanical effect of light and nano-scale matter interaction. Although one
can characterize the nano-particles by SEM, TEM or AFM, it is a lengthy process. One quick
method to instantly infer the generation of nano-particles is depositing the plasma debris on a
glass slide and measuring the reflection and transmission of the deposited film. Reflection and
transmission characteristics of the deposited films of silver and copper also gives some
preliminary indication of the size of the nano-particle by observing the surface plasmon
resonance absorption peaks. The analysis and inference is based on the standard light interaction

with nano-scale matter. The variation of the reflection and transmission from the nano-particle
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containing film deposits on glass slides was studied by us using a spectrophotometer (CARY
50). Itis a Czerny- Turner monochromator based spectrometer with an holographic grating of
1200 lines/ mm. It works in the wavelength range of 190-1100 nm and has an accuracy of + 0.07
nm at 541 nm. The broadband light source used is xenon lamp and it has two silicon photodiode
detectors. The optical properties of noble metal nano-particles are understood by invoking Mie
theory in the dipole approximation or the quasi-static approximation [121-123]. By measuring
the reflectivity or transmission or absorption due to the surface plasmon resonance (SPR), one
can get some idea of the size of the particles. The absorption is proportional to the volume of
particle and therefore the transmission and reflectivity is expected to be less for larger nano-
particles. Another aspect is the width of the SPR in the deposited films. The width is expected to
be independent of the resonance frequency and is directly related to the damping processes in the
nano-particle [124]. As smaller nano-particles have a higher damping because of scattering at the
surface. Therefore, the SPR width in the case of smaller nano-particles will be large. In addition,
due to the higher absorption, both the reflectivity and transmission are expected to be less for

smaller particles.
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Chapter 3

Nano-particle formation in laser produced plasmas

In recent years, there has been a considerable scientific interest in the area of growth of
nano-particles, as nano-science offers a great scope for technological advancement [125-128].
Conventionally nano-particles and their films are produced either by arc discharge [129], or by
vapor and electrochemical deposition [130,131]. Of late, pulsed laser deposition (PLD) has been
an attractive alternative due to the number of advantages it has over the conventional processes,
such as the possibility of producing materials with a complex stoichiometry [132 ], and a
narrower size distribution [133] of the nano-particles. PLD technique based on ablation of solid
targets using femtosecond laser pulse, has been used as a means for the synthesis of nano-
particles [134-140]. Recent theoretical studies have suggested that a rapid expansion and cooling
of solid density matter irradiated by an fs laser pulse may result in nano-particle generation via
liquid phase ejection and fragmentation, homogeneous nucleation, and decomposition [141-145].
This technique of using fs laser ablation for nano-particle synthesis in vacuum is different
compared to that using ns laser pulses, since the fs pulses do not interact with the ejected
material thereby avoiding complicated secondary laser interactions [146 ]. Moreover, the fs laser
pulses heat a solid to higher temperature and pressure than the longer pulses of comparable
fluence, since in the fs irradiation, the energy is delivered to the target before significant thermal
conduction can occur. Therefore, a fs laser pulse can heat any material to a state with
temperature and pressure above the critical point, and is thus ideal for studying the fundamental
properties of matter under extreme conditions. Finally, since the plasma plume expansion takes

place into vacuum, all the complications introduced by the presence of a background gas (which
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is normally used with ns laser PLD) are avoided. In continuation with this trend of laser ablation
with femtosecond pulses, it has been recently shown that focusing of sub-ns pulses in vacuum,
is also a viable and attractive technique for the production of nano-particles of various materials,
but only at higher irradiation intensity conditions [147]. It has been shown that these nano-
particles, produced in situ using sub-ns laser pulses, are a promising target for intense short pulse
laser plasma experiments [148].

Since the properties of nano-particles are highly size dependent [149], their size is a
crucial factor in any area of application. Hence control on the size becomes a crucial parameter
in their generation. Typically, ns PLD is carried out in an ambient gas used to quench the ablated
plume, for controlling the mean particle size [150]. This technique, however, presents the
disadvantage of requiring optimization of the background gas pressure, and a good
understanding of the complex aspects of the expansion of the plume into the ambient gas, such as
its gas dynamics, and “in-flight” chemical kinetics [151]. The general route of nano-particle size
variation using the ultra-short pulse irradiation technique is by using time delayed pulse fs laser
pulses [152], or using lasers of different wavelengths [153]. In generation of size-controlled
semiconductor nano-particle formation under gas phase conditions, it has been shown that the
size distribution can be changed if picosecond pulse sequence of tailored ultra- short laser pulses
(< 200 fs) is used [154]. The dependence of size of nano-particles on laser wavelength has also
been investigated both experimentally and theoretically. A study [153] carried out with Ni target
by using laser pulses of #=300 fs duration at two different laser wavelengths : green (A = 527 nm)
and ultra-violet (A = 263 nm), showed that the size distribution of the nano-particles, which is
quite broad in the case of green light, becomes significantly narrower and slightly shifts towards

smaller sizes for ultra-violet light. Amourso et al [155] have shown that the dependence of nano-
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particle size on laser fluence is very weak. The nano-particles generated in their experimental
conditions were independent of the laser pulse duration and fluence. Therefore, a simple method
to control the size of the laser generated nano-particles is required for their usability in various
practical applications.

It must be mentioned here that there is a special interest in silver and copper nano-
particles due to their potential applications. Silver nano-particles are widely used for surface-
enhanced Raman scattering as the position of the Surface Plasmon Resonance (SPR) of silver
nano-particles is far from the inter-band transition energy. This enables one to investigate the
optical and nonlinear optical effects in the silver nano-particles by focusing on the surface
plasmon contribution. In general, highly dispersed metals have a much higher surface area for a
given volume, and hence they can be useful for efficient catalytic conversion example copper
nano-particles [156,157]. Here we describe an experimental study on generation of nano-particle
of various sizes using femtosecond and sub-ns laser pulses. Formation of nano-particles of
metals like Ag and Cu was studied using stretched pulses of 300 ps (sub-ns) duration from a
Ti:sapphire laser, in vacuum (< 10 mbar pressure). It was compared with nano-particle
formation of the same materials when compressed pulses of 45 fs duration were used under
similar focusing conditions. Both, the sub-ns and fs pulses, had the same energy of 30 mJ, and
were focused at a fluence of 10% Jlcm® It is observed that using ultra-short pulses, smaller
particles with average size ~ 20 nm are generated in comparison to those generated with sub-ns

pulses (~40-60 nm). The structural and optical analyses also confirm this observation.
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3.1 Nano-particle formation with different pulse duration of the laser

The following section describes the experimental details and results on nano-particles
generation and their properties under various laser irradiation conditions. The  ablation  of
polished Ag and Cu planar targets was carried out in vacuum using 45 fs pulses (referred to as fs
pulse) and was compared with the deposition made using uncompressed pulses (300 ps duration:
referred to as sub-ns pulse) from the same chirped pulse amplification based Ti:sapphire laser
system. Variation of the pulse duration from 45 fs to 300 ps was done simply by changing the
separation of the two gratings in the pulse compressor. The deposition was carried out in vacuum
10 mbar pressure and at room temperature using the setup shown in Fig.3.1.

Cluster forming laser

pulse

Target
arge (30mdJ, 45 fs or 300 ps)

(Ag or Cu)

N 7

Substrates for
deposition (Al foil
or Si wafer)

Fig.3.1: A schematic diagram of the experimental setup
Ti:sapphire laser pulses (A=793 nm, E =30 mJ, 10 Hz pulse repetition rate) were focused
on planar targets at 45 degree incidence (p-polarized). The target was mounted on a raster scan
setup to avoid overlap of laser shots at the plasma formation spot on the target. The deposition
was collected on glass slides, silicon wafer, and Al foil, placed at a distance of 50 mm from the

target. The substrates for collecting deposition were placed at the same distance but at different
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angular positions, to determine the spatial evolution of the generated particles. In both the cases
of deposition, whether using the fs pulse or the sub-ns pulse, the laser fluence was same (~10°
Jlem?), only the pulse duration was different. One hundred laser shots were fired to collect the

deposit for spatial and spectral analysis.

The presence of nano-particles was inferred by analyzing the spatial characteristics and
the spectral analysis of the deposited material. The variation of the reflection and transmission
from the nano-particle containing film deposits on glass slides was studied using a
spectrophotometer (CARY 50). The optical properties of the films deposited in different
conditions were studied in the wavelength region 300-800 nm. The analysis of the sizes and
structural properties of deposited nano-particles was carried out using an atomic force
microscope (AFM : SOLVER PRO, NT-MDT). The AFM measurements were carried out in
noncontact mode under an ambient environment. Silicon cantilever tips of resonant frequency

180 kHz and spring constant 5.5 N/m were used.

Figure 3.2 shows the AFM images and corresponding size histograms of the silver nano-
particles deposited on silicon substrate, using the 45 fs and 300 ps pulses. The average size of Ag
nano-particles generated by 45 fs pulses was 25 nm and of those produced with 300 ps pulse was
40 nm. Fig.3.3 shows the AFM images and size histograms of the films of copper nano-particles
in same conditions. They also show that smaller particles (average diameter 20 nm) are

produced by the fs pulses, and bigger particles (50 nm) are produced by the sub-ns pulses.
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Fig.3.2: Silver nano-particles formed by 45 fs pulses showing mean particle size of 25 nm (Top) and
those formed with sub-ns pulses (Bottom) showing a mean particle size of 40 nm. The focused laser

energy in both the pulses was 30 mJ, witha fluence of 10° J/cm?
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Fig.3.3: Copper nano-particles formed by 45 fs pulses (Top) showing mean particle size of 20 nm and
those formed with sub-ns pulses (Bottom) showing a mean particle size of 50 nm. The focused laser

energy in both the pulses was 30 mJ, with a fluence of 10° J/cm?

The presence of nano-particles was also inferred from the appearance of strong
absorption bands associated with surface plasmon resonance (SPR). Transparent substrates (glass
slides) were used to determine the presence or absence of nano-particles by studying the SPR in

the transmission spectrum. Fig.3.4 shows the transmission curves for the silver
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Fig.3.4: Transmission spectrum for the silver nano-particle films formed by 1) fs pulses and 2) sub-ns
pulses. SPR is observed at ~410 nm for both the films.
nano-particle films deposited with fs and sub-ns pulses. In this case, it is observed that : 1) the

transmission from the film deposited using fs pulses is lower at all wavelengths, 2) the dip
associated with SPR both the films is at around 410 nm, and 3) the width of this dip is slightly

more for the film deposited using fs pulses
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Fig.3.5: Transmission spectrum for copper nano-particle films formed by 1) fs pulses and 2) sub-ns

pulses. SPR is observed at ~610 nm for both the films.
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Fig.3.5 shows the transmission from the copper nano-particle films deposited using the
fs and sub-ns pulses, showing similar behaviour. In this case, 1) as in the case of silver, the
transmission from the film deposited using fs pulses is lower at all wavelengths, 2) the dip
associated with SPR both the films is at 610 nm, and 3) the width of this dip is slightly more for
the film deposited using fs pulses (as in the case of silver).

The reflection measurements were also carried out in silver and copper nano-particle
films deposited on glass substrates using the fs and sub-ns pulses. The reflection curves obtained
using the spectrophotometer, for the silver nano-particle films formed in the two pulse duration
regimes, are shown in Fig.3.6. Three points are noticed from the reflection curves of the two
samples: 1) the reflection from the fs pulse deposited film is lower at all wavelengths, 2) the dip
associated with SPR is at 380 nm (c/f 410 nm in transmission mode) for both the films, and 3)

the width of this dip is slightly more for the film deposited using fs pulses.

20 — Ag 300 ps
—=— Ag45fs

Reflection 9%

200 300 400 500 600 700 800
Wavelength (nm)

Fig.3.6: Reflection spectrum from Ag nano-particle films formed by 1) fs pulses and 2) sub-ns pulses.
SPR is observed at ~380 nm for both the films

Similarly, the reflection curves for the copper nano-particle films formed in the two pulse

duration regimes, are shown in Fig.3.7. The reflection curves have similar trends as recorded
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for the Ag film, i.e. 1) the reflection from the fs pulse deposited film is lower at all wavelengths,
2) the dip associated with SPR is at 490 nm (c/f 610 nm in transmission mode) for both the films,

and 3) the width of this dip is slightly more for the film deposited using fs pulses.
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Fig.3.7: Reflection spectrum from Cu nano-particle films formed by 1) fs pulses and 2) sub-ns pulses.
SPR is observed at ~490 nm for both the films

3.2 Study of nano-particle formation at different focusing conditions

The laser ablation of various materials was carried out in vacuum using uncompressed
pulses (of 300 picosecond duration) from the chirped pulse amplification based Ti:sapphire laser
system described in Chapter 2. The samples were placed inside a vacuum chamber.
Uncompressed pulses from the Ti:sapphire laser (A = 793 nm, T =300 ps, E = 30 mJ, 10 Hz pulse
repetition rate) were focused on a bulk target at two regimes of focusing. In the first case
(referred to as tight focusing), the intensity of laser radiation was in the range of 2x10' W-cm?,
and in the second case (referred to as weak focusing), the intensity was considerably lower
(4x10™ W cm™). Silver, indium, copper, chromium, and some other metals were used as targets.

Float glass, silicon wafer, and various metal strips (silver, copper, aluminum) were used as the
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substrates, and were placed at a distance of 50 mm from the targets. The deposition was carried

out in oil-free vacuum (=1x10™ mbar) at room temperature.
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Fig. 3.8. SEM images of the nano-particles deposited on the surface of a silicon wafer. These images
were obtained at a) weak (chromium nano-particles) and b) tight (stainless steel nano-particles) focusing
conditions. ¢) High magnification of SEM image of the silver nano-particles

Our SEM studies of the structural properties of the deposited films showed that, in the tight
focusing conditions, these films contain a lot of nano-particles with variable sizes. In the weak
focusing conditions, the concentration of nano-particles was considerably smaller compared to
the tight focusing conditions.

Figure 3.8 shows the SEM images of the deposited nano-particles on the surface of a
silicon wafer. In the case of weak focusing, the deposited film was almost homogeneous with a
few nano-particles appearing in the SEM images (see Fig. 3.8a showing the deposition of

chromium), while, at tight focusing conditions, plenty of the nano-particles ranging from 30 to
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100 nm appeared in the SEM images (see Fig. 3.8b showing the deposition of stainless steel).
The enlarged SEM image of the silver nano-particles prepared at the tight focusing conditions is
presented in Fig. 3.8 c. The average size of these spherical nano-particles was measured to be 60
nm.

The same behavior was observed in the case of silver target also. Figure 3.9 shows the
SEM images of silver deposited on a silicon wafer. One can see a considerable difference in the
concentrations of nano-particles in the cases of weak (Fig 3.9a) and tight focusing conditions

(Fig. 3.9b) respectively.
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Fig. 3.9. SEM images of the silver nano-particles deposited at the (a) weak focusing conditions and (b)

tight focusing conditions.

Further studies on the characteristics of nano-sized structures of the deposited materials
were carried out using the atomic force microscopy. Figure 3.10 shows the AFM image of the
silver nano-particles deposited on the surface of a copper strip. The average size of silver nano-
particles was 65 nm. In contrast to this, the AFM images obtained from the deposited films
prepared at the weak focusing condition (Fig. 3.10 b) showed considerably smaller number of

nano-particles compared to that obtained at tight focusing conditions (Fig. 3.10 a).
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Fig. 3.10 a) AFM image of the silver nano-particles deposited on a copper strip prepared tight focusing.

b) on a aluminium strip at the conditions of weak focusing.

The absorption spectra of the materials deposited on transparent substrates (float glass)
were used to determine the presence or absence of nano-particles. The presence of nano-particles
was inferred from the appearance of strong absorption bands associated with surface plasmon
resonance (SPR). The peaks of SPR were centered in the range of 440 to 490 nm but in the case
of the deposition of silver film at the weak focusing conditions, no absorption peaks were
observed in this region, indicating the absence of nano-particles.

Thus it is observed that using ultra-short pulses, smaller size (~ 20 nm average diameter)
nano-particles are generated in comparison with the sub-ns pulses (~40-60 nm average diameter).
Therefore by controlling the laser pulse duration one can control the size of the nano-particles
formed. The study of the metal nano-particle deposition by laser ablation in vacuum using sub-
nano-second laser pulses showed a considerable difference in the structural properties of the
films deposited under different focusing conditions. In the case of weak focusing, concentration

of nano-particles was considerably smaller compared to that in the tight focusing case where
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nano-particles were generated efficiently. Our study suggests that nano-particles are
predominantly formed near the target surface as a result of the fast non-thermal melting and
consequent vacuum expansion of the material heated to high temperatures by the intense laser
pulse. The present work shows that by laser ablation of the bulk material in vacuum, under
appropriate focusing condition, one can obtain stable nano-particles of defined sizes. It is also
shown that for ablation using sub-nano-second pulses is a general rote of nano-particle

formation, irrespective of the target material.

3.3 Analysis of the results

a) Resonance in nano-particles : The experimental observations can be understood
considering the optical properties of noble metal nano-particles. The theory is simplified by
invoking the dipole approximation or the quasi-static approximation [121,122]. The optical
absorption and scattering of a homogeneous metal nano-sphere of radius R embedded in an
optically homogeneous matrix has been modeled by Mie [123]. For 2R << A (i.e. : in dipole
approximation), the Mie theory predicted optical extinction (i.e.: scattering + absorption) of
homogenous spherical particles. In this small size approximation, the extinction and absorption
cross-sections are identical (i.e. Gextinction =Cabsorption ), Since for particle size << A, the scattering

can be neglected [121, 122]. The absorption cross-section is given by

aabs =

V.52 ( 0.,() j 3.1)

¢ a(@)+2&,] +&,(0)?
where V is the particle volume, o is frequency of the incident light, en dielectric functions of
surrounding medium (matrix), and () and &(w) are the real and imaginary parts of the

dielectric function of the metal nano-particle. Thus, the SPR wavelength /g (minimizing the
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denominator of equation 3.1) is determined by the particle properties {e(w)}, and by its local
environment {en}. For a small value of &;(w) or if it is weakly dispersed in the SPR spectral

region (i.e. e2(w) constant), Ar is determined by the simple condition [121,122]

gAR)+2,=0 (3.2)

For noble metals, the relaxation time of electrons is on the order of several fs [121,158], which
makes the SPR wavelength nearly size independent. Thus, the wavelength of surface plasmon

resonance is given by the relation

27*c 142
4, = AN e (3.3)

R e teeeeerssneenns

@y

In the reflection mode €, is 1 (i.e. air), but in the transmission mode ey, ~2.13 for glass
(u=1.5). Thus, from the equation 3.3, a red-shift in the SPR wavelength is expected in
transmitted light from the films, compared to that for the reflected spectrum. Accordingly, the
SPR for silver nano-particle films which is at 410 nm for spectrum transmitted through glass
(Fig.3.4) becomes 380 nm in reflection (Fig.3.6). The above shift of 30 nm is less than the shift
expected using the relation defined by equation 3.3. Exact validation of the Mie theory in the
deposited films will require the inclusion of nano-particle size, shape, exact environment, and
various statistical effects. Similarly, the SPR for copper nano-particle films which is at 610 nm
for spectrum transmitted through glass (Fig.3.5) becomes 490 nm in the reflected spectrum
(Fig.3.7) because of the same reason.

Now consider the width of the SPR in the deposited films. The width is expected to be
independent of the resonance frequency and is directly related to the damping processes in the

nano-particle [124]. Since the sizes of the nano-particles deposited using fs pulses on Ag and
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Cu are smaller, hence the damping in them is high. If y is the overall damping term in nano-
particles, yp IS the bulk damping term, and ve/is the Fermi velocity of the electrons in the metal,
then v = yp+ VE/R , implying that due to additional scattering at surface the damping term is
increased in nano-particles [124]. Therefore, the SPR width in them is comparatively more than
for the nano-particles produced by sub-ns pulses.

b) Formation of nano-particles : Next, the main observation that the size of the nano-
particles formed by fs pulse ablation of solids is always smaller compared to the nano-particles
formed with sub-ns pulses at similar fluence condition, can be qualitatively understood by the
fragmentation model proposed by Glover et al [144]. They estimated the mean particle size and
its dependence on the initial temperature. In femtosecond ablation, the laser energy is rapidly
deposited in the target, causing lattice heating under conditions of approximately constant
volume (isochoric heating), creating an energetic and highly pressurized fluid. This fluid expands
into vacuum, and the strain associated with the expansion leads to breaking of the mechanical
bonds and results in fluid fragmentation. By minimizing the total surface energy and kinetic
energy of the expanding fluid w.r.to surface to volume ratio of the fragments, mean size of the
fragment is obtained [159]. The previous studies, done using ultra-short pulses [133,134,151] as
well as those done using sub-ns pulses [147], suggest that nano-particles are generated as a result
of some relaxation processes of the extreme material state reached by the irradiated target
surface. This stands in stark contrast to the formation of nano-particles during nano-second laser
ablation in a background gas, where vapor condensation is considered to be the most important
mechanism. In the case of sub-ns pulses also, the energy deposited on the target surface at high
fluence leads to formation of a high temperature strained fluid. Thus, similar to the ultra-short

pulse nano-particle formation, for sub-ns pulses focused at high intensity, fragmentation of the

70



heated and strained molten target material takes place during hydrodynamic evolution. The
initial lattice temperature would be lower in the sub-ns pulse case, compared to intense fs pulse
case, because the irradiation intensity is much higher in the latter case. In addition, there would
be significant thermal conduction during the sub-ns pulse, lowering the temperature further. A
lower initial lattice temperature leads to lower initial strain and hence larger fragments [144].
This explains the observation of smaller size nano-particles with fs pulses than with sub-ns
pulses. The experimental observations also brings out an interesting fact that nano-particle
generation using ultra-short pulses take place for a wide range of intensities. Efficient nano-
particle formation with ultra-short laser pulses has been observed even at intensities as high as
2x10"® W/cm?. This intensity is much higher than 5x10™ W/cm? which was considered as the

upper limit of intensity for nano-particle production using 50 fs pulses [160].
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Chapter 4

Absorption of ultra-short laser pulses in in situ formed clusters

Coupling of intense ultra-short laser pulse energy on interaction with matter is a very
important aspect [71,91, 161], since the enhanced absorption leads to generation of energetic
electrons, MeV ions, and x-rays. The x-rays produced by ultra-short ultra-intense laser have high
peak brilliance, short pulse duration, and micron scale size. This makes it a potential source for
various applications like time resolved x ray diffraction, imaging of live biological specimen etc.
At moderate intensities (~10*" W/cm?) absorption of ultra-short laser pulses (~100 fs) by planar
solid targets is quite low, as described in Chapter 1 [39,59,64,65]. Various types of targets like
gratings [162], structured targets [80], pre-deposited metal clusters [76], gas clusters [96], snow
clusters [69] etc. have been used to enhance the coupling of the laser energy in matter. However,
since the gratings are expensive, they are practically unusable on routine basis as targets for x-
ray source. Next, high absorption (80-90%) of ultra-short laser pulses has been observed in gas
atom clusters [88,163]. The interest in the clusters stems from the fact that the electric field
inside the cluster is highly enhanced at three times the critical density (n.) [97,98] as mentioned
in Chapter 1. As the clusters (at near solid density) absorb the laser energy, they get heated up
and start expanding. During expansion, the density decreases. When the density approaches 3n,
the absorption increases rapidly due to the enhancement of the electric field inside the clusters
[96]. Although gas clusters offer a debris-less source of x-rays, the keV x-ray conversion from

gas clusters is rather small ( ~0.01% ) and it is a low repetition rate source, with a further
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limitation that there are few option of available gases. This limits the use of gas atom clusters as

an X-ray source.

Metal clusters have also been used as targets for efficient laser energy absorption. They
can be produced by high pressure dc sputtering on polished disks, or by magnetron gas
aggregation. They can also be produced by atom pick-up method. All these methods involve two
steps, first depositing the clusters on a planar solid substrate, and then using them as target for
plasma formation [76]. As mentioned in Chapter 3, intense femtosecond laser irradiation of solid
targets is a simple method of synthesis of clusters with few tens of nm diameter [134,160]. We
also observed that a sub-ns pulse focused to high intensity can also do the same as observed in
materials like Ag, In, Cu etc [147,164]. As mentioned in Chapter 3, the SEM pictures of the
deposit taken at two pre-pulse intensities, one at a high intensity of 3x10** W/cm? and the other
at a low intensity 10® W/cm?, clearly revealed a much higher cluster density corresponding to
the deposition taken at the higher intensity of the sub-ns pulse. The particle density in this case (

| = 3x10™ W/cm? ) was estimated to be ~100 particles/um? from the SEM pictures [147,164].

We have explored the possibility whether the in situ formed clusters/nano-particles can
be used as targets for enhanced absorption of fs laser light and consequently higher x-ray
generation. Silver clusters produced by a 30 mJ, 300 ps laser pulse were irradiated up to an
intensity of 3x10%" W/cm? by a 70 mJ, 45 fs compressed laser pulse from the same Ti:sapphire
laser. Absorption of the laser light exceeding 70% was observed, resulting in an x-ray yield (>1
keV) of ~ 60uJ/ pulse. This may constitute a much simpler means of intense x-ray generation
using ultra-short laser pulses as compared to the irradiation of structured / pre-deposited cluster
targets. Moreover, it offers higher x-ray conversion efficiency than that from gas clusters and

planar solid targets.
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4.1  Description of the experiment

The absorption measurements of intense femtosecond laser pulses by the in situ produced
clusters/nano-particles, were carried out using the experimental setup shown in Fig. 4.1. The

stretched 300 ps laser pulse, before the grating compressor, was split by a pellicle

Main laser pulse

Energy Target (70 md, 45 fs)
meter (Ag)

//\
p-i-n Diode @ /@ \2

Calorimeter

Cluster forming pre-pulse
(30 mdJ, 300 ps)

Fig.4.1: A schematic diagram of the experimental setup
beam splitter and was used to produce silver clusters by focusing it on a planar solid target of
silver, in normal incidence geometry. This pulse will be henceforth referred to as the cluster
forming “pre-pulse”. The focused intensity of the pre-pulse beam was varied between 10%° —
4x10™ W/cm?. The transmitted part of the uncompressed beam (through a pellicle beam splitter)
was time delayed through a delay setup and then compressed for getting a pulse of 45 fs duration
(referred to as the “main pulse” or the “main beam”). This main beam (70 mJ, 45 fs) was focused
very close to the target, at a distance of ~30 um from the target surface (See Fig.4.1). This beam

propagated parallel to the target surface and irradiated the clusters emanating from the pre-pulse
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beam irradiating target. For absorption measurements, the main beam energy was measured with
and without pre-pulse produced plasma in its path, to get normalized transmission through the
plasma plume. After the main beam propagated through the plasma, the transmitted light was
collected using a large diameter lens (75 mm diameter, 100 mm focal length ) and made incident
on a pyro-electric detector (Gentec, sensitivity 3V/J) for energy measurement. Another more
sensitive calorimeter (Gentec, sensitivity 164 V/J) was placed outside the chamber to sample the
scattered light collected by another lens of focal length 50 mm placed on the plasma chamber
wall window in a direction of 45° w.r.t. the target. The scattering signal was very low and the
angle integrated scattered laser light intensity, normalized to the incident beam, was estimated to
be <1%. Thus, the reduction in transmission of the main pulse beam was predominantly due to
its absorption by clusters. Next, an x-ray p-i-n diode (Quantrad) filtered with two aluminized
polycarbonate filters having cut-off (1/e transmission) at 0.9 keV, was used to measure the x-ray
radiation emitted by the laser irradiated clusters. The detector subtended a solid angle of 410 p

sr at the source and was kept at 45° angle from the target.

4.2  Optimization of absorption in the in-situ formed clusters

Once confirmed that efficient production of cluster is taking place then conditions of
maximum absorption and x-ray emission from in-situ formed clusters has to be found. For this
intensity of pre-pulse beam and main pulse beam has to be varied but first the delay must be
optimized. It is expected that the pre-pulse intensity must be high such that efficient cluster

production take place.

a) Effect of delay and cluster forming laser pulse intensity : Absorption

measurements of the main laser beam were carried out at the maximum main beam intensity of
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3x10* W/em?, for different intensities of the pre-pulse beam. First, a small delay of 10 ns was
kept between the cluster forming pre-pulse and the main pulse. A low absorption was observed

as shown in Fig.4.2.
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Fig.4.2 : The variation of the main pulse absorption as a function of the pre-pulse laser intensity at a
main beam intensity of 3x10" W/cm?. The absorption is studied at two delays of 10 ns and 75 ns between
the pre-pulse and the main pulse.

Despite the increase in absorption with pre-pulse energy, the absorption did not increase
much (<10%) even when the pre-pulse was focused at higher intensities >10** W/cm?, where a
larger amount of cluster formation is expected. The delay was then increased to 75 ns. From
Fig.4.2 it is seen that at this delay, there is a low absorption of ~10% recorded for intensity
around 10" W/cm?. As the pre-pulse intensity is increased, the absorption increases rapidly up to
10" W/cm?, and thereafter, it shows saturation in the range (1-4)x10* W/cm?, corresponding to a
high absorption of ~70% .

The above observations can be understood as follows. At the delay of 10 ns, even at the

highest pre-pulse intensity of 4x10' W/cm?, the large clusters of size ~10 - 40 nm (radius)
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having a typical velocity ~10%-10° m/s [135,152, 155] will travel a distance of only ~ 1-10 um
from the target surface and hence will not reach the interaction volume of the main pulse,
passing 30 um away from the surface. Thus, the main beam will interact with only the plasma
produced by the pre-pulse beam (and perhaps some very small clusters traveling with a higher
velocity), resulting in the observed low absorption. Increasing the delay results in the arrival of
more and more clusters in the region of main beam. The observed increase in absorption with
increasing pre-pulse intensity is then simply understood from the increase in number as well as

the velocity of clusters produced at higher pre-pulse intensity [147,164].

b) Effect of laser pulse intensity on absorption :
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Fig. 4.3: Variation of the main beam absorption as a function of its intensity. The pre-pulse beam
intensity is fixed at 4x10™W/cm?.

Next, the absorption of the main beam was studied as a function of its intensity, at a fixed pre-
pulse intensity of 4x10™ W/cm?. For this purpose, calibrated neutral density filters were used to
attenuate the main beam energy, starting from the highest value. The neutral density filters were

put before the compressor in the path of the uncompressed beam thereby eliminating the pulse
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spreading and additional B integral issues. The absorption variation for silver target is shown in
Fig.4.3, where the intensity of the main beam was varied in the range of 3x10® — 3x10%" W/cm?.
When the intensity was increased by one order of magnitude (from ~3x10* W/cm? to 3x10*
W/cm?), the absorption increased from ~ 25% to 70%. The increase in absorption was initially

fast and at higher intensities the increase in absorption was slow.

At a fixed pre-pulse beam intensity of 4x10** W/cm?, the increase in absorption with
increase in the main pulse intensity can also be understood in terms of the 3n. resonance
absorption in clusters [88,97,98]. As a cluster absorbs the laser energy and gets heated up, it
starts expanding and the density decreases from near solid density and approaches 3n.. The
absorption increases rapidly due to the rapid enhancement of the laser electric field inside the
cluster at this density, when the dielectric constant of the cluster approaches a value of -2 at 3n,
[97-99]. The clusters irradiated at higher laser intensity will be at higher temperature and will
expand faster. Hence they will reach comparatively closer to 3n. during the laser pulse (resulting
in higher absorption) than those irradiated at lower intensity [88,98]. As a result, one gets lower
absorption at lower intensities as seen in Fig.3. Moreover, the rate of change of electron density
in a cluster after irradiation is expected to be fast initially for smaller radius (as dn¢/dR a R™*),
hence with increasing intensity of main pulse, a slower change in electron density is expected as
most of the expansion occurs during the initial part of the pulse. This explains qualitatively the
fast rise in absorption followed by a slower increase of absorption when the main pulse intensity

is increased.

c¢) Effect of multiple shots : It may be relevant to point out that a high absorption was
observed only when fresh surface of the target was irradiated. When the pre-pulse laser beam

was incident on a previously irradiated spot on the target, the absorption decreased. Fig.4.4
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shows the main pulse absorption after a number of pre-pulse shots were fired at the same place.

It is seen that the absorption decreases with the number of pre-pulse shots.
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Fig.4.4 : Variation of the absorption of the main beam with n" pre-pulse shot fired at the same place in
silver target. The fitted curve is only guide to the eyes

The above behavior may be understood as follows. When the pre-pulse irradiates a solid
surface it forms a crater. On subsequent laser irradiation at the same spot, there will be a
recession of the crater surface as more and more material ablates out. Thus the clusters produced
from irradiation of crater region will take a longer time to reach the interaction region and would
increasingly miss interaction with the main beam. This inference is also supported from the
observation that when the target, after few shot irradiation, was brought slightly closer (~10 um)
to the main beam, the absorption showed a slight increase compared to that in the unshifted
position. Next, as stated above, the absorption did not reduce to zero even after a number of shots
were fired at the same place. This may be due to arrival of some smaller clusters in the

interaction region even after crater formation.
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4.3 KeV x-ray emission measurements

Now, we present the results of the x-ray emission measurements from the in situ
produced clusters by irradiation of 45 fs laser pulse heating. Fig.4.5 shows the intensity of x-ray
emission as a function of the pre-pulse beam intensity at the 45 fs heating pulse of maximum
intensity of 3x10%” W/cm?. It is seen that the x-ray intensity increases with pre-pulse beam
intensity. This behavior is consistent with our measurements of a higher absorption of the main
beam at high pre-pulse intensity (shown in Fig.4.2). With increase in pre-pulse intensity, the
number of clusters interacting with the main pulse increases. As a result, the absorption increases
and the x-ray vyield also increases, showing a variation somewhat similar to that of the

absorption.
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Fig.4.5 : X-rays emission intensity from silver clusters as a function of the pre-pulse intensity, for main

beam intensity of 3x10*" W/cm?.

The spectrally and temporally integrated x-ray yield (for hv > 1 keV and up to 10 keV
beyond which the response of p-i-n diode drops due to finite detector layer thickness) at the main

beam intensity of 3x10'" W/cm? and the pre-pulse intensity of 4x10* W/cm?, was measured to
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be ~ 60 wJ, assuming isotropic emission. For the above condition of the pre-pulse and the main
pulse, the recorded absorption of the high intensity 45 fs pulses was ~ 70%. Thus, the

percentage conversion efficiency of the laser energy into x-rays is ~ 8.5x107 %.

The above high yield of the x-rays achieved from silver clusters can be due to several
reasons. Irradiation of the metal cluster with intense femtosecond pulses leads to enhanced
absorption. Due to the enhanced field inside the clusters, highly charged ion species are produced
[165-167]. Therefore, the clusters give a high x-ray output due to increased collisionality, and
higher ionization and excitation inside the clusters caused by laser heating [163,166,167]. Due to
the above reasons, a high percentage conversion efficiency of laser energy into x-rays is
observed. In conventional Xe gas cluster targets, the percentage conversion efficiency of laser
energy into x-rays (hv >1 keV) is reported to be between 1.7- 4.2x10° % [163]. Nickel target in
various forms, when irradiated with 1 ps pulse of 10*" W/cm?, produces efficient x-rays above
900 eV [70]. The reported percentage conversion efficiency of 70 mJ laser energy in to x-rays
(hv > 900 eV) from flat nickel target is 2.8x10 %, for Ni nano-groove target it is 2.8x102 % ,
for Ni “smoke” targets it is 1.3x10™ %, and for Ni black target it is 1.4x10™% [70]. This suggests
that the silver clusters produced in situ is a better source of x-rays than the gas clusters and
solids. Moreover, it offers a simple single step method for keV x-ray generation than the
structured targets which are difficult to fabricate and are expensive.

Next, the x-ray emission in directions making large angle with target normal is nearly
debris free. This is because, while the x-ray emission from the in situ produced clusters is
expected to be isotropic, the debris expand predominantly in a direction normal to the target,
making it practically a debris-free source in a direction perpendicular to the target normal. The

present scheme of cluster formation has also the advantage that the interaction of the generated
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clusters with the main beam is slightly away from the solid target. This prevents heat conduction
from clusters to the cold target substrate, leading to enhanced plasma temperature and increased
X-ray emission, than in the case of metal clusters pre-deposited on a planar target.

Thus we have observed a high absorption of ~ 70% of high intensity ultra-short laser
pulses in silver clusters in situ produced by a sub-ns pre-pulse. Effect of temporal delay (between
the pre-pulse and the main pulse) and the pre-pulse intensity was studied to achieve high
absorption of the fs pulses in these clusters. The high laser light absorption resulted in an
efficient keV x-ray generation. A high conversion efficiency of ~8.5x10 % of the laser energy

into X-rays (hv >0.9 keV) is observed. Moreover, the x-ray source is practically debris-free.

82



Chapter 5

Water window x-ray emission from in situ formed carbon clusters.

As mentioned earlier, one of the areas of continuing interest in ultra-short laser pulse
interaction with matter is on enhancing the laser energy absorption for energetic particle and x-
ray generation suitable for various applications [69-86, 168,169]. In particular, imaging of live
biological samples with high contrast requires a point x-ray source in the water-window spectral
region (23 - 44 A) [170,171]. Ultra-short laser pulse produced plasma from solid targets can be
an x-ray source for such applications. The problem of inefficient laser energy coupling in planar
solid target is normally overcome by using structured targets like gratings, pre-deposited nano-
particles like nano-tubes or metal clusters but such targets have their own merits and demerits as
described in Chapter 4 [71,162,172 ]. A high absorption (80-90%) of the ultra-short laser pulses
has been observed in gas atom clusters [88] and it is demonstrated as a debris-free source of
short duration x-rays [90], although this is a low repetition rate source and is limited by the
number of gases available. It is therefore desirable to devise techniques for generation of an
efficient x-ray source that involves a simple, single step method, works at a high repetition rate,

and also has low debris.

As mentioned in Chapter 3, short pulse laser irradiation of solid targets is a simple means
of synthesis of clusters [133,134,144,147]. The clusters are formed in a time scale of < 1ns [44]
after laser irradiation and travel typically at a speed of 0.1-10 km/s, depending on cluster
forming laser parameters and the target material [173 ]. The clusters can be produced in situ
using the sub-ns stretched pulse from a chirped pulse amplification based Ti:sapphire laser
system. The cluster production by this method can be at a high rep-rate (unlike in the case of gas

clusters). These in situ produced clusters may then be used as a target for efficient x-ray
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generation by irradiating them with a time delayed fs (compressed) laser pulse [148]. Recently, a
few experiments on laser energy absorption [148] have shown that such in situ produced clusters
from various material like silver, carbon etc., when irradiated with a fs pulse (after a delay of
few tens of ns) offer high energy absorption [148]. Such clusters also give higher high-harmonic
conversion [174,175]. To study the interaction of intense ultra-short pulse laser with the in situ
formed clusters, one needs to characterize the size of these clusters and also optimize the delay
between the pre-pulse (i.e. the stretched pulse producing clusters) and the main pulse (i.e. the
compressed pulse interacting with the clusters), so that efficient laser energy absorption (of the
main pulse) takes place in the cluster-filled low-density pre-plasma. This approach is somewhat
similar to the dual pulse technique used for increasing the laser energy absorption by increasing
the density scale length using a controlled pre-pulse to create preformed plasma before the
arrival of the main laser pulse [176 ]. In this method, both the pre-pulse and the main pulse, are
of femtosecond duration and the delay between them is sub-ns, in general [68,176]. In this
technique, for enhancing the x-ray emission, one needs to optimize various parameters such as
the intensity ratio of the pre-pulse and main pulse, the time delays between the two pulses etc.
However, it must be noted that these experiments were done at a lower main pulse intensity of
10%-10% W/cm? and the soft x-ray enhancement was more pronounced at lower intensity of the

main pulse and the enhancement decreased considerably at higher laser pulse intensity [68,176].

In this chapter we describe the demonstration of enhanced water window x-ray emission
(23-44 A) from carbon clusters, formed in situ using a pre-pulse, irradiated by intense (I >10%
W/cm?) ultra-short laser pulse. An order of magnitude x-ray enhancement over planar graphite
target is observed in carbon clusters, formed by a sub-ns pre-pulse, interacting with intense main

pulse after a delay. The effect of the delay and the duration of the main pulse has been studied
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for optimizing the x-ray emission in the water window region. The conversion efficiency of the
laser energy converted to the water- window x-ray emission was also measured. For a 110 mJ,
45 fs laser pulse, the conversion efficiency in the water window, from a planar graphite target,
was 5.8x1072 % /sr. For the dual pulse configuration with 8 ns delay between the cluster forming
pulse and ultra-short high intensity main pulse, the conversion efficiency from carbon clusters
was estimated to be 0.54 % /sr. This method has added advantages of being an efficient, high

repetition rate, and low debris x-ray source.

5.1 Description of the experiment

The experimental setup used in the present experiment is shown in Fig. 5.1. The plasma
was produced using the pre-pulse (30 mJ, 300 ps) focused to an intensity of 10> W/cm?. The
pre-formed plasma was then heated by the time delayed main pulse (110 mJ, 45 fs) focused to an
intensity of 3x10"" W/cm?. Both the laser beams were incident at 45° with respect to the target
normal as shown in Fig.5.1. The main beam was p-polarized for better resonance absorption.
The x-ray emission spectra from the target surface were recorded using a transmission grating
spectrograph kept along the target surface, at 90° to the target normal. The spectrum was
recorded "on-line" using an MCP- CCD camera combination. A calibrated delay line was set up
for providing a known delay between the pre-pulse and main pulse in two regimes, first in the
sub-ns range and then in few tens of ns range. To obtain the conversion efficiency, which is
defined as the fraction of the laser energy converted to the water- window (23-44 A) x-ray
emission, a soft x-ray CCD camera (X-Vision M 25) was used to record the spectrum. The

obtained spectrum was corrected for the transmission grating diffraction efficiency [120] and the
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quantum efficiency of the CCD [117] for estimation of the integrated water window Xx-ray

emission.

Graphite
Grating
housing
110m.J, 4565
Ti:Sapphire laser
Ly -]

cCcD 30mJ, 300 ps
camera

Fig.5.1: A schematic diagram of the experimental setup
Graphite was used as the target because carbon has resonance line emission (from H-like
and He-like ions) in the water-window region. More x-ray emission compared to that from
planar graphite may be expected if carbon clusters are formed by a pre-pulse, and are then

irradiated after a suitably time delayed fs pulse.

5.2  Cluster formation and characterization

To check whether clusters of carbon can be formed by irradiation of graphite by a 30 mJ,
300 ps uncompressed pulse from a Ti:sapphire laser focused at an intensity of 102 W/cm?, the
deposited plasma debris was collected on a silicon wafer kept at a distance of 5 cm from the

ablation spot, at 45° angle with respect to target normal and an analysis of the sizes and
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structural properties of deposits was carried out using an atomic force microscope (AFM :

SOLVER PRO, NT-MDT).
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Fig.5.2 : a) AFM images of carbon clusters b) average size of 2.8 nm formed at 10" W/cm? intensity of
the 300 ps pre-pulse; c)The corresponding AFM image at a pre-pulse intensity of 10" W/cm? d)
fullerene of size 0.7 nm.

Figure 5.2a shows the AFM image of carbon clusters deposited in 10° laser shots on Si
wafer. Figure 5.2b shows the size distribution and number of clusters deposited on a ~ 2 um x 2
um area of the sample. It is seen from Fig. 5.2b that ~ 9 x 10° clusters of average size of 2.8 nm
were deposited over 4 pm? area in 10° laser shots when the 300 ps pulse (referred to as pre-
pulse) was focused at an intensity of 10> W/cm?. Smaller clusters are formed when the intensity
was reduced to 10'° W/cm? by defocusing the cluster forming pulse, as seen from the AFM
image Fig.5.2c. The size of the deposited particles in this case was 0.7 nm (the size of fullerenes)
as seen from Fig. 5.2d. Some smaller clusters like fullerenes can be formed at high intensity of

pre-pulse as well due to temporal and spatial intensity variation of the prepulse. After
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confirming and characterizing the clusters formed by the pre-pulse, the delay was optimized for

maximizing the x-ray emission.
5.3 Results of x-ray emission with 45 fs laser

a) X-ray spectra at various delays :  First, the effect of the delay between the two pulses
was investigated for obtaining the condition for maximum x-ray emission. Figure 5.3 shows the
x-ray emission spectra from plasmas produced from planar graphite using single fs pulse, and
dual pulses at different delays of 0, 5 ns and 8 ns. The zero delay is defined as the one when the
peaks of the pre-pulse and main pulse coincide temporally. The x-ray emission is in the water-

window region, with intense lines from carbon plasma viz. He-a (C V) 1s%-1s2p (A =40.3A) and

Ly-o (C VI) 1s-2p (A = 33.7A), ride over a strong continuum.
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Fig. 5.3 : Water window x-ray emission spectra from plasma produced from single fs pulse irradiating
planar graphite, and using dual pulses at a delay of 0 ns, 5ns and 8 ns. The pre-pulse intensity was 10*
W/cm?, and the main pulse intensity was 3x10"" W/cm?. In the 0 delay case, the enhancement in the x-rays
is due to laser interaction with long scale length plasma, and at 8 ns delay, it is due to laser-cluster
interaction.

It may be noted that the x-ray emission from planar graphite irradiation from single fs

pulse irradiation is 2.5 times higher compared to polyethylene target, as observed in one of our
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earlier experiments, which was assigned to the pitted surface structure of the graphite target seen

in its SEM image [177 ]. The maximum x-ray enhancement was seen at a delay of 8 ns.

b) X-ray yield at various delays : Figures 5.4a and 5.4b show the conversion efficiency
(CE) given in % / sr obtained after integrating the Xx-ray emission in the water window

spectral region from plasma produced from planar graphite using single 45 fs

short delay regime
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Fig. 5.4. Integrated water window x-ray emission spectra using dual pulses as function of delay. The pre-
pulse( 30 mJ, 300 ps at I~ 10" W/cm? ), main pulse (110 mJ, 45 fs, I= 3x10"" W/cm?).  a) For short
delay regime, and b) For long delay regime . The dashed line in the two figures is the x-ray output using

single fs pulse irradiating planar graphite.
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pulse (dashed line) and dual pulses at different (short and long) delays. Interestingly, there was
an enhancement of the x-ray emission in the water window spectral region in both the delay

regimes, as compared to the x-ray output using single 45 fs pulse.
5.4 Discussion of the results of x-ray emission with 45 fs laser

In the short delay regime (Fig. 5.4a), the absorption processes in the plasma is governed
by the density scale length “L” of the plasma [31,52 ] given by L = cst, where ¢ is plasma
expansion velocity {c; = Z kTell\/Ii)llz, M; is the ion mass)}, and 7 is the delay between the two

pulses [52,176]. With increasing delay, L increases and so does the absorption since the

absorption by inverse  bremsstrahlung is A, =1- exp(—32vei Lcos’d /15c)

where v IS the collision frequency given by vej = 2.91x10° Z n, Te'3/ 21n A, where Z is number
of free electrons per atom, n. is the electron density in cm™, T is electron temperature of the
plasma in eV, and InA is the Coulomb logarithm [52]. It may be noted that this expression for L
is applicable for shorter delays, since at longer delays ( > 1 ns) L becomes equal to the laser pre-
pulse beam focal spot which is *100um in our experiments [52]. In this case, the expansion is no
longer 1D and there is a faster decrease of the plasma density due to 3D expansion. Hence, one
does not expect the absorption to increase further with increasing delay. However, the
experimental observation in Fig.5.4b shows that the x-ray emission keeps on increasing for
delays >> 1 ns. From Fig. 5.4b, it is seen that after 1 ns, the x-ray emission gradually increases,
peaks at 8 ns and then gradually drops but still remaining high at 22 ns delay, and eventually the

enhancement reduces (but not very significantly) at a delay of 92 ns.

The observation of peaking of the absorption at 8 ns delay is quite different from the

general dual pulse experiments [68,176 ] where the x-ray emission was found to maximize up to
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1 ns. Our experimental results of high x-ray enhancement at longer delays cannot be attributed to
an extended under dense plasma [68,176] or formation of crater by the pre-pulse, although both
these reasons have been shown to enhance the laser energy absorption, leading to Xx-ray
enhancement [178]. The x-ray enhancement due to crater formation can be ruled out in our case
since the x-ray emission is monitored along the target surface at 90° to the target normal. The x-
ray emission coming from within crater will not be recorded by the spectrograph looking at the
focal spot along the target surface. The observation of enhanced x-ray emission at longer delay
can be explained if one assumes that the cluster produced by the pre-pulse start coming into the
fs main pulse interaction zone at longer delays. When an obliquely incident laser interacts with
the preformed plasma at lower delays (< 1ns), the laser light propagates up to n.cos?6 (i.e. n/2 at
45° incidence). At longer delays (>> 1ns), the clusters, which move at a speed much slower than
that of the plasma, start crossing the laser turning point (n.cos?0) to come in the interaction zone
of the fs main pulse, giving rise to the possibility of high laser absorption in the clusters. At
longer delays (> 1ns), the fraction of the clusters will increase with increasing delay as more and
more clusters start arriving the main pulse interaction zone. To explain this clearly a schematic
diagram is given Fig. 5.5a which shows the pre-pulse which forms the plasma which expands.
In short delay regime, clusters are behind the critical density surface and the main pulse interacts
with the expanding under dense plasma. Fig 5.5b shows the prepulse forms plasma the clusters

cross the critical density surface and main pulse interacts with clusters.

It appears that at 8 ns delay, the fill fraction of the clusters occupying the main pulse
interaction zone peaks and gradually their number density reduces at longer delays when they
start moving out of the interaction zone of the main laser pulse. This explains the peak x-ray

emission at 8 ns delay followed by a gradual decrease.
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Fig. 5.5. A schematic diagram showing laser plasma interaction at two delay regimes: a) For short
delay regime, the main pulse interacts with plasma, and b) For long delay, the main pulse interacts with

clusters.

Thus, one can conclude that the x-ray enhancement at longer delays is due to high
absorption in the carbon clusters which leads to higher x-ray yield than obtained from planar
graphite irradiated with as single 45 fs pulse. As seen from the Fig 5.4a and 5.4b, the conversion
efficiency of 110 mJ, 45 fs laser pulse in the water window is 5.8x102 % / sr from planar
graphite, which is similar to the conversion obtained from planar carbon target reported by
Nishikawa et al [83]. The x-ray CE from carbon clusters is estimated to be 0.54 % / sr from dual
pulses with 8 ns delay (Fig. 5.4 b) between them. This CE is similar to the conversion reported

from ultra-short laser pulse irradiation of carbon nanotubes by Nishikawa et al [83]. It may be
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noted that the x-ray conversion in all the above cases is estimated assuming isotropic X-ray

emission from the plasma volume.
5.5 Simulation of pre-plasma conditions using Multi-1D

To investigate the role of under dense plasma in Xx-ray enhancement at long delays,
simulation of the interaction of a 300 ps laser pulse of intensity 10'2 W/cm? with a planar carbon
target was carried out using a 1D hydrodynamic code (Multi-1D ) [179] to evaluate the plasma
density scale length at the critical density n. (L=n/(dn/dx) at n;). The density scale length “L” is
one of the most important parameters that determine the absorption processes in the plasma
[31,52]. As mentioned earlier, it is given by L= ct. In the present case, T is the delay between
the two pulses [52,176]. This expression for L is applicable for shorter delays since at longer
delays (much larger than a ns), L becomes equal to the laser focal spot, as the expansion is no
longer 1D. Further, Multi-1D was used in the planar expansion case. This helps in qualitative
understanding the reason of the observed x-ray enhancement at longer delays. Considering
spherical expansion will lead to even faster decrease of scale length for longer delays once 3D

expansion sets in.

Figure 5.6a shows the time evolution of the estimated density scale length. One can see
that upto few hundred picoseconds (laser pulse duration is 300 ps), the density scale length
increases and after the pulse is over, the density scale length starts decreasing rapidly with time,
becoming even sub-A after 1 ns. Figure 5.6b shows the calculated distance of the critical density
and half critical density layer from the target surface as a function of time. The n, and n./2
surfaces move ahead initially but eventually at longer interval of time these layers become closer

to the target surface, when the cluster can cross the laser turning / reflection surface and interact
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with the fs main pulse. Thus the possibility of clusters crossing the n. and n¢/2 surface at long

delays is supported by simulations also.
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Fig.5. 6 : a) The estimated evolution of the plasma density scale length (at n. ) of the plasma formed by
the pre-pulse as a function of time, b) The calculated distance of critical density and half critical density
layer from the solid target surface as a function of time.

5.6 Results on x-ray yield variation with main pulse duration

The effect of the duration of the main laser pulse on the x-ray yield was also studied. The
results are shown in Fig 5.7. In this study, the main pulse duration was varied from 45 fs to 5 ps,

at a fixed fluence of ~ 2x10* J/cm?. While the x-ray emission from graphite target showed a slow
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monotonic increase with the main pulse duration for the case of no pre-pulse, the x-ray emission
from dual pulses showed a peaked behavior. As the laser pulse duration is increased, plasma of a
longer scale length is produced, leading to an increase in the collisional absorption and
corresponding increase in the x-ray emission. In the dual pulse case (delay 8 ns ), an optimum x-
ray yield was observed for a pulse duration > 400 fs, the CE for this case is 0.98 % / sr, which is
the highest yield recorded in the current experiment. A similar observation was made at a delay

of 22 ns, where the optimum laser pulse duration for maximum x-ray emission was ~ 1 ps.
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Fig5.7 : Variation of x-ray yield with main laser pulse duration for : no pre-pulse (closed circles), and
dual pulses with a fixed delay of : 8 ns (closed squares) and 22 ns (closed triangles). The main pulse

duration was varied from 45 fs to 5 ps, at a fixed fluence of ~2x10* J/cm?.

5.7  Discussion of results on x-ray yield variation with pulse duration

The peaking of the x-ray yield at longer pulse duration can be attributed to the presence
of carbon clusters going into resonant phase (i.e. reaching a density of 3n¢) during the (main)

laser pulse, resulting in higher absorption of the laser, leading to enhanced x-ray emission. As
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the carbon clusters (at near solid density) absorb the laser energy, they get heated up and start

expanding. During the expansion, the density decreases, and when it approaches 3n, the

absorption cross-section Oy =

8rkr? ( e-1
Im
3 E+2

j increases rapidly due to the enhancement of

; 3
the electric field inside the clusters — =—5 at 3n¢, which corresponds to € = -2 [96 ].
E,L ¢+2

It may be noted that we have measured the x-ray emission along the target surface, since
the plasma debris from the laser-irradiated target is minimal in this direction, which is highly
desirable for applications like lithography, where one does not want to spoil a nano-structure by
debris deposition. The irradiation of the in situ formed clusters by a time delayed fs pulse at a
delay of 8 ns (when the cluster density at the interaction zone is maximum) ensures the

maximum annihilation of the clusters, thereby reducing the debris further [180 ].

Thus, we have demonstrated enhanced water window X-ray emission from in situ formed
carbon clusters irradiated by laser pulse at | > 10*" W/cm? after a delay of few ns and obtained
the condition for maximum x-ray emission at 8 ns. For this delay, the x-ray conversion efficiency
from carbon clusters was estimated to be 0.54 % /sr. At the same delay of 8 ns the optimal pulse
duration for maximizing the x-ray emission is found to be 400 fs and for this case the conversion
was found to be as high as 0.98%/sr. This provides an alternative, simple, single step method for
studying laser cluster interaction with the added advantages of being an efficient, high repetition

rate, and of low debris x-ray source.
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Chapter 6

Soft x-ray emission from carbon nano-fibers

As mentioned in Chapter 5, point-like x-ray sources in the water-window spectral region
(23-44 A), emitting ultra-short pulses, are of particular interest for ultra-fast imaging of live
biological samples with high contrast [108,171]. Plasma produced by intense ultra-short laser
pulses from solid targets can serve as a compact and low-cost source for the above application
[181-183]. As we have shown that the in situ formed targets are very attractive for overcoming
the problem of low absorption of high-intensity, ultra-short laser pulses in plasma produced on
solid targets. As mentioned in Chapters 1, 4 and 5, various other forms of solid targets like
gratings, structured targets, metal clusters, nano-fibers etc. [69-86, 168,169] have been used by
various experimental groups to enhance the laser energy absorption, production of energetic
particles, and improving the x-ray conversion efficiency. In this and the following chapters,
experiments on absorption and x-ray emission from intense laser irradiated nano-structures will
be described. The aim is to study the effect of geometrical shape, size, fill fraction, and
topography of the target on the absorption of intense ultra-short laser pulses. Another aspect is
the dynamics of the laser irradiated nano-structures and resonances occurring in them, which can

be manipulated for a higher absorption and the consequent x-ray conversion.

In this chapter, we describe an experimental study of the x-ray emission in the water-
window region from carbon nano-fibers (CNFs) irradiated with ultra-short laser pulses. Since
carbon also has intense resonance lines (from H-like and He-like ions) in the water-window
region, graphite has been used as a target [184 ]. An increase in the x-ray emission may be

expected by coupling intense short laser pulses to carbon based nano-structures [83,84,185-187]
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instead of carbon-containing planar targets. CNFs, which can be produced easily in different

sizes at low cost, are one such potential candidate.

We have observed that CNFs of different diameters show an order of magnitude
enhancement of x-ray emission intensity over that for planar graphite target. The effect of laser
pulse duration and the intensity scaling of the integrated x-ray yield are studied for CNFs of 60
nm and 160 nm diameters. The integrated x-ray yield of these carbon based targets is observed
to scale with the laser intensity (1.) as I.™-*"*in the intensity range of 4 x10" — 4 x10*" W/cm?.
The effect of the laser pulse duration on the x-ray emission from the CNFs has been also studied
by varying the pulse duration from 45 fs up to 3 ps, at a constant fluence of 2 x10* J/cm?. The
optimum laser pulse duration for maximum x-ray emission increases with the diameter of CNFs
used. The results are explained from the physical considerations of heating and hydrodynamic
expansion of the CNF plasma in which resonance field enhancement takes place while passing

through two times the critical density. The results add to the efforts towards achieving an

efficient low-cost water-window x-ray source for microscopy.

6.1 Description of the experiment

First a description of the processes used for CNF fabrication is given and also the
characterization by a scanning electron microscope (SEM) is presented. The SEM is used to
ascertain the CNF diameter and the inter fiber separation, as these factors determine the laser

energy absorption.
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6.1.1 Preparation and characterization of CNFs

CNFs of two different diameters were used. The 60 nm CNFs were prepared by spray
pyrolysis of a mixture of ferrocene and benzene [188]. They had a size variation with a standard
deviation of ~20 nm. The length distribution of the CNFs could not be determined because
viewing the ends of the spaghetti-like CNFs turned out to be prohibitive. The thickness of the
CNF deposition on the substrate was ~20-50 um. Visual observation of a 5x7-pum? area of the
sample suggested that about 30% of the area was free from CNFs in the deposited layer. The 160
nm CNFs were grown by thermal decomposition of a precursor mixture of acetylene and

hydrogen (1:5). The growth was done on a strip of iron coated with its nitrite.
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FIG.6.1 : SEM images of (a) 60 nm CNFs, (b) 160 nm CNFs and (c) graphite plate

Figure 6.1 shows the images of CNFs deposited on graphite plates, observed with an

SEM (Philips XL30CP; ~3.5 nm instrumental resolution). It is noted from Fig. 6.1a that the
99



CNFs of 60 nm diameter have gaps between them of upto a few times their average diameter
though the exact estimation of the intra-fiber spacing is difficult as it is non-uniform but it
appears to be ~ 300-500 nm on an average. On the other hand, the larger diameter CNFs (see
Fig.6.1b) are more closely packed and the average spacing between the fibers appears to be
smaller than the intra-fiber spacing of the smaller nano-fiber target. The planar graphite target
was porous in nature with many craters of nano-meter scale as seen from the SEM image shown
in Fig.6.1c. Since porous targets are also efficient absorbers of ultra-short intense laser pulses, a

planar polyethylene target free of porosity was also used for comparison.

6.1.2 Experimental setup

Graphitef
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nanofibres
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FIG.6.2 : A schematic diagram of the experimental setup

Figure 6.2 shows the schematic of experimental setup used in the current study. Plasma
was produced by focusing 150 mJ, 45 fs (FWHM) Ti-sapphire laser pulses (A = 790 nm) on a

planar graphite target with / without pre-deposited carbon nano-fibers. The p-polarized laser
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beam was made incident on the target at an angle of 45° with respect to the target normal, at a
maximum intensity of ~ 4 x10%” W/cm?. The oblique incidence geometry was used so that the
plasma produced from the planar targets was predominantly by the resonance absorption
mechanism of laser light absorption [40,44]. The ns pre-pulse intensity contrast was better than
10°. The x-ray emission spectra were recorded with a spectral resolution of ~ 1 A, using a micro-
channel plate - CCD camera based on-line transmission grating spectrograph [119]. The laser
intensity was varied by using calibrated neutral density filters. To study the effect of the laser
pulse duration on the x-ray yield, the former was varied by changing the grating pair separation
in the optical compressor, from 45 fs to 3 ps, at a fixed fluence of ~ 2x10* J/cm®. The stretching
of the pulse duration by increasing the separation between the compressor gratings introduces
negative chirp in the laser pulse i.e. the higher frequencies precede the lower frequencies

temporally in the laser pulse.

6.2 Experimental Results

6.2.1 X-ray spectra from CNFs

Figure 6.3 shows the x-ray emission spectra from plasmas produced from polyethylene,
graphite, and CNFs (60 nm and 160 nm) deposited on a graphite substrate. The x-ray emission
in the water-window region has intense lines from carbon plasma, viz. C V 1s?-1s2p (,=40.3A)

and C VI 1s-2p (A=33.7 A) riding over a strong continuum.
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FIG.6.3: X-ray emission spectra from plasma produced from CNFs, graphite, and polyethylene targets.

The x-ray intensity is much higher for 60 nm and 160 nm CNFs compared to that for graphite
and polyethylene targets. It is also observed that the CNFs with the smaller diameter are more
efficient x-ray emitters in the water window. The integrated Xx-ray intensity over the water-
window spectral region for the 60 nm CNFs was ~ 18 times higher than that with planar graphite
and ~45 times higher than that of the polyethylene target. The corresponding x-ray intensity
enhancement for the 160 nm CNF target was ~2.5 and 7.5 times higher, respectively.

Although the enhancement of the x-ray emission from the CNFs over the planar graphite
target was recorded along the target surface only, the x-ray intensity enhancement as compared
to planar target is also expected at other angles. This is because the x-ray emission from plasma
produced by the irradiation of a planar target with intense short laser pulses has a more isotropic
distribution [15] than that generated through the irradiation with longer pulses of ps or ns
duration. Since locally the carbon nano-fibers are at solid density, the x-ray emission from them
is likely to show a behavior similar to that known from solids. In ref.13, the x-ray emission from
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carbon nano-tubes in the water window was studied under similar experimental conditions like
us. They recorded the x-ray emission at 45° with respect to the target normal (instead of 90° in
the present work). A higher x-ray emission from carbon nano-tubes as compared to planar
carbon was observed by them in that direction. Therefore, it appears that x-ray enhancement will
occur in other directions as well. We have measured the x-ray emission along the target surface
since the plasma debris from the laser-irradiated target is minimal in this direction. Therefore, the
x-ray enhancement in that direction is more important and desirable for applications (like

microscopy, lithography etc).

6.2.2 X-ray yield study with intensity and pulse duration.
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FIG.6.4 : Dependence of the integrated x-ray intensity from CNFs and graphite target plasma on laser
intensity (45 fs pulse duration).

Figure 6.4 shows the dependence of the integrated x-ray yield (in the 23-44 A water window

range) from graphite and CNF targets on the laser intensity 1. The x-ray vyield increases as I, ™%

103



L4 for the two CNFs and the graphite as well. Fig. 6.4 also reveals that the enhancement factor
for the CNF targets does not vary much with I,.. The emission from the 60 nm CNF target was

highest in the entire range of laser intensities used in the experiment

[ 60 nm CNF

160 nm CNF
W

100 1000
Laser pulse duration (fs)

—
[ —]
=

—
L=}
[

X-ray intensity (a.u.)

FIG.6.5 : Integrated x-ray intensity from plasma produced from CNFs and graphite targets as a
function of laser pulse duration, at a constant laser fluence of 2 x10* J/cm®.

Figure 6.5 shows the dependence of the integrated x-ray yield in the water-window
spectral region on the laser pulse duration, at a constant fluence of 2 x10% J/cm? for the graphite
and the 60 nm and 160 nm diameter CNFs as well. While the x-ray intensity from the graphite
target shows a small monotonic increase with the laser pulse duration, the 60 nm and 160 nm
diameter CNFs exhibit a peak. The emission from the 60 nm CNF target is highest in the entire
range of laser pulse duration used in the experiment. The x-ray yield for the 60 nm diameter
CNF is maximal at 300 fs and thereafter gradually decreases till 3 ps. For 160 nm CNFs, the

peak behavior is more pronounced, a distinct peak occurs at the laser pulse duration of 700 fs.
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The x-ray intensity enhancement factor for the two CNFs of different diameters with
respect to the graphite target, as a function of the laser pulse duration, is shown in Fig. 6.6. The
enhancement factor increases from 18 to 27 when the laser pulse duration is changed from 45 to
300 fs. For larger pulse durations, the enhancement factor decreases gradually. However, even
for irradiation of the 60 nm CNFs with 3 ps laser pulses, there is a considerable enhancement
factor of ~10. In the case of the 160 nm CNFs, a similar behavior is observed, where the
enhancement first gradually increases, peaks at 700 fs (peak value ~ 10), and then smoothly

declines when the laser pulse duration increases.
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FIG.6.6 : Enhancement of water-window x-ray yield from CNFs w.r.to graphite target as a function of

laser pulse duration, at a constant fluence of 2x10* J/cm?.

It is important to mention here that for applications like contact microscopy of biological
specimen, the x-ray pulse duration should be sub-ns, so that image blurring due to hydrodynamic
motion is negligible. Since we did not measure the x-ray pulse duration of the emission from

graphite and CNFs, we refer in this context to the work of Nishikawa et al. [13] who measured
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the pulse duration of the x-rays (in the water window region) from laser-irradiated carbon nano-
tubes using a streak camera with 3 ps time resolution. The x-ray pulse durations for planar solid
carbon and carbon nano-tubes were 8 and 26 ps, respectively. Thus, even though the x-ray pulse
duration from the CNFs is likely to be larger than the laser pulse duration, the CNF-based source

is still attractive for many applications.

6.3 Application of the nano-plasma model for x-ray enhancement

The x-ray intensity enhancement observed for CNF targets is basically due to higher
laser energy absorption in the CNF plasma compared to that occurring in plasma from planar
solid targets. The absorption of a high-intensity (A > 10" W/cm?) p-polarized laser pulse

obliquely incident on a planar solid surface is mostly by resonance absorption, vacuum heating,

and JXB heating, whereas at lower laser intensities (I\® < 10 W/cm?), inverse bremsstrahlung
absorption is more dominant [52]. A major difference in the absorption by a bulk target and a
nano-size target (like gas clusters or CNF) is that the laser field gets strongly enhanced inside a
nano-particle for certain values of the dielectric constant and this forms the basis of the nano-
plasma model [96-98]. We have applied this model to explain our results since the model
successfully explains various experimental results with clusters concerning laser energy

absorption [88,96-99], x-ray emission [101], electron emission [75] and ion emission [95].

The nano-plasma model considers the irradiation of a cluster by an intense short pulse
laser which results in the initial ionization of the cluster by the optical field. The free electrons
thus produced oscillate under the laser electric field and collide with the surrounding ions (at
near solid density) and transfer their energy collisionally to the ions. This raises the temperature

of the nano-plasma cluster ball which subsequently expands due to a combined Coulomb and
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hydrodynamic pressure. Although such a simple model successfully explains the numerous
experimental observations, the notion of hydrodynamic expansion of a cluster on 100 fs time
scale is debatable, as the typical time scale for energy transfer from electron to ion is few ps.
Hence, the efficient absorption of ultra-short laser pulse (< 100 fs) by clusters has been
attributed to the non-collisional process [105-107]. Nevertheless, as the laser irradiated clusters
have locally solid density and are highly ionized, the plasma is highly collisional [96 ]. Invoking
this aspect, the nano-plasma model justifies efficient absorption even for ultra-short pulses ~ 100
fs where the hydrodynamic motion may be negligible. Several authors have carried out
numerical simulations on the clusters hydrodynamic expansion in the nano-plasma[96,102,189].
The simulations show the time evolution of the electric field, the plasma temperature, and the
hydrodynamic pressure inside the cluster, which causes cluster expansion and density dilution.
Subsequently the electron density starts approaching 3n.; near the peak of the laser pulse [94-
99,189]. Therefore, although the cluster does not expand sufficiently to arrive at the resonance
condition at the peak of laser pulse, still high electric field, temperature and pressure are
attained. The simulations further show that the cluster electrons density eventually becomes 3n.
on a time scale of few 100 fs away from the peak of the ultra-short laser pulse (~ 100 fs) [94-99
]. This implies that there is further scope for even higher absorption if the laser pulse is stretched
to be > 100 fs, so that the cluster density passes through 3n. at the peak of the pulse [97]. It has
been experimentally verified that stretched pulses lead to the best x-ray output because for a
cluster of given size there exists an optimum pulse duration for maximum absorption which may

vary from ~ 100 fs to ~ 1 ps [97,101].

In the present context, the nano-fiber target used in our experiments has a resemblance

with the generally used spherical metal and gas clusters, and the major difference is that it has a
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cylindrical shape due to which they show resonance at 2n; [190] instead of 3n.. The CNFs are
like cylindrical nano-particles (nano-rod) and to study their interaction with intense laser pulses it
can be considered as a cylindrical dielectric placed in the laser field, in a treatment similar to
clusters. The experimental observations can be explained by extending the nano-plasma model
from a spherical to a cylindrical geometry.

When an external electric field Eo is applied perpendicular to the axis of a cylindrical
nano-particle (having a very large length in comparison to its diameter), the inside field Ej, is

given by the relation [190]

Ein :_EO . ...6.1

The inside field becomes very large when the dielectric constant € approaches -1. For heated
nano-fiber plasma, ¢ shows a transient behavior because the rapid heating is followed by a
density reduction due to hydrodynamic expansion. For plasma the dependence of € on density

has the form
8 = 1' ne/nc ....6.2

where ne is the electron density and n. is the critical density. It follows from Eqgns.6.1 and 6.2
that the inside field becomes very large in the vicinity of n, = 2n.. However, when the applied
field is parallel to the axis of a nano-cylinder, due to the long extent of the cylinder (compared to
the laser wavelength), there will be no field enhancement. An electric field applied to an
unaligned CNF will have field components perpendicular and parallel to the fibre axis. When the
plasma density approaches 2n., there will be a large enhancement of the radial component of the
electric field, leading to strong inverse bremsstrahlung absorption of the laser light. The time tr

taken for reaching this condition depends on the initial radius r,, the initial density no, and the
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expansion speed Cs. The expression for tg of CNFs is similar to that for clusters [97] and is

given by

r=(r/c)( [J=>-1) . ..6.3

As seen from Eq.6.3, the resonance condition for larger diameter nano-fibers is attained
later in time, in comparison to the smaller diameter nano-fibers. Since the diameters of the CNFs
vary in a given target sample and the hydrodynamic expansion may also be non-uniform, and
hence the resonance condition is expected to occur over a period of time. It may also be noted
that for spherical nano-plasma, due to 3-D expansion, the resonance condition is reached earlier

in time than for cylindrical nano-plasma which undergoes 2-D expansion.

Despite the fact that the irradiation of the nano-fibers with ultra-short duration pulses
(~45 fs) will not cause expansion sufficient enough to reach the resonance condition, a
significant absorption of the ultra-short pulses is still observed in nano-particles. This has been
explained by various models which consider the collective electron dynamics and nonlinear
resonances [104-107]. Moreover, due to the collisions present within a cluster, the resonance
gets broadened over a larger range of densities and pulse duration [96]. In addition to this, the
collision frequency of large sized cluster is known to be inversely related to its size [191]. This
explains the observed higher x-ray enhancement in the case of the smaller diameter nano-fibers
(60 nm) as compared to the larger 160 nm fibers because of the higher collisionality in the
former. Hence, even for the smallest pulse duration, the x-ray yield is not negligible compared to
the peak value at some higher pulse duration. Moreover, the 60 nm CNF absorbs more laser

energy than the 160 nm CNF, as the density of the former approaches 2n. earlier in time [148,
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166,167] as the rate of decrease of electron density with the instantaneous radius (r) is inversely

proportional to the cube of r i.e. dn/dr o 1/r3 (as for cylindrical nano-fibers n o 1/r%).

On the basis of the above physical picture, one can explain the results shown in Figs. 6.3-
6.6. As stated earlier, the resonance field enhancement in nano-fiber plasma in the vicinity of 2n.
will result in strong absorption of laser energy to increase the nano-plasma temperature. This is
responsible for the large enhancement factor in the x-ray yield for CNF plasma as compared to
the carbon-containing planar solid targets. First, we discuss the dependence of the integrated x-
ray yield on laser intensity for CNF and graphite targets. All three targets showed almost the
same scaling I."*%. The spaghetti-like structure of the nano-fibers (Fig.6.1) has nano-meter
sized spaces (voids). Due to these voids, the incident laser light gets multiply reflected from one
fiber to another and thus gets better absorbed (by being trapped in the voids). This would also
enhance the x-ray emission compared to a planar target. The SEM image of the graphite target
(Fig.6.1c) clearly shows nano-sized pits on its surface, which, due to multiple reflections, may
lead to a better absorption of laser energy. This is also consistent with the observation of a much

smaller x-ray yield from the polyethylene target which had no porosity.

6.4 Resonance in nano-fibers

Now we come to the variation of the x-ray yield with the laser pulse duration. As
observed from Fig.6.5, the x-ray yield for CNF targets first increases with laser pulse duration,
reaches a peak at a certain value and then decreases. As the laser pulse duration is increased,
plasma of a longer scale length is produced, leading to an increase in the collisional absorption.

Secondly, the increase in x-ray emission can also be due to a larger volume of the expanded
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plasma and longer emission time. Also, there is a slower decrease of the electron temperature
with time due to larger density scale length. Thus the plasma emission time is also longer, which
can explain the increase in x-ray yield [184 ] with increase in laser pulse duration. However, as
the laser pulse duration is further increased, the resonance condition would progressively occur
in the initial part of the laser pulse. Due to the continued plasma expansion during the remaining
laser pulse, the laser energy absorption would occur at lower plasma density (away from 2n;).
This would result in less effective heating of the plasma and thereby providing a lower x-ray

yield.

The above qualitative picture is also consistent with the observation of different values of
laser pulse duration for peak enhancement for the two different diameters of CNFs used (Fig.
6.6). As the smaller diameter nano-fibers (60 nm) will reach resonance earlier than the larger
ones (160 nm ), the x-ray yield in the former case peaks at a smaller pulse duration of ~300 fs
while the latter showed a maximum at a laser pulse duration of ~700 fs (since tx is proportional

to ro as seen from Eq. 6.3).

To substantiate the time scales for the resonance (tr), we estimate the expected tr for the
nano-fibers taking the typical laser parameters, plasma temperature and density and the targets

geometrical parameter ro. To estimate tg, we first estimate the plasma expansion speed cs=

T : . . .
¢ where M; is the ion mass. Since cs is temperature dependent, we take temperature value

from the work of Issac et al [192] who have done experiments using very similar laser
parameters, with the shortest pulse duration of 60 fs and worked at a fluence of 8 kd/cm?, which
in our experiments was 20 ki/cm?. They have estimated the electron temperature at various pulse

durations from 60 fs to 2.2 ps which is again very similar to pulse duration range covered in our
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experiments, while keeping the fluence unchanged. Their electron temperature varied from ~1.5
keV to 2 keV. In this temperature range cs varies from 2.7-3.2 x10° cm/s. The value of ng/n; for
carbon nano-fiber irradiated with Ti:sapphire laser at 800 nm is taken to be 40. The time for
occurrence of resonance tr can be found using Eq.6.3. For a 60 nm fiber, the resonance would
occur at 320-380 fs (considering the range of speed of expansion). Similarly, the resonance is
expected to occur between 850 fs- 1ps for the 160 nm fiber. The observed resonance for smaller
diameter nano-fibers (60 nm) ~300 fs and the observed peak for larger diameter nano-fibers (160
nm) ~700 are in close agreement with the predicted values and hence substantiate the claim of

resonance absorption occurring in the nano-fibers.

Void closure may also be a factor in governing laser energy absorption in the nano-
fiber targets. For the 60 nm CNFs, the void closure can occur over a 1-2 ps time scale. This is
because, considering the intra-fiber distance to be 300-500 nm and the plasma of ~1.5-2 keV
temperature expanding at the rate of ~2-3x 10’ cm/s will take about a picosecond time for void
closure, which is also similar to the time scales reported by Gibbon et al [193]. Thus, in the case
of the smaller diameter fibers, the void closure will occur after the resonance is reached.
However, for the 160 nm CNFs, the average intra-fiber spacing is of smaller magnitude
compared to that for the 60 nm diameter nano-fibers. In this case, there is a possibility that void
closure may occur on a sub-ps time scale, even before reaching resonance. Thus, smaller laser
energy absorption may occur for the larger diameter (160 nm) CNFs in comparison to the 60 nm
diameter CNFs.

Lastly, we consider the effect of pre-pulse associated with the laser pulse which can
damage the nano-structure prior to the arrival of the main pulse. The pre-pulse can form a pre-

plasma making the geometrical shape of the nano-structure not effective. In addition to this, the
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field enhancement occurring in the nano-fiber will make the effective intensity of the pre-pulse
interacting with the nano-fiber further higher. However, we believe that the pre-pulse did not
contribute in the present experiment due to the following reasons. The contrast ratio of the pre-
pulse before 8 ns (replica contrast) was better than 10 and the contrast ratio of ns-pedestal due
to amplified spontaneous emission (ASE contrast) was also about 10°. Therefore, the pre-pulse
intensity is less than 4x10™ W/cm?. As for the replica pre-pulse (the one 8 ns before the main
pulse), its duration being short (same as that of the main pulse), it has a large threshold to
produce plasma. Rajeev et al [194] have experimentally measured the plasma formation
threshold intensity for solid copper and copper nano-particles containing target using 100 fs laser
pulses. The threshold intensity for plasma formation was found to be about 10** W/cm? for both
the targets. Since the highest intensity of the pre-pulse in our experiments (4x10™W/cm?) is
much smaller than the value of plasma formation threshold by more than two orders of
magnitude, one can assume that even the effect of field enhancement facilitated by the nano-fiber
will not lead to any pre-plasma formation due to the replica pre-pulse. This argument is
strengthened by the observation of Dorchies et al [101] who conclude that the pre-pulse contrast
should be better than 2 x10® so as to prevent the cluster from any modification prior to the
arrival of main pulse. As for the ASE foot, the focused intensity is much smaller due to its larger
divergence to cause any significant heating. Moreover, the ASE intensity does not vary with
change of laser pulse duration, and hence had ASE been the dominant factor, one would not see
any variation with the laser pulse duration observed in the experiment (Fig. 6.5).

Thus, we have demonstrated that CNFs irradiated with ultra-short laser pulses show more
than one order of magnitude enhancement in x-ray yield in the water-window x-ray emission

from for 60 nm diameter CNF compared to graphite and polyethylene targets. The higher x-ray
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yield, the scaling of the x-ray yield with laser intensity, and the dependence of the x-ray yield
enhancement on laser pulse duration are explained by higher absorption due to the occurrence of
resonance field enhancement at two times the critical density in nano-fiber plasma during its
hydrodynamic evolution. The results may be helpful in determining the optimum parameters of
nano-fiber targets and laser pulses to achieve high x-ray yield in the water-window spectral

region for x-ray microscopy.
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Chapter 7

Enhancement of x-ray emission from nano-hole alumina.

As elaborated in the previous chapters, the inefficient deposition of the laser energy in
solids can be improved by using nano-structure targets. The nano-structures offer a high
absorption due to several reasons : 1) average mass density of a surface with nano-structure is
lesser than a solid, implying a greater energy deposition depth (“Light trapping”) [70] 2) greater
surface to volume ratio also leads to enhanced interaction volume [71], 3) the protrusions of
some nano-structures like, nano-wire, or metal nano-particles lead to efficient resonance
absorption, because of the curvature of the structure, due to which the optimum angle for
resonance absorption may be met locally [47]. Efficient absorption in nano-structured surface
can also be achieved through excitation of surface plasma waves which are absent in planar
solids [195]. Moreover, the electric field enhancement (“Lightning rod effect”) [87] and linear
[96-98] and nonlinear resonances [105-107] in nano-particles make them competitive as an
efficient electron, ions and x-ray source [69-91]. They can be easily characterized by
microscopic techniques, which gives them an edge over gas clusters whose characterization is
difficult and indirect [92].

One can say that a nano-structured target should have the following characteristics for
practical usability : i) it should be easy to produce in bulk quantity, ii) it should have a highly
regular nano-structure, and iii) it should be cost effective. Nano-structured target like nano-hole
alumina is a very promising laser-plasma x-ray source because of all the above mentioned
characteristics present in it [196]. It consists of arrays of nano-holes which are perpendicular to

the target surface. The target is easy to make with a large area, with a narrow hole size
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distribution, by anodic oxidation of an aluminum plate. This target is also very useful to study
the dynamics of ultra-short intense laser pulses with nano-structured targets owing to its regular
arrangements of nano-holes.

The interaction of intense light with holes of few tens of nano-meters is also interesting
for studying the electric field generated inside them after irradiation. Since, the nano-structured
targets exhibit shape and size dependent field enhancement, which is evident from the hard x-ray
emission from these targets, therefore nano-holes are also worth pursuing for study as target for
the possibility of high fields in them. Nano-hole is a different type of structure. It is interesting to
study the electric field inside the nano-holes, its hydrodynamic evolution, and its effect on x-ray
emission. Although, nano-hole targets have been studied in the past for soft x-ray generation and
the soft x-ray yield dependence on the nano-hole diameter [80,197], there is no study, on the
hard x-ray emission and its dependence on laser pulse duration. Moreover, a clear understanding
of the mechanism of x-ray enhancement in nano-holes is lacking.

In this chapter, we describe a comparative study of the laser energy absorption, soft x-ray
emission (in the water window region : 2.3-4.4 nm), and hard x-ray emission (2-20 keV range)
from planar aluminum and nano-hole alumina of various average diameters, when irradiated by
Ti:sapphire laser pulses. The x-ray yield from the nano-holes was enhanced clearly showing an
increased coupling of the laser energy to the target. The laser pulse duration was varied from 45
fs to 500 fs, and the focused intensity on the target ranged from ~3x10%° W/cm? to 3x10"’
W/cm?. The x-ray yield enhancement from the nano-holes shows an increased coupling of the
laser energy to the target. The effect of laser pulse duration on the x-ray emission was also
studied, where a resonance like phenomenon was observed. The laser energy absorption

measurements in the nano-holes showed a marginal enhancement in absorption as compared to
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planar Al. The integrated keV x-ray yield, from nano-hole alumina and planar Al, at an intensity
of 3x10%" W/cm?, was 25 wJ and 3.5 pJ respectively. The results can be explained by considering
the hydrodynamic expansion of the laser irradiated structure and field enhancement in the nano-

holes.

7.1  Description of the experiment

7.1.1 Experimental setup

Planar Al/
nano-hole

75 mJ,45 fs
Ti:Sapphire laser

Grating
housing Focussing

CcCD
camera Energy meter

Fig.7.1: Experimental setup for absorption and x-ray measurements

The experimental setup for the study of absorption and x-ray emission from planar Al and
nano-hole alumina, is shown in the Fig.7.1. Ti:sapphire laser pulses, with 75 mJ energy and 45
fs pulse duration, were focused on the target to a spot of 20 um diameter, using a convex lens
having a focal length of 500 mm. The p-polarized laser beam, with nanosecond intensity contrast
~ 10°, was incident on the target at an angle of 45° with respect to the target normal. The

intensity on the target surface was upto ~3x10*" W/cm?. The laser energy absorption was studied
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from the measurement of the reflected and scattered laser light energy as a percentage of the
incident laser light energy. A convex lens was used to collect the reflected light onto an energy
meter. The collection solid angle of the lens was kept large enough to ensure that any reflected
light from the plasma was collected by the lens. Another convex lens (not shown in Fig.7.1),
also kept at 45° to the laser beam axis, and was used to collect the side-scattered light, which was
monitored using a sensitive calorimeter having sensitivity of 164 V/J. The scattering percentage
was estimated by assuming isotropic scattering. The pulse duration was varied from 45 fs to 500
fs, by changing the grating pair separation, for studying its effect on the x-ray emission and

absorption.

7.1.2 X-ray diagnostics

To estimate the x-ray yield in plasma produced by the planar and nano-structured targets,
three diagnostics were used : 1) Transmission grating spectrograph (TGS), 2) Dispersion-less
spectrograph (as shown in Fig 7.1) and 3) X-ray p-i-n diodes (not shown in Fig.7.1). These
diagnostics were set up to measure the x-ray signal simultaneously from different ports of the
diagnostics chamber along with the absorption measurements. In this setup, the TGS was
mounted along the target surface. It was used for the measurement of the x-ray yield in the soft
x-ray region, particularly in the water-window region (23A - 44A). The x-ray emission spectrum
was recorded using an MCP with CCD camera-PC based on-line measurement system. To
maintain the MCP at proper vacuum, an additional vacuum system was used.

An Xx-ray p-i-n diode (Quantrad) was used with a 75 um Be filter to estimate the x-ray
energy yield above 2 keV. It was kept in the plane containing the target normal and laser beam

axis. A permanent magnet of 0.15 tesla field was also kept in front of the x-ray diode to prevent
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the hot electrons, emitted normal to the target, from colliding with the filter foils of the p-i-n
diode and generating x-rays, which can be misinterpreted as x-ray signal from the target.

The spectrum in the 2-20 keV region was recorded in single shot mode using the
dispersion-less spectrograph. The spectrograph was mounted on the 22.5° port, below the x-ray
p-i-n detectors, as shown in Fig.7.1 (p-i-n diodes not shown for clarity). The x-ray CCD camera
of the dispersion-less spectrograph had 4x10° pixels. A 25 um thick Ni foil (cut-off at 7.9 keV)
was put before the CCD for cutting off the low energy x-rays. Another magnet of 0.085 tesla
field was kept in front of the x-ray CCD camera. This field was sufficient to deflect even the
most energetic hot electrons, to avoid the x-ray contribution from the hot electrons striking the

filter foil in front of the CCD camera.
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Fig.7.2: SEM image of nano-hole alumina showing hole size of ~ 40 nm.

Figure 7.2 shows the SEM micrograph of nano-hole alumina. It shows that the nano-

holes have a uniform size distribution of average diameter 40 nm.
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7.2 Experimental Results
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Fig.7.3: X-ray spectra of carbon, planar aluminum, and nano-hole alumina, in the water window region.

The soft x-ray emission spectrum was recorded using the TGS, from targets irradiated by
Ti:sapphire laser beam at an intensity of ~3x10"" W/cm?. Figure 7.3 shows the x-ray spectra
obtained from carbon, aluminum and nano-hole alumina. The carbon spectrum shows two peaks
corresponding to He-o. and Ly-o at wavelength A = 40.7 A and 33.7 A. These intense lines were
used as reference for the x-ray emission spectra of Al and nano-hole alumina targets. Fig.7.3
also shows that in the soft x-ray region, the x-ray yield is ~4 times higher for nano-hole
alumina compared to that for planar aluminum target. Due to the poor resolution of this
spectrograph, Al lines from the targets were not seen. A nano-hole target offers a larger surface
area that interacts with the fs-laser pulses leading to whole volume heating of the material by the
laser. This observation is similar to that of Nishikawa et al [80,197] showing nano-hole alumina

as a good soft x-ray source.
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Figure 7.4 shows the x-ray spectra recorded using the x-ray CCD working as a
spectrograph in the single photon counting regime (i.e. as a dispersion-less spectrograph). It
clearly shows a high enhancement in the 1-10 keV range. Beyond 10 keV, the increase was not
significant. The value of the enhancement varied between 6 to 8 in the above spectral range.

More error is likely in the higher energy range than in lower energy range due to poor signal to

noise ratio.
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Fig.7.4 X-ray spectra for planar aluminum (lower) and nano-hole alumina (upper)

7.2.1 Effect of pulse duration

Figure 7.5 shows the pulse duration dependence of integrated yield of x-ray emission in the
energy range of 2.2 keV to 20 keV region, recorded using the dispersion less spectrograph.
Planar Al and nano-hole alumina targets were irradiated by laser pulses with variable pulse
duration, at a fixed fluence of ~10* J/cm?. The pulse duration was varied by changing the grating

pair separation in the laser pulse compressor.

121



r

0000

1000

X-ray intensity in 2.2 -20 keV (a.u)

] ] | ] ]
100 200 300 400 500

Pulse duration (fs)

Fig.7.5: X-ray intensity vs. pulse duration for planar aluminum (circles) and nano-hole alumina

(inverted triangles)

It was observed that for the planar aluminum, the x-ray yield (denoted by circles)
decreased monotonically with increasing the pulse duration, but for the case of nano-hole
alumina, the x-ray yield (denoted by inverted triangles) increased with pulse duration, reaching a
maximum at ~100 fs, and then decreased with increasing pulse duration. The enhancement of the
x-ray yield in the above mentioned range for the shortest pulse duration (45 fs) was 7 times. The
maximum X-ray Yyield (at 100 fs) was 12 times higher than that for planar Al target, followed by
a gradual decrease at higher pulse duration. At an intensity of 3x10%" W/cm? for 45 fs pulses, the
integrated X-ray yield above 2 keV from planar Al was 3.5 pJ and that from nano-hole alumina
was 25 puJ measured using the p-i-n diode. The x-ray yield from nano-hole target was somewhat
higher than the X-ray yield reported using Al coated grating target, where 20 uJ yield was

achieved under similar conditions [161]. On stretching the pulse to 100 fs, the intensity was
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~1.5x10" W/cm?, and the x-ray yield above 2 keV from nano-hole alumina was 43 pJ, whereas

from planar Al it was 3.2 pJ.

7.2.2  Absorption studies
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Fig. 7.6: Percentage of absorption, reflectivity and scattering vs. pulse duration,

for :a) planar aluminum, and b) nano-hole alumina

The laser energy absorption in both the targets was also studied and estimated by monitoring the

specularly reflected light along with the scattering measurement at 45° angle of incidence.

Figures 7.6a and 7.6b show the variation of the percentage of absorption, reflectivity, and

scattering, as a function of the pulse duration, for planar Al and nano-hole alumina targets,
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respectively. The absorption measurements were made simultaneously with the x-ray
measurements at a fixed fluence of ~10* J/cm? The data of scattering and reflectivity was
averaged over 3 shots. Comparing the two graphs, one can see a nominal increase of absorption
in nano-hole targets compared to the planar Al. Quantitatively, for the nano-hole alumina, the
absorption was about 10-15 % higher in comparison to that in planar Al. It is also observed that,
for the nano-hole alumina target, scattering is less than that for planar Al, perhaps due to light
trapping in the holes. Planar Al had absorption between 38 to 53%, whereas for nano-hole

alumina, it was between 52 to 69%.

7.3 Analysis of the results

To investigate the reason for a large enhancement in the x-ray yield despite just a
marginal increase in the absorption, the electric field inside these nano-holes was calculated. The
details of the calculation are given below and the results of the calculations of electric field for
nano-holes and nano-wires are shown in Fig.7.7. It shows that the field inside a nano-cylindrical
hole can be very high (i.e. holes inside a dielectric medium can be very effective for field
enhancement). The calculation is done for the electric field inside a solid nano-cylinder (nano-
wire or nano-rod) and compared with a cylindrical hole in a dielectric (nano-hole), to study the
interaction of these targets with intense short pulses. Although we have not done experiments
with aluminum based nano-wires, for the sake of completeness, the case of solid nano-wire is
also discussed along with other targets. It may be noted that in some other experiment on
studying x-ray emission (not reported here) from planar zinc and zinc oxide nano-wires, the hard
x-ray enhancement was only moderate (2-3 times), although a very high absorption of 90% was

recorded in the ZnO nano-wire target. The strikingly less efficient x-ray generation from nano-
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wire in comparison to a nano-hole structure brings out the importance of spatial feature of nano-
structure for field enhancement in them.

For the case of a nano-cylinder, when the laser light having electric field Ey is incident on
it, two cases arise :

In the first case, when the applied electric field is parallel to the cylindrical axis, the
electric field inside the cylinder is given by E;, = Eo [190]. This is because the length of the
cylinder in this direction is much longer than the light wavelength, and there is no enhancement
of the field.

In the second case, when the electric field is perpendicular to cylindrical axis, the electric
field magnitude inside the cylinder is given by the relation [190]

2
c+1

E, CAY

in
where the dielectric constant of plasma is given by

n
=1l-— . :
¢ n.1+iv/ w) 7.2)

where n; is the critical density corresponding to the laser wavelength (v/o is the ratio of

collision frequency and the laser frequency). Equation 7.1 gives enhancement in the field inside

the nano-cylinder at a density n. = 2n., after ignoring the collision term [190]. This is similar to

the enhancement observed at 3n. in gas clusters (E, =i2 E, in spherical geometry) and n in
£+

planar solid ( E, :1 E, in slab geometry) [190].
&

In general, for the laser electric field applied at some angle with the cylinder axis, the

electric field will have two component, one along the cylindrical axis and the other perpendicular
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to it. This perpendicular component is the one which gives the enhancement in electric field
inside cylinder as per Eq. 7.1.

For the case of a nano-hole of radius “a” inside a dielectric medium, the expression for
electric field inside the hole can be easily calculated by replacing € by 1/e in Eq. 7.1 (similar to
the treatment for uniform density nano-plasma model for the case of nano-sphere for spherical
cavity in a dielectric). Therefore, the magnitude of the field inside the nano-hole can be found

by replacing € by 1/ in equation 7.1 as [ 198]

2&
E == E .....(73
" e+l (73)

As seen from this equation, the magnitude of the internal field is independent of r and 6, and the
direction is along the applied field. However, the electric field outside the hole, i.e. at r >a, has a

radial field component (E; i) given by

a’l-¢
E .=|——-+1|E,cos®@ .. 7.4
T out (rz 8+1 j 0 ( )

and an azimuthal component (Egou) given by

a’l-¢ )
E  =|—-—--1|Esine. ... 75
0 out [rZ €+1 JEO ( )

The magnitude of this external field (E o) is given by /E>+E,? and it is a function of both r

and 6. The electric field value just at the hole-boundary (i.e. at r = a) is given by

_ 2./c0s? 6+ £%sin? @
1+¢

E,. E, . (7.6)

The spatial average of the electric field magnitude taken over 27 is given by the expression

21+ E,
e = e

E

s out
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Equations 7.1, 7.3-7.7 show that resonant enhancement occurs in the field inside the nano-hole as
well as outside it, at 2nc.

In a practical situation, when an intense ultra-short pulse irradiates a nano-wire or a nano-
hole, the foot of the intense laser pulse ionizes the matter and the subsequent pulse interacts with
the plasma electrons which oscillate under the applied field and collide with the ions to deposit
their energy. The initial density of the electrons in both cases (nano-wire or nano-hole) will be
equal to solid density, which is ~ 100 n. in the beginning. The energy deposition leads to the
enhancement of the temperature and this causes the density of the electrons in the nano-particle
to evolve hydrodynamically, i.e. the nano-hole will decrease its radius (ultimately leading to void
closure) and the nano-wire will increase its radius. In both the cases, the electron density will
decrease because of the volume expansion. However, there is a difference in the electric field
value inside the nano-wire and the nano-hole as shown in Fig.7.7a which summarizes the field
enhancement factor in planar solid, solid nano-wire, outside nano-hole, and inside nano-hole

(using equations 7.1, 7.3, 7.7).

The field enhancement factor mentioned here is defined as the magnitude of the ratio of the

electric field inside the nano-structure to the applied laser electric field strength, that is ‘ E/E, |

Initially the electron density is ~100 n. which keeps decreasing with time. The maximum field
enhancement take place at 2n. for both the cylindrical targets (nano-wire and nano-hole), and at
n. for planar solid. When the electron density surrounding the nano-hole is high (ne>>2n.),
Fig.7.7a shows that the field inside the nano-hole is twice high as compared to the applied field.
As the heated nano-holes expand, the density reduces and there is further field enhancement.

When the density reduces to two times of critical density, the electric field inside the nano-hole
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is resonantly enhanced compared to the applied field. The enhancement value remains above a

factor of 2 till the density falls to less than 1.5 n.
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Fig. 7.7 : a) Electric field evolution with density for inside and outside nano-holes, solid nano-wires, and
planar solid for comparison. b) Rate of deposition of energy in planar solid, nano-wire, and region

outside the nano-hole. v/w is taken as 0.1 for all the plots.

As explained in the next section, this field enhancement in the nano-hole exists over a
very large range of densities, and results in higher x-ray emission, as seen in Figs. 7.3, 7.4, and
7.5. In comparison, the resonant field enhancement in the case of a planar target occurs only at

the critical density, and therefore the x-ray emission in this case remains much below that in the
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case of the nano-holes. In addition, the field outside the nano-hole is also high as compared to
the planar solid and solid nano-wire for most of the range of electron density. The electric field
inside a nano-structure governs the ionization and energy deposition processes in the plasma.

The laser primarily deposits its energy into the free electrons through inverse bremsstrahlung.

The rate of deposition of energy in the target is the heating rate (%) and it can be found by

considering dielectric constant (¢) of plasma and the electric field inside the irradiated nano-

structure . The energy deposited per unit volume in the plasma is given by [199 ]

J_1geoo (7.8)

ot 4r o

where E and D are the electric field and the electric displacement vector inside the plasma
dielectric material, and ¢ is the dielectric constant of plasma given by Eq. 7.2. The heating rate
time averaged over a cycle becomes [96]

5_U:£|mg_‘ = (7.9)
ot 8r

The rate of heating described in equation 7.9 has a resonant phase when the electric field
maximizes while the electron density passes through 2nc, for cylindrical geometry targets. It is
important to note here that the expression of electric field ‘E’ inside the plasma from equations
7.1, 7.3-7.7 is dependent on the dielectric constant ‘e’ which also contains the term v/® (which
is the ratio of collision frequency and the laser frequency). The relative height and width of this
resonance is dependent on the collision frequency v. The collision frequency in turn depends on

the electron density of the plasma and the temperature of the plasma as v = 2.91x10® Z n, T¢ >/
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In A, where Z is number of free electrons per atom, ne iS the electron density in cm’, Te iS
electron temperature of the plasma in eV, and InA is the Coulomb logarithm. Assuming Z=5 and
Te= 1 keV and InA=10, the value of v/® varies from 0.004 to 0.4 in the density range from n to
100n.. We assume an intermediate fixed value of the term v/® to be equal to 0.1 to bring out
qualitatively the difference of the energy deposition rate in planar solid, nano-wire and region

around nano-hole. Taking this collision frequency parameter into account, and using equations
7.1, 7.2, 7.7 and 7.9, the rate of heating, which is proportional to Im(g)‘E|2[ 96], is shown for

various targets in Fig.7.7b. It is clearly seen that the rate of energy deposition is higher in a nano-
hole structure as compared to planar solid or a nano-wire as seen from Fig.7.7b. This leads to an
efficient heating of the nano-hole alumina material and results in enhanced temperature of the
hot plasma and hence efficient x-ray emission is observed from them.

The question that remains is how the electric field enhancement inside the nano-holes,
where there are no ions to absorb the laser energy, helps in x-ray emission enhancement. As
mentioned earlier, the absorption of laser energy in 40 nm nano-holes alumina was slightly
higher (by 10-15%) than that in planar Al target. However, although the ions are absent in the
nano-holes, the electrons oscillating in the applied electric field will still be present. For

example, at an intensity of 3x10/W/cm? the excursion peak amplitude of the electrons (
eE, / me ?) will be ~ 60 nm, which is of the order of the diameter of the nano-holes. With

enhanced field, the excursion length is going to be even higher. This will force the electrons
ejected from one side of the nano-hole penetrate into the other side of the nano-hole. These
energetic electrons colliding with the ions can give rise to enhanced x-ray emission, as observed

experimentally.
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The increase of x-ray emission in nano-hole targets on stretching the laser pulse (as seen
in Fig.7.5) is perhaps because a longer laser pulse will see higher field enhancement. Assuming
that the density reduction due to expansion takes place at a certain rate, a longer pulse will reach
closer to 2n; before it dies out, than a shorter laser pulse. As a result, the x-ray emission will
show increase with pulse duration. However, as the laser pulse duration is increased, the electric
field of the laser reduces. Moreover, as the plasma expands, the nano-holes will get filled up
(void closure). Once this happens, one has almost uniform density plasma all over, like in a
planar target, and there is no field enhancement. As a result of both these effects, the x-ray
emission will start decreasing to reach the value for a planar target, at large pulse widths. Thus,
there will be a maximum at some pulse duration. Experimentally, for 40 nm nano-holes, the
optimum pulse duration is observed to be about 100 fs (Fig.7.5).

Finally, it is necessary to mention here that the observed x-ray enhancement from a nano-
hole target has been explained invoking basic electromagnetic theory in a very idealized
geometry. In reality, the length of the cylinder (hole depth) in the direction parallel to the
cylindrical axis is finite and in some cases may not be much longer than the light wavelength.
For example, the SEM image of the cross-section of the nano-hole alumina target used in our
experiments shows the depth of the nano-hole target was ~2 um, which is not large enough to be
considered as much larger than the light wavelength. Consequently, such a structure should be
considered as a cone-shape cavity rather than a cylinder. Then, certain resonant electromagnetic
modes other than the mode located in the density n.=2n. may be excited, as evident in detailed
numerical simulations available on such cavity structures. For example, Huang et al [200] have
shown through simulations that surface-plasmon-related electromagnetic modes can be excited in

the cavity nano-structures irradiated by intense ultra-short pulse laser, which would induce
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strong localized field enhancement in the cavity. Excitation of these surface plasmons need free
electrons which are readily available in metallic medium. When the nano-hole alumina surface is
irradiated by an intense ultra-short pulse, free electrons are generated instantaneously and
therefore the dielectric constant of nano-hole alumina transforms from being dielectric to
metallic, and the plasmonic effect can be activated [201]. Thus for a complete understanding of
the observed experimental results, such detailed simulations [200,201] would be very important.
Nevertheless, the simple analytical analysis described in this paper broadly helps in

understanding the x-ray enhancement from nano-hole target

7.4 Hole size effect

Fig.7.8 : SEM image of a) Planar aluminum, rest are nano-hole alumina showing hole size b) ~ 40 nm.
b) ~60 nm, d) 90 nm.
We also studied the hard x-ray emission (in the 2-20 keV range) from planar aluminium and

nano-hole alumina of various hole diameters. Figure 7.8 shows the SEM micrograph of a) Planar

aluminum, rest are nano-hole alumina showing hole size b) ~ 40 nm. b) ~60 nm, d) 90 nm.
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Fig. 7.9 X-ray intensity vs. pulse duration for nano-holes of various diameters ~60nm (above) and ~90
nm (below))

The effect of laser pulse duration on the Xx-ray emission was also studied, where the x-rays
showed a peak behavior in all the cases for nano-hole targets. The pulse duration was varied by
changing the compressor grating separation. Both positive and negative chirped pulses were used
and chirp had no effect on the x-ray peak and x-ray yield, as the yield was similar in both cases
of the chirp. The peaking time was observed to be proportional to the hole diameter. For
instance, nano-holes of hole diameter 40 nm (see Fig. 7.5), 60 nm and 90 nm exhibit peaks in x-
ray yield at 100 fs, 200 fs and 300 fs respectively as seen from Fig. 7.9. The results can be
explained by considering the hydrodynamic expansion of the laser irradiated structure and field
enhancement in the nano-holes.

The nano-hole target plasma does not possibly reach the resonance (2n.) before the void

closure. The x-ray peak is therefore observed due to absence of field enhancement on void
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closure. Void closure time is observed to be proportional to the hole diameter. The nano-holes of
diameter 40 nm, 60 nm and 90 nm exhibit peaks in x-ray yield at 100 fs, 200 fs and 300 fs
respectively. From the void closure time, it is concluded that for the 40, 60 and 90 nm sized
holes Cs= 200 nm/ps (for 40 nm nano-holes) and Cs= 150 nm/ps for the others. In summary, the
nano-hole alumina target exhibit enhancement in the water window region and the hard x-ray (2-
20 keV region) over planar aluminum. The observations of higher x-ray yield in the nano-hole
targets (c/f planar target) and peaking of the x-ray yield in nano-hole targets is explained

considering the electric field enhancement and void closure during hydrodynamic expansion..
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Chapter 8

Electric field enhancement in nano-tubes.

As discussed in the previous chapters, various novel targets are studied as alternative to
planar targets in the quest for achieving high absorption of intense ultra-short laser pulses for
energetic particle and radiation generation [69-85]. To explain interaction of laser with spherical
gas clusters, a variety of models of the laser—cluster interaction have been put forward including
inner shell excitation [75], ionization ignition [93], collective electron dynamics [104], Coulomb
explosion [95], and nano-plasma model [96]. The last one explains the maximization of the
absorption cross-section and the electric field in the vicinity of Mie resonance at 3n. in spherical
clusters. This is also supported by a large number of experiments [96-100] which are consistent
with this model. For cylindrical nano-structures, this maximization occurs when the electron
density passes through 2n. [17-19, 177, 190, 202]. Nano-structures in other shapes like elongated
and pointed nano-structures (nano-protrusions and nano-rods) have shown enhanced x-ray and
energetic particle emission and this has been attributed to the enhanced electric field at the tip,
also referred to as the “Lightning rod effect” [76, 78, 87]. It is desirable to design a nano-target
with a geometry which will enable even higher field enhancement when irradiated by ultra-short
laser pulses for efficient x-ray and energetic particle generation [203]. Unfortunately, the field
enhancement in nano-structures discussed above is limited by their geometry and dielectric
properties. Although the field is resonantly enhanced at Mie resonance in spherical clusters and
nano-rods at 3n. and 2n, respectively during the ionization and expansion phase, the limitation is
that this resonance is at a density much lower than the solid density and the resonance condition

is also short lived (~ a few fs) [96, 102]. Even more importantly, as the high density laser heated
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cluster plasma expands, the electric field inside the cluster is shielded i.e. the field inside the
cluster is actually less than the applied laser field strength, and the field enhancement occurs only
when the electron density is near to the resonance condition [96, 177,190, 202, 204]. Further, a
lower resonance electron density requires the laser heated cluster to expand sufficiently long for
the electron density to decrease and approach the resonance condition. This time required is
typically ~100 fs to 1 ps [97, 101, 189, 202]. For ultra-short pulses of duration < 100 fs, the
clusters do not expand enough during the laser pulse to reach resonance at the peak of the pulse
[97, 101]. It is therefore desirable for maximum absorption and Xx-ray generation that the
resonance condition is met at the peak of the ultra-short laser pulse [96, 177, 190, 202, 204].
Therefore, for meeting this requirement, the laser pulse is generally stretched and there exists an
optimum pulse duration for a given size of a cluster [96, 177, 190, 202, 204]. However,
stretching of the pulse is not very desirable since it compromises the laser intensity as well as the
resultant x-ray emission duration. In the light of the above facts, it would be ideal to have a
structure that has resonance density close to the solid density, which will result in more
absorption, electron generation, and x-ray emission, as now more electrons would interact with
the enhanced field. Moreover, a high resonance density means the resonance condition can be
met even for pulses shorter than 100 fs, since now the nano-structure does not have to expand
much to reach the resonance condition. It is further desirable that the chosen nano-structure has
an extended resonance in time, so that the field enhancement continues during most of the entire
hydrodynamic evolution.

Although a target with the above mentioned features will be highly desirable, little work
has been done for designing such nano-structure targets. Nevertheless, recently, some other kinds

of nano-structures have been used for laser matter interaction studies, especially the ones which
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have a hollow structure [79-85]. They show efficiently high x-ray generation and hot electron
generation, but their resonance densities have not been reported [79-85]. To name a few, the
hollow nano-targets that have been used for experiments with intense short pulses are: fullerene
[79], nano-hole alumina [80], foam [81], nano-brush [82], carbon nano-tubes (CNTSs) [83-
85,187] etc. The enhanced field and surface currents in hollow structures are believed to support
hot electron generation and transport [83-85,187] necessary for fast ignition scheme in inertial
confinement fusion, and also for efficient x-ray generation. The electric field enhancement in the
nano-structures make the effective laser intensity on the target very high, and consequently, it
leads to x-ray yield enhancement that is proportional to the rescaled enhanced intensity [87]. In
the class of hollow targets, CNTSs are very attractive for ultra-short laser-plasma interaction [83-
85, 187] as they are easily produced in bulk quantities with controllable inner and outer
diameters [205]. To understand the reason for the x-ray enhancement from nano-tubes (as
reported in references [83-85, 187]), it is necessary to investigate the effect of the hollow
structure on the field enhancement and to determine the optimum geometric parameters of the
nano-tubes for efficient absorption of ultra-short laser pulses (<< 1 ps).

Here we calculate the electric field enhancement inside a nano-tube plasma, and find out
the plasma density at which the field enhancement occurs. We find that nano-tube has resonance
density higher than a nano-rod and it can even be tuned to be close to the solid density.
Therefore, a hollow structure helps in overcoming the limitation of a solid cluster or a nano-rod
whose resonance densities are much smaller than the solid density. Moreover, it is observed that
instead of a single resonance density (e.g. 3n. in spherical clusters [96], or 2n. in a solid nano-

cylinder [177, 190, 202 ]), a nano-tube shows field enhancement at two densities : n,, :i



and n, :z—nca, where a and b are the instantaneous inner and outer radii. The high density
lJ{b)

resonance (ny) occurs at a progressively higher density as one chooses nano-tubes of increasing

degree of hollowness (a/b). Multiple resonances can occur in hollow nano-structures during the

ionization and hydrodynamic expansion phases. Another interesting feature arises from the fact

that in an expanding heated nano-tube, the plasma density as well as high resonance density (ny)

decrease with time. Simultaneous decrease in these two densities for nano-tubes of certain degree

of hollowness may allow continued occurrence of resonance for a much longer time.

8.1 Theoretical considerations

The interaction of ultra-short laser pulses with spherical clusters/ nano-rods is calculated
considering it as a nano-plasma [96-100]. The cluster dipole moment and the internal electric
field can be easily evaluated under the quasi-static approximation (The cluster size being much
smaller than the incident laser wavelength) [96-100]. The Laplace equation is solved taking the
Drude dielectric function [87, 96-100] and Mie theory in dipole limit to obtain the resonance
condition and the internal electric field distribution.

We now proceed on similar lines to calculate the electric field inside a laser irradiated

hydrodynamically evolving nano-tube. Consider a nano-tube with inner and outer radii a, and b,

A

in an applied laser field of strength E_. (E, :g(Ee“‘*+c.c)). Let the laser field be oriented

perpendicular to the axis of the nano-tube. A field applied on a nano-tube at any arbitrary
direction can be resolved into two components, one parallel to the axis and the other

perpendicular to the axis. The component of electric field applied parallel to the nano-tube axis is
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not enhanced [177, 190, 202 ]. The enhancement in the perpendicular component depends on the
geometric and dielectric parameters of the nano-tube.

Laser - nano-tube interaction can be studied in two phases, the first being the ionization
phase and the second being the hydrodynamic expansion phase. In the ionization phase, at the
onset of the interaction of the nano-tube with intense ultra-short laser pulse, there is plasma
formation. The threshold of plasma formation is typically 10** W/cm? for 100 fs pulse for planar
solid and nano-structures [194]. This threshold is crossed near the foot of the intense pulse.
Therefore the dielectric constant of the nano-tubes instantaneously modifies and becomes metal-
like or plasma-like because of the generation of free electrons [200, 201]. The subsequent pulse
further ionizes the nano-structure by optical field ionization and tunnel ionization, leading to
creation of a solid density plasma of density ny [96, 97, 202]. In the ionization phase, the nano-
tube’s geometry is almost preserved during interaction of the intense short pulse with the nano-
tubes since the temperature rise is not enough to cause sufficient hydrodynamic expansion for the
structure to get modified in such short time scales [96, 177, 190, 202, 204]. The nano-tube’s
expansion is thus expected to be extremely slow during the ionization phase at the beginning of
interaction and subsequently the temperature rises very quickly due to collisional absorption and
maximum electron density is achieved near the peak of the pulse [96, 204]. In the hydrodynamic
expansion phase, the energy absorption and the consequent sharp rise of the plasma temperature
causes the expansion of the nano-plasma, and the electron density of the cluster starts to decrease
monotonically [96, 204]. Since the plasma expansion takes place along the density gradient, the
inner radius starts decreasing while the outer radius increases. Therefore, the expansion leads to
modification of the inner and outer radii to some instantaneous value a and b. It must be noted

that during the ionization phase, the electron density increase monotonically (under the
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assumption that target geometry and inner and outer radii remain fixed). On the other hand, when
the nano-tube expands in the hydrodynamic expansion phase [102, 206], the electron density
decreases monotonically (under the assumption that no further ionization or recombination takes
place) [97, 202]. This modifies the dielectric constant (& =1-n¢/n. ) of the nano-tubes plasma [97,
202] during both the phases of interaction. Here ne is the instantaneous electron density and n. is
the critical density for the laser.

Like in the case of a nano-cluster or nano-rod, the electric field inside the hollow nano-
tube is calculated using the Laplace equation VA =0 solved under the above mentioned quasi-
static approximation, where the outer radius considered is much smaller than the applied laser
wavelength (i.e. b<<4). Solving this equation, one finds the dependence of the electric field in
the nano-tube on the instantaneous value of a, b, ¢ and E,. Expanding in cylindrical coordinates
and neglecting the Z variation (as the length of the cylinder is much larger compared to its outer

diameter), the general solution is
V=K+Inr +Z(A1r“ +Br")cosnd+(C.r"+D,r")sinnd ... (8.1)
n=1

Applying appropriate boundary conditions, the potential can be shown to be

V, =Arcosf for(r<a Regionl) L (8.2)
Vv, =(A2r+%)cos¢9 for(a<r <b Regionll) ... (8.3)
Vi, =—Echose+%cose for(r >b Regionlll)  ................ (8.4)
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Using the continuity of D,, E; and potential V, one gets the four unknowns A, A,,B,, B,

(all other A, Bj being zero) in terms of a, b and ¢ as

A = SRe 8.5(a)
(”1)2‘[?) (e-1)

e 8.5(h)
(g+1)2—(zj (e-1)2

g —E&EH 85(C)

(e +1)? —(ET (s-1)°

ELb2(1—i§)(gz ~1)
B, = >~ - 8.5(d)

(e+1)? —(2)2 (e-1)?

The

radial

and azimuthal components of the electric field (Er :_aa_\r/ and Egz—%% Jin the three

regions can be derived from equation 8.2, 8.3 and 8.4. The magnitude of electric field (

JEZ?+E;2) in the three regions is thus given by

E=A 8.6(a)
2

E, =\/A22 +Er’—i—%c0520 ........................ 8.6(b)
2

E. =\/EL2 +%+¥c0320 ........................ 8.6(c)

We now calculate the electric field enhancement in laser irradiated nano-tube plasma. In

region 1, the electric field is given by equation 8.6(a), and it is independent of r and 6. For region
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I, one may define the root mean square (R.M.S.) electric field enhancement by taking the

spatial average of the magnitude of field enhancement as

2
1 2z b E
<EWE> = —— — | rdrd@ 8.7
=N ﬁ(bz—az)\/‘[o _L [EL] rdr (a)
_ L Az B 8.7(b)
3 207 e :

For the case of a nano-rod (a=0), the above equations provide the electric field inside the nano-

rod to be 2EL1 , as expected [177, 190, 202 ]. By using the value of & =1-n./n. (where n, is the
e+

electron density and n. is the critical density), it is seen that the resonant field enhancement
occurs at 2nc, in agreement with earlier reported result [177, 190, 202].
Next, we may note from equations 8.6(a) and 8.7(b), together with equations 8.5(a) —

8.5(c), that the electric field in region | and region Il will peak for certain values of (%j given

by

2n,

n=—>7>+»-< .
a
1 _
+(b)

It may be seen from equation 8.9 that the higher resonance density (ny) can be increased by

choosing a nano-tube of smaller wall thickness. This is in contrast to the case of solid clusters
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and nano-rods, where the field enhancement occurs only in the vicinity of 3n., and 2n.

respectively.

8.2 Results and Discussion

From the preceding section, it is clear that the field enhancement depends on the ratio of
the instantaneous inner and outer radii of the laser irradiated nano-tubes and the instantaneous
dielectric constant of the plasma. First, one calculates the field enhancement factor during the
ionization phase of laser nano-tube interaction where the electron density of the nano-tube
plasma monotonically increases as the laser pulse intensity increases. The nano-tube gets
ionized up to the solid density with no expansion (i.e. the initial inner and outer radii are at ao
and bo) [97, 202, 207]. This is a valid assumption since the optical field ionization and tunnel
ionization are instantaneous processes.

Figure 8.1 shows the root mean square (R.M.S.) field enhancement during the ionization
phase of laser irradiated nano-tubes of different degrees of hollowness (which is defined as the
ratio of the initial inner and outer radii) subject to the condition that by<< A , the assumption
under which the Laplace equation was solved. For this calculation, one uses equation 8.7(b) and
the value of ¢ is varied since ne/n; varies from 0 to 40 ( no/n. is taken as 40 for Ti:sapphire laser
(800 nm) irradiation of CNTSs). Four values of degree of hollowness (0, 0.5, 0.75, and 0.95) were

chosen.
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FIG.8.1: R.M.S. field enhancement during the ionization phase of laser irradiated nano-tube plasma

for fixed inner to outer radii nano-tubes of different degrees of hollowness (ao/by)

It is seen from Fig. 8.1 that for a nano-rod, there is a single resonance at 2n., also the
electric field is highly shielded as the electron density increases and approaches the solid density.
It can also be seen that nano-tubes show two resonances during ionization. To obtain a high
electric field enhancement at a higher electron density, it is desirable to choose a nano-tube with
greater degree of hollowness. This brings out an important point in the perspective of the
spherical clusters and nano-rods where the resonance condition (3n¢, 2n¢) is met near the foot of
laser pulse during the ionization phase. However, since the resonance is reached at low laser
intensity (near the foot of the pulse), this resonance is of less significance [96-100]. It is desirable
to meet the resonance condition at the peak of the laser pulse. If the resonance density is
enhanced by choosing a hollow nano-structure, the resonance condition could be met when the
applied field is also high [79-85] . Therefore, even in the ionization phase, one can make the
resonance happen near the peak of the pulse so that it will have a significant role in the

interaction with nano-tube.
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Next, for the other phase of laser nano-tube interaction where one considers the
hydrodynamic evolution, one can consider a zero time to mark the onset of expansion and
variation of nano-tube inner and outer radii with time. One can define the zero time as the time
when the nano-tube plasma is ionized up to the solid density ng assuming no expansion has
occurred (i.e. the initial inner and outer radii are at ap and bg) [97, 204, 207]. For calculating the
initial value of & ny/n. is taken as 40. This will help in identifying the class of nano-tubes with
same degree of hollowness (a¢/bo) for maximum initial field enhancement. Figure 8.2 shows the
variation of initial field enhancement factor with the degree of hollowness (ao/bo) in region I and
I1. The value of ag/by lies between 0 and 1. For a nano-rod ag/bp=0. It is clearly seen that for a
nano-rod the field is highly shielded. It is also seen that the field in region I is higher than that in
region Il. Further, for smaller values of ag/bo, there is a shielding of the applied electric field.
However, as the degree of hollowness increases, field enhancement occurs. The maximum

enhancement occurs for
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As may be seen from equation 8.9, this condition corresponds to the occurrence of the high
density resonance at the solid density no. Beyond this value of ag/by, the field enhancement starts
reducing.

Now we examine the temporal evolution of the R.M.S. electric field during the expansion
phase in the nano-tube plasma and also estimate the time scales of resonance, as done for clusters
or nano-fibers [177, 204, 207 ]. This is done under a simplifying assumption of a constant
temperature. As the plasma expands along the density gradient (perpendicular to the nano-tube

axis), the instantaneous inner radius a decreases and is ap-Cst and outer radius b increases and is

bo+cst, where c= Z'\ilee is the plasma expansion speed, where M; is the ion mass. The value of

i
Cs can be estimated from the work of Issac et al [192] who have done experiments on gas cluster
using Ti:Sapphire laser with the duration ranging from 60 fs to 2 ps, and intensity up to 10*®
W/cm?. They have predicted a nearly constant electron temperature (between 1-2 keV) from
experiments and simulations for the range of pulse duration in their experiments. Taking the
typical value of plasma temperature of ~ 1 keV from their work, we estimate cs to be ~100 nm/ps
[177]. Of course, cs will have some variation during the hydrodynamic expansion, but a constant
value of ¢, for a given average electron temperature helps in predicting the time scale at which
the resonance would occur. For example, various experiments on spherical clusters and nano-
fibers have shown that an assumption of constant ¢ helps in predicting the resonance time scales
quite accurately [97, 177]. Moreover, the simulations done by Ditmire et al [95] and Liu et al
[204] show that the ion velocity cs is extremely low initially during the ionization phase and after

that it increases very rapidly when the electron density become close to solid density (this
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happens approximately near the peak of the laser pulse), after this cs is almost constant. The
electron density gradually decreases as the cluster expands with a variation discussed in the
following text. On the basis of this picture, it is a good approximation to consider the zero time
as that time when the nano-tube plasma is at solid density no with a given inner and outer radii ag
and by and then it starts expanding eventually leading to the monotonic decrease of the electron
density [177, 204, 207].

An important point during the hydrodynamic expansion of the nano-tube plasma is the
"void closure", i.e. when a = 0. The time required for void closure (t,) is ao/Cs. If the void closure
occurs before the condition for high density resonance is reached, one may term the nano-tube as
a "thick" nano-tube. On the other hand, if the void closure takes place after the occurrence of
high density resonance, the nano-tube may be referred to as a "thin" nano-tube. We first consider
a thick nano-tube. Before the void closure, the plasma density varies with time as

Ny (b02 — aoz)

By —a) , and after the void closure, it varies as n, = 5
(8 +by +C.7)

L = (where zin the
b, —a, +2c.t
last expression is the time after void closure). Once the void closure occurs, the nano-tube
plasma behaves like a nano-rod which will show resonance at 2n.. Next, in the case of a thin

nano-tube, the time taken by the nano-tube plasma to reach the high density (ny) resonance is

t, :Cl[(bo —ao);_rf:—bo}. By comparing this time with the time of void closure, it is easily seen

that the high density resonance will occur before void closure if % >”0__§nc. Further, in a real
N, +2n,

situation, ty>0. This implies that 3<n°_—2n°. It can be shown that if this condition is
IFlO
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satisfied, then the low density (n.) resonance also occurs before the void closure. Therefore two

n, —2n n, —2n
resonances occur only when —2——¢ < % o=
n+2n, b Ny

In the thin nano-tube category, we may identify two particular situations, viz.

%:no—_ch as in equation 8.11, and the other being & >n°_—2n°. As seen from Fig. 8.2 and
Ny Ny

N, —2n

discussed earlier, the first condition % ¢ corresponds to occurrence of high density
r]O

resonance at the solid density. Such a nano-tube may be referred to as “resonant” nano-tube.

2

Finally when 3>u, the high density resonance does not occur at all, and only the low
nO

density resonance condition is fulfilled. We may refer to such a nano-tube as "ultra-thin". Thus,

the nano-tubes can be categorized as

Thick nano-tube : 0< & M -2n (8.12)
by ny+2n
0 c
: _ N—2n, a, n,—2n,
Thin nano-tube : £ V0 - (8.13)
n+2n, b No
Ultra- thin nano-tube %> =20, (8.14)
nO
Resonant nano-tube % L ;ch ......... (8.15)
0
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FIG.8.3 : Time evolution of the electric field in various size nano-tubes : (a) Thin nano-tube, (b) Thick
nano-tube, (c) Ultra-thin nano-tube, and (d) Resonant nano-tube {all for ny/n, = 40, ¢;= 100 nm/ps}.
The points H, L and V indicate the time corresponding to occurrence of higher density resonance,

lower density resonance, and void closure respectively

Using equations 8.5(b), 8.5(c) and 8.7(b), one can plot the R.M.S. electric field
enhancement evolution for nano-tubes with initial inner and outer radii ap and by respectively,
while they expand after being irradiated by an intense ultra-short laser pulse. The initial
maximum plasma electron density is chosen as no/n. = 40 and the expansion speed cs =100
nm/ps [192]. We also take into account that the fact that hydrodynamic evolution causes the
instantaneous inner radius a to decrease as ap-Cst and outer radius b increases as bg+cst and this
causes the decrease of electron density and the dielectric constant (¢) modifies accordingly.
Figure 8.3 shows the calculated variation of the R.M.S. electric field enhancement in region Il
for thick and thin carbon nano-tubes. Figure 8.3a depicts the case of a thick nano-tube (ag = 40
nm, by = 50 nm), showing the occurrence of void closure at 400 fs, followed by 2n. resonance at

840 fs. Figure 8.3b shows the electric field evolution for a thin nano-tube (ap = 47 nm, by = 50
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nm). It is noted that while for the thick nano-tube there was an initial field shielding and the field
enhancement occurred only near 2nc, the field inside the thin nano-tube is highly enhanced from
the very beginning of heating and expansion and the enhancement takes place throughout the
expansion of the nano-tube. The high (H) and low (L) density resonances are observed at 100 fs
and 335 fs respectively, prior to the void closure (V) at 470 fs. Next, Fig. 8.3c shows the electric
field evolution for ultra-thin nano-tube (ap = 48 nm, by = 50 nm). It shows the occurrence of the
low density resonance (L) at 250 fs, while the void closure (V) occurs at 480 fs. Like the thin
nano-tube, even in the case of the ultra-thin nano-tube the field enhancement exists at all instants
of the expansion. Finally, Fig.8.3d shows the electric field evolution of a resonant nano-tube (ag
= 47.5 nm, by = 50). It is seen that the high density resonance (H) occurs over an extended time
period from the beginning. The low density resonance (L) occurs at 295 fs and void closure at
475 fs. Thus, in all the cases of thin nano-tube, there is a greater field enhancement compared to
the thick nano-tube.

An important aspect of the nano-tube - laser interaction arises from the fact that as the
nano-tube (with appropriate choice of ag, and bo) expands, the higher density resonance will
progressively occur at lower densities, so that the resonance condition can be sustained over a
longer time. This is clearly seen from Fig. 8.4 which depicts the time evolution of the resonance
densities of different nano-tubes ( thick, thin, ultra-thin and resonant), plotted along with their
density evolution for no/n. = 40 and ¢; = 100 nm/ps. The point of intersection of the decreasing

nano-tube density with evolving resonance density gives the time of occurrence of resonance.
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FIG.8.4 : Time evolution of the nano-tube density (solid curve) along with that of the higher resonance
density (dotted curve) and the lower resonance density (dashed curve) for (a) thick, (b) thin, (c) ultra-thin,
and (d) resonant nano-tubes. The points H, L and V indicate the time corresponding to occurrence of higher

density resonance, lower density resonance, and void closure respectively.

Figure 8.4a shows that the void closure (V) in the case of thick nano-tube (ap =40 nm, by
= 50 nm) takes place before the occurrence of the resonance condition and the resonant density
becomes 2n, like in a solid nano-rod. In addition, the time duration over which the nano-tube
plasma density is close to the resonance density is small. Figure 8.4b for the case of thin nano-
tube (ap = 47 nm, by = 50 nm) shows the occurrence of both higher and lower density resonances
(H,L) before the void closure (V) occurs. In this case, the plasma density remains in the vicinity
of the high resonance density for a longer time. Figure 8.4c shows that in the case of ultra-thin
nano-tube (ap = 48 nm, by = 50 nm), only the low density resonance (L) takes place before void
closure (V) and the resonance condition is met over a small time. Figure 8.4d shows that in the
case of “resonant” nano-tube (a; = 47.5 nm, by = 50 nm) the high density resonance starts from
the very onset of expansion, and the resonance continues for a very long time compared to the

other categories of nano-tubes. These figures (Figs. 8.4a, b, c¢) also show the number of
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resonances shown by thick, thin and ultra-thin tubes, as were seen earlier in Figs 8.3a-c. The
overall analysis brings out the fact that the hollow structure has various advantages over clusters
or nano-rods as resonance density of a nano-tube can be tuned close to the solid density and the
resonance condition can be met for pulses shorter than 100 fs. In addition to this, there are
resonances during the ionization and expansion phase, along with continued occurrence of high
density resonance for a nano-tube with a particular degree of hollowness. Finally, since the
electric field inside a structure governs the absorption, electron, ion and Xx-ray generation,
therefore large field enhancement in laser irradiated nano-tubes make them very interesting
target from application point of view.

To summarize, we have studied the evolution of the electric field enhancement inside the
nano-tube plasma irradiated with intense short pulse laser. The hollowness of the nano-tubes
determines the field enhancement and the electron density at which such structures exhibit
resonance. It is found that a nano-tube exhibits two resonance at two electron densities during the
ionization phase. During the hydrodynamic expansion phase also, a thin nano-tube exhibits
resonant field enhancement at two densities (depending on its inner and outer radii). There exists
a particular ratio of the inner to outer radii of the nano-tube where the field enhancement starts
right at the solid density which may continue for a much longer time as the higher resonance
density and the nano-tube density decrease simultaneously during the expansion of the heated
nano-tube. While detailed theoretical calculations and computer simulations may be necessary to
obtain exact quantitative information, the physical effects are quite well illustrated by taking
simple analytical treatment and typical parameters of laser-nano-tube interaction. The observed
features make nano-tubes of appropriately chosen inner and outer radii an attractive target for

efficient absorption of intense ultra-short laser pulses. It will also be interesting to study the
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interaction of nano-tubes with an intense few cycle laser pulse since the hydrodynamic motion is
almost frozen in those time scales and the pulse interacts with a solid density plasma. In general,

these calculations can also be extended to design efficient carbon nano-tubes based field

emitters.
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Chapter 9

Near complete absorption in carbon nano-tubes.

The plasma produced from solid targets using an ultra-short laser pulse is a point like,
pulsed source of x-rays of ultra-short duration [72, 208]. Such a source can be very useful for
applications like mammography [170, 209], phase contrast imaging [210, 211], and radiography
[212]. The K, x-ray line emission from the ultra-short pulse laser produced plasma can provide
greatly improved contrast, spatial resolution as well as better dose utilization for mammography
applications [213]. Among various targets, molybdenum has an edge over others since its
characteristic x-ray emission at 17.5 keV falls in the 17.3-28.5 keV range, which is most optimal
wavelength range for mammography [214]. For realizing a compact table top x-ray source, it is
necessary to enhance the conversion efficiency of laser into the K, photons. Among the various
processes involved in the absorption of the incident intense laser pulse in the plasma, processes
like resonance absorption, JXxB heating, and vacuum heating lead to the generation of hot
electrons [31, 52, 59]. These hot electrons penetrate the surface layer of cold plasma and interact
with the solid core of the target to produce its characteristic x-rays [109, 210]. Increasing the
laser intensity is not always useful to increase the K, flux as the more-energetic electrons
produced at higher intensity penetrate deeper into the target and produce x-ray photons deep
inside the target, resulting in their re-absorption [109, 210], and increases the size of the source
resulting in poor spatial coherence. Moreover, in this case, as the x-rays come from different
depths, the pulse duration of the x-rays also increases. Therefore, there is an optimal hot-electron
temperature for efficient K, x-ray conversion, which is roughly 5-6 times the K-shell ionization

energy [109, 210]. In view of this, the best way to enhance the K, emission is to generate more
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hot electrons with the desired optimal temperature [109, 210]. One way to achieve this is to
utilize the electric field enhancement through resonances in nano-structures, leading to the
generation of an increased fraction of hot electrons [72, 76, 87, 177, 202, 215-218]. For this
purpose, carbon nano-tubes (CNTs) can be good choice since they have a hollow structure
which supports two surface plasmon resonance modes, resulting from the hybridization of the
cylindrical cavity plasmon and nano-rod plasmon [219]. It is therefore not very surprising that,
as explained earlier in Chapter 8, the CNT plasma supports resonance at two electron densities,
and depending on the degree of hollowness, the resonance can be tuned to even close to solid
density [220]. A resonance at high density is desirable since if the field enhancement takes place
at an instant when the electron density is also high, a larger number of electrons can gain energy
from the enhanced field. Unfortunately, this is not the case with planar solid, nano-rod, or cluster
targets, where the resonance density is of the order of the critical density (For Ti:sapphire laser,
ne = 1.7x10?/cm®). For solids, the resonance takes place at n. [31], at 2n. for nano-rods
[177,202], and at 3n. for clusters [96]. Hence, it may be interesting to use CNT coated on planar

Mo target to study laser energy absorption and x-ray emission.

In the Chapter 8, the theoretical aspects of laser nano-tubes interaction and its merits
were discussed in detail. We performed experiments with planar target coated with carbon nano-
tubes to study the effect of hollow structure in laser energy absorption, x-ray emission, and
electric field enhancement. We describe here a comparative study of the laser energy absorption
and the hard x-ray emission in the 2-20 keV range from uncoated planar molybdenum, and
planar molybdenum coated with CNTs. Near complete energy absorption of intense ultra-short
laser pulses is observed in the case of CNT deposited on planar Mo. The enhancement in K,

emission in CNT coated Mo target over planar Mo target is observed to be very sensitive to the
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laser intensity. It is also observed that for nano-tubes of a certain degree of hollowness, there
exists an optimum laser intensity for maximum K, x-ray enhancement compared to the uncoated
planar target. The results are explained considering the hollow structure of the nano-tube plasma
which facilitates resonant electric field enhancement at two plasma electron densities during
plasma evolution in time as discussed in Chapter 8. This resonantly enhanced localized field at a
density much larger than the critical density n. leads to highly efficient hot electron generation,

which results in enhanced K, emission.

9.1 Description of the Experiment

Planar Mo
and 45 fs, 90 m.J
Mo coated with CNT 5 20 m
X-ray CCD
Energy
meter

FIG. 9.1: A schematic diagram of the experimental setup

Figure 9.1 shows a schematic diagram of the experimental setup. The plasma was
produced by focusing 90 mJ, 45 fs (FWHM) Ti:sapphire laser pulses (A = 790 nm) on a planar
molybdenum with / without pre-deposited 25 um thick layer of CNTs. Synthesis of carbon nano-
tubes was done by cracking of acetylene in presence Fe as catalyst in quartz tube. The substrate
material was placed in the central part of the tube, where a temperature of ~ 900° C was
maintained. The p-polarized laser beam was incident on the target at an angle of 45° with respect
to the target normal in the intensity range of ~1.6x10™® W/cm? to 2.5 x10*" W/cm?. The laser

energy absorption was estimated by collecting the reflected laser light using a large aperture
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collection lens (to collect specularly reflected as well as diffusely reflected laser light). Diffused
scattering of the laser light in other directions was measured to be insignificant. The x-ray
spectrum in the 2-20 keV region was recorded using a dispersion-less spectrograph with a 25

um thick Ni foil (cut-off at 7.9 keV).

9.2 Results

Figure 9.2 shows the transmission electron microscope (TEM, Model : Philips CM200)
image of the CNTs. The nano-tubes are clearly seen to be hollow, having an average outer
diameter of 30 nm and a degree of hollowness of ~ 0.9 (the degree of hollowness is defined as

the ratio of the inner to outer radii of a nano-tube).

FIG.9.2: TEM image of the CNTs showing the hollow structure

Figure 9.3a shows the variation of the absorption of the 45 fs laser pulses in the planar
Mo target and CNT coated Mo target, in the laser intensity range ~1.6 x10'® W/cm? to 2.5x10%
W/cm?. A near complete absorption is observed in CNT coated Mo target indicating efficient
coupling as compared to the planar Mo. Figure 9.3b shows the hard x-ray emission spectrum

from planar Mo and Mo coated with CNTs at a laser pulse intensity of 8 x10™ W/cm?. The
157



spectrum shows a large enhancement of K, and bremsstrahlung emission from CNT coated Mo

as compared to planar target.
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FIG. 9.3: a) Percentage absorption of 45 fs ultra-short laser pulse in planar Mo (solid triangles) and Mo
coated with CNTSs (solid circles) as a function of the laser intensity; b) Hard x-ray emission spectrum

recorded from planar Mo and Mo coated with CNTs, at a laser intensity of ~8x10'® W/cm?

Figure 9.4a shows the intensity of the K, emission from planar Mo and Mo coated with
CNTs, as a function of the laser intensity. It is observed that the K, emission from CNT coated
Mo target is always higher as compared to that from planar Mo. It is important to note here that
with increasing laser intensity, the K, yield from planar Mo keeps on increasing monotonically,
with no sign of saturation, unlike the peaking seen in lower and medium Z targets like Al and Ti
respectively [221, 222]. This observation eliminates any possibility of re-absorption of the K,
photons generated by the hot electrons penetrating inside the target, even at the highest laser

intensity (2.5 x10*" W/cm? ) used in our experiments.

158



100

=i A Mo coated with CNT

S 10F A Pplanar Mo A

] 'y

= A A

s 1

= A A

2o

= 0.

= a)

NG A a

00.01 |-

=

0.001 i ! a1l ! 1
0 1

Intensity (x10""Wicm?)

L=

o
09,
-..‘

T ¢ T TTIIT7

b)

i A e | i L

X-ray enhancement ratio _,
=
o

-

e
S

1
Intensity (x1017W!cm2)

FIG.9.4 : a) K, generation from planar Mo (hollow triangles) and Mo coated with CNTSs (solid triangles)
as a function of the laser intensity, b) The enhancement factor of K, yield from Mo coated with CNT

w.r.to planar Mo.

Figure 9.4b shows the enhancement factor of the K, yield from Mo coated with CNT
w.r.to planar Mo. Interestingly, although the absorption was close to 100% in the intensity range
used in our experiments, the K, enhancement from CNT coated target (w.r.to uncoated Mo
target) varies drastically with the intensity. The enhancement was only 3.5 times at lower
intensity of irradiation of 1.6x10™® W/cm?. As the laser intensity is increased, a sharp increase of
x-ray enhancement is observed. The K, x-ray emission enhancement peaks at an intensity of
8x10%® W/cm?, where the enhancement is ~ 75 times of that obtained from planar Mo. As the
laser intensity is increased further, one observes a sharp drop in the enhancement of K, , and the

enhancement decreases to just 3 times at the highest irradiation intensity of 2.5x10*" W/cm?.
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Such a sharp enhancement at a particular intensity is indicative of a very efficient hot electron
generation process. Such a peak behavior in x-ray enhancement has been also observed recently
by Bagchi et al using CNT coated Cu target [84]. They studied the hard x-ray bremsstrahlung
emission and observed enhancement utilizing the CNTs, but did not discuss the reason for the

peak behavior.

9.3 Discussion of the results

To qualitatively understand these observations in Figs 9.3 and 9.4, we determine the
electric field and hence the effective laser intensity inside a laser irradiated nano-tubes based on
the steps shown in Chapter 8. The laser electric field inside the nano-structure determines the
absorption and ionization processes, and hence governs the hot electron generation and the x-ray
emission [72, 76, 87, 177, 202]. The electric field enhancement leads to the increase of effective
intensity of the laser pulse interacting with the nano-tubes and hence leads to enhancement of the
hot electron temperature [72, 76, 87, 177, 202]. It is quite valid to assume that, for an ultra-short
pulse of 45 fs duration, the hydrodynamic motion is almost frozen and the nano-tubes geometry
is intact during its interaction with the laser. Let the applied instantaneous laser field strength be
E, (the applied intensity I,), oriented perpendicular to the axis of the nano-tubes of “hollowness”
a./b, (where a, and b, are the inner and outer radii), and the instantaneous dielectric constant be &
=(1- ne/ng), where ne is the electron density). The electric field applied at any arbitrary angle with
respect to the tube axis can always be resolved in to a parallel and perpendicular component
along the axis. As shown in Chapter 8 the field applied parallel to the tube axis does not get
modified. The electric field inside the hollow nano-tube (perpendicular to its axis) is calculated

using the Laplace equation in cylindrical coordinates neglecting the z variation and under quasi-
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static approximation i.e. a,, b, << A. Applying appropriate boundary conditions, the magnitude of

the electric field inside the nano-tube region between a, and b, can be calculated to be

2
Emz\/A22+%—%cosze,where r and O are the radial and azimuthal cylindrical

coordinates, A, = w B, _M A=(g+1)° - (boj (¢—-1)%. The root mean

square (r.m.s.) electric field enhancement < % > can be calculated by taking the spatial
0

2z
average of field as ( '“] rdrd@ . From this, the r.m.s. intensity
77(b0 —ay’) ! I

o l; e
enhancement ratio is calculated as ( % y==— (Az + j The electric field is resonantly

2b02

c+1

enhanced when A=0, which happens for two value of ay/b, i.e. %zi( j By using the

8_
value of £ = 1- ne/n;, the electric field or the effective intensity in the nano-tubes plasma is

. 2n 2n .
resonantly enhanced at two densities n, =—-—<, N :—Cj. Figure 9.5a shows the

1—(""0) L 1+[a°

by by

variation of the high and low resonance density with degree of hollowness, where the dashed
vertical line is for the CNTs used in our experiments with a/b, =0.9, for which ny =20 n.and n.
=1.05 n.. It follows from Fig. 9.5a that higher resonance density (hy) can be increased by
choosing a nano-tube of smaller wall thickness. This is in contrast to the case of solid clusters
and nano-rods (a,=0), where the field enhancement occurs only in the vicinity of 3n., and 2n

respectively [96-100, 177, 202]. Figure 9.5b shows the variation of the r.m.s. intensity
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enhancement factor of the incident laser intensity inside a CNT (having a degree of hollowness
of 0.9) as a function of the electron density. The effective intensity inside nano-tubes shows two
peaks at densities mentioned above, but it is the peak corresponding to the high density

resonance that governs the hot electron generation more effectively. This is
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FIG.9.5: a) The variation of high and low resonance density with degree of hollowness, where the dashed
vertical line is for the class of CNTs used in our experiments with a,/by=0.9; b) The r.m.s. intensity
enhancement factor inside the hollow nano-tube, compared to the incident intensity of the laser (the inset
shows a top view of CNT with a hollowness factor of 0.9).

because, when an intense laser pulse irradiates the CNTs, the plasma is created in the foot of the
pulse when the laser intensity exceeds the plasma formation threshold (~10** W/cm? for 100 fs
pulse) and the plasma density becomes super-critical (> n¢) [194, 200, 201]. Subsequently, as the

intensity rises sharply, the electron density also rises because of the intensity dependent
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ionization processes like tunnel ionization, optical field ionization, and electron impact
ionization [223]. During the ionization phase, the electron density reaches the resonance
condition that is determined by the chosen target geometry. It is desirable that for most efficient
generation of hot electrons, the high resonance density ny is achieved at the peak of the laser
pulse [96, 97, 177]. If the laser intensity is too low, the electron density generated at the peak
falls short of that required for resonance. If the laser intensity is too high, the electron density
generated at the peak overshoots the value required for resonance. In both the cases, although the
effective intensity is enhanced w.r.to the applied laser intensity, the enhancement is not as strong
as when the resonance condition is met, as can be also be seen from Fig. 9.5b. The sharp peaked
K, X-ray emission enhancement at an intensity of 8x10*® W/cm? is probably because in this case,
the resonant electron density is reached at the peak of laser pulse, close to the high resonance
density ny = 20 n for the CNTs used in our experiment. In general, it follows that for nano-tubes
of a certain degree of hollowness there exists an optimum laser intensity for maximum x-ray
enhancement.

Coating CNTs on planar targets is a versatile method which, in principle, should be
applicable to any material to enhance the x-ray emission, since the role of the CNTSs is to
facilitate high absorption and efficient hot electron generation. Taking into consideration the hot
electron generation and transport in a material, there exits an optimum intensity and hot electron
temperature [109,210] for maximum K, yield. For materials with higher atomic number (Z), the
optimum intensity is higher, and for lower Z materials, the optimum intensity is lower [109].
Consequently, one needs to coat CNTs of greater degree of hollowness on higher Z materials.
Since such CNTs have a higher resonance density, at higher intensity of irradiation, the high

density resonance may occur closer to the peak of laser pulse, leading to its better absorption.
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Similarly, for lower Z materials, lower intensity of irradiation is needed to obtain the optimal K,
generation. Therefore, one has to optimize the laser intensity and the CNT geometry (degree of
hollowness) depending on the target whose K, one is interested in.

Next, it is important to consider the role of the thickness of the CNT layer in this process.
A very thick layer of CNTs will inhibit the propagation of the hot electrons generated in the
CNTs into the base material and will thereby reduce the x-ray conversion in the base material.
Moreover, a thick CNT layer will also attenuate the x-rays produced in the base material. On the
other hand, a too thin layer of CNTs will not give rise to sufficient hot electron generation. So
one needs to optimize the laser intensity, CNT geometry (degree of hollowness) and CNT layer
thickness for different target materials to achieve high x-ray conversion, and this will be studied
in future.

To summarize, its observed that near complete energy absorption of intense ultra-short
laser pulses is recorded in CNTs deposited on planar molybdenum. The hollow structure of the
nano-tube plasma facilitates resonant electric field enhancement at high electron density during
the ionization phase of the nano-tubes. This resonance enhancement at a density much larger
than the critical density (n;) leads to highly efficient hot electron generation, which results in
enhanced K, emission. In general, hollow tube targets facilitate more efficient hot electron
generation and consequent x-ray emission, and this may be useful as a compact, low cost, table

top, ultra-short duration x-ray source.
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Chapter 10
Nano-ripple semiconductors as target for ultra-short laser

absorption

Surface structuring with lasers is a highly competitive method due to its capability of
making fast and easy to implement changes in the structure design [224]. Compared to the
picosecond and nanosecond laser pulses, the energy in a femtosecond pulse can be precisely and
rapidly deposited in a solid material with fewer thermal effects [225]. Therefore, the femtosecond
lasers are widely used in micro-fabrication in transparent materials, metals and semiconductors
for applications like modifying the optical properties of the surface [226], improvement of
photovoltaic devices by increasing their effective surface area and in turn increasing the response
and conversion efficiency [227]. The other applications include modification inside refractive
index of bulk materials for fabricating photonic devices, optical data storage, and bio-photonic
components [228-230].

Mid-IR femtosecond laser radiation is generally used for the generation of surface ripples,
also known as laser-induced periodic surface structures (LIPSS). Various mechanisms have been
proposed to explain the nano-ripple formation. Initially, it was thought to be the result of the
interference between incident laser light and the scattered light from the surface roughness [231].
However, if this mechanism were to be true, nano-ripple width should always be of the order of
the incident laser light wavelength, whereas in many experiments very narrow ripple formation
has been observed. For example, Ozkan et al [232] found that ripples resulting from 248 nm
femtosecond laser irradiation of thin diamond films had a period varying between 50-100 nm.

Yasumaru et al [233] reported formation of ripple patterns with mean periods of 100-125 and
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3040 nm on TiN and diamond-like carbon after irradiation with 800 and 267 nm femtosecond
pulses, respectively. To explain the nano-ripple formation in the case of metals, the surface
plasmon created during initial random surface heterogeneities is considered [234]. In dielectrics,
the coupling of the electron plasma wave and incident laser explains the observed periodic
structure in glass [235]. Other proposed mechanisms for ripple formation are self-organization
[236], Coulomb explosion [237], influence of second harmonic generation [238], anisotropic
local field enhancement invoking nano-plasmonics [239], etc.

In this chapter, a study of surface nano-ripple formation on different band gap
semiconductors is presented. A parametric study of the ripple formation with different laser
parameters and ambient media is done with the objective of identifying conditions of forming
narrow period ripples. Nano-ripples were formed using a Ti-sapphire laser with 8 mJ energy, 45
fs pulse duration and 800 nm wavelength (1.56 eV) at a fluence in the range of ~ 100 mJ/cm? —
1J/cm?. The effect of the number of laser shots, the angle of incidence, polarisation of the laser,
fluence, incident laser wavelength, band gap and ambient medium has been studied. Depending
upon the experimental parameters, the nano-ripple sizes varied in the range of A/9 to A. Narrow
nano-ripples are formed from wide band gap semiconductors. The width of the nano-ripples also
decreases with the laser wavelength and the laser fluence. The observation of high and low
spatial frequency ripples in different conditions is explained considering the transient metallic
nature of the semiconductor surface on irradiation with intense femtosecond pulses. The surface
eventually supports the surface plasmon excitation, which interferes with incident laser light for
ripple formation. We attribute the very delicate dependence of ripple period with incident laser

parameters to the critical role of electron density. The finding helps identifying suitable band gap
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materials and laser parameters for obtaining nano-ripple period considerably small compared to

the incident laser wavelength.

10.1 Experimental setup

For studying the nano-ripple formation from ultra-short laser pulse irradiation of
semiconductor materials of different band gaps, the following semiconductor materials of narrow
(< 1.5 eV, which is the energy of the incident 800 nm photon) band gap: InAs (0.36 eV), GaAs
(1.42 eV), InP (1.35eV), and wide (> 1.5 eV) band gap materials like GaP (2.3 eV), GaN (3.4
eV), SiC (3.37 eV), ZnSe (2.82 eV) were used. Multiple laser shots from a Ti-sapphire laser with
8 mJ energy, 45 fs pulse duration, and 800 nm wavelength were focused in air on the
semiconductor wafers at a fluence in the range of ~ 100 mJ/cm? — 1J/cm?, i.e. around the plasma
formation threshold. Using a BBO crystal, the second harmonic (400 nm) of the 800 nm laser
beam was also used to study the influence of the laser wavelength on the ripple formation, while
keeping the other parameters same. The effect of the number of laser shots, the angle of
incidence, the polarisation of the laser, the fluence, the band gap, and the ambient medium was
studied. The spatial features of the laser treated semiconductors were characterized using SEM

(Philips XL30CP). The schematic of the experimental setup was already described in chapter 2.

10.2 Experimental results

Figurel10.1 shows the surface morphologies resulting from the irradiation of a GaP wafer
by femtosecond pulses with two different polarisations and in two different spatial regions.
Figure 10.1a shows the formation of spherical nano-particles (~100 nm) with circularly polarized

laser light, as also reported by several groups [240]. Figure 10.1b shows narrow nano-ripples with
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~ 200 nm spacing at the peripheral regions of the laser irradiated spot with linearly polarised
laser pulses. Figurel0.1c shows wider nano-ripples with about 600 nm spacing near the central
hot region of the laser irradiated spot. As expected, for linearly polarized light, the nano-ripple
orientation was always orthogonal to the laser polarisation [200,201]. Nano-ripple formation was
observed with 10-100 shots fired on the semiconductors. It was also observed that number of

shots fired on the semiconductor did not have any effect on the ripple period.

Fig.10.1 : GaP irradiated by 800 nm ultra-short laser pulses, a) with circularly polarised beam, b) and
c) linearly polarised beam in two different regions; b) is around the periphery of the irradiated spot (low
fluence) and c) is in the central region (high fluence). (The length of the horizontal bar is 1um in a, b, and

2um in c)

Figure 10.2 shows the nano-ripple formation using linearly polarised laser pulses in
normal incidence. The polarization was rotated using a half wave plate. In all the figures, the
rippled grating vectors orient perpendicular to incident laser polarization. In the narrow band gap
semiconductors like GaAs and InP, the SEM pictures of the irradiated spot show the spacing to

be of the order of 500-600 nm. On the contrary, in wide band gap material like GaN and SiC, the
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spacing is of the order of 170-270 nm. Thus, it is observed that, in general, the narrow nano-
ripples are formed from material with a wide band gap. This observation of narrow ripple
formation in wide band gap semiconductor is consistent with previous reported results by
Borowiec et al [241], but no explanation of the physical processes involved was given in those

experiments.

Fig.10.2 : Nano-ripple formation using 800 nm pulses in narrow band gap semiconductors : a) GaAs and
b) InP; and in wide band gap semiconductors : c) GaN and d) SiC (The length of the horizontal bar is
lumin a, b, c and d).

Figure 10.3 shows different micro structure formations using different fluences and
ambient conditions for narrow band gap semiconductors like GaAs. In all the figures, the linearly
polarised laser was at normal incidence. The SEM picture of the irradiated spot, as seen in
Fig.10.3a, shows that, at a high fluence in air, no nano-ripple formation takes place, and only
random heterogeneities of a few microns order appear. Figure 10.3b shows the formation of

nano-ripples of a typical size of 600 nm, at low fluence (in air). Interestingly, Fig.10.3c shows
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formation of nano-holes at high fluence in water. Figure 10.3d shows narrow nano-ripples of 150
nm size in GaAs at low fluence in water. This shows the crucial role of the ambient medium in
formation of the nano-ripples. Very narrow nano-ripples are observed in narrow band gap
materials like GaAs in water, whereas in air, the corresponding nano-ripple period is of the order
of the laser wavelength. Even for a wide band gap material like GaP, which shows narrow nano-
ripples of period ~200 nm in air, a narrower period of 150 nm is observed during irradiation in

water.

= 3o :':‘.q""‘d.

Fig.10.3 : Nano-ripple formation using 800 nm pulses in GaAs : a) at high fluence in air, b) at low
fluence in air, c) at high fluence in water, d) at low fluence in water. (The lengths of the horizontal bars

correspond to 5um in a), b) and c), and 1um in d

Figure 10.4 shows the angular dependence of nano-structure size obtained from narrow
(GaAs) and wide (GaP) band gap materials irradiated by 800 nm pulses in water. It was observed
that for the narrow band gap (GaAs) semiconductor, the ripple size increased with increasing
angle of incidence as shown in Fig. 10.4a. In the case of the wide band gap (GaP) material with
increasing angle of incidence the ripple period first increase and becomes constant at higher

angles, as shown in Fig.10.4b. It was mentioned earlier in the context of Fig.10.3c that, at high
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fluence, nano-holes are formed in GaAs. Figure 10.4c shows that the size of the holes increases

with increasing the angle of incidence of the incident p-polarised light.
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In many photonic applications, for example, the two-dimensional photonic crystals and micro
diffraction elements, nano / micro holes on the surface of bulk materials are required as the
building blocks. Although the mechanism of formation of such structure is still not clear, this
process was achieved during irradiation in water medium, thus emphasizing the role of dense
surrounding medium in formation of such novel hole structures.

It is commonly accepted that the nano-ripple width is dependent on the wavelength of the
incident light. Therefore, to obtain narrow nano-ripples, second harmonic of the fundamental
laser radiation is a better choice. Figure 10.5 shows the influence of laser wavelength on nano-
ripple formation. In all the figures the rippled grating vectors orient perpendicular to incident
laser polarization, which was linear in all the cases. Figures 10.5a and 10.5b show that, in the
case of SiC, the use of 400 nm wavelength reduces the ripple period by more than a factor of 2 as
compared to the nano-ripples produced by the 800 nm pulses (from 190 nm to about 90 nm).
Similarly, for a narrow band gap material like InP also, there is a reduction of ripple period from
620 nm to about 280 nm, as shown in Figs. 10.5¢c and 10.5d. It may be noted that, for GaP, the
ripple period using 400 nm pulse becomes larger than that formed using 800 nm pulses (from 180

nm to about 300 nm).
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~

1500 nm

Fig.10.5 : Nano-ripple formation using 800 nm pulses and 400 nm pulses respectively in wide band gap
semiconductors : SiC a) and b), GaP e) and f), and in narrow band gap semiconductor InP c) and d).
(The length of the horizontal bar is 2um in &), 500 nm in b), 5um in ¢), 1um in d), 1umine), and 2um in
f)).

10.3 Analysis of the experimental observations

The consistent observations regarding the nano-ripple formation are: 1) the ripple period
is larger at higher fluence, and 2) the ripple period is large for the materials having band gap
narrower than the incident photon energy compared to that for materials having a wider band gap,
3) a denser ambient medium results in the formation of narrower ripple period. We now describe
our view on the reasons responsible for the observations made in this experiment. The plausible
explanation for all such observation is consistent with the theory that ripple formation is due to
excitation of the surface plasmon at the semiconductor surface by the incident laser light with the

rough target surface.
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The surface plasmon is a well known phenomenon in the context of the metals, which
have free electrons for excitation of this longitudinal charge density oscillation. However, in the
case of semiconductors the origin of free electrons is because of the excitation of free electrons
due to multi-photon ionization by the laser. The typical intensity of 2x10% Wj/cm? is just
sufficient to start plasma formation for an ultra-short (45 fs) laser pulse, wherein multi-photon
ionization is the dominant process [242]. These laser-generated free electrons give a transient
metallic character to the molten surface, which can now support the surface plasmon [200, 201].
During the initial few shots, the surface roughness is enhanced due to irradiation by the high
intensity pulses and formation of random nano-structures [243]. The subsequent shots fired on
the roughened surface lead to more efficient excitation of surface plasmon [244]. The molten
material assumes the shape of a grating which satisfies the relation between wave vectors of the
incident laser (which depends on its wavelength, the angle of incidence and the refractive index
of the ambient medium) and the surface plasmon (which depends on the electron density of the
molten surface). This grating gets frozen once the material cools down as soon as the laser pulse
ends giving rise to the observed nano-ripples. The wave vector of this grating satisfies the

following relation, as per the momentum conservation [201]

G =ki—ks (10.1)

where k; is the wave vector of incident laser, and ks is the wave vector of surface plasmon. By
substituting the expression for ks in terms of corresponding wavelengths, and |G| as 2z/d (where

d is the ripple period), one gets the expression for d [201] as

d=— A (10.2)
+ usiné

PN
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Here A_ ,4s, 6, u are the incident laser (vacuum) wavelength, surface plasmon wavelength, the
incident angle, and the refractive index of the ambient medium. It is clear from equation 10.2 that
for normal incidence (i.e. #=0) d = . Thus, at normal incidence, the ripple period d is equal to

the surface plasmon wavelength, which is obtained from its dispersion relation as

zsz——ﬂL——. (10.3)

&€,

e+e,

Here ¢ is dielectric constant of the surface plasma created by the intense fs pulse and &y is the
dielectric constant of the ambient medium (i.e. &, = 1% 1 for air and 1.76 for water). Since the
multi-photon ionized surface has free electrons, its dielectric constant can be taken similar to a
plasma i.e. (neglecting the collision term frequency)

n
e=1--*%, 10.4
. (10.4)

C

where ne is the surface plasma free electron density and n. is the critical density corresponding to
the laser wavelength. Putting the expression of ¢ in the equation 10.3 and then using equation

10.2 one gets for the case of normal incidence

d= A | (10.5)
\/ gm(l_ne /nc)

&, +@-n,/n.)
From equation 10.5 it is clearly seen that the ripple period is related to the incident laser
wavelength, electron density of the surface plasma, and the dielectric constant of the ambient
medium. It is also evident from the expression that real values of d will be obtained only if

n

e

<n, or n, > (g,+hn,. (10.6)

C

When this condition given by equation 10.6 is not satisfied, the nano-ripples are not formed.
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Figure 10.6a shows the variation of nano-ripple period in air and water with electron
density plotted using equation 10.5, for 800 nm wavelength. Figure 10.6b shows the
corresponding curve for 400 nm wavelength.

A few conclusions can be made from these figures. There exist two branches of solutions
for the nano-ripples, one is the super-wavelength nano-ripple and the other is the sub-wavelength
nano-ripple. The super wavelength can be formed if the electron density is below the critical
density, but such structures are not observed primarily due to two reasons, the first one is that
being a low electron density process the plasmon excitation is very weak, and the second one is
that the long period structure will have lower groove depth so that any short period structure may
overshadow the long period one. The third possible reason could be that at such low fluence, the
material simply does not melt to reorganize, thereby precluding any possibility of ripple
formation. The sub-wavelength nano-ripples are formed if the electron density is greater than
nc(&n+1). The nano-ripple period is equal to laser wavelength if the electron density is high and a
very sharp decrease in the ripple period is observed when the electron density starts approaching
nc(gnt1). If water is the ambient medium, then the nano-ripple period is smaller for the same
electron density. Further, the figure also brings out the critical role of electron density in
formation of large and narrow ripple formation. Since the electron density-generating surface
during femtosecond laser pulse irradiation depends on the laser parameters like fluence and
wavelength, a drastic change in the nano-ripple period is expected on a small variation of these

parameters.
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Fig.10.6 : Nano-ripple period as a function of the electron density for air (dotted line) and water

(continuous line), using a) 800 nm pulses and b) 400 nm pulses

10.3.1 Ripple width vs. laser fluence

Now we come to the explanation of the experimental observations in terms of the above
formulation. The observation from Fig.10.1 regarding narrow ripple of 200 nm width at the
periphery of the focal spot and wider 600 nm ripple width in the central hot spot region can be
explained as follows. Since the electron density of the laser irradiated surface is proportional to
the incident laser fluence, higher intensity of irradiation in the central region of the focal spot will

generate a higher electron density [245] leading to formation of wider nano-ripples of 600 nm
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spacing, whereas at the region of the edges of focal spot, a lower fluence generates a lower
electron density, which leads to a narrower (~ 200 nm) ripple formation. It is also seen from Fig.
10.6 that a slight change in the electron density can cause a drastic change of the ripple period
and this explains the observation of the large difference in the ripple period in two spatial regions.
The abrupt change in the ripple period is because, as explained earlier, it is very critically
dependent on the electron density (see Fig.10.6). At high intensity, ripples slightly smaller than
the laser wavelength are formed, and at mid range intensity or lower intensity, the ripple period
can become very narrow depending on the free electron density generated on the surface. At very
low intensities, no rippling takes place, as explained earlier. Of course, the semiconductor
material chosen, its band gap and material breakdown property and irradiation intensity decide

the electron density generated.

10.3.2 Ripple width vs. band gap

The main observation that narrow nano-ripples are formed on wide band gap material can
also be explained in a similar way. When a femtosecond laser irradiates a narrow band gap
material semiconductor surface, more free electrons are likely to be available in comparison to
the case if the wide band gap material is irradiated by the same laser. This is because in addition
to the multi-photon excitation of electrons, the single photon absorption process will also allow
the excitation of free electrons, provided the incident photon energy is larger than the band gap.
Therefore, the absorption of the ultra-short pulses in narrow band gap semiconductor material is
through a combination of linear and nonlinear absorption process leading to a larger availability
of free electrons in the conduction band. Therefore, as observed from Fig.10.2, the ripple period

is large (~ 600 nm) in the case of narrow band gap materials, since a higher electron density (ne
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>> ng(entl)) leads to formation of larger width nano-ripples. On the other hand, since the
generated electron density for wide band gap material is low as single photon absorption is not

possible, narrow ripples are formed in this case (provided the incident laser intensity is low).

10.3.3 Ripple width in different ambient

Next, we discuss the nano-ripple formation in GaAs in air and water. The ambient
medium has substantial effect on the nano-ripple formation as expected from equation 10.2. This
was experimentally was observed by Ganeev et al [246] for methanol as the surrounding
medium. Our experiments in air and water were carried out at two fluences. At higher fluence,
no nano-ripple formation takes place. As seen in Fig.10.3a, only random heterogeneities of few
microns order (~ 2.5 um) appear. At low fluence, sub-wavelength nano-ripples of 600 nm period
are formed (Fig.10.3b). Such micron order microstructures have also been observed by Huang et
al. [247]. They observed that as the laser fluence increases, the ripples become disordered due to
the enhancement of the thermal effects. Also, as the laser fluence becomes high, the surface
morphology evolves and the degree of ripple irregularity becomes large resulting in the dominant
shift of spatial scales of the laser-induced structures from a few hundred nano-meters to a few
micrometers. Next, in water, a drastic reduction of the nano-ripple period is recorded from 600
nm in air to about 150 nm in water. Such a reduction in nano-ripple period is expected from
Fig.10.6 as already discussed. An interesting observation is that at high fluence irradiation of
GaAs in water leads to nano-hole formation. The reason of nano-hole formation is still not
understood, although its seems to be like a self organization process due to surface tension

relaxation of strained molten GaAs against another liquid (in this case, water). The experiment
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was repeated al low fluence for GaP (wide bandwidth material) which shows 200 nm nano-ripple

period in air and 150 nm in water.

10.3.4 Ripple width at different incident laser angle

Many groups have done nano-ripple width study with different incident angles of the laser
[248, 249]. There are contradictory observations regarding this, as some have reported increase of
period with increase in angle of incidence [248], whereas some have shown decrease in the ripple
period with angle of incidence [249]. In our experiment, we recorded an overall increase in ripple
period with the angle of incidence for GaAs in water. As shown in Fig.10.4 a. GaP in water also
shows an increase of ripple period from 150 nm to 300 nm, as the angle is increased from normal
incidence to an angle of 30°. However, the ripple period saturates at larger angles as seen from
Fig.10.4b. These trends can be partially explained from equation 10.2 if one takes the "minus"
sign. In that case, the denominator decreases in magnitude as the angle of incidence in increased,
leading to an increase in the ripple period. Although this explanation holds true for GaAs which
shows a continuous increase of ripple period with increasing angle, the same is not correct for
GaP where ripple period shows saturation at larger angles. This shows that it is important to
consider other factors which contribute to the variation of ripple period with angle of incidence.
The most crucial among them is perhaps the electron density of the surface plasma created after
irradiation of the semiconductor. The electron density generated, in turn, depends on the laser
irradiation conditions (fluence, laser wavelength etc.) [245], material properties (band gap,
melting point etc.) [20], and the absorption of laser energy in the material through linear (single
photon absorption) and non linear processes (multi-photon absorption). As the angle of incidence

is increased, the circular focal spot gets elongated and becomes elliptical, leading to a decrease in
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the laser fluence. For example, at an incident angle of 45° , the fluence becomes about 70% of the
fluence at normal incidence. Therefore, as the angle is increased, the fluence decreases, resulting
in the decrease of electron density of the surface plasma. This should lead to a decrease in the
ripple period. However, as the angle of incidence is increased, the laser energy absorption also
increases (up to the Brewster angle). The increase in the absorption is because the reflectivity of
the p-polarized light keeps decreasing as the angle of incidence increases and approaches the
Brewster angle. The range of angles covered by us is below the Brewster angle of the
semiconductor (the Brewster angle of semiconductors is as high as 70-80°). This decreasing
reflectivity leads to an enhanced absorption and hence a higher electron density, which should
result in generation of larger period ripple. Therefore, resultant ripple period is governed by the
above two competing processes of electron generation, one being fluence and the other being
absorption. On increasing the angle of incidence, the fluence reduces and less electron generation
is expected, but on the other hand, on increasing the angle, more laser light absorption will occur
resulting in more electron generation. The relative dominance of the electron generation process
viz. laser energy absorption or laser fluence, determines whether as a function of angle the
electron density decrease or increase. One can now explain the observation that in the case of
GaP the ripple period initially increases and then becomes nearly constant at larger angles
(Fig.10.4b). It seems that in our experimental conditions, the laser energy absorption and the laser
fluence compete against each other equally. The generated electron density is such that the ripple
period becomes constant at higher angles for GaP. The monotonic increase of ripple period with
the angle of incidence in the case of GaAs (Fig.10.4a) implies that the electron density in this
case is continuously increasing on increasing the angle. This means that electron generation is

dominated by absorption process and the fluence has comparatively less influence in the case of
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GaAs. Had fluence been the more important parameter, the electron density would be reduced on
increasing angle (due to the decrease of fluence), and the nano-ripple period would have
decreased. Further, it may be noted that for s-polarized light, the period should be independent of
the angle of incidence as the magnitude of the laser k vector in the direction of the surface
plasmon remains unchanged in this case. However, as the angle increases, due to increasing
reflectivity (due to s-polarization), the absorption of the laser light will keep decreasing with
angle, leading to lower electro density and corresponding decrease in ripple period. Interestingly,
the nano-holes formed on GaAs (at high laser fluence, in water) also showed increase for the hole
diameter for higher angles of incidence (Fig.10.4c). Further experiments are needed to understand

their generation mechanism.

10.3.5 Ripple width vs. incident wavelength

The role of the laser wavelength in changing the ripple period is seen from Fig.10.5. As
expected from equation 10.5, the ripple period is expected to decrease by a factor of 2 as one
goes from fundamental to the second harmonic laser beam, with other conditions remaining the
same. This is precisely what is seen in Fig.10.5a for SiC (a wide band gap (3.37 eV) material for
both wavelengths) and Fig.10.5b for InP (a narrow band gap (1.35 eV) material for both
wavelengths). In both the cases, there is a reduction in the ripple period by a factor of 2 (190 nm
to 90 nm and 620 nm to 280 nm). The observation in the case of GaP is just the opposite. Here
the ripple period is observed to double (180 nm to 300 nm) instead of becoming half. This is
because, GaP has a band gap energy of 2.3 eV, which is wide for 800 nm radiation (~ 1.56 eV),

but narrow for 400 nm radiation (~3.12 eV). So, as a wide band gap material, GaP shows a
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narrow ripple period (180 nm) for the fundamental (800 nm) and as a narrow band gap material,

it shows larger ripple period (300 nm) for the second harmonic radiation (400 nm).
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Fig.10.7 : Observed nano-ripple period as a function band gap. The dotted line indicates the incident

laser photon energy for a) 800 nm pulses, and b) 400 nm pulses

The above correlation of the band gap with ripple period becomes more obvious in Fig.10.7.
The vertical dotted line in Fig.10.7a is the photon energy of the 800 nm laser and for Fig. 10.7b
the dotted line represents the photon energy of the 400 nm laser radiation. From these two graphs,
it is clear that if the band gap of the semiconductor material is narrower than the incident photon

energy, the ripple width formed is slightly less than, but of the order of the laser wavelength. For
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the materials having a band gap larger than the energy of the laser photon, the ripple period is
much smaller (typically of the order of 1/4th laser wavelength). The reasons for this difference
have been already explained earlier in terms of single photon and multiple photon ionization of

the molten surface.

10.3.6 Nano-ripples and melting point

Although most of the observations of ripple formation could be explained from the above
formulation, there could be other parameters, which are responsible for finer variations of
different nano-ripple formation of different materials. We have neglected the material parameters
like melting point, conductivity of semiconductors, charge mobility, surface tension and viscosity
of the molten material of the surface, which may also be very critical in deciding the resultant
structure. For example, melting is one of the primary requirements of restructuring the surface.
To see if the melting point plays a deciding role in ripple period, the ripple period has been

plotted in Fig.10.8 as a function of melting point for various materials, at a constant laser fluence.
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Fig.10.8 : Observed nano-ripple period as a function of melting point for various semiconductors
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There is clear trend which shows materials having a high melting point form narrow
ripples. Fig.10.8 seen in isolation would give an impression that melting point decided the ripple
period. However, when seen with Fig.10.7b for the ripples formed with second harmonic laser
beam, it becomes clear that looking at GaP ripple period, it is the band gap (relative to the laser
photon energy), which decided the ripple period, and not the melting point, although melting is
crucial in nano-ripple formation.

The observations which still need explanation are : 1) formation of nano-islands with
circularly polarized light (Fig.10.1a); and 2) formation of nano-holes at high fluence irradiation
under water (Fig.10.3 c).

The above studies have shown that, in general, narrow nano-ripples are formed from
materials with a wide band gap. The width of the nano-ripples also decreases with the laser
wavelength and the laser fluence. Under specific conditions, nano-hole formation is observed
over a large area. The ambient medium can further help in narrowing down the ripple period
formation. The observations are explained by considering the photo-ionization of the molten
semiconductor surface on irradiation with intense femtosecond pulses, which support surface
plasmon excitation, which in turn interferes with incident laser light to give rise to the ripple
formation. The nano-ripples get frozen due to fast cooling once the laser pulse is over.

It must also be mentioned here that recent experiments have shown grating targets when
irradiated with intense laser pulses leads to enhanced absorption, x-ray emission and high energy
collimated electrons generation [162, 169, 195, 250]. Nano-ripples resemble grating like surface
structure which may also be produced by ultra-short laser pulses on interaction with a solid
surface. Properties of nano-ripples depend primarily on the ripple width. One can exploit the

surface plasmon excitation in nano-ripples and the electron density at which this excitation will
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take place. The surface plasmon excitation can be achieved at solid density from nano-ripples of
ripple width of the order of wavelength. Therefore nano-ripples can be another candidate of in

situ formed nano-structured targets and this possibility has to be explored in future.
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Chapter 11

Conclusions and suggestions for future research

In this thesis work a detailed study on ultra-short high intensity laser absorption and x-
ray emission from planar targets and various forms of nano-structures, has been carried out. As
the absorption of the ultra-short intense laser pulses in smooth planar targets is less, therefore it
becomes important to devise new techniques for increasing the laser energy coupling in high
density matter. We have identified the conditions for maximizing absorption of intense ultra-
short laser pulses in in situ formed nano-particles. The absorption was observed to exceed ~70%
in silver clusters produced by a sub-ns pre-pulse. The high absorption resulted in an x-ray yield
(in the >1 keV region) of ~ 60 uJ/ pulse, which corresponds to a conversion efficiency of
8.5x10 %. This scheme further led to an order of magnitude enhancement of x-ray emission in
the water window spectral region utilizing the in situ formed carbon clusters, as compared to
planar graphite target. Thus it is demonstrated to be a simple, single step, cost effective method
to obtain a high rep-rate nearly debris free x-ray source. A high water window Xx-ray conversion
of 0.54 % /sr of the ultra-short high intensity main pulse was recorded from carbon clusters.

Using various nano-structures like spherical nano-particles, nano-rods, nano-tubes, and
nano-holes, high laser energy absorption is demonstrated, with near complete absorption in
carbon nano-tubes. The theoretical consideration of nano-particle helped in understanding the
role of target geometry on enhancement of electric field, resonances, and dynamics of the laser
nano-structure interaction. We predicted analytically multiple resonances in hollow nano-
structure, which can facilitate continued occurrence of resonance. As an experimental

demonstration of the above prediction, it was shown that very efficient hot electron generation
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takes place in carbon nano-tube-coated targets which results in enhanced characteristic K-shell
line emission. Hollow target like nano-holes showed that the electric fields enhancement and
energy deposition in them is very efficient. The peak of x-ray emission from nano-holes is
attributed to the void closure and x-ray peaking time is proportional to the nano-hole diameter.
A similar observation was noted from carbon nano-fibers where over an order of magnitude soft
x-ray enhancement was recorded. Next, size control of nano-particle is an important aspect as
the properties of nano- particles are highly size dependent. Since in the conventional methods,
size control is difficult, we have shown that the size of the in situ formed nano-particles can be
controlled easily by varying the incident laser pulse duration. A study of nano-ripple formation
in various band gap semiconductors was also carried to study the dependence of ripple width on
incident laser parameters, target material, band gap, and ambient medium. The nano-ripple
formation is explained considering the transient metallic nature of the semiconductor surface on
irradiation with intense femtosecond pulse which excites surface plasmon leading to the nano-
ripple formation. In general, the observations help in identifying various conditions to grow the
nano-ripples with controllable ripple period.

An extensive work has been carried on studying the laser interaction with nano-form
matter with two different strategies : first forming the nano-targets in situ by a portion of laser
beam itself, and second using different nano-structures to study effect of shape, size and the
structure geometry. Still there are more avenues that need to be explored that can be very
exciting and promising as the present work indicates. Enhanced hard x-ray emission from the
hollow nano-structures indicates efficient hot electron generation processes taking place in
them. The role of target structure in the generation of hot electrons and their subsequent

propagation is a point that needs to be explored further. Collimated propagation of charged
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particles produced from intense laser fields is a hot topic of research since it is directly related to
the solution of problems of beam filamentation faced in fast ignition scheme. Therefore various
novel targets have to be explored and designed in future to overcome such problems.

Next, generation of nano-structures in itself is a very interesting field of research and
very promising for applications. Our study show that in pulsed laser deposition scheme, the
variation of the laser pulse duration is a versatile method to change the size of the cluster.
Therefore this opens lot many possibilities of exploring various targets and laser parameters to
form clusters. Moreover, it will also be interesting to record the hard and soft x-ray emission
from various sized clusters of many materials.

We also did the study on nano-ripple formation and developed an understanding on the
mechanism of nano-ripple formation, which helped in controlling the ripple width. This again
hints to the possibility of in situ forming a ripple or grating like structure by a low intensity
ultra-short pulse and then irradiating them with intense laser pulses. By forming ripples of
desired period, the surface plasmon can be excited resonantly at solid density by the intense
ultra-short laser pulses which may lead to efficient absorption, x-ray emission and hot electron

generation.
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