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Abstract

This thesis documents the study of elementary processetenaction of intense, ultrashort
laser pulses with underdense plasmas. Main objective sfth@sis is to understand the
basic phenomena resulting from the interaction of ultrarstitra-intense laser pulses with
matter and to study the mechanism which eventually leadenemtion of high energetic
electrons, in laser based plasma accelerators. In a broagemstive, the work here can be
described as a detailed experimental and numerical studgef matter interaction, plasma
formation and acceleration of particles. The motivationtfeese experiments arises from
the fact that the results are relevant from both fundametdlapplied research point of
view.

The light matter interaction is basically associated wignlbehaviour of individual atom
exposed to high fields. The knowledge of this behaviour isirtgmt, as the basic interaction
mechanism between laser and matter eventually drives tbealbyphysical mechanism of
the investigated phenomena. For this purpose numericallaiion based on optical field
ionization was developed. These calculations yield inftrom about the plasma density
distribution within a given experimental conditions. Theokvledge of the electron density
distribution and its dynamics is very useful in interprgtmany observed phenomena during
the experiment. When working with short pulse laser systgmssible pre-pulses that
precedes the main pulse have to be taken into account. Therfuatstudy on ionization is
further extended for the inclusion of the pre-pulse effadtigh intense pulses.

One of the important feature during the experimental worthés use of time domain
interferometry. This allowed to freeze the dynamics of thexteon density evolution on
femtosecond time scales up to several picoseconds. Thidevesby taking the snapshots
of the process initiated by the main laser pulse by anothisefduoalled probe pulse) in terms
of fringe shift.

With ultrashort and high intense laser pulses the physieadbbiour of the medium
changes drastically in a time comparable or shorter thapualee duration. This ultrafast
change in the physical properties of the medium inducesaaid spectral modification in
the propagating laser pulses. Study of these modificationsl@nhance the understanding



of how intense optical pulses propagates in plasmas. Séarchtable propagation of in-
tense laser pulses in underdense plasmas and study ofglkeetriem modification was one
of the most important work during the experiments.

High energetic electrons with good bunch parameters hase seccessfully generated
during the first phase of the experiment at LNF, with the newdit FLAME laser system.
The main objective of the new facility at LNF is to push thectlen energy to GeV scale
and to find ways for new compact radiation sources.

The present work is motivated by the need to gain understgrafilaser pulse propaga-
tion in plasmas and its implications on electron acceleraliy high-intensity laser irradia-
tion of gas targets and their application. The results, miqdar the frequency shift of the
laser pulse, have taken a further step towards a broad apphof laser gas interaction in

a large variety of fields like accelerator physics and sug@meuum generation.
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CHAPTER 1

Laser based plasma accelerators:

Introduction and motivation

Lasers are one of the most significant inventions of the twwdmtentury. When laser
made its debut in 1960QL], it was called a solution looking for a problem. At that time
different groups across the world were working to undeithie behaviour of matter, par-
ticularly atom, in the presence of an external applied fiéldsers provided and excellent
source of high field to boost up these studies to a new leved.ifffention of pulsed lasers
opened exciting research opportunities in the field of kasatter interaction.

The initial free running laser oscillators were first Q-slied and later mode-locked to
provide high peak power in nanosecond or picosecond duarptitses. After that, for about
one and a half decades, there was not much progress in pughwighe laser power. The
last two decades have witnessed an outstanding develoimdtrashort laser technologies
and consequently, a completely multidisciplinary field leaserged, known as ultra-fast
phenomena sciences. Dramatic breakthroughs have led@oveat of new solid-state laser
sources that can deliver pulses as short as few tens of feound. The implementation of
the Chirped Pulse Amplification (CPA) technique 3], for the amplification of short pulses,
has opened up new opportunities for innovative approactieidomain of ultrashort ultra-
intense field physics. These ultrashort pulses allow tolre@cy intense fields4]. For
instance, a laser pulse with energy of 100 mJ in 100 fs pulsatidn corresponds to a
power of 1 TW(10?W). When focused to a diameter of/1:@, it gives an intensity close to
3 x 10'™W /cm?. Thus, ultra-short laser pulses can deposit a certain anodlaser energy
in a very small area in a very short time interval and opensraptetely new regime of
laser-matter interaction, which is complex but rich in phg$5].



4 Laser based plasma accelerators: Introduction and motivion

Plasma physics is one of the major scientific fields to usectheesers. A major impe-
tus was provided by the proposal of initiating fusion reaasi for viable energy production
using high power laser bean [, 8, 9, 10]. This quest still continues. Along the way, how-
ever, the field has branched into a number of exciting rebeasas and particle acceleration
is one of them11, 12,13 14].

From the beginning, nature and its constitution remains afriae great mysteries to
resolve for the human being. The quest for understandinduthamental laws of nature
brought several discoveries and inventions in science acddnblogy. The most distin-
guished experiment to understand the structure of atom was by Ernest Rutherford in
1909. By analysing the nature of the collision between tihgetaand projectile the basic
structure of the atom has been found. To look deep inside #teenit is required to over-
come the large force created by the constituents of the ma#tecelerator physics gets
its origin from the quest to generate such energetic pagitd probe the atomic structure
and became an outstanding tool to answer some of the mostka&nh@ questions about the
nature of the universe.

In present days, particle accelerators are one of the lamggshines built by humans. It
is among the main tool for elementary particle research festfive decades. The conven-
tional particle accelerators are now approaching to thmiitd. In the conventional accel-
erators such as LINACs, the acceleration gradients areédthtio some tens of MV/m due
to material break down consideratiordd]. Consequently, as the energy gain of particles
is the product of such gradient times the acceleration ntgtaone is obliged to extend the
acceleration distance in order to reach high energies.i3hiby these tools for high energy
physics are becoming larger and larger and increasingly mxpensive.

It was realized by Tajima and Dawsohl] way back in 1979 that a laser beam prop-
agating in plasma can excite electron plasma waves, whicly bengitudinal can be used
to accelerate electrons. To understand the rationale &snph-based acceleration, consider
the limits of conventional particle accelerators basedaatio-frequency waves propagating
in metallic cavities. They are limited first by the availatyilof high peak power drivers and
ultimately by electrical breakdown of the metal structuDee to these inevitable features in
conventional accelerators their accelerating gradieliged to 20-100 MV/m. Plasmas,
on the other hand are not limited by material breakdown cmmnation as they are already
ionized and indeed support huge electric field of the orddi0e100 GV/m. Consequently,
with regard to the energy gain of particles in acceleratarplasma accelerator can cut
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Figure 1.1:The figure shows the fundamental difference between the tesed particle acceler-
ators and the conventional accelerators. (a) Plasma peddog an intense laser pulse incident on
a gas jet. The length of the plasma column or acceleratingtsiie is 4 mm. The bright column
support hundreds of GV/m accelerating gradient (b) Stgeliew of LHC at CERN. The radius of
the accelerating structure is 4.3 KM. The laser based plasioelerators potentially reduces the di-
mension of the accelerating structures by many orders ohitwae and still provides high quality
energetic particles.

down significantly the acceleration distance to boost gplagito several MeV over a short
distance below the millimetre range and still provide a gquaédlity electron beam. Thus,
plasma based particle acceleration opened a new and gxféid of extreme gradient be-
yond 1 TV/m. Fig. 1.1 illustrate the difference in the sizeaotelerating structure between
laser based plasma accelerators and conventional adoetera

In last two decades there has been a tremendous progreseirbsed plasma accel-
erators due to the advances in technolobg, [L7, 18], particularly by the development of
compact terawatt laser systems based on the techniquerpédhpulse amplification. One
of the most remarkable developments brought by the inverfdCPA was that it enabled
construction of table-top terawatt lasers, employing hegkrgy storage materials such as
Ti:Sapphire and Nd:glass, and leading to a significant megin the techniques of short
pulse generation. Typical parameters of this class of Isgstem are: few hundreds of mJ
energy in a single pulse of multi femtosecond durationyveeing multi terawatt peak power,
which is high enough to reach laser intensities of the orfléH®' W /cm? at the focus. Due
to the significant decrease in energy consumption as comhparaegajoule laser facilities,
these devices fits very well in small laboratories and enaddearchers to create and study
extreme condition of light matter interaction on small soahvironment.

The basic principle of particle acceleration using lasect@rged particles beams is as
follows: A plasma as a whole is electrically neutral, conitag equal amounts of negative
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charge (electrons) and positive charge (ions). A pulse faomintense laser or particle
beam, however, creates a disturbance in the plasma. Incessba beam pushes the lighter
electrons away from the heavier positive ions, which in tget left behind, creating a
region of excess positive charge and a region of excessinegdiarge. This separation
of positive and negative charges produces a large eleatitthat points from the positive
to the negative charge region. This high electric field tiatterough the plasma as a wave,
trailing in the wake of the light pulse at nearly the speedgiftl and accelerates any charged
particles that comes under its influend®][ There are several variants of plasma-based
acceleratorsZ0]. The most widely investigated are plasma wakefield acatder plasma
beat wave accelerator and laser wakefield acceleratordimguhe self-modulated ones.

The plasma-based accelerators in which the plasma wavevendoy one ore more
electron beams are referred to as the plasma wakefield eatoete(PWFAS) 21]. In the
PWFA, the plasma wakefield can be excited by a relativiséctebn beam provided that the
electron beam has a shorter spatial extent than the plasnoa pe

In the plasma beat wave accelerator (PBWA), two long pulkserlaeams of nearly equal
frequency are used to resonantly excite an electron plasava ®2]. This is done by
beating the laser beams such that the difference in thedremgs is equal to the plasma
frequency. The laser exerts a longitudinal ponderomotvesf on the plasma electrons and
resonantly drives a plasma wave.

In the laser wakefield accelerator (LWFA), a single short higth intensity laser pulse
drives a plasma wave2]. The wakefield is driven most efficiently when the laser puls
length is equal to the plasma wavelength.

The self-modulated LWFA uses a single short high intensisgt pulse, as in the stan-
dard LWFA. The self-modulated LWFA, however, operates ghér densities than the stan-
dard LWFA, such that the laser pulse length is long compavethé¢ plasma wavelength
and the laser power is somewhat larger than the critical péoveelativistic guiding 4.

In this high density regime, the laser pulse undergoes ansatfulation instability, which
causes the pulse to become axially modulated at the plasnwalpd&mong all the differ-

ent versions of the plasma-based accelerators, LWFA (@inafuthe Sm-LWFA) is the most
successful one.

In addition to the above acceleration mechanisms, dirsetr lacceleration of electrons
in a plasma of relatively higher density have been repor2&dg6]. A laser of finite spot
size and pulse duration (> 27Twp_1) exerts a radial ponderomotive force on plasma elec-



trons and pushes them out of the laser column, creating alrelgictric field due to the
stationary ion space charge. The energetic electrons,adtieir higher relativistic mass,
experience a smaller ponderomotive force and executerbetascillations under the space
charge electric field. Their motion along the laser axis poeg an azimuthal magnetic
field, reinforcing the betatron oscillations. The electvefocity due to betatron oscillations
couples with the magnetic field of the laser to exert an axwakhtz force on the electrons
at frequencyv — w, and wave numbek, wherew andk are the frequency and wave vector
of the laser and,, is the betatron frequency. When the electron axial velacityquals the
phase velocity of this Lorentz forece— w;, = kv., or the Doppler shifted laser frequency (as
seen by the relativistic electrons) equals the betatraquiacy, resonant energy exchange
occurs between the laser and the electrons.

At very high intensity(> 10'Wcm~2), a new scenario of mono-energetic electron ac-
celeration with energy spread 3% is emerging. Particle-in-cell simulations of laser-plasm
interaction with pulse duration short enough and with veghlintensity reveal that an elec-
tron evacuated ion bubble is formed at the rear of the lasksedR7, 28]. The electron
density at the backward point of the bubble piles up to formabde layer. Electrons in this
pile can be accelerated by the bubble space charge to higlyewkile focusing in phase
space, forming mono-energetic electron beam.

The acceleration of electrons using a single laser pulsdivgaslemonstrated by Naka-
jimaet. al. in 199529]. In that experiment electrons with energy up to 18 MeV were o
served using externally injected electrons with initiadegy of 1 MeV. The experiment was
done with a 1 ps, 3 TW laser pulse at high electron dergsity0'%cm—3) in self-modulated
laser wakefield acceleration regime. The first experimentiaérvation of LWFA was done
by Amiranoff et. al. with an externally injected electronaboe [30, 31]. This scheme of
external injection of electrons was not very practical dul®t coupling efficiency between
the injected electrons (generated from RF-cavities) aagliisma-based accelerating struc-
tures. The first experiment on acceleration of self-injg@@iectrons has been demonstrated
by self modulated laser wakefield acceleration mechan8gj A laser pulse longer than
the plasma period undergoes the self modulation, and eafynteads to the generation of
large amplitude wakefields and self-trapping of electroms plasma accelerating structures
via wave-breaking. Many experiments on the generation of Blectrons and measurement
of the acceleration gradient have been repor83i134, 35]. In the experiment36] electron
acceleration up to 30 MeV was achieved in a length of about 1giving the acceleration
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gradient of 0.03 GeV/cm. In a recent experimed§][ the direct measurement of real accel-
eration gradient has been shown. By employing a tomograpagnosis, the acceleration
of monoenergetic electrons from 5 MeV to 55 MeV in a distanc200m is reported.

Earlier experiments on electron acceleration showed a widéh in electron energy
spectra. In 2004 breakthrough in this direction has ackiewal a beam of monoenergetic
electrons has been experimentally produced by three gri@rp88, 39]. Mangles et. al.
have observed 25 MeV and 75 MeV electrons with less #%aenergy spread by impinging
a0.8um, 2.5 x 10 W /cm?, 40 fs, laser pulse af2um spot size on helium gas at electron
densityn, = 2.3 x 10*cm~3. Faure et. al. have observed beam of 170 MeV energy by
a similar mechanism. Geddes et. al. have reported 80 MeVrefebeam with less than
1% energy spread using a preformed plasma channel guiding.adteleration in these
experiments is believed to occur in so called "bubble re§if2&]. This bubble has been
seen to be formed behind a high power short laser pulse implasnd it is completely
devoid of electrons. This is sometime also referred as amchamnel. However, this type
of ion channel is different from the one observed by Durfeeaét [40]. This ion channel
lasts only for few ps while the one observed 4] lasts for few ns. The electrons initially
pushed by the laser ponderomotive force, collide at the bhtes bubble and a bunch of
electrons is injected into the bubble as seen in simulatibhsse electrons are accelerated
inside the bubble and show a monoenergetic energy specliuenobservation of monoen-
ergetic electrons in laser plasma interaction has reviredope of replacing the large size
conventional accelerators by compact tabletop laser @asrcelerators.

There are two important parameters governing the length wheh acceleration can
take place, these a(#&) plasma density which control the dephasing length af&) the in-
teraction length !, which is normally equal to the Rayleigh length. Since deptglength
is inversely proportional to plasma density, higher plasteasity gives shorter dephasing
length and consequently smaller energy gain. The intenadtingth or Rayleigh length is
the length up to which the laser pulse remains intense entaudfive a plasma wave. The
useful acceleration length is the shortest of these twatheng/NVhen the laser pulse energy
is not high enough, normally, to have high intensity the pugsfocused to a very small spot

In principle there is another parameter known as pump deplégngth. It is defined as the distance
over which the laser pulse energy depleted significantlyterAthat the pulse cannot excite plasma waves.
The effective interaction length is the shortest among dsiply length, pump depletion length and Rayleigh
length.



size. This limits the interaction length up to few micronsl @aventually limits the energy
gain by surfing particles. With the development of high polaser systems, energies up to
few Joules are now available and the pulse needs not to beddda a very small spot size
for high intensities. This extends the interaction lengtd also maintains the intensity of
the laser pulse up to several hundreds microns. In expetantre dephasing length was
controlled by changing the backing pressure of the gashétthe interaction length was
extended by using a high "F” number focusing optics or byfpreaed plasma channelling.

After the generation of quasi-monoenergetic electron baadhe other important pa-
rameters which need to be controlled are bunch quality,lgyabnd reproducibility. A
major breakthrough in this effort was achieved by Faure ktina2006 by controlled in-
jection of electrons into plasma wakefields using collidesger pulses41]. In all previous
experiments the electron self-injection was relied on-salbping via wave-breaking which
was not actually a controlled way of particle injection. Mihe use of a second, injecting,
laser pulse tunability of the electron bunch energy andlgialvere achieved with high ac-
curacy. At a broader prospective the performance, stalaitid good out-put of laser based
plasma accelerator depend on laser and plasma parametelasér systems these are laser
energy, pulse length, power, focusability, pointing digband contrast ratio between main
and pre-pulse. For the plasma these can be plasma densipgttature and their profile.

The experimental work done in the last two decades have stitawithe outstanding and
competing features (low emittance, high bunch charge)s#riaccelerated electron beams
promise their use in a large variety of applications. Theneaan be used as a diagnostic
tool in basic plasma research, e.g. for the diagnosticsemfteimagnetic fields in dense
plasmas with picosecond time resolution. Laser-acc@dralectrons could be applied as
compact particle accelerators, as a driver for neutronymiah [42], for radio-isotope gen-
eration @3, 44], for table-top nuclear physic4¥|, for the generation of intense x-ray4q
or even for medical applications as a compact radiothergptes for tumor treatment.
In addition to this practical advantage, it is of great ies#rto investigate the applications
of particular characteristics of the electron beams geeeéra plasmas, such as the high
density (4 or 5 orders of magnitude greater than in RF bunced the short temporal
duration of the electron bunches, derived from the shostioéghe laser pulse. Further-
more, the application of such electron bunches can be pushexblore terahertz (THz)
radiation generatiord7]. As a THz radiation source, LWFA may provide not only a com-
pact apparatus compared to conventional acceleratora)dmuelectron bunches with much
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shorter duration and hence higher THz frequencies. Syhadmroadiation from LWFA was
demonstrated experimentally and has been studied by mangral8, 49, 50]. Although
conventional synchrotron light sources can generate vgtydnergy photons, this few KeV
ultrafast x-ray radiation could provide a powerful tool femtosecond x-ray diffraction or
absorption spectroscopy. By using an undulator, LWFA dari¥¢JV FEL could be de-
signed. For all kind of applications, stability and reproitbility of electron bunches remain
the key issues and there are still many things to be addrésstte applications. With the
continuous development in technology, understandingeptiysical mechanism and com-
missioning of new high power laser facilities across maiptatories around the world, it
can be expected that these applications can be realized iretr future.

1.1 Thesis structure

This PhD dissertation is a report of an experimental studypanticle generation with
high intensity lasers. Most of the work described in thissteédnas been carried out at the
Intense Laser Irradiation Laboratory in Pisa [ltaly], ldgdDr. L. A. Gizzi. This laboratory
belongs to the Unit of Pisa (headed by Dr. A. Giulietti) of thational Institute of Optics
of the italian National Research Council (CNR). Part of therkwvas also carried out at
the Laboratori Nazionali di Frascati of the Italian Natibhastitute for Nuclear Physics
(INFN), in the framework of the INFN project PLASMONX (whosational representative
is currently Prof. Danilo Giulietti). The purpose of thesgeriments were to study the
propagation of intense laser pulses in plasmas and to @ffizigenerate high energetic
electrons. This manuscript is divided into five parts:

Part-1 provides introduction to laser based plasma acceleraitwsir scientific context
and competitiveness over conventional accelerators csisised briefly.

Part-11 is dedicated to basic concepts and terminology used in fdasma interaction
studies. With simple mathematical expressions, the phisiechanism of particle genera-
tion and their acceleration is described.

Part-11l describes the ionization model used in this thesis. A gtativie knowledge of
ionization of neutral gases with intense laser pulse helpsiderstanding and interpreting
many physical processes during interaction (propagatbigser pulses with gases (plas-
mas).
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Part-1V describes the experiment on electron acceleration withematel power laser
system. The salient feature of the experiment was genarafisupercontiuum from laser
gas interaction. It is for the first time that the new frequegeneration has been observed
from gases in such a large extent and recorded spatiallyigbpariation of frequency with
propagation of laser pulse in plasmas) as well.

Part-V presents the preliminary experiment on electron accaberatith very high
power laser system under commissioning at LNF. Finally, mreary of the observed re-
sults will be given and how these studies can and should lemé&tl in the near future will
conclude this manuscript.






Part |l

Basic concepts and physical mechanism
of laser based plasma accelerator






CHAPTER 2

Generation of ultra-short laser pulses

2.1 Outline

Laser plasma interaction physics is one of the most riclgvative and well established
branch in physics. The inclusion of ultra-intense ultrashasers is, however, relatively
quite recent. This chapter is devoted to the physics andhtdahy concerned with the gen-
eration of ultrashort laser pulses that was triggered byrrention of laser mode-locking,
one of the most striking interference phenomena in natureaul&neous oscillation of
large number of highly coherent, phase-locked longitudimades in a laser yields a resul-
tant field equal to zero most of the time except for very shasrivals p1]. As a result of
constructive interference between the oscillating wattes,entire energy of the radiation
field is concentrated within these short periods. As a camesecg, laser mode-locking leads
to the formation of a short light pulse circulating in thearator. Each time the pulse hits
a partially reflecting mirror, a small portion of its energydoupled out of the oscillator,
resulting in a train of ultrashort pulses at the out-put eftimode-locked laser.

Section 2.2 of this chapter is concerned with the generatiaiftrashort laser pulses and
in Section 2.3 amplification of the short pulses is described
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Figure 2.1: Schematic of laser emission and mode-lockest astput. (a) represents the
oscillations of the modes locked in constant phase in frequelomain. (b) represents the
output pulses in time domain. The pulses are separated bytimel trip time,t,., of the
cavity andt, is the pulse duration.

2.2 Ultrashort light pulse generation

The development of compact table-top tera-watt laser systielivering intense, ultra-
short pulses relies on two major advancement in technol®ge is the chirped pulse am-
plification (CPA) [, 3] developed in mid eighties and the other is Kerr-lens maabihg
[52] of the Ti:Sapphire oscillator developed in early ninetidgsday, most of the compact
high power lasers are based on Ti:Sapphire oscillatorsrtAman the obvious advantages
of being a solid state laser in comparison to the dye-bassmtdaof the earlier generation,
Ti:Sapphire has several other advantages such as largg lzsndwidth, very good thermal
conductivity and excellent mechanical properties.

A cavity consisting of a gain medium normally yields outputontinuous wave opera-
tion where intensity is constant in time. If, however, thergy emitted by the cavity can be
compressed into short temporal duration, the resultinggowould have much higher peak
power and can result in high intensity upon focusing. In otdgenerate very short pulses
the Ti:Sapphire laser relies on the process of Kerr-lensariodking. It involves phase lock-
ing of a large number of longitudinal modes (i.e. wavelesgtthose half-integral multiples
equal the cavity length) of the laser. The frequency spatikhg) between two adjacent
modes is the inverse of the round trip tirfte = 57) in the cavity (Fig.2.1).

The large number of constant phase locked modes in frequorogin corresponds to
an infinite series of short pulseSd, spaced by, in the time domain. This effect occurs
due to the interference between various modes and one cantliseffect by a simple



2.2 Ultrashort light pulse generation 17

calculation. Let us considéY frequency modes locked in phase, with central frequency
and the mode spacinw. The resultant electric field and intensity are given by

) eiNAwt -1
E(t) _ Zez(wo-i—nAwt) — eiAWt — ezwot (21)
sin?(NAwt/2)
I(t) = |E()]? ~ 2.2
() = PP ~ e 22)

The intensity profile is thus a series of pulses whose widtietermined by the number
of modes that are locked in phase. A large number of phasedoeiodes implies a large
bandwidth(/VAw) and hence a shorter pulse widih~ 1/N Aw with higher peak power.

In order for a laser to operate preferentially in mode-latfghort-pulse) state in contrast
to normal continuous lasing (i.e. free running), one neeatks/ace to switch from the normal
state to the mode-locked one. Before the advent of Kerr#ieode-locking, the switching
action could only be achieved by introducing an additiotaient in the cavity to provide
a time-dependent loss mechanisna saturable absorber or an acousto-optic modulator. A
large number of lasers still operate in this fashion, uguallthe picosecond regime. The
duration of the pulse in such a laser is typically determiogthe speed at which the time-
dependent loss mechanism can be switched between the ‘@rofinstate.

In a Kerr-lens mode-locked laser, such a switch is essnitidlerent and instantaneous
by mapping on to the spatial domain. It is a process that talleantage of the non-linear
effect of self-focusing. For high intensity pulse propagathrough the lasing medium, the
refractive index is no longer a constant (as in the case ofibewnsity laser) but is intensity
dependent. The non-linear intensity-dependent refradtidex in the optical elements of
the laser cavity is given by

n = mng+ nal(r) (2.3)

Thus, the refractive index varies over radial (transvedgection of the beam such that
the crystal acts as a lens. This non-linear effect due tordpece of the intensity on trans-
verse spatial coordinates of the laser beam is cadfefocusing. Thus, for a Gaussian
shaped beam passing through a material, with the beam ntereseat the center than at
the edges, the index of refraction for the material will bmeochigher at the center than at
the edges of the beam, thereby effectively creating a lesusithturn slightly focuses the
beam within the material. The path length that the beam tsageand the beam intensity
will determine how much focusing occurs before the beam gesefrom the material.
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Figure 2.2: Schematic of KLM for achieving mode-locking.) &hows a Gaussian laser
beam passing through a solid state gain material. The na@omiinuous wave propagation
is shown with dashed lines. A small aperture is placed in di# pf the laser beam to
provide high loss to the continuous wave mode. (b) showsrdesinission of the pulse
as a function of intensity. High intensity pulse undergoalé-f®cusing which reduces its
diameter and hence transmission of the beam increases.

In Kerr lens mode-locking, the self-focusing effect is usegreferentially select the
mode-locked set of modes that provide short-pulses, ralfiaer a single steady-state con-
tinuous wave (cw) mode. Due to this effect, short pulse dperdeads to a smaller beam
radius than cw operation. By placing a slit of suitable sizaraappropriate location, the
loss in the cavity for cw operation can be selectively insegawhile there is no attenuation
for a short pulse (Fig. 2.2), which constitutes a fast séferabsorber effect. Under such
circumstances, the laser operates in the pulsed mode. 3&edalses obtained in this way

are as short as few femtosecond.

The seeding of a high intensity pulse relies either on a spileeto noise, or external
intervention in the form of cavity modulation to enforce ttmupling of the phases of dif-
ferent modes. This is usually achieved by vibrating an apgtement in the cavity. After
the initial seeding, successive passes in the cavity ingaito mode locking leading to even
shorter pulse width and higher peak intensity and after aréemd trips laser settles into a
stable pulsed operation. The stable limit to pulse widthus tb combination of opposing
tendencies of group velocity dispersion on one hand andatigyccompensation of such
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dispersion on the other. A pair of prism is usually employadadjustable dispersion com-
pensation, and recently dispersion-compensated miremes &lso been used. Pulses as short
as 5 fs in duration have been generated using this techndueh essentially consist of just

a couple of oscillations of the light electric (magnetic)dig=or a more detailed discussion
on generation of short laser pulses the reader can refédi6%.

2.2.1 Pulse amplification

The short pulse generated in an oscillator has a very littleumnt of energy associated
with it, usually of the order of nano-joule. Thus, these sipaises need to be amplified.
Prior to the advent of the chirped-pulse amplifiers, theiggcture for high power solid-state
laser systems consisted of an oscillator that produced dhélse of several nanosecond
or picosecond duration, followed by an amplifier or ampliieain that multiplied the seed
pulse energy by several orders or magnitude. This architetiad restricted the peak power
densities to a fews Wem 2 in the final amplifier. The path to even higher output intéasit
is blocked by the self-focusing effect, which can ruin thepéfier medium. Thus, whilst in
the case of generation of short pulses the non-linear tefesiadex and the self-focusing is
an asset, it is certainly not the case for amplification.

The problem is overcome by the chirped-pulse amplificatemhmique, in which the
pulse is first stretched in time by several orders of mageiiwdthout loss of bandwidth).
This is called chirping of the pulse. The chirped pulse hasareased pulse width and
hence a lower peak intensity. This permits the use of large graplifier systems. After
the amplification, the pulse is recompressed to nearly iggral pulse duration and conse-
quently, a very high intensity pulse is obtained. In ordasde this scheme, itis necessary to
stretch and then recompress the pulse without the loss afildth and without distortion.

However, subsequent amplification in a chirped-pulse dmoation chain will result in
a substantial lengthening of the ouput pulses owing to garmowing and uncompensated
phase errors (as the femtosecond pulses are amplified cagatgul through optical com-
ponents they become lengthened and lose their shape).afang a certain pulse duration
after any form of propagation or amplification requires ttse wf a dispersion compen-
sating technique or device. Various dispersion compemsatiechanisms exits, including
prisms, gratings etc. A novel approach to dispersion congimg an acousto-optic mod-
ulator has also been invented. The commercially availatalez[®r is an example of such
an acousto-optic programmable dispersion filter (AOPHg).[ Dazzlers have been used
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Figure 2.3: Schematic of CPA system, indicating pulse wadith intensity at different stages

of amplification.

in the amplification chain of short pulse lasers to contrspdrsion. AOPDF offer great
flexibility and range of control of dispersion. A completesdeption of AOPDF is beyond
the scope of the present work. Excellent literature, ittstg the process in detail can be
found elsewhereq7, 5§].

In a CPA system, the limit on the attainable intensity is dediby the maximum energy
and lowest pulse duration. The maximum energy extracted &o amplifier system would
in turn depend upon the damage threshold of the amplifyindjume for the stretched pulse.
It also depends on the saturation fluence. The typical valtiese damage threshold for
amplifying media used in a CPA systems vary frotn- 20GWem 2. Practically, lasers are
operated much below the damage threshold in order to avaiah lokstortion due to the non-
linear part of the refractive index. A schematic of a typidairped pulse laser amplification

scheme is shown in figure 2.3.



CHAPTER 3

Interaction of intense laser light with
plasmas

3.1 Outline

In this chapter we focused on certain fundamental aspetieddser-plasma interaction
process. The purpose of this chapter is to give some of theencleture commonly used
in laser plasma interaction studies. The basic definitigl@a$ma and its characteristics are
discussed in section 3.2. Section 3.3 briefly introduceddh®aation and propagation of
electromagnetic and electrostatic waves in a collisi@s;lanmagnetized plasma, assuming
a linear response of the medium. Absorption of laser lighplasma is given in section
3.4. In section 3.5 and 3.6 the interaction of free electnitl electromagnetic waves (
both in non-relativistic and relativistic case ) and theegation of ponderomotive force is
described. Finally, in section 3.7 nonlinear optical pharoa associated with laser pulse in
plasmas are discussed.
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3.2 Plasma: An introduction

The general accepted definition of plasma is a collectiomwoized matter that admits
quasi-neutrality and exhibits collective behavio&®][ The term quasi-neutrality implies
ionized assembly is neutral enough so that the electron @maharge densities are ap-
proximately equal over a large scale. Collective behavioglies existence of long ranged
electromagnetic force in a large collection of chargedigad. Then the motion depends
not only on local conditions, but on state of plasma in remmetgons as well§0]. These
requirements can also be equivalently put in terms of tHevahg criteria on a collection of
charged particles. Such a collection should have spati@dsion larger than the character-
istic scale length\, known as Debye length. It should exist for temporal duragceater
than the characteristic time scalgl, known as plasma frequency. Finally, such a collection
should consists of an assembly large enough that it can bstistly treated i.e. number
of particles in a sphere of Debye radius should be very lafgeollection that satisfies the
above conditions is defined as plasma.

One of the most important parameter in the study of a plasmiagna frequency,,,.
This characterizes its response to the external fields. tUmolenal conditions in plasma,
which is a collection of electrons and ions, it is assumedttth@ions are a background of
charges which neutralizes the unperturbed plasma. In #isis a perturbation is applied in
space only to the electrons. Due to this externally appliedupbation the electrons in a
plasma are displaced from a uniform background of ions, anelectric field is created in
the plasma. The electric field sets up in such a way to resher@¢utrality of the plasma
by pulling the electrons back to their original positionsowéver, due to their inertia, the
electrons will overshoot and oscillate around their equilim positions with a characteristic
frequency known as plasma frequency. We can derive an estpre®r plasma frequency
with assumptions of T=0 and B=0 i.e. cold, collisionlessspia with no externally applied
magnetic fields. The plasma is infinite in extent and the mdaanotions occur only in the x-
direction. As a consequence of the last assumption, weViaver0/0z, E = Ex, VX E =
0 andE = —V¢. The electron equation of motion and continuity are:

men ((‘()9_;/ +(v-V) v) = —enE (3.1)
on
2 V-(nv)=0 (3.2)

Expanding the dependent variables into an equilibrium pad a perturbation asy =
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ng +ny,v = vy +v; andE = Ey + E; in equation 3.1 and 3.2, ignoring the cross terms
higher than first order and assuming perturbations to vayssiidally, i.e expli(kx — wt)],
one can obtain the dispersion relation in this linear low Eonge limit as

2\ 1/2
W= (ne ) = Wy (3.3)

MeE

This frequency is the characteristic of electron-plasn@lasons and depends only on the
electron density, independent of wave vector (k). The se@fw, is the response time of
the plasma electrons to perturbing fields. For example, glantromagnetic wave of fre-
quencyw is incident on a plasma, the electrons will not be able toldhiee electromagnetic
field if w > w,, i.e. if the time period of the electromagnetic oscillatisrsmaller than the
response time of the plasma electrons. Such a plasma isodagdunderdense and it allows
electromagnetic wave to propagate through it. Howevehefglasma has higher density
such thatv, > w, then the plasma electrons respond fast enough and reféeeleitiromag-
netic wave. Such a plasma is termed as overdense. The dahgitychw = w,, is called
critical density of plasma.

In laser produced plasmas, the plasma density varies wathlidtance from the target.
Since the refractive index of plasma varies according toelation

n:\/l—w—?) (3.4)
w? '

the refractive index is unity for vacuum and decreases addhsity increases and ultimately
becomes zero at critical density. At this density, the ldsgtt undergoes total internal
reflection.

3.3 Waves in plasmas

Having examined the characteristic charge density ofioifia, which are supported by
a plasma, let us now consider other waves supported by tsenplaand how the plasma
modifies the propagation of electromagnetic waves. We wititimue to assume that there
is no externally applied (or self-generated) magnetic felbent in the plasma. We begin
with the linearized plasma response to a high frequency dietlde form

E = E(x)exp(—iwt) (3.5)
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Figure 3.1: Schematic of the typical electron density peafillaser-produced plasma.

Since the frequency of the field is greater than the plasnuuénecy, the ions are treated as
stationary. The linearized equation of motion of the etatiran be written as

ov e

i _EE (3.6)
Since the current density is given As= —nev one can write
2
% = —neg—‘t[ = %E (3.7)
hence -,
J="CF_0oE (3.8)
mw

where,c = % is the frequency dependent conductivity. To develop theveguation
for an oscillating electric and magnetic field, we considedday and Ampere’s laws, which

give
V x E =iwB (3.9)
and 5
1 0E

substituting foro in above equations, one can arrive at

VxB=-":E (3.11)

c2
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wheres = 1 — :—’z’ defines the dielectric function of the plasma. Taking cug@dfiation 3.9,
substituting from equation 3.10 and using standard vedemtity gives

2

V’E - V(V-E) + ";—QEE —0 (3.12)

A similar analysis can be carried out for the magnetic fieldicl gives

2

1
V2B 4+ -Ve x (VxB) + 2B =0 (3.13)
€ c2

Now let us consider waves associated with electron motidigtware allowed by equations
3.12 and 3.13.

3.3.1 Electromagnetic waves

Let us derive the dispersion relation for electromagnetieas in plasma with a uniform
density. Sinceve = 0 andV - E = 0, the wave equation for E and B becomes identical.
Assuming a spatial dependence of exp(ikx), then equat®@wgyi8es the dispersion relation
for electromagnetic waves in a plasma as

u}2

= (3.14)
or

w? = wi + k22 (3.15)

The wave vectok; is real only ife > 0, i.e. w > w,. This condition can also be written as
the requirement that < n.., heren.. is the critical density and is given as

1.1 x 10%
= %cm’3 (3.16)

Ne

where \ is the free-space wavelength of light gmm. Thus, inside a plasma electromag-
netic wave can only propagate in the underdense region #edtszl back from the critical
density. The critical density for the 800 nm laser light is x 10%'cm 3.

3.3.2 Electron plasma waves

The electrostatic electron plasma wave corresponds toah@itionV x £ = 0. This
yieldse = 0. Then the definition of givesw = w,. Thus in cold, collision-less approxima-
tion the electrons only oscillate at a well defined frequesnay there is no wave propagation
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asw does not depend on the wave-vector. However, the includitimeomal effects leads
to the modification of dispersion relation for electron pi@soscillation and hence allows
wave propagation.

At a finite temperature, the equation of motion for electriortfe linear theory acquires
an additional term-Vp.. Under the adiabatic assumption, we h&e. = vKT'Vn, with
~ = 3 in the one dimensional case. Hence, the equation of motianb@azomes

men%—;’ = —enE — 3KTVn (3.17)
From equation of continuity, we have
dp
— -J=0 3.18
5 TV (3.18)
or,
on
b . = A
T +V-(nv)=0 (3.19)

Now, taking time derivative of equation 3.17 and using equa3.19, we have
0*v e OE 3KT
— . 2
ot? m Ot Men V(V-nv) (3.20)

Now substituting% = —iw andV = ik in equation 3.20, we have

v = e E (321)

me(w? — 303, k?)

wherev?, = &L,

In a homogeneous plasma, assuming an electric field varymgadally and using
J = —env = oF, the expression for the conductivity in case of longitutlglactrostatic

modes withk parallel toE' is

c 2
o — me w (322)

m (w? — 3k%v2)
Again, following the equations 3.9 to 3.11, the dielecttindtion now takes the form

w2

e—1—— (3.23)
(w? — 3k2v3)

and the dispersion relation obtained frera- 0 is

w? = wi + 3k*02, (3.24)

and now has a temperature dependence. The frequency dependsd the group velocity
is finite. The existence of such electrostatic electronmp&asvaves also called Langmuir
waves has been know experimentally since 191§ however the detailed theory of wave
propagation and excitation was developed in late 1940’sdiynBand Grossg2)].
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3.4 Laser light absorption in plasmas

Interaction of laser pulses with matter involves severalsptal issues. When a laser
pulse is incident on a material, the first question that anséow this laser energy is cou-
pled to the material or plasma so formed. This question Kegreticians busy for many
years. Several elegant theories have been developed iretasd. A wide range of ex-
cellent material is available to understand the physicallmarism of laser light absorption
in plasmas 3, 64, 65. The most instinctive mechanism for the dissipation otfasn-
ergy is via collision between electrons and ions. This meigma is more dominant in case
of long duration pulses or very high density plasmas. Sigaifi absorption is, however,
possible even in collisionless or weakly collisional plasmin this section we will briefly
summarise some of the basic laser energy absorption machsum underdense plasmas
formed by pulses of femtosecond duration.

3.4.1 Collisionless absorption mechanism

The interaction of ultra-short intense laser pulses widsplas is quite a complicated
physical phenomena. At high intensities, the motion of tleeteons oscillating in the field
of light wave is relativistic. On the other hand, the ionsg doi their inertia, cannot respond
to such high frequency field and remains practically staign The Coulomb collision
cross-sectionr, according to the Rutherford formula, is proportionahto!, so that the

32 \whereu is the electron thermal

collision frequencyy. ; = nvo, varies aw > or asT.
velocity, T, is the electron temperature ands the number density. Thus, with increase in
T, or v, the collision frequency decreases, which is oppositeithatgon for collisions with
neutral particles. A collision-less plasma is thus besteadu by increasing the temperature.
At high intensities, the plasma temperature is high enoagthat one cannot explain the
absorption by inverse bremsstrahlung mechanism.

With this discrepancy, alternative mechanisms were sotfayhthe intense laser light
absorption in palsmas, which did not rely on collisions kesw electrons and ions. The
best known mechanism is resonance absorp86h [n the case of resonance absorption, a
p-polarized light wave tunnels through the critical densitirfacen. = n., where it excites
a plasma wave. This wave grows over a number of laser perindissaeventually damped
either by collisions at low intensities or by particle trapp and wave breaking at high

intensities.
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For a large density scale length > )), the resonance absorption occurs in a small
range of incident angles. However, in the case of short puigere the density scale length
is small(L < ), the laser light is practically very close to the criticahdiy for large
ranges of incident angles. Hence, the resonance absoattans over a broad range of
angles of incidence. In short, one can say that the anglendepee of the resonance ab-
sorption almost vanishes in the case of the short pulses ekwat large intensities, even
a combination of these two absorption mechanisms (inveemadstrahlung and resonance
absorption) failed to predict the observed absorption énekperimentsg3]. This was due
to the presence of other absorption mechanisms at highengities, as well as nonlinear
effects that arises when the motion of the electrons in therlaeld becomes relativistic.

In summary, inverse bremsstrahlung and resonance almoatn be the dominant ab-
sorption mechanisms for intensitie®® < 7\? < 10'” and scale length as small@g ). In
fact, they can even contribute to the total absorption feeste intensities but they will not

be the dominant mechanism.

3.4.2 Brunel effect or vacuum heating

This absorption mechanism was first discussed by Brunel&7 I®7] and is also know
as vacuum heating. This effect is related to the "classicadbnance absorption, in that
the electric field of the laser light drives electrons ac@sensity gradient. The difference
between the two is that in classical resonance absorptieniaser light is assumed to be
incident on a gently increasing plasma density (i.e. théedeagth of the density gradient
is many laser wavelengths). The electric field of the lasardtave a large plasma wave at
the turning point resonantly. In vacuum heating, where #esdy gradient scale length is
taken to be much less than the wavelength of the light, no segdnance exists. Therefore,
the laser light non-resonantly couples into an electraspdasma wave. Since the electric
field associated with an intense laser pulse is quite largegraficant amount of energy
can be transferred to the plasma electrons. In fact, thisésod the main mechanisms for
absorption of laser light in plasmas at high density. If tagity scale length is sufficiently
small, and the laser is sufficiently intense, vacuum heatitgurs when the excursion of
an electron in the driven wave at the vacuum plasma inteifase large that it is literally
pulled out into vacuum, and then sent into the plasma witdeemphase.
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3.4.3 Absorption by parametric decay process

In general terms, a parametric instability is one that pcedugrowing oscillations fre-
quency () in a system whose parameters are modulated at a frequeney ) different
from the pump frequency.g). In plasma, it generally refers to a process in which a large
amplitude incident wave (the pump wave) provides the dgwscillations and excites other
waves within the plasma. Such instabilities provide a merdma through which the inci-
dent laser light, acting as a pump wave, may feed energy thier evaves. If the latter are
longitudinal waves, they get absorbed in the plasma, tlyanehting it. If they are electro-
magnetic waves, which propagates out of the plasma, theyemtagnce the scattering of the
incident light and have an adverse effect on absorption.

There are four main parametric processes. These are: pai@dezay instability, stim-
ulated Brillouin scattering, stimulated Raman scatteend two-plasmon decay instability

[68].

Parametric decay instability

In this case, the incident electromagnetic wave (laserpyeparametrically into an
electron plasma wave and an ion-acoustic wave. Both thasenal waves decay by Landau
damping (collision-less) or collisional damping process€&hus the energy of the electro-
magnetic wave is transferred to the plasma.

The energy conservation relation for this process gives

W = wp+ Wi (3.25)
k202, 1/2
w o= w <1+ (z; ) + kiaCs > Wy (3.26)
p
= wp < w or Ne < Ne (3.27)

Thus, parametric decay instability takes place up to thecatidensity.

Stimulated Brillouin scattering

Stimulated Brillouin scattering has the potential of cagdarge premature reflection of
the incident laser light before it reaches the critical digr{$8]. The incident laser light
decays into an ion-acoustic wave and a reflected electrostiagmave which can leave the
plasma. The physical mechanism of this process is as follgdsinitial low frequency
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density perturbation produces a transverse current, dtigetoscillatory motion of elec-
trons in the laser electric fieldZ,). This transverse current produces a reflected light wave
with field Er. The ponderomotive forc&, £z of incident and reflected wave can in turn
cause enhancement in the original density perturbationtargdfurther growth. The energy
conservation for this process gives

W = Wscattered T Wia (328)
£2c2 1/2
w o= w, (1 + 32 ) + KiaCs > wp (3.29)
(Up
= wp Lw or Ne < N, (3.30)

I.e. this process takes place up to the critical density.

Stimulated Raman scattering

In stimulated Raman scattering the incident laser lightgleanto an electron plasma
wave and a scattered electromagnetic wave. The feedbadkamiem is similar to that for
the stimulated Brillouin scattering, except that now thesiiy fluctuation is associated with
a high frequency electron plasma wave. Energy conservatitins process gives

W = Wscattered + Wp (331)
= wy < % or ne < % (3.32)

i.e. this process takes place up to quarter-critical dgnsit

Two-plasmon decay

At the quarter-critical density, a second process calledwo plasmon decay instability
can compete with Raman scattering. In this case, the intldsar light decays into two
electron plasma waves (Plasmon). From energy conserwagdrave

W= Wy + wp2 (3.33)

= wp <

o &

or Ne < — (3.34)
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3.5 Interaction of free electrons with EMWs and origin of

the ponderomotive force

The dynamics of the electron motion under the influence aftedenagnetic radiation,
for a non-relativistic case, is given by the Lorentz equatio

d_p dv

o = Me = e (E+ v x B) (3.35)

where E denotes the electric field arld the magnetic field associated with the electro-
magnetic wave.v and p represents the velocity and momentum of the electron. In non
relativistic case, i.ev < ¢, the effect of the magnetic field can be neglected and thetiequa

of motion is reduced to
dp
dt
Consider a plane electromagnetic wave with an electric §ialen by

—¢E (3.36)

E(r,t) = Ey - cos(wt —k - r) (3.37)

The electron oscillates under the influence of the electlid fiThe oscillatory velocity

of the electron is given by
eEO

Mew

v =

(3.38)

The time averaged energy acquired by the electron as a odghis oscillatory motion

22
e“Ej

4mew?

U, = (3.39)

This energy is more commonly known as ponderomotive endnggractical units it is
given as
Uy =9.33 x 107" (IN*) eV (3.40)

where) is in micron and’ is in Wem 2. For a pulse of wavelength8um and intensity
10 Wem~2 the ponderomotive energy is around 59.7 KeV. The quadtityW m?cm 2]
is known as irradiance. Many of the effects in laser plasneraction depend upon the
laser irradiance, which means that the threshold intefisite given phenomena can vary
depending upon the laser wavelength. Thus, to give an eleetn oscillation energy/,
of 1 KeV, we need dpm laser with/ = 10*Wem~=2 or a0.248um laser withl = 1.6 x
10""Wem 2.
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In practical conditions, due to the radial intensity probfethe laser pulse the electric
field is far from being a homogeneous plane wave. For a Gaussiensity distribution,
the peak intensity is achieved on the beam axis and a graalieoss the field distribution
is present. This gradient leads radially to an additionadd@and hence, acceleration of the
quivering electrons into the direction of lower intensityis force is known as ponderomo-
tive force.

To derive a simple formula for ponderomotive force, consal@lane electromagnetic
wave travelling in the z-direction, but with a radial intégslependence, which we will as-
sume to be in y-direction. The strength of thdield may vary due to focusing.e. Ey (y, z =
0) = Eomaerp(—y?/w?) with a Gaussian widthv and peak electric field strength of
Ey maz, heNce

E(r) = E,(y, 2).€¢, = Ey(y, 2)cos(wt — kz).€, (3.41)

Thus, the equation of motion of the electron placed in thid fiecomes

dv, e
v ____F 42
dt Me y(y7 Z) (3 )

Assumingy = wt — kz, on Taylor expansion of the electric field, it reads as

0
Ey(r) = EO(y7 z)COSQ/J + ya_yEO(yv 2)00515 (343)
The solution of equation 3.42 for the lowest order term geld

vgsl) = —vsiny (3.44)

and
y® = L eosy (3.45)
w

This can be re-inserted in equation 3.42, giving

81)3(,2) G P OEy(y)
ot m2w? Y oy

On multiplying bym,. and averaging over a cycle, the expression for the pondédizgno

B vy \ e OE}
Fr = <me§> = im0y (3.47)

cos*y (3.46)

force can be written as

On comparing with equation 3.37 the ponderomotive forceviergby the negative gra-
dient of the ponderomotive potential,

e’ F?

4mew?

F,=-VU,=-V

(3.48)
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or,
F, o —VI (3.49)

Thus, any spatial variation of the laser intensity will acptish the electrons / ions from
the region of higher intensity to the region of lower intépghrough the ponderomotive
force, which is proportional to the gradient of light intégs

3.6 Relativistic motion of a free electron in an EMW

At higher intensities the magnetic field component in theenbz equation becomes
strong enough to induce a significant change in the electypardics which become nonlin-
ear. In this case the quiver momentum of the electron stppsaching or even exceeding
the rest mass momentum of the electron. This regime is knewalativistic regime. For
simplicity, at high laser intensity the pulse is characatedi by a dimensionless quantity,
known as laser strength parameter. It is defined as

gy = 2k — B0 (3.50)

c MeWC

wherev | is the transverse velocity of the electrons. Sometimewhich is also known
as normalized vector potential or normalised momentunxpsessed in terms of the ratio
of electrons quiver momentum and rest mass momenmtumm py/m.c. In practical units,
the laser strength parameter is given as

ap = 8.5 x 107104 /(1)?) (3.51)

where] is the laser intensity itWem~=2 and ) is the laser wavelength inm. Following
the definition of laser strength parameter, relativistigimee comes in when laser quiver
momentum becomes close to the electron rest mass momermtumhiena, ~ 1.

The amplitude of the electric and magnetic field associatédl tve laser pulse can be
expressed in terms of the laser strength parameter as

Ey=322x % (Q) (3.52)
A \em
and
E
By = =% =107 x % (MG) (3.53)

where\ is in pym.
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At higher intensities when the electron motion enters ngfdic regime it is required to
add the relativistic correction in electron mass. The nakitc factor is given as

v = b (3.54)

02

2

The fully relativistic equation of motion of an electron dting in a plane electromag-
netic wave can be solved exactBd 70]. Following [71], let us consider the relativistic La-
grange function of an electron in the electromagnetic wpuepagating along x-direction,
with potentialA and¢

2
L(r,v,t) = —mec®y /1 — Z—Q —ev-A+ed (3.55)

where, r is the position and is the velocity of the particle. From the Euler-Lagrange

equation
d oL 0L
Bl 3.56
dtov  Or ( )
one can obtain the equation of motion as
> _ —e(E+v xB) (3.57)
dt
The canonical momentum can be written as
L
oL =m,yv — eA (3.58)
ov

where~ is given by equation 3.54.
For a plane light wave, there exist two symmetries which g@¥wo constant of mo-
tion. Planar symmetry implie8L/0r, = 0 and therefore conservation of the canonical

momentum in the transverse direction, i.e.,

L
6— =p. —eA, = constant (3.59)
6Vl

The second invariant derives from the wave formAdgt — = /c). Making use of the relation
dH/dt = OL/ot for the Hamiltonian functiond (x, p,t) = E(t), which express the time-
dependent energy of the particle, one obtains
dE oL  dp,
o T

Taking into account thatl, = 0 for plane light wave, we have

(3.60)

E — ¢p, = constant (3.61)
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and for an electron initially at rest, the kinetic energy is
Eyin = E —mc* = cp, (3.62)

For an electron initially at rest, the constants of motioregi

A
a— "2 (3.63)

mc

N PL
== —a=(0 . 3.64
1 me a ( 7ay7 a ) ( )
- E n A
Bln = =2 = (v — 1) = p, (3.65)
mc
Thus, one can see that

vy=14p, (3.66)

Also,

v =/1+p:+p: (3.67)

Thus, from equations 3.66 and 3.77, we have

po =1L (3.68)
2
An immediate observation at this point is
CL2
Dy =0y, = 0y (3.70)
D, =a, = 0. (3.71)
Sincey = 1+ /2, we obtain
a’/2
= ——— —1 3.72
ﬁ$ 1 + CL2/2 - ( )
y
= ————0 3.73
a
= —Z= 3.74
b T2 " (3.74)

This means that the electron, though oscillating tranglgfer low field strength$a < 1),
moves more and more in the direction of light propagationr&ativistic laser intensity
(a>1).
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As the laser intensity increases and the irradiance reanoemd~ 10¥Wem=2m?,
the magnetic field associated with the laser pulse becomeegimgible and also the elec-
tron enters the relativistic regime. The relativistic gatieation of the ponderomotive force
is done by many author32, 73]. It is given by

2
F o=

P

VE? (3.75)

 dymew?

3.7 Nonlinear optics of the laser propagation in plasmas

In laser plasma interaction studies the stable propagafitime laser pulse is essential
for successful realization of many applications. In theealoe of any external guiding,

2
WG
A

are the spot size and wavelength of the laser pulse, regplgctFor a5um spot size and

the laser beam diffracts in vacuum in one Rayleigh length,= , Wherew, and \
0.8um wavelength, the Rayleigh length tuns out toel00um, which is small for any
significant practical application. In case of two pulse @ggtion*, the propagation over
24 Rayleigh lengths was achievetf)]. However, for single pulse experiments, propagation
over many Rayleigh lengths without diffraction divergensea difficult task, at least for
low intensity laser pulses. For a Gaussian laser pulsegpthigation of the gaseous medium
produces local electron density maximum along the axis op@gation. The refractive
index corresponding to such electron density profile actsdigerging lens and defocusses
the laser light strongly, thus worsening the situation.bAs point, the non-linearity of laser
plasma interaction comes at the rescue. The charge disptstanon-linearity caused by
the ponderomotive force of the laser pulse and the reléitvisass non-linearity induce self
focusing of the laser pulse and its intensity can be maiathover a long distance.

3.7.1 The relativistic mass nonlinearity

While a major source of non-linearity lies in the action o fronderomotive force, the
relativistic mass variation of electrons is another verpamant source of non-linearity. For
long laser pulses (pulse length longer than the plasma emagti) of moderate intensities,
non-linearity caused by the ponderomotive force dominawes the relativistic mass non-
linearity. However, the relativistic mass variation of@lfens outcasts the ponderomotive

! The first pulse was used to form pre-plasma and the seconel, fnjiscted after a suitable time delay, was
guided in the pre-plasma channel.
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Figure 3.2: Schematic of acceleration of an electron for mguided laser pulse. In the
absence of any guiding medium the effective acceleratiogtkeis limited by the laser beam
diffraction and is equal to the Rayleigh length. Consequyetite accelerating electrons can
only gain few tens of MeV energy in spite of over 100GV/m aecating gradient.

force non-linearity in high intensity short pulse (pulsadéh comparable to plasma wave-
length) laser plasma interaction. In this case, the dynsufithe electron interaction with
the laser field also changes completely. For instance, aldser intensity the plasma elec-
trons oscillate in the direction of the laser electric fieldle drift very slowly in the direction
of the propagation of the laser. At laser intensityl0'*Wecm =2, the scenario is reversed
and electrons drift primarily in the direction of the laseopagation due to the x B drift
and acquire relativistic velocities due to severe osaitain laser electric field. Once the
electrons become relativistic, the origin of non-lindagtshifts towards the relativistic mass

variation.

3.7.2 The self focusing of the laser pulse

As pointed out above, the ponderomaotive force of the lasksepexpels electrons away
from the axis of propagation. Consequently, the non-nakdic index of refraction of a
plasma

W

Wherewg = nge? /meg, ng being the plasma electron density andhe frequency of

the laser pulse, changes exhibiting a local maxima on the &kiis sort of refractive index

profile changes the phase velocity of the wavefront and coatisly bends the wavefront
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Figure 3.3: Schematic representation of self-focusing lafsar pulse in plasmas. An ini-

tially plane wave front is incident on a region of uneven ghdiensity distribution. The
electron density is minimum along the axial direction andiimaim along the periphery.
The refractive index profile is exactly opposite to that af thdial electron density. Conse-
quently, the phase velocity is lower along the axis and higthweards region away from the
axis. This result in focusing of the initial plane wave front

of the laser pulse until the laser pulse is focused to a vemllsspot (limited by natural
diffraction of the pulse).

The pioneering study in the area of self focusing of the |lasése in a non-linear
medium was done by G. A. Askar'yan. The phenomena was pestiibeoretically inT4].
This paper also treated thermal and ponderomotive forogckd self focusing of the laser
pulse. Later on, a paraxial theory was developed for the lasgagation in a medium of
cubic non-linearity by Akhmanov et arp, 76]. The non-linear refractive index and phase
of the light wave were expanded in near-axis approximati@haurvature of the wavefront
was calculated by incorporating the non-linearities stangously. This theory became very
popular and has been widely used in scientific literatdi®e T8]. The first experimental ob-
servation on the self-focusing was reported by Herchg}. [

In the relativistic regime of interaction, the refractivelex of the plasma takes the form

Wy

n=1|1-—2 (3.77)
%

wherey = \/m, a = Wife, E is the electric field of the laser pulse. In this case,
the uneven variation in along the wavefront of the laser pulse causes the same aff¢ice
ponderomotive force does in the previous case. This isccedlativistic self focusing (RSF)
of the laser pulse. If the laser power exceeds the criticalgpdor relativistic self focusing,
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P, = 17(w?/w2)GW, then the RSF of the laser pulse occuB8][ At high laser intensity,
the RSF is a dominating mechanism of self focusing of therlpsése. The theoretical
work related to the relativistic non-linearities was firsarsed by C. E. Max and others
[81, 82, 83, 84]. The first experimental work on RSF of a laser pulse was tegan 1992
by Borisov et. al. 5. A copious amount of work related to relativistic laser @jog,
harmonic generation and wakefield acceleration have bgmrtesl by Sprangle and co-
workers B6, 87, 88, 89, 90]. Recently, it was shown that other th&y, the critical power for
RSF, the laser pulse duration is an another very importamainpeter 1, 92]. The RSF of
laser pulses does not occur if the pulse duration is too sloonpared tm;l even for laser
power greater thaf.. For pulses longer than;l, self focusing can occur even for powers
lower thanP.,. Associated with the RSF are many recently observed eféegtson channel
formation, monoenergetic electrons observation, x-rdjateéon generation.






CHAPTER 4

Laser driven wakefield acceleration of
electrons

4.1 Outline

The laser driven wakefield acceleration of electrons is drieeomost important appli-
cation of the laser plasma interaction. This scheme rehli@éb®conversion of the transverse
laser electric field into the longitudinal plasma wave eiedield. A laser pulse propagating
through an underdense plasma excites a running plasma weaiuedat through the action
of its ponderomotive force. This plasma wave is differentrirthe conventional Langmuir
wave in a sense that it trails the laser pulse with a very higgsp velocity (equal to the
group velocity of the laser pulse, which is closecjo These high phase velocity plasma
waves can trap and accelerate plasma electrons to very heggies. Laser based plasma
accelerators has demonstrated generation of multi MeV gigllity electron bunches in
several experiments. In this chapter, we will discuss trechahysics of this rapidly de-
veloping field, concentrating on the generation of the ebecplasma wave and its role in

particle acceleration.
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4.2 Physical mechanism of laser based plasma accelerators

Although electric fields of the order of 1TV/m are readily ssfable these days at the
focus of a laser beam, these fields in vacuum cannot be ussdlgiior particle acceleration.
This is because they are transverse and oscillatory in @maklowever, if laser light can be
used to excite Langmuir waves in a plasma, these waves bangguidinal, can be used to
accelerate charged particles.

As discussed in the previous chapter, to understand th&aéra of Langmuir or elec-
tron plasma waves in plasmas using lasers, one needs tcstenttthe concept of pondero-
motive force. Free electrons, such as the ones presentsmplecan quiver in the electric
field associated with the electromagnetic wave. The motfdheelectron in the presence
of electric field is governed by the Lorentz force. In the calskigh, non-uniform electro-
magnetic (or purely electric) field, the expression for tleedntz force has a second order
term known as the ponderomotive force, which is proporfiemséhe gradient of square of
electric field®.

F, x —VE? (4.1)

or in terms of laser intensity
F, o< —VI (4.2)

where,E is the electric field and is intensity of the laser pulse. Thus, one can notice
from the above equation that any spatial variation in therl&stensity profile will act to
push the electrons / ions from the region of higher intertsityhe region of lower intensity
through the ponderomotive force, which is proportionah® gradient of the light intensity.
This is illustrated in Figure 4.1.

This displacement of electrons creates large amplitudanmavaves whose field could
reach up to 100 GV/m, provided there is a resonance betwegridbma frequency and the
ponderomotive force. The electrons trapped in such a higgtréd field can be accelerated
to high energies in the several hundred MeV range.

Two methods have been proposed to use the ponderomotive éarsrted by intense

laser pulse to excite plasma waves resonantly. These are:
1. Laser beat wave acceleratidiBWA ).

2. Laser wakefield acceleratiod/W/FA ).

'Refer equation 3.49



4.3 Laser beat wave acceleration 43
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Figure 4.1: Figure shows the action of the ponderomotiveefdor a pulse with Gaussian
intensity distribution. The blue circles corresponds tectabns / ions. The ponderomo-
tive force pushes these particle away and excites a digtaebim plasma which result in

excitation of plasma waves.

In 1992, a third mechanism called the self-modulated laséwefield acceleratiorSM-
LWFA ) has been proposed. We will discuss all these acceleratemtamisms in detail in
the subsequent sections.

4.3 Laser beat wave acceleration

In the LBWA method, the plasma wave is excited by beating tywtcal waves of
slightly different frequencies. Two laser waves of frequen; andw-, having polarization
in the same direction, travelling in a preformed plasma ofanm density,n, correspond-
ing to a plasma frequenay,, will beat at a frequencdw = w; — wy. If this frequency
difference is exactly equal to the plasma frequeficy. Aw = w,), then strong Langmuir
waves will be excited in the plasma by the longitudinal pondeotive force of the beat
wave. Since the beat wave moves with the laser pulse, thmplasve will also move with
a phase velocity equal to the group velocity ( near light @#yo of the laser pulse. A prop-
erly placed bunch of electrons with a velocity slightly kexssthan the laser group velocity
will get accelerated by wave-to-particle energy transéep(ained latter). However, as the
amplitude of oscillation becomes very large, the mass okteetrons becomes relativistic

and the wave cannot be excited any more as it is no more inaeseéwp X 4 /W1L>
Problems with this method are:

1. Necessity of preformed plasma of uniform density,
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2. Strict requirement of plasma density to exactly matclnuhe beat wave frequency,
and

3. Clamping of field due to relativistic effects.

All these problems are absent for the laser wakefield acieearmethod.

4.4 Laser wakefield acceleration

To understand the concept of laser wakefield acceleratisnecessary to understand
what a wake-field is. When a speed-boat travels in waterodyres two types of waves
viz. bow waves and wake-field waves. The bow waves are cowmaabs having tip at the
front of the boat. These are produced because the velocttyedboat exceeds that of the
water waves. These waves are of similar character as thia¢ sfonic boom produced when
a supersonic jet flies in air. The wake-field waves are set upeaback (or wake) of the
boat. These waves travel with the phase velocity equal toeleity of the boat. By the
principle of the Landau damping, a floating ball dropped mwake-field wave of the boat
will get accelerated to the velocity of the boat if its initieelocity is slightly less than that
of the boat. This is exactly the principle of the laser wakdfaeceleration mechanism.

For LWFA, one uses a short pulse of very high intensity. Wharhsa high intensity
laser pulse is incident on a gas target, its leading edgeeasnihe gas. The laser light
propagates in this plasma with a velocity equal to the gralpoity (vg ~C [1 — Q:’%D
in plasma, which is nearly equal to the velocity of the lightte short laser pulse has a strong
intensity variation in time and correspondingly in spachisTeads to a strong longitudinal
ponderomotive force. The spatial extent of this ponderaradorce, and that of the density
perturbation caused by it, is of the order2af-, wherer is the pulse duration of the laser
pulse. If this is made equal to the plasma wavelerigth= 2¢r/w,), then high amplitude
wake-fields are produced due to resonance (see Fig. 4.2).tAs case of the boat, the laser
wake-field moves with the pulse at a phase velocity equala@gtbup velocity of the laser
pulse. Therefore, a correctly placed trailing bunch oftrelstic electrons can be accelerated
by the longitudinal field of the plasma waves.
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Figure 4.2: Schematic of laser wakefield acceleration m@sha The laser pulse moving

at nearly speed of light excites a plasma wave trailing kebhirA relativistic electron bunch
placed in right phase experiences large accelerating figldyains energy.

4.5 Self-modulated laser wakefield acceleration

In this scheme, the electron plasma wave is excited reslgrtanthe modulation of the
laser pulse envelope. This occurs for a laser pulse haviatigsgxtent or lengtlicr) few
times longer than the plasma periog,) and the pulse power larger than the power required
for self-focusing of the laser beam (critical power). Owtnghe finite pulse shape, a small
plasma wave is excited non-resonantly, which results iwtrof forward Raman scattering
(FRS) instability. The FRS wave and the laser wave beat apldmma frequency giving
rise to enhancement of the electron plasma wave. Thus, éx&tan oscillating density
perturbation within the pulse envelope. The laser pulseetbee sees a refractive index,
which is alternately peaked and dented at interval,gf2, where),, is the wavelength of
the plasma wave. As the phase velocity of the laser wave isrdigmt of the density, the
modulation in density gives rise to redistribution of theofgn flux within the laser pulse,
leading to modulations in the envelope with a perigd This modulation gives rise to a
strong ponderomotive force with wavelength exactly eqoahe plasma wavelength (as in
LWFA), which strongly enhances the plasma wave amplitudeis €ffect grows in time
thereby transforming the initial laser pulse envelope antain of shorter pulses with width
of A, or duration proportional ta,, *. Since), ~ n~"/2 and P, ~ n™!, then for fixed laser
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S\ = i~

Initial Gaussian Modulated pulse

pulse

Figure 4.3: Self-modulated laser wakefield mechanism. Thali laser pulse undergoes
density modulation instability and breaks up into a traisiodrter pulse with width,,.

parameters, the conditiorls > A\, and P > P, can usually be satisfied by operating at
sufficiently high plasma density. Whereis the spatial extent of the laser pulse ands
the critical power for self-focusing. Figure 4.3 shows tled-sodulated scheme of laser
wakefield acceleration.

The advantages of the self-modulated LWFA over the standafféA are simplicity and
enhanced acceleration. Simplicity in that a matching doowliof L ~ )\, a preformed
density channel and pulse tailoring are not required. Ecéduacceleration is achieved for

several reasons:

1. The SM-LWFA operates at a higher density, hence a largkeiald will be gener-
ated, since® ~ /n,

2. The wakefield is resonantly excited by a series of pulseppssed to a single pulse
as in the standard LWFA, and

3. Relativistic optical guiding allows the modulated pudsicture to propagate for sev-
eral Rayleigh length, thus extending the acceleratioradcs.

So far, we have seen that when a short laser pulse propalgadagh an underdense plasma,
a large amplitude plasma wave is excited in the wake of ther jaslse by the ponderomo-
tive force associated with the temporal profile of the pulseaddition, for loosely focused
pulses (i.e. whert, x wy > 1), wherek, andw, are the plasma wave-vector and the
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beam size at the waist respectively, only a longitudinatteb® plasma wave is generated.
Whereas, in tightly focused geometry (i.e. whgnx w, < 1), both components of the
ponderomotive force, longitudinal and radial, generatdsrasity perturbation. The ampli-
tude of the wave is maximum whes, x 7 ~ 1, wherer is the pulse duration and, is the
plasma frequency.

4.6 Plasma wave excitation

After gaining the insight of the physical mechanism of plasmave excitation and par-
ticle acceleration we will now discuss the mathematicaivd¢ion of the plasma wave ex-
citation. Let us consider the propagation of a short lasésepoum a preformed underdense
plasma of electron density,,

Eo = &Age (ko2 (4.3)
A2 = AZjem (/v et (4.4)

Whereky = (wo/c)(1 — w?/wd)'/?, vy, = ¢(1 — w2/wi), w is laser frequency and,
Is the electron plasma frequency. The laser electric fialdgan oscillatory velocity to the

plasma electrons, which reads as
eEo

m~owo

(4.5)

Vo =

wherey, = (1+a2/2)/? is the relativistic factorg, = e| Eo|/mwyc is the laser strength
parameter, and andm are the electronic charge and rest mass, respectively.t Apan
giving an oscillatory motion of the plasma electrons, treetgoulse also exerts a pondero-
motive force ( as explained in the previous chaptey }= eV, on them, where

¢p = —(mc/e)[(1+af)"/* 1] (4.6)

This is known as ponderomotive potential. The ponderoregistential depends on the
laser pulse strength. The ponderomotive force drives anaasave of potentiap. In the
limit when the density perturbation due to the plasma wave ny, one may write the
equations of motion and continuity in the linearization epgmation as

= =V(o+0,) @7

Vv = (4.8)
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wherev andn are the velocity and density perturbations, respecti@iydifferentiating
Eq. (4.6) with respect to time, and employing Eq. (4.5) amdRbisson’s equatio/2¢ =
4men, one can obtain
¢ =—w2g, (4.9)

Introducing a new set of variabl€s= ¢t — z /v, andn = z, Eq. (4.7) takes the form

8%

_WQQA(Q)O 272 27,2
8—52 -+ wf,gb = W@‘g / e’ /7o (410)
0
giving
2,42 ,—r2/r? 00 00
_ wpz‘.élooe _ 0 |:€iwp§/ 6iu)p£e£2/72d§_€iwp£/ efiwpﬁe*?/#dg (4.11)
Zu)meQ o0 — 00

In the wake of the laser pulse, &s— ~o the plasma wave potential attains the value

2 _r?/rk
_ wpeA2 e/

) 7'\/7_T6_w12772/4sm(wpt —kypz), (4.12)

2
2mwyg

wherek, = w,/v, ~ w,/c. The amplitude of the plasma wave maximizes for=

Vaw,

2
(Glae = CoVT s (4.13)

2.3mw?
which is of the same order as the peak pulse of the pondereenodtential. One can

notice the dependence of the potential on laser vector patefmhus, one can see that the
laser pulse can excite an electron plasma wave at its wakseybatential and the corre-
sponding electric field are comparable to that of the wawdfit3 he transverse electric field
of the laser pulse is used to generated a plasma wave witlgaddmal electric field, which

can potentially accelerate charged particles.

4.7 Electron beam generation: wave-breaking and maxi-
mum accelerating field

So far we have seen that the interaction of a high intenssgrlpulse with an underdense
plasma can efficiently create electron plasma waves. Iipty an electron beam provided
by an external source can be injected into an electron plaswa that can be further accel-
erated by these waves. This was the approach followed watidiwvitially. However, in the
self-modulated laser wakefield regime, the plasma wavesxaiged to such an extent that
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they break and some electrons get separated from the mamamalget accelerated. This
is called self-trapping of electrons by wave-breaking.

In the Sm-LWFA regime, once the amplitude of the plasma wasdxceeded a lim-
iting value, wave-breaking takes place. This wave-bregakiccurs when the amplitude of
the electron oscillation becomes longer than the plasmaMagth. Some of the plasma
electrons undergo such large oscillations that the retgrforce is no longer large enough
to make them continue their longitudinal oscillations. téagl, the electrons can continue
into the next wave bucket and in place of returning force fieeya continued acceleration,
resulting in their trapping with the plasma wave. The trappkectrons continue to be ac-
celerated until their velocity exceeds that of the plasmaenand it out-runs the wave and
get dephased.

Following [71], let us derive a simple formula for wave-breaking and maximelectric
field an electron plasma wave can sustain in a one dimensgm cBhe relativistic one-

dimensional equation for fluid velocity can be written as

OFE
Y 4me(ng — n) (4.14)
on 0
4 = = 4.1
5 + el 0 (4.15)
0 0
(a + u%) (ymu) = —ekE (4.16)

We look for solutions fon(x,t), u(z, t) and E(x, t) that depend om = w,(t — %) Since,
d/dt = 0/0t + ud/0x, one can write

d 0 0
or 0 or 0
0 u 0
= —_— = Wy—— 4.1
wpar wpvp or (4.19)
This implies that
0 0
= — 4.2
ot — “Por (4.20)
9 - wd (4.21)
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Therefore, one can now write equation 4.15 as

on  w, 0
— - 4 = 4.22
“r or v, 8T(nu) ¥ ( )
on 10
= = 4.23
o or  v,0r (nu) . ( )
1
= n— —nu=ng (4.24)
Up
or,
n=_—2 (4.25)
-7

where, n, is the initial unperturbed densityj = «/c and3, = v,/c. Thus, the above
equation implies that the density becomes very large in eomeghere the fluid velocity
approaches the phase velocity. When fluid velocity becomjesaldo the phase velocity
there exist a singularity and the density goes to infinitysTéthe point where the wave no
longer can grow and breaks down. This condition is cal@se-breaking

Further, one can write equation 4.16 as

0 wy 0
(wpa — uv—pa) (ymu) = —eF (4.26)
or, wym (a(;_u) — U—lpu%(vu)) = —eF (4.27)

—(v8) = —F (4.28)

where 5 = <¢£_

mwpc

Now equation 4.14 can be written as

0
— %E — —dre(ng —n) (4.29)
OF 47
or, 5 = w—pvpe(no —n) (4.30)
The above equation can be cast in a more compact way as follows
2
O _ (et () () m a3
or m Wy ng/ e
_ e () (1 _ z) (4.32)
e c no
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From equation 4.32 and the definition 6f one can arrive at

OF 3
=12 (4.33)
Bp
Now from equation 4.28 and 4.33, we have
J0E  0(y0)
or b or (4.34)
Sincef = u/candy = 1/4/1 — 32, we can write
10 - oy
55(]5) =5 (4.35)
or,
o (F
— | = = 4.
2(5)-0
or,  E=+/20m—") (4.37)

wherevy,, is a constant and is equal4g, the factor at which wave breaking takes place. On
substituting the value o, we have

. mwpc

E=—=y20p-7) (4.38)
WhenE = E,,..,7 = 1asv — 0.
Thus, finally we have
Eraw = 22 2 (5, — 1) (4.39)

(&
The above equation gives the maximum value of the electiit fiee wave can sustain

before wave breaking.

4.8 Dephasing length and maximum energy gain

As discussed in earlier sections, an electron can gaing@sripng as it is in phase with
the plasma wave. Once the electron runs-out of phase is stacelerating and loosing en-
ergy. The time during which the phase slippage takes plawvesea electron and Langmuir
wave is given by

= — — — (4.40)
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whereT is the period of the plasma wavé, is the acceleration distance, is the group
velocity of the laser pulse ands the speed of light.

Using

w? 2

vg=c (1 — —p) and r="" (4.41)
0%) wp

and solving the above equation, we have
2 2
Linaw = —2- (4.42)
wp

This gives the maximum acceleration length and is also kresvinedephasing length
Thus, the maximum energy gain by the electron is given as

Aw = eEmaz Limaz (443)

4.9 Blow off acceleration regime

At high laser intensity, PIC simulations reveal the forraatof an electron evacuated
ion bubble at the rear of the laser pulse and generation obreoergetic electrons. The
electrons are seen to pile up at the bubble boundary andtswvgeds the stagnation point. It
is a three dimensional phenomena where axial and radialggonubtive force and the space
charge field play key roles. However, significant insight bargained by one dimensional
model also.

4.9.1 Electron acceleration by the ion bubble

A nonlinear theory of relativistic plasma wake field in the@wloff regime has been
proposed by Lu et. al.98]. In a frame moving with the laser pulse, the ion bubble is sta
tionary. The plasma electrons far ahead of the laser puls®agph the laser with large axial
velocity —Zv,. As they are retarded by the axial ponderomotive force arsthga radially
away by the radial ponderomotive force, their density iases at the bubble boundary and
they surge towards the stagnation point from all transvensetion. Initially, the surging
electrons cross the stagnation point with finite velocitjtlfwespect to the moving frame).
However, as the pile size grows, the velocity of surgingteters decreases. When the pile
acquires a critical size, wave breaking injects electrongile into the ion bubble and the
subsequent acceleration by plasma wave and the ion spamgedield, produces mono-
energetic electrons.
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t=807.286fs
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min=—0.0138678
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Figure 4.4: An example of the Particle-in-cell simulatidvowing the formation of an "ion-

bubble”. A laser pulse of energy 5 J, 30 fs is focused to a spets diameter 18:m in

a pre-formed plasma. After propagating ne@%)um a region void of electrons is clearly
visible in the figure. The side bar represent the electrositienormalised by critical den-

sity. The result is obtained with PSC code.

An estimate of the ion bubble radius R can be obtained by egutte ponderomotive
force to the space charge force at the bubble boundary (irethen where ion bubble and

laser pulse overlap), one obtains

2 2\ 1/2
me. [(1 n a—) . 1] AR (4.44)
e 2 3
giving
c (12 1/2
R=+3 (—) (1 + —) —1 (4.45)
wp 2

At large intensities > 1, R scales ag'/%. Fora ~ 6, R ~ 3.3¢/w,,.
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The critical sizer. of the electron pile at the stagnation point is the one forchtihe
potential energy of electrons at the pile surface equals thiéal kinetic energy (at the
bubble boundary just after emerging from the laser pulselsT

4
%rinoez = me*(Yin — 1), (4.46)

c n 1/2
=(3)(2)

where-;,, is the initial Lorentz factor.

or,

The electrons reaching the stagnation point with zero speegulled axially by the
bubble space charge. The electric field at distance z’ fracémter of the ion bubble is

R 2 2
e = / eB,d? :W% (pr) (4.48)
0

C

wherey, = (1 — vg/cz)fl/z. In the laboratory frame the electron energy turns out to be
£ =ymc? (4.49)

where

vy [ Rw ? o v, { Rw 2)”
v=r, |1+ 2 Py 419 14 9 P —1 (4.50)
6 c c 6 c
The acceleration energy is sensitive to the bubble radfusnd employsk = 3.3¢/w,
as estimated above far~ 6 andw,/w = 0.1, one obtains ~ 180MeV .
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CHAPTER §

Numerical modelling on ionization

5.1 Outline

This thesis is concerned to laser pulse propagation in dedse plasmas and its fun-
damental studies. The work in this direction was startedh withnumerical study of the
ionization process. The process of ionization and plasnaéugen is of significant im-
portance not only from a theoretical but also from an expenital point of view. Laser
pulses of intensities 10*1Wem 2 are now routinely available in laboratories. Such inten-
sities can be achieved by spatially focusing high energytamgorally short light pulses.
Consequently, the interaction of intense laser pulses thittarget invariably experiences
significant spatial and temporal variations in the lasensity. Different intensity intervals
occupy different volumes within the laser-target intei@cizone, with lower intensity oc-
cupying much larger volume compared to the spatial regiar ahich the peak intensity
acts. Thus, ionization is a kind of integrated effect of langensity and volume.

The response of individual atoms to intense short laserepuls described in section
5.2. In Section 5.3 critical ionizing field and ionizatioropability is discussed. In section
5.4 the ionization model used in this thesis to determineeteetron density distribution
is described. Finally, in section 5.5 the pre-pulse effettlte ionization process in our
experimental condition is discussed.
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5.2 Atomic processes in intense laser fields

The interaction of electromagnetic waves with matter is ointhe most attractive field
of research. Before the invention of lasers, the intendityhe available light sources was
weak enough so that the atomic binding potential almost re@daundisturbed by the exter-
nally applied field and the perturbation theory was sufficterdescribe its interaction with
matter. Based on this theory, conventional spectroscopyldray been used to study the
material structure because weak fields will drive the tizoss between atomic/molecular
states without much distortion of the material itself. Thellknown photoelectric effect is
observed only if the photon energy is above the ionizatioasiold, and the effect is inde-
pendent of light intensity. However, after the inventiorladers it was possible to achieve
higher intensity. Non-linear optical effects were disa@eeso that electrons can absorb
more than one photon during the transition. New phenomettaasisecond harmonic gen-
eration emerged and found very important applications. MApdrtant milestone in atomic
physics was reached with the development of solid statedatdivering very short pulses
and the application of the chirped-pulse amplification teghe to these short pulses. When
these short and intense laser pulses interact with mattay mew phenomena appeared.
It become possible to ionize the matter, even with photonggnmuch smaller than the
ionization energy, by absorption of a large number of phetgknother example is higher
harmonic generation, the emission of photons observecgquéncies that are multiple of
laser frequencies. As the pulse length gets shorter, thmmot the electrons is not due to
the accumulation of many cycles of the electric field but istoalled by few cycle of oscil-
lations. At these high external fields an important quessioses:How the potential well
looks like to an electron under the action of an intense ldigéd ? Figure 5.1 illustrates the
physical appearance of the atomic potential depending @sttiength of the applied field.
To understand well the interaction of an atom with an extérragplied field, one needs to
know the atomic properties and how the atom responds to #mseed fields.

The atom has a structure with well defined characteristipgnttes. These properties can
serve as a baseline to understand what happens when an ates oader the influence of
an electromagnetic wave with a given field amplitude. The sizan atom is of the order
of the Bohr radiusd,) and the classical orbiting angular frequency of the etectran be

defined asv,; = %” wherel, is the ionization potential. The atomic electric field caade

_e 1
4meg a2’

ask, = with the corresponding field intensity, = %ceoEgt. For the hydrogen



5.2 Atomic processes in intense laser fields 59

atom the electron will go around the cadex 10'° times in one secondE,; is equal to

5.4 x 10°V/em andl,, is 3.5 x 10Wem 2. For the present days solid-state laser pulses in
the infra-red region the wavelength is about 800 nm. Theselsgth can be so short that it
only contains a few cycles of the electric field oscillatiofi®ie intensity of the laser pulse
can be so high that at the peak of the laser pulse, the elé&eldcstrength is comparable to
the atomic electric field strength. A thumb-rule in this @ttis

E(Vem™) ~ 27.4y/1(Wem™2) (5.1)

whereF is the electric field of the laser arids the corresponding intensity. At an intensity
of 10%Wem 2, the electric field is comparable to the atomic field and tleetebn will be
easily set free and then driven by the electric field. In fags, just not the intensity or peak
electric field which drives the mechanism of ionization lng pulse frequency and duration
are also very important parameters. The dynamics of théretecould be very complicated
and it is important to understand how the atom get ionized.

Conventionally, ionization can be classified into two regém tunnelling and multi-
photon ionization 94]. If the photon energy is much smaller than the ionizatiotepbal
and the peak electric field strength of the laser approatteeatomic electric field strength
then the electron will have significant probability of tutiimg through the potential barrier.
Keldysh defined a parameté& to characterize this region as the ratio of laser frequency
wy, to the tunnelling frequency;:

. 52
Y o wr £, (5.2)

wherew; = 22| [ is the ionization potential and, is the maximum electric field of the
\/21,

laser;w; ! is the tunneling time, i.e., the time the electron spendutite barrier. We see
from above formula that the requirement that the Keldyslapater be small is fulfilled
when the intensity is high and the frequency is low, pregiie® parameter range of present
day laser systems. The Keldysh parametecan also be defined as

IP
.- 5.3
g 2, (5.3)

2

4;%%% is the ponderomotive potential as described in previouptens. Wheny

is significantly less than unity then the ionization is mguhlie to tunnelling. This tunnelling

whereU, =

ionization is based on a static point of view of the systemthia case the energy of the
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Figure 5.1:Schematic representation of the atomic potential in diffieintensity regimes. Fig.(a)
shows the multi-photon ionization corresponding to anrisiy regime of10'3 — 10Wem =2,
fig.(b) shows tunneling ionization corresponding to anristy regime ofl0'4 — 10" Wem =2 and
fig.(c) shows over-the-barrier ionization correspondim@n intensity regime of 10" Wem =2,

electron does not change significantly from the ground stasrgy but the energy level
is broadened, so that the electron has a finite probabilityimoel through the potential
barrier set up by the Coulomb potential and the electric fi¢lthe laser. One can better
understand this point in simple words that the requirementtfe validity of the tunneling
model for an oscillating field is that the width of the barrikres not change during the time
the electron spends traversing it, i.e., the electron adiieddly follows the changes in the
external field. After tunnelling the electron will appearthe continuum with zero kinetic
energy and thereafter oscillates in the electric field ofiéiser. When Keldysh parameter is
greater than one and the laser frequency is comparable &betteon orbiting frequency the
ionization is due to multi-photon absorption. Since thétiffequency is now comparable



5.2 Atomic processes in intense laser fields 61

2 T T T
He ——--
Ny oo
= 15 B
5]
©
IS .
S 1 | multi-photon
g ! tunneling
ey
[%2)
>
©
E N\\
05 | .
O L M SRR | L MR | L P SR
le+13 le+14 le+15 le+16

| W/ecm?]

Figure 5.2:Keldysh parameter as a function of the laser intensityiferand N, atoms. Depending
on the atomic species and intensity, either multi-phototuoneling ionization occurs.

to the electrons orbiting frequency, as soon as the elettiesito escape from the distorted
atomic potential the polarity of the oscillating field getsaged and once again the potential
raises at that side. But the high photon flux density makes$i4plbton ionization possible.

In multi-photon ionization, the ionization process is iodd if many photons are ab-
sorbed simultaneously. This ionization process indeedseth on the existence of short
living virtual electronic states having life time of the erdyiven by time-energy uncertainty
principle, AE - At > h, whereAFE = hw is the energy spacing between the two virtual
levels andAt is the life time of these levels. An electron which is excitedguch a virtual
state by absorbing a photon, has to absorb the next photbmwaittime of the order of the
life-time of the virtual states. That is why the radiatioddienust be associated with a large

photon density to ensure a non-zero probability of muli{oin ionization.

At very high intensities, ionization has been further dlégss and it is said that at in-
tensities higher than the tunnel ionization intensity shiid, over the barrier ionization
mechanism dominate94, 97]. In such high fields, the barrier can be suppressed so dras-
tically that the electron no longer finds any potential toroeene and escapes from the
atomic field. This is shown in Fig.5.1(c). This process idezhbver-the-barrier ionization.

It is important to note that this process can take place diheilaser pulse is short enough,
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otherwise the atom will get ionized by multiphoton or turimgl process on the rising edge
of the laser pulse before the field becomes strong enougtvésrtbe-barrier ionization.

5.3 Ciritical field and ionization probability

A simple classical picture of ionization of an atom under atemnse field was given in
1977 by Bethe and Saltpet&q], in which the Coulomb potential is modified by a station-
ary, homogeneous external electric field as

VA 2
v(z) = _Ze eb.;x (5.4)
x

whereeF,,; is the force due to the external applied field. One can seethikaCoulomb
barrier is now suppressed and ftor> z,,.., wherex,,,, is the position of the barrier
after which the electron can tunnel through the potentidl,vi lower than the binding
energy of the electron. The field at which the Coulomb bak@ncides with the energy
level occupied by the electron under consideration is knasaritical field . Neglecting the
Stark effects, the critical field can be calculated as falowhe position of the barrier can
be found by differentiating equation (5.4) w..and equating to zero.

ov(x
8(:1:) -0 (5.5)
Z 2
x—i—eEemt — 0 (5.6)
7
= T B (5.7)

substitutingv(z,,..) = Fion, ONE can obtain the threshold field strength at which ioidnrat

OCCUrs as
E2
E, =" 5.8
47 e3 (5.8)

and the corresponding critical intensity reads as

_CE0 g ceo B}
1. = TEC = 357246 (5.9)

or, in a more convenient form

Eion\*
I.=4x10° (e—vn) Z*Wem™ (5.10)
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As a simplest example, for the hydrogen atom (Z = 1)
EionH = 13.6eV (511)

where,a g is the Bohr radius. Thus, the critical electric field is
E2

ionH €

E, = (5.12)

4e3 16mega%
and hence, the critical intensity for ionizatiomisl.4 x 1041 e¢m~2. This simple analytical
model by Bethe serves as a thumb rule to predict when a tartystavt to ionize. Once the
critical field is reached, the ionization probability is yelose to unity.

If the external applied electric field is less than the caititeld (£.) for ionization of an
atom, ionization occurs via tunneling through the barmenfed by the atomic potential and
by the maximum instantaneous field, provided that the tirkertdor the electron to pass
through the barrier (tunneling time) is short compared &adycle time. In this situation the
oscillating field is effectively a static field of strengkhwhile tunneling occurs. One should
take care of the fact that tunneling time is not the ionizatime. Indeed, i is well below
E. the probability for tunneling during one cycle is exponaliyi small and although the
photoelectron tunnels out at a particular phase of the cifudeionization time is very much
longer than the tunneling tim&9]. A prominent expression for calculating the ionization
rate (i.e. tunneling probability per unit time) in a statledric field £ is given by Landau

5/2 3/2
Wos(t) = 4(2E[p()t) exp (—%) (5.13)

and Lifschitz as

where [, is the ionization potential of the aton&(¢) is the laser electric field and suffix
QS stands for quasi-static. The ionization rate has a higbiylinear dependence on the
instantaneous value of the electric field. At the zero-engsef the oscillating laser field,
no potential barrier is created, hence the ionization is.zer

The other important ionization rate is the Ammosov-Del#&mainov (ADK) rate, ap-
plicable to tunneling ionization in complex atoms. Theialistate is characterized by the
guantum numbers*, I* andm. The ADK ionization rate is given as

2(21,)3/2\ [2(21,)3/2\* ~Im=L o g\ /2
Wapk = 1,Cpei= f (I, m)exp (— <3§3) )( <50) ) (ﬂ'(T()]B/Q)
p
(5.14)

where

*

22n
Gt n*L(n* + 1* + 1) (n* — I¥) (-15)
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and
20+ 1)(I + |m|)!
l = 5.16
f(t;m) 2l m|1(1 — |m|)! (5-16)
n* = —2- andl* = n* — 1 are the effective principal and angular quantum numbers

V2E,
respectively andn is the magnetic quantum number. The fac(%)m appears
from averaging over a period of the field, Wh(@%fﬂ e takes into account the
corrections for the Coulomb potential. In the derivationA®IK rate, a time average over
one laser cycle is performed. However, in strong and rapidigg laser pulses the absolute
phase become important. A more accurate approach wherdsodute time dependence
was kept during the entire derivation of the ionization raf&s proposed by Yudin and
Ivanov [10Q. They proposed an analytical expression for instantapé&mization rates for
arbitraryv. Their analysis allows to explicitly distinguish betweemmeling and multi-
photon contribution to the total ionization probabilityn the tunneling limit(y < 1) the
ionization reproduces the quasi-static limit, while in thelti-photon limit (v > 1) the
ionization probability no longer depends on the instamasesalue of the electric field. In
particular, non-zero ionization probability is predicden at the zero-crossing of the laser
field. However, any tunneling ionization theory fails at lmég intensities, simply because
electron has no longer any barrier to overcome. Differepr@gches are then necessary
to calculate the ionization rate, the most fundamental deimmerical integration of the

time-dependent Schrodinger equation.

5.4 lonization model

Present days investigation of intense laser-plasma ttierastudies rely extensively on
numerical calculations due to the non-linearities and geass involved in the problems.
In this thesis a quantitaive evaluation of the degree ofzaindn for atomic species has been
carried out using a numerical simulation based on a tunmetadion model proposed by
Yudin and Ivanov 100. According to this model the rate of ionization of an atorspecies
is given as follows:

' = N(t)exp {— (wgb(% 9))} (5.17)

wr,
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whereFE| is the laser electric field amplitudg(¢) is the pulse envolope ang, is the laser
angular frequency and

1 3Vb—a Vb+a
,0) = 2+sin20+—) Inc— sin |0] — 5.18
cb(v)(v 5 Vi 10| Vol (5.18)
where
a = 14+~*—sin?6
b = /a2 + 4y2sin?6
2 2
= bra ) o \/b_—a+‘ [
c = 5 v 5 sin
0 = th
I
Y = g5
20,
e?E?
U, = . 5.19
P 4dmew? ( )

v is the Keldysh parametef, is ionization potentiall/, is average energy of electron oscil-
lations in the laser field an@is the phase of the laser field. The pre-exponential factgr N(

1 3\ 2n*—|m|-1
0= A (25) o1 (2282) 520

where, A and B are depends on quantum numbers in exactly the same wéayaw f

reads as

depends in the case of ADK formula, and
=ty VAT D) - e
e

m 3
C = (1+7%) %"‘ZAm(wLa’V)

fory < 1,C = 1. Fory > 1and m =0, one had, ~ % andC' ~ % The ionization
rate has a non-linear dependence on the instantaneouscdietd. The exponential factor
gives the strongest dependence on the electric field wrelpr-exponential factor includes
dependence on the initial state which is defined by its quamumbers.

The numerical approach in the code, developed during thi& wse based on a finite
difference scheme. The code starts with setting up of lasgtigas parameters, conversion

into atomic units and proper initialization. In the codeaadr pulse of guassian profile in
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Figure 5.3:Intensity distribution of the Gaussian pulse used in theufation. The side bar repre-
sents the intensity itVem 2.

time and space was focused at the center of a step like undlemsity profile of neutral
gas medium. A co-moving time window is activated so that #segus medium appears to
move to the left, while the laser pulse appears stationangeSthe work done in this thesis
is concerned with experiments in femtosecond time domaig, kind of recombination
(which develops in the time of the order of ps) is not takeo &tcount in the numerical
calculations. The intensity profile of the guassian beanivisrgas

=1, (quf)?) exp {—2 (#;2 + ;—ZH (5.21)

In three dimensional space, for such a Gaussian laser fhdsed-intensity shells will be

pea-nut shaped. For convenience Fig.5.3 shows the spaiabdtion of the intensity of
the laser pulse with parameters given in table 5.1.

Simulations were performed for helium and nitrogen gasé® ifput laser parameters
in the code are described in table 5.1.The population oftreles can be computed from
rate equation. If any kind of recombination between elexdrand ions is ignored the rate

equation is given by:
dni

dt

= Fini,1 - FZ'+1TLZ‘ (522)
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Laser Pulse Parameter Value
Type Ti:Sapphire
Wavelength 800 nm
Pulse duration 65 fs
Pulse energy <120 mJ
Max. power upto2 TW
Spot size radius S5um
Pulse intensity 1.95 x 10"¥Wem—2
ag 0.95
M? parameter 2.5
Rayleigh length 43.6um

Table 5.1: Input laser parameters for numerical calcutatio

The first term represents creation of ions with charge stdterd ions with charge Z-1; the
second term depletion of the same ion due to further iommatirhe rates’; for each ion

can be calculated from equation 5.17. For instance in caselafm, numerically this is
done by solving two coupled equations:

dn

d—tl =I'1ny —Iany

dn

d—; = Tony (5.23)

Wheren,, n, andn, represents neutral He gadé¢™ ions andH e?™ ions respectively. I
is the total amount of the gas present before ionizatiom the

Ng + N1 + N2 = pPo (524)
The difference equation corresponding to equation 5.2@8rply:

it =nt + At(nil" — niT"

nstt = nb 4+ AtniT ! (5.25)
Finally, the total number of electrons is give by:

Ne = Ny + 2n9 (5.26)
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Atom +1 +2 +3 +4 +5 +6 +7
Ny | 14.53eV| 29.60eV| 47.45eV| 77.48eV| 97.89eV| 552.1 eV| 667.1 eV
He | 24.59eV|54.42eV — - — - -

Table 5.2: lonization potential of helium and nitrogen
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Figure 5.4: lonization map of Helium at different positions with respéx the best focus (zero
position on the horizontal scale). (a) lonization map até¢hRayleigh lengths before the best focus.
(b) lonization map at two Rayleigh lengths before the bestigo The pulse is propagating from left

to right. The side bar represents degree of ionization.

Equation 5.23 can be generalized for higher atomic numtnehts to calculate the
electron density from individual ionization state in arrédtteve manner. Finally, total elec-
tron density was computed by properly summing up contrdsutiom each ionized states.
Suitable numerical check has been introduced in betweegdte to avoid any kind of
abnormal divergence in the numerical results.

The ionization profiles are calculated for different pasis of the laser pulse with re-
spect to the beam waist. The degree of ionization is caledliatr the front of the laser pulse.
Figure 5.4 and 5.5 show the ionization profile in the case btimegas, for four different
positions relative to the beam waist. The pulse propagaves left to right. Figure 5.4(a)
shows the ionization profile when the pulse is located aktiRayleigh lengths before the
beam waist. Figure 5.4(b) shows the ionization profile whHengulse is at two Rayleigh
lengths before the beam waist. Figure 5.5(a) shows theataiz profile when the pulse is
at one Rayleigh length before the waist and finally Figuréd.8hows the ionization profile
at the beam waist. The graph shows that full ionization ireaafshelium gas occurs well
before the pulse enters the best focal region. Full ioropatemains confined to a small
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Figure 5.5: lonization map of Helium at different positions with respéx the best focus (zero
position on the horizontal scale). (a) lonization map atRagleigh length before the best focus. (b)
lonization map at the best focus. The pulse is propagatmg feft to right. The side bar represents

degree of ionization.
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Figure 5.6:lonization map of Nitrogen at different positions with respto the best focus (zero
position on the horizontal scale). (a) lonization map até¢hRayleigh lengths before the best focus.
(b) lonization map at two Rayleigh lengths before the besti$o The pulse is propagating from left

to right. The side bar represents degree of ionization.

volume and most of the available volume is mainly accomphbyepartial ionization of the

medium. Similarly, the degree of ionization is calculatedritrogen gas. Figure 5.6 and
5.7 show the ionization profile in case of nitrogen gas aedgiit position with respect to
the beam waist. Figure 5.6(a) shows the ionization profilemtine pulse is located at three
Rayleigh lengths before the best focus. Figure 5.6(b) shbe/gnization profile when the

pulse is at two Rayleigh lengths before the the beam waigjur€i5.7(a) shows the ion-
ization profile when the pulse is at one Rayleigh length efbe beam waist and finally
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Figure 5.7:lonization map of Nitrogen at different positions with respto the best focus (zero
position on the horizontal scale). (a) lonization map at Bagleigh lengths before the best focus.
(b) lonization map at the best focus. The pulse is propagédtiom left to right. The side bar

represents degree of ionization.

Figure 5.7(b) shows the ionization profile at the beam wdisiese calculations show that
ionization of nitrogen is very much different from that oagng in helium, where full ion-
ization is easily achieved even before the best focus positonization potential of helium
and nitrogen gas are summarized in table 5.2. In our expataheonditionss’* and 7t
ionization state of nitrogen gas is difficult to achieve. Hwer, if the interaction process
enter a non-linear self-focusing regime further ionizati the nitrogen gas is possible. To
investigate this behaviour self-consistent electromagmeve propagation code including
ionization of the medium is essential. Such codes are higiiialised and need massive
computing facility. This is beyond the scope of the preseorkw

5.5 Prepulse effect on laser pulse propagation in gases

The propagation of an ultrashort laser pulse in the plasméaeaaffected by the light
reaching the target before the main pulse. The ultrashdsepuare generally amplified by
the chirped pulse amplification (CPA) technique. At the atipf the CPA laser, the main
intense femtosecond pulse is accompanied by a nanosecdestalkedue to amplified spon-
taneous emission and a picosecond pedestal due to the dabllimit in the compression
of the chirped pulse. They create a low density plasma beffierarrival of the main pulse.
It is therefore important to evaluate the effect of this prsor pulse on the gas in the focal
region.
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Figure 5.8:Intensity profile of the main pulse associating a low contpaspedestal.

There are several issues connected with the pre-plasmatiomby the pre-pulse. Rel-
evant aspects of ultrashort intense laser pulse propagatttude early breakdown of the
gas due to precursors of the main laser puld€d] and ionization dominated regime of in-
teraction [L0Z suitable for stable propagation. Normally, many picosetbefore the main
pulse the intensity contrast between the main and pre lagse s very high and the plasma
formed by the pre pulse is negligible. On the other hand, Herttime less than few tens
of picosecond the contrast level is not high enough to prewesmature plasma formation
and it is therefore important to know the effect of the pealgstise on the gas medium.
We modelled this case for Helium gas, taking a simplifiedrasensity profile as plotted
in Figure 5.8. The numerical calculation were performedtiioee different contrast levels
of picosecond pedestal. Figure 5.9 shows the result of tleellesion. In Figure 5.9(a) it
is observed that for a contrast levellof x 10% early breakdown of the gas medium starts
by the picosecond pedestal at the best focal spot beforetilral f the main laser pulse.
A narrow channel of partial ionization along the axis of tmegagation of the laser pulse
is formed. For a contrast level 6f1 x 10 a small volume of the medium is ionized by
the pre-pulse around the best focal position. Whereas,iéospcond pedestal contrast of
1.5x 10*Wem =2, Figure 5.9(b) shows that there is no pre-formed plasmalanihteraction
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Figure 5.9:Propagation of a femtosecond laser pulse, accompanied izpsepond (ps) pedestal,
in Helium gas. Figure shows the ionization induced by thepguise before the arrival of main laser
pulse. (a) The contrast level between the main and ps pédesta x 103. (b) The contrast level
between the main and ps pedestaBis x 10%. (c) The contrast level between the main and ps
pedestal ig.5 x 10%. No pre plasma formed for contrast ratiol.5 x 10* . The pulse is propagating
from left to right. The side bar represents degree of ioionat

can be characterized as a clean interaction of the mainpasss with neutral gas medium.

5.6 Conclusion

In this chapter numerical work concerning the ionizationha& neutral gas medium by
the incident laser pulse is presented. The distributionlefteon density within different
volume interval and at different positions before the pudeald reach the best focus is
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estimated quantitatively. The effect of the pre-pulse #edint levels of contrast ratio is
calculated. The knowledge of the plasma formation by theppitee is very useful from an
experimental point of view. If controlled in a proper waygglasma may help the stable
propagation of the main laser pulse by forming a channel witycaThis may also act as
a spatial filter for the main pulse as demonstrated expeteigroy Giulietti et al. [LO1].
Hosokai et al. 103 studied experimentally the effect of the laser pre-pulséh@ injection
and acceleration process showing that the acceleratioendspstrongly on the laser pre-
pulse parameters. It has also been observed that the mesghptie-plasma can potentially
affect the emittance and total charge of the accelerateddretebunch 104. Generally,
the effect of the pre-pulse is more significant with very hpglwer laser system where the
intensity at the focus exceed8'®Wem =2 value. The pre-pulse can spoil or enhance the
propagation of the main pulse depending on the nature areddgale of the contrast level.
The ionization dynamics is partially responsible for thatsering of electromagnetic waves
in plasmas. In view of all the above mentioned physical psses it is useful to have a
knowledge of the ionization of the medium under the influepicacident laser fields.
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CHAPTER 6

Electron acceleration with a moderate
power laser system

6.1 Outline

This chapter describes the initial experiment on electrmreleration using the 2 TW
Ti:Sapphire laser system at ILIL laboratory in Nationaltinge of Optics (INO), CNR,
Pisa. A complete description of the experimental set-updaaginostics is given. The main
objective of the experiment was to study the propagationefdser pulse in different gases
in order to search for suitable conditions for electron kve¢ion. For this purpose time
resolved interferometry was used to study and control tleduéen of the electron den-
sity. Thomson scattering andray detection were used to optimize the laser gas intenacti
conditions and magnetic spectrometer was used to chawsctbe energy spectrum of the
electron bunches that were finally generated in laser pl