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SYNOPSIS

1. Introduction: The development of chirped pulse amplification (CPA)1 and Kerr-lens mode-

locking has enabled researchers all over the world to generate routinely high intensity (>

1014W/cm2) and short (< 1ps) laser pulses. This invention has revived the field of laser matter

interaction. In the last decade, a new kind of material, namely atomic/molecular clusters, has

drawn a world wide attention to be used as a target for the generation of dense plasma by

irradiation of laser light. These clusters are produced by the isentropic expansion of a high

pressure gas through a nozzle2. After passing through the nozzle, the gas becomes supersat-

urated due to the drop in the temperature and clusters are formed as a result of nucleation.

These targets, intermediate to to gases and solids, contain both the advantages of solids and

gaseous targets. For instance, energy absorption efficiency of laser light by clusters is compa-

rable to solid target plasmas3 yet the particle emission from cluster is debris free much like

as in gases. The high local density of atoms (nl ∼ 1022atoms/cm3) inside a cluster, lack of

thermal dissipation and collective effects (cluster sizes are much smaller than the wavelength

of incident laser light) are responsible for enhanced energy absorption by clusters compared

to the solids. The absorbed energy is redistributed among MeV ions, KeV electrons and KeV

X-rays. While considering the cluster charging dynamics, the concept of inner and outer ion-

ization is very useful. Inner ionization refers to the removal of electron from parent atom yet

confined in the cluster due to coulomb force of residual ions. On the other hand outer ioniza-

tion refers to the removal of electrons form cluster itself as the these electron achieve sufficient

energy to overcome the coulomb barrier of the cluster. The heating of the cluster plasma is

mainly governed by the inner electrons as a outcome of inverse bremsstrahlung and collective

resonance effects. The cluster plasma expands depending on the population of inner electron.

If the space charge is strong enough it retains most of electrons inside the cluster, then cluster

plasma expands due to pressure of electron gas. This mode of cluster expansion is known as

hydrodynamic expansion. On the other hand, if most of the electrons leave the cluster imme-

diately then cluster explodes due to the repulsion among remaining positive charges of ions

in the cluster. This is called Coulomb explosion. Laser-driven particle acceleration, coherent

and incoherent X-ray generation, nuclear fusion in deuterium clusters, production of efficient
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plasma wave-guides and high-order harmonic generation are few of the important application

of laser-cluster interaction.

Theoretical modelling of the intense laser pulse interaction with rare-gas clusters is a challeng-

ing subject involving the non-linear, nonperturbative response of many ions and electrons. As

noted above, the laser-cluster interaction proceeds through three sub-processes: viz... laser

induced ionization of atoms, further absorption of laser energy, and expansion of cluster. In

order to investigate these processes and explain the observed experimental results, several

models have been put forward. Among them the earliest is the so-called nanoplasma model,

which treats the cluster as a spherical plasma ball with assumption of uniform radial plasma

density4. It may be noted that nanoplasma model and its further improved versions are es-

sentially fluid models which can not provide experimental results beyond average values.

To get more insight, various particle models like particle-mesh, in particular particle-in-cell

(PIC), and particle-particle like molecular dynamics (MD) were developed. They are more ap-

propriate as cluster is essentially a collection of particles rather a fluid. The limited number

of particles in a cluster (103 − −105), combined with the numerous advantages of grid-less

calculations gives preference to MD simulations for laser cluster interaction. In view of this,

we have developed a three dimensional time dependent relativistic MD code and validated

it against theoretical and experimental results. After a brief introduction of the rich field of

laser-cluster interaction in chapter 1, we describe the details of MD model and its validation

in chapter 2. Chapter 3 essentially deals with the energetics of the cluster nanoplasma under

the influence of various experimental parameters like laser pulse duration and cluster den-

sity. Anisotropic ion emission from laser irradiated clusters is discussed in chapter 4. Effects

of carrier-envelope phase on ionization dynamics of laser driven xenon clusters are studied

in chapter 5. The problem of neutron generation from deuterium clusters is investigated in

chapter 6. Finally the the thesis is concluded in chapter 7 along with future direction.

2. Molecular dynamic simulation model and its validation: We have developed a three di-

mensional time dependent relativistic molecular dynamic code to study the interaction dy-

namics of the intense laser with atomic clusters. For computation purposes, a three dimen-

sional simulation box is considered. A single spherical cluster is assumed to be at the center

2



of the simulation box. The size of the simulation box is considered to be equal to the distance

between two neighbouring clusters(RIC). The number of atoms in a cluster is calculated as

NAtoms = (R0/RW )
3 where R0 is initial radius of the cluster and RW is the Wigner-Seitz ra-

dius of the cluster material. The initial arrangement of the atoms inside the cluster is done

randomly. One of the main problems associated with MD simulations is the calculation of

binary Coulomb forces among charged particles which becomes increasingly time consuming

for cluster sizes> 15Å. In order to avoid this problem, lumping of particles into pseudo macro-

particles (NMacro) is done such that each macro-particle consists of n (n = NAtoms/NMacro)

identical particles with a charge qn and mass mn (q and m are the charge and mass of the

individual particle) . The presence of neighbouring clusters is mimicked by applying periodic

boundary condition at the face of simulation box. Our code also facilitates the option of open

boundary condition (for very low cluster density) and mixed boundary conditions. As the

dimensions of the simulation domain are small as compared to the laser wavelength, only the

time variation in laser pulse intensity and electric field is taken into account. The amplitude

of the laser pulse intensity and electric field will remain constant in simulation domain for a

given time instant. We have used mainly Gaussian time profile of incident laser unless stated

explicitly. The ionization of the cluster atoms is carried out by optical field and collisional ion-

ization using MonteCarlo method. For the optical field ionization (OFI) we calculate the OFI

rate νofi as a function of laser field strength by using Ammosov-Delone-Krainov (ADK) tunnel

ionization formula5. Once a sufficient number of electrons are accumulated in the system, they

further create more electrons by inelastic collisions with other atoms and ions. The collisional

ionization rate νci is calculated from the best fitted data6 on the ionization rates for the atomic

species of the cluster with Z < 28. For atomic species with atomic number greater than 28, e.g.

Xe in our results, Lotz formula is used for calculations of νci7. All the particles are subjected to

laser electromagnetic force plus the coulomb force of other particles. After the calculation of

the force, each particle is advanced to its new position according to the relativistic equations

of motion. The phase-space of all particles is stored after certain time steps, which is later

post-processed in order to calculate the particle (electron + ion) energy distribution function.

The present MD code is validated against various published theoretical and experimental re-
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sults. For example, we have studied the interaction of 125 fs, 800 nm laser pulse with peak

intensity of 1016W/cm2 with deuterium (R0 = 100Å), argon and xenon (R0 = 50Å) clusters.

For all these studies, we have used periodic boundary condition with simulation box size

(RIC) of 20R0. As the atomic number of cluster material increases, the average degree of ion-

ization also increases. It is found to be 12 and 8 from Xe and Ar clusters respectively which is

close to the published results. Similar trend is observed for mean ion kinetic energies calcu-

lated for various species of cluster material. The effect of cluster material on cluster expansion

is also studied. It has been found that expansion velocity is maximum for lightest materiel i.e.

deuterium(D) and minimum for heaviest material i.e. xenon(Xe). It can be explained by the

fact that expansion velocity of cluster depends upon the charge to mass ratio which decreases

monotonically as the cluster material is changed from D to Xe. We have also calculated the the

ion energy distribution function for all three cluster species. These results are in good agree-

ment with the studies of Petrov et al8. The existing MD code is also validated against direct

experimental results of laser-cluster interaction. For this, we have investigated the anisotropy

of ion emission from laser irradiated clusters in longer pulse duration of 100 fs. Relatively

large argon clusters Ar400000 were irradiated by laser of peak intensity in this experiment9 and

more energetic ions were detected along laser polarization direction than perpendicular to it.

Our simulation results not only predict the ion energies observed in the experiment of ∼ 200

KeV but also shows asymmetry along the laser polarization direction.

3. Energetics of cluster nanoplasma : Effect of laser pulse duration and cluster density: Pos-

sibly, the huge attention devoted to the field of laser-cluster interaction, is due to the unique

nature of the energetics of the cluster nanoplasma, created after the irradiation by short laser

pulses. We investigate the effects of various experimental parameters (laser pulse duration

and cluster density) on the energetics of the cluster nanoplasma. Various theoretical models

are proposed to explain the experimentally observed strong laser energy absorption (90%)3 by

clusters. Dimire et al4, in the framework of nanoplasma model, suggested linear resonance to

be responsible for high energy absorption that occurs during the expansion of the cluster after

laser irradiation. Assuming cluster to be a dielectric sphere in the presence of static electric

field of E0, the electric field inside the cluster is given as E = 3E0/|ε+ 2|. The dielectric constant
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of the cluster plasma is calculated as ε = 1 −
(
ω2
p/ω (ω + iν)

)
, where ωp =

√
(4πe2ne/me) is

the plasma frequency and ν is the electron-ion collision frequency. During the time of cluster

expansion, a resonance occurs at the electron density of ne = 3nc which is characterized by a

minimum in |ε + 2| leading to enhancement of electric field and energy absorption inside the

cluster. It is important to note that nanoplasma model assumes spatially uniform electron den-

sity during the time of expansion. Literature also supports the idea of non-linear resonance

where the ions and electrons separately as charged spheres, oscillate around their common

center of mass under the action of laser light. Energy is absorbed resonantly when the normal-

ized effective oscillation frequency becomes unity. There are, however, simulation results that

contradict this perception and completely reject the idea of resonance absorption. The above

discussion reflects that the reason responsible to the high energy absorption inside the cluster

is still not clearly understood.

We have used MD simulations to show the existence of linear resonance Assuming linear res-

onance to be responsible for enhanced energy absorption in cluster, energy absorbed by the

cluster will be a function of laser pulse duration due to the difference between peak of the

laser pulse and timing of resonance condition (ne = 3nc). Our simulation parameters are Ar

cluster of radius (R0 = 30Å), a laser pulse of intensity 8 × 1016W/cm2 with FWHM pulse du-

ration varying from 10 fs to 120 fs. Both mean kinetic energy of ions and energy absorbed by

the cluster have shown an optimum value at a pulse duration of 25 fs. For this optimum pulse

duration, both peak of laser pulse and resonance condition, are in closest vicinity to each other.

Moreover, the presence of optimum pulse duration is diminished when the temporal profile

of incident laser pulse is changed from Gaussian to second order super-Gaussian (nearly flat

top). Thus, we conclude that the presence of an optimum pulse duration is a clear indication

of existence of linear resonance during the cluster expansion.

Further, we also observe in our MD results that the cluster density plays an important role to

affect the energetics of cluster nanoplasma. The effect of varying cluster density in the simu-

lation results can be mapped by changing the inter-cluster distance which is same as the size

of the simulation box used in the simulations. We find that just by increasing the size of the

cluster, it is not possible to increase the the mean kinetic energy of ions after explosion. In
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fact, the shielding of the ions due to electrons of neighbouring cluster is more effective when

the smaller value of inter-cluster distance is used for larger sized clusters. Further, we also

compare our MD results of distribution of various ionic species with the earlier experimental

results10 which are in good agreement for appropriately chosen inter-cluster distance consis-

tent with the experiments.

4. Anisotropic ion emission from laser irradiated clusters : Breakdown of spherical isotropy

in few-cycles pulse duration limit: As mentioned previously, the heating of the cluster and

its subsequent evolution can be explained by two models namely Coulomb explosion and

hydrodynamic expansion depending upon the number of inner electrons present inside the

cluster. Both of these extreme cases lead to isotropic emission of ions from the cluster. When

the laser irradiated clusters consist of intermediate population of inner electrons, ion emission

is observed to be anisotropic due to the combined action of laser and radial field inside the

cluster. This anisotropy depends upon the direction of laser polarization: more energetic ions

are emitted along the laser polarization direction (0o) than the perpendicular direction (90o) to

it. This kind of anisotropy, termed as normal anisotropy, was observed in experiments with

Ar9 as well as Xe11 clusters in long pulse duration limit. Recent experiments12 with few cycle

laser pulses have revealed that the nature of anisotropy reverses i.e. the ion yield is higher

along perpendicular direction of laser polarization than parallel to it. The physical reason for

this change of nature of anisotropy is not understood completely. In order to understand the

physical processes responsible for it, we have performed detailed MD studies on this kind of

anisotropy termed as atypical anisotropy on various sized Ar clusters (16−58Å) driven by laser

of intensities varying from 5×1014W/cm2 to 3×1016W/cm2. The FWHM laser pulse duration

is varied from 5 to 100 fs. For a fixed cluster size of 58Å and laser intensity of 4.5×1015W/cm2,

we observe an optimum pulse duration of 10-20 fs for which the atypical anisotropy manifests

itself prominently. For this optimum pulse duration, the well-developed electron cloud oscil-

lates with the laser frequency and strictly follows the laser electric field. Consequently, inner

electron charge gets smeared more along the the direction of the laser electric field rather than

the perpendicular direction. This elongation of electron cloud effectively shields the ions more

along 0o compared to 90o. This initial shielding effect finally results in the ion anisotropy of

6



the Coulomb explosion. At the time of explosion, more ions will emerge along the perpen-

dicular direction of laser polarization rather the parallel direction due to this shielding. For

many-cycle pulse durations e.g. 100 fs, simultaneous presence of higher-charge states and re-

duced directed motion of the electron cloud diminishes the observed atypical anisotropy. For

the case of shortest pulse duration of 5 fs used in above simulations, this anisotropy again

diminishes as the pulse duration is too small to create a sufficiently sized inner electron cloud.

We have also investigated the effect of laser intensity (5× 1014W/cm2 −−3× 1016W/cm2) on

the optimum pulse duration of 10 fs achieved in the above simulation results and found an

optimum value of intensity of 4.5 × 1015W/cm2. Further we have varied the size of cluster

from 16 to 58Å for the optimized values of pulse intensity and pulse duration. As the size of

the cluster is increased , the atypical anisotropy increases.

5. Carrier envelope phase effects in the regime of few cycles laser pulses: With the rapid

development of of femtosecond laser technology in the last decade, it has become routinely

possible to generate intense laser pulses of few cycles13. For these ultra short pulses, the ini-

tial phase(phi) of the carrier wave with respect to the envelope, so called carrier-envelope (CE)

phase, is an important parameter to completely describe the electric field (E(t) = E0(t) cos(ωt+

φ))14. For such ultra-short pulses with stabilized CE phases, the strong dependence of the

probability of tunnelling on the instantaneous electric field dictates the release time of the

electron. For case of isolated atoms, the tunnel-ionized electron follows the laser field and

may return to the parent ion. In the vicinity of the parent ion, this field-liberated electron can

lead to high harmonic generation (HHG) by recombination, above-threshold ionization (ATI)

by elastic scattering or non-sequential double ionization (NSDI) by inelastic scattering with it.

All these processes depend upon the temporal variation of incident laser electric field which

in turn is a function of CE phase. We have tried to see the effect of CE phase in two different

laser pulse duration regimes namely few cycles (τ1 = 2T0 with T0 as one laser cycle) and many

cycles (τ2 = 8T0) for cluster targets. In particular, Xe400 clusters are irradiated by incident

laser pulse with electric field profile for two different values of CE phase (φ = 0 and φ = π/2)

at peak intensity of 1.0×1016W/cm2. For these studies, we have used a conventional model of

an n-cycle laser pulse, the sin2 pulse E(t) = E0sin
2(ωt/2n)cos(ωt + φ); 0 < t < nT , for tem-

7



poral variation of a laser electric field at frequency ω and time period T . To accommodate the

effect of the CE phase (φ), the amplitude of the electric field is replaced by the absolute value

of the time-dependent electric field (|E(t)|) in the conventional cycle averaged ADK rate5 for

all calculations performed in this study, following the work of Bauer15. It is also noteworthy

that the collisional ionization implemented in our code automatically accounts for collisions

with parent atoms as well as with other atoms due to the fact that we strictly follow the par-

ticle trajectories in our MD simulation model. When cycle averaged ionization rates are used,

we do not observe any difference in the fractional ionization yield of various ionic species for

the two values of CE phase when using few cycles laser pulse for irradiation. The situation

does not change even if the pulse duration is changed from few cycles to many cycles. On

the other hand, we observe a significant difference in ionic yields for τ1 = 2T0 when modified

ADK rates (electric field amplitude replaced by |E(t)|) are used. This difference for the two

values of CE phases is due to the different electric field variations. If we change the pulse

duration of laser from few cycles to many cycles (τ2 = 8T0), we no longer see the difference

in ionization yield for the two values of CE phases. We further confirmed above findings by

comparing the average degree of ionization (Zavg) for φ = 0 and φ = π/2 which differs for

τ1 = 2T0 and remains same for τ2 = 8T0. We have also studied the effect of phase dependent

collisional ionization on the ionization dynamics of the cluster, in addition to the modified

tunnelling ionization. The difference between Zavg for φ = 0 and φ = π/2 reduces when the

collisional ionization is artificially switched off for the case of τ1 = 2T0. As expected we do not

observe any difference for τ2 = 8T0. Finally, it is concluded that both tunnel ionization and

collisional ionization depend upon the CE phase of the incident laser pulse of few cycles (∼ 2)

pulse duration.

6. Neutron production from laser driven clusters: The possibility of laser driven deuterium

or/and tritium cluster neutron source16 prompted us to investigate theoretically this prob-

lem. In particular, we have studied the effect of laser intensity, cluster radius and inter-cluster

distance on the neutron production by D-D or D-T reaction by using our MD code. For the cal-

culation of neutron yield, a one dimensional beam energy deposition model is coupled with

existing MD code in which high energy deuterium ions ejected from the cluster interact with

8



deuterium or tritium containing compound and slows down via various processes like ioniza-

tion, excitation etc. The slowing down of energetic ions is characterized by stopping power

which is calculated by SRIM17(Stopping Range of Ions in Matter). The simulation parameters

for these studies lie in two categories : medium sized cluster (80− 200Å) and very large clus-

ters or nano-droplets (20− 200nm). At fixed intensity of 1018W/cm2 and pulse duration of 50

fs, we observed that the amount of laser energy absorbed increases as ∼ R5 whereas average

kinetic energy of ions goes as ∼ R2 for medium sized clusters. It has been also found that

the maximum kinetic energy of the ions is 5/3 times the average ion kinetic energy, which is

also in excellent agreement with the theoretical prediction by Last and Jortner18. It is found

that the neutron yield per joule is more for tritium target than deuterium target due to the

increased fusion cross section of D-T reaction than D-D. The number of neutrons per unit

joule of absorbed energy goes as ∼ R3 for for medium sized clusters (R = 80 − 200Å). To

study the effect of inter-cluster distance (RIC) on neutron production, we have simulated the

interaction dynamics of 100Å deuterium cluster irradiated with 50 fs, 800 nm laser of peak

intensity 1018W/cm2 by varying RIC in multiple of cluster radius. It is observed that aver-

age kinetic energy of ions increases as R3
IC while energy absorption by cluster remains nearly

independent of RIC . The neutron yield also increases as the value of RIC increases due to

the increased value of kinetic energy. The effect of laser intensity is also studied for these

laser and cluster parameters by changing the value of intensity from 1015 to 1018W/cm2. It is

found that the laser intensity does not play very prominent role after some threshold value of

∼ 1016W/cm2. For very moderate intensities also, the cluster is fully ionized and afterwards

the dynamics is more or less independent of the laser intensity. We have also investigated the

role of larger clusters or nano-droplets on neutron generation from deuterium clusters. We

have observed a quadratic and linear dependence of absorbed energy per particle on cluster

radius for medium size (80−200Å) clusters and name-droplets (20−200nm), respectively. For

medium size clusters, the cluster outer ionization is complete before the cluster explosion so

we observe a quadratic dependence of absorbed energy on cluster radius. For nano-droplets,

the outer ionization is never complete due to their large size and thus, coulomb explosion in

the regime of incomplete outer ionization leads to the linear dependence of absorbed energy

on cluster size.
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6. Conclusions and future directions: Finally the thesis is summarized with main conclu-

sions. The future direction of the present work in also discussed in this chapter. References
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45 Å d) irradiated by laser pulse of intensity 4.5×1015W/cm2 and FWHM

pulse duration of 10 fs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.6 Time variation of ion yields (a) and ion energy distribution functions (b) along

and perpendicular direction of laser polarization from 50 Å Xe cluster. The
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CHAPTER 1
Introduction

This thesis presents the theoretical studies on the interaction of ultra-short, intense

laser pulses with atomic clusters. We have made an attempt to improve the current

understanding of the dynamics of laser irradiated clusters and also reported some

new features found in this work. This chapter introduces some basic terminolgy used

in the field of ultra-short, intense lasers and plasma physics. We have also made an

overview on the subject of laser-cluster interaction in this chapter.

The technological advancements made in the last two decades have completely

revolutionized the field of ultra-short, intense lasers [1, 2]. Due to this progress, it has

become routinely possible to operate the table top lasers with terawatt peak powers.

The availability of these terawatt laser systems accelerated the research in the fields of

atomic physics (multi-photon ionization, above threshold ionization, harmonic gen-

eration etc.), high temperature-high density plasmas and inertial confinement fusion

[3]. The underlying principles for the generation of ultra-short, intense laser pulses are

described in section 1.1. A majority of the research community has put a significant

amount of effort to use either a low density (1019 atoms/cm3) in the form of individ-

ual atoms or a high density (1023 atoms/cm3) in the form of solid as a target for these

lasers. For gaseous targets, various atomic processes in the presence of these kind

of laser fields and their outcome as a result of this interaction is discussed in section

1.2.4. The physics of laser-matter interaction completely changes when gas targets are

replaced by solids. The emergence of plasma is realized as a result of this interaction.

Basic terminology used in plasma physics along with various laser absorption pro-

cesses in plasmas are discussed in section 1.3. We have also discussed the applications

of laser produced solid plasmas in this section. Atomic clusters, intermediate to to

gases and solids, contain both the advantages of solids and gaseous targets. The high

16
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local density of atoms in clusters is solid like whereas the average atomic density is

similar to that found in gaseous targets. Apart from that lack of thermal dissipation

effects, emergence of collective behaviour are such properties which present the clus-

ters as a very unique target of laser irradiation. Laser irradiated clusters show a huge

number of promising applications. A detailed survey of laser-clusters interaction in-

cluding various theoretical models, experimental findings and their applications are

discussed in section 1.4. Rest of the outline of the thesis is presented in section 1.5.

1.1 Generation of ultra-short, intense laser pulses

Before describing the generation of ultra-short, intense laser pulses, we have to define

the limits on the pulse duration and intensity of laser light to be counted in this cate-

gory. Generally the label ultra-short applies to pulses with durations less than tens of

picoseconds (often in the range of femtoseconds). The term ”intense” is defined as the

intensity of laser pulse approaching to the value of 1015W/cm2. At this intensity level,

the electric field (109V/cm) of the laser pulses becomes comparable to coulomb field in

hydrogen atom. The generation of ultra-short, intense laser pulses have become pos-

sible due to two very important discoveries namely kerr-lens mode locking (KLM)[4]

and chirped pulse amplification (CPA)[5, 6] made in this field. Most of the ultra-short

lasers employ titanium-doped aluminium oxide (Ti : Sapphire - Ti3+ : Al2 O3) oscilla-

tor due to certain important features like excellent thermal conductivity, large gain

bandwidth and wide tunable range[7].

1.1.1 Laser longitudinal modes and process of mode locking

Before describing the method of kerr lens mode locking, a brief introduction of longi-

tudinal modes and process of mode locking in a laser cavity is required. Longitudinal

modes are nothing but various standing wave patterns which develop in the laser cav-

ity (a combination of mirrors with a gain medium in between) along the axial direction
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of the laser at frequencies as given below

ν = n (c/2ηd) (1.1)

In multi-mode regime of laser operation, the time distribution of output intensity nec-

essarily depends upon the inter-phase relationship of various longitudinal modes. For

example, if the initial phases are chosen randomly, the output intensity shows random

fluctuation in time. On the other hand, if there exists a constant phase relationship

among the all participating longitudinal modes, the output intensity will be a repet-

itive pulsed time profile due to the constructive interference of participating modes.

This concept is back bone for mode-locking which is used to generate the shorter pulse

duration. In mode locking, all longitudinal modes (locked with a constant phase rela-

tionship) are allowed to interfere each other to produce a train of evenly spaced light

pulses. If (2n+1) longitudinal modes with equal amplitude E0 exist in the laser cavity

with the phase relationship φl − φl−1 = φ, then total electric field is given by

E(t) =
+n∑
−n

E0 exp{j(ω0 + l∆ω)t+ lφ} (1.2)

= A(t) exp(jω0t) (1.3)

where ω0 is the central frequency,∆ω is the frequency difference between two consec-

utive modes and A(t) can be written as follows

A(t) =
+n∑
−n

E0 exp{jl(∆ω)t+ lφ}. (1.4)

Transforming the time such that ∆ωt′ = ∆ωt+ φ, we get from the above equation

following result for A(t)

A(t′) =
+n∑
−n

E0 exp{jl∆ωt′}. (1.5)

= E0
sin{(2n+ 1)∆ωt′/2}

sin(∆ωt′/2)
(1.6)
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By plotting the output intensity (I(t) ∝ A2(t′)/E2
0 ) against time, one can show that

output from the laser will be a repetitive pulsed train. The pulse will appear at

∆ωt′/2 = nπ with n=0,1,2....π (1.7)

so the time difference between two consecutive pulse can be written as

t′ = 2π/∆ω = 1/∆ν. (1.8)

The full width at half maximum(FWHM) pulse duration is approximately equal to t′p

which comes at the next zero of I(t′) i.e.

(2n+ 1)∆ωt′p/2 = π (1.9)

t′p = 2π/(2n+ 1)∆ω = 1/∆νL = 1/Total gain bandwidth (1.10)

It is important to see that gain medium with larger gain band leads to shorter pulse

duration via mode-locking. This is the reason why Ti : Sapphire is most widely used

oscillator for generation of short laser pulses.

In time domain, mode locking means selection of a noise pulse and allow it to

amplify while suppressing other noise pulses such that the former one is getting am-

plified. This is equivalent to locking of longitudinal models in the frequency domain

as described earlier.

There are mainly two methods to achieve mode-locking : active mode locking

and passive mode locking. The former is the result of external modulation of cavity

losses by external source like acoustic-optical modulator while the latter is achieved by

insertion of a intensity dependent saturable absorber. We will only describe Kerr-lens

mode locking which is used in the widely available laser system such as Ti : Sapphire

laser.
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1.1.2 Kerr Lens Mode Locking

The discovery of self-mode-locking[4] which produced 60 fs pulse from a Ti : Sapphire

without a saturable absorber, completely revolutionized the field of ultra-short laser

pulse generation. Initially it was termed as magic mode locking but sooner it was

explained by the self focusing[2] of the laser beam due to Kerr non-linearity of the gain

medium[8]. Consider the propagation of a spatial Gaussian profile beam in optical

Kerr medium. Due to the optical kerr effect (n = n0 + n2I), the refractive index is

more along the axial direction of laser medium in the center of the beam compared

to its value at the periphery. Consequently the beam is slower in the center than in

the outer parts of the medium which leads to the self focusing of the beam towards to

the center. It means that stronger intensity part of the Gaussian beam will be strongly

focused than the lesser intensity part where the focusing will be negligible. Clearly,

the central part of the beam will be subjected to less cavity losses than the outer part

of the input beam which leads to the amplification of higher intensity portion of the

pulse at the expense of the suppression of lower intensity portion of the pulse. This is

nothing but the self-mode-locking of the modes in the time domain. One can enhance

the self-locking process of the modes by putting a thin aperture ahead of the optical

medium such that in passes the stronger intensity portion of the beam and blocks

the lower intensity part of the beam. A slit can be placed inside the cavity to help

the self-locking process since it increases the difference between the losses undergone

by the weak intensities and those undergone by the intensity maxima. Till now we

have only explained that how the pulsed regime is favoured over continuous regime

in a mode locked laser. We have to also explain the pulse shortening achieved in

this kind of mode locking technique. Actually, along with self focusing of laser pulse

inside the optically active medium, there also exists non linear Kerr effect due to time

dependent intensity profile (self phase modulation) of the laser beam which broadens

the frequency spectrum of the pulse. This allows the pulse to be further shortened

which could have not been obtained by the normal mode locked lasers.
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Figure 1.1: Schematic of chirped pulse amplification (CPA) method (a), matched stretcher and
compressor of the CPA technique (b) (taken from Ref. [9]).

1.1.3 Chirped pulse amplification

Many interesting applications of ultra-short pulses require high peak powers which

are not available from the conventional mode-locked oscillator. Historically femoto-

second pulses were amplified dye cells but it was only possible to get millijoule energy

of pulse due to the lower saturation fluence. With the advent of novel solid state gain

medium in the 1980, it became possible to extract more energy due to high satura-

tion fluence few joule/cm2. However, amplification of femtosecond pulses lead to the

beam distortions and optical damage at higher intensities due to intensity dependent

non linear effects like self focusing and self phase modulation long before the level of

saturation fluence is reached.

In 1985, Strickland and Mourou[5, 6] discovered a new technique called ”chirped
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pulse amplification” for amplification of femtosecnd pulses. The triumph of this tech-

nique was that one can reach upto very high intensities without inducing significant

self focusing and self phase modulation which could otherwise lead to catastrophic

optical damage. Nearly all high peak power lasers system with ultra-short pulse du-

ration employ the technique of CPA in combination with the technique of optical com-

pression. A schematic of this technique is presented in Fig. 1.1. In CPA[10], first a

mode-locked laser pulse is generated with energies of 10−9J and pulse duration in

the range of 10−12 − 10−14 fs. These ultra-short pulses are passed through a stretcher

(optical fibre or diffraction grating arrangement) to stretch the pulse to typically 100ps

so that their power is reduced by nearly three orders of magnitude. Now the energy

content of these stretched pulses can be safely increased upto six to nine orders of

magnitude by passing through one or more stages of laser amplifiers. Once the suf-

ficient amplification is achieved by maximum possible extraction of energy from the

laser amplifiers, these pulses are further re-compressed back to femtosecond duration

by a use of optical compressor (another pair of diffraction grating arrangement). The

output pulse after the compression is a very short pulse with high peak powers. When

these high power, ultra-short pulses are focussed onto a small area, intensities of the

order of atomic unit of intensity ( 1016W/cm2) are readily achieved.

1.1.4 Generation of intense, few cycles laser pulses

Till now we have seen the working principles of generation of intense laser light with

femtoseconds pulse duration. With the advancements made in the field of ultra-short

laser systems, it has become possible to generate the intense light pulses with pulse

durations consisting only a few optical cycles where one laser period is defined as T =

2π/ω[11]. The generation of few cycles laser light pulses works on the two principles

: Self-phase modulation creates extra frequencies in the original pulse through a Kerr

medium and optical compression by group velocity dispersion squeezes that extra

bandwidth to narrower pulse width. The interplay between SPM and GVD is the basis

of all pulse compression techniques till today. To understand the process of SPM, we

consider the propagation of light pulse with Gaussian time profile (I(t) = exp(−Γt2)
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Figure 1.2: Left Temporal variation of a Gaussian light pulse; Right new frequencies as a
result of SPM (figure taken from Ref. [2]).

through a Kerr medium. The non-linear index of refraction can be expressed as

n = n0 +
1

2
n2I(t), (1.11)

For simplicity, if only plane electromagnetic wave is considered to be propagating in

the nonlinear medium

E(t, x) = E0exp{j(ω0t− kx)}, with k=
ω0

c
n(t) (1.12)

Now the time dependent frequency can be defined as

ω(t) =
∂(ω0t− kx)

∂t
= ω0 −

ω0

c

∂n(t)

∂t
x (1.13)

Above relation suggests that new low frequencies are generated in the leading edge

of the pulse (∂I(t)/∂t = +ive) and high frequencies are produced in the trailing part

of the pulse (∂I(t)/∂t = −ive). SPM offers a way to further shortening of the pulse

by introducing a spectral broadening of the pulse. Further compression of the pulse is

achieved by passing through either a fibre with anomalous dispersion or a dispersive

element like combination of diffraction gratings. The mechanism lies in the fact the
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Figure 1.3: (a)Photo ionization (b)Multi-photon ionization (c)Above threshold ionization (fig-
ure taken from Ref. [14])

redder part of the pulse becomes slower and bluer part of the pulse becomes faster

due to negative group velocity dispersion (For ω2 > ω1, ∆τ = −ive) experienced in

the medium. A technique based on using hollow fibre filled with noble gases for SPM

and a pair of quartz prism for negative GVD is used to obtain the pulse duration as

close to 10fs[12]. Another technique, using the self guiding or filamentation of intense

laser pulse propagation in a transparent noble gas, demonstrated 5.7 fs laser pulse

with an excellent spatial beam profile[13].

1.2 Behaviour of atoms under strong light fields : transition

from weak to strong light intensity regime

1.2.1 Photoelectric effect

The way light couples to the matter is a strong function of laser intensity. At low light

intensity, atom can be photo-ionized (Fig. 1.3(a)) by absorbing a single photon from

electromagnetic radiation provided the energy of the photon is greater than or equal

to the ionization energy of the atom (Einstein’s law of photo-electric effect)[15]. As

evident that photoelectric effect is a consequence of the idea that the light exchanged

energy with the matter in discrete quantities called ’photons’. The response of the
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atoms in this weak intensity regime is a linear function of the intensity.

1.2.2 Multi-photon ionization : non-linear photoelectric effect

When the intensity of light is increased further to interact with the atoms, multi-

photon ionization (MPI) of atoms start playing significant role. MPI, a further gener-

alisation of photoelectric effect, is a consequence of simultaneous absorption of more

than one photons (Fig. 1.3(b)). MPI was theoretically studied long ago in thirties[16]

but its experimental demonstration[17, 18] became only possible with the invention of

intense source of the light such as laser. MPI is a non-linear interaction as it fulfils the

condition, ~ω < Ip, where ~ω is the energy of single photon and Ip is the ionization

potential of the electron in the atom. MPI is the demonstration of non-linear character

of Maxwell’s equation i.e. dependence of dielectric constant (and magnetic permeabil-

ity) on the electric field strength which is observable at sufficiently high intensities.

The non-linear response of matter in the field of electric field can be described as

P = χ : E + χ : EE + χ : EEE + .... (1.14)

where the first term is linear susceptibility, second term, the lowest order non-linear

susceptibility and so on. For instance, the first demonstration of MPI[17] (Ip=12.13 eV

and ~ω=1.78 ev) can be explained as a effect generated by the polarization at frequency

ω created by the fifth-order non-linear susceptibility. This interpretation is analogous

to that fact the ionization is outcome of absorption of six photons[14]. Typically in-

tensities of 1010W/cm2 are the minimum requirement for the observation of MPI in

atoms. These intensity values are still much lower than the atomic value of inten-

sity (Iatm = 3× 1016W/cm2) that means that perturbative approaches are adequate to

study the MPI at these intensities. By using lowest order (non-vanishing) perturbation

theory (LOPT), the n-photon ionization rates are given by[19]

Γn = σnI
n (1.15)
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where n is the minimum number of photon needed for the ionization,σn is the gener-

alized cross section and I is the intensity of the incident light. The energy conservation

law reads for this non-linear photoelectric effect/MPI as

Ee = n~ω − Ip, (1.16)

where Ee is energy of the ejected electron. Note that the above equation is the gen-

eralisation of Einstein’s law and kinetic energy of electron is less than the energy of

single photon. Consequently, if we plot the electron energy distribution function, we

observe a single photon peak at energy n~ω − Ip. This picture prevails at weak laser

intensity.

1.2.3 Above threshold ionization

At sufficiently high intensities (I > 1011W/cm2), the ejected electron can absorb pho-

tons in excess of the minimum number required for the ionization to occur (Fig. 1.3(c)).

This process is called ”Above threshold ionization (ATI)”. This phenomenon was ob-

served in an experiment on 6-photon ionization of xenon atom performed at 1012W/cm2,

which showed, in addition to the expected electron peak, a second one separated from

the first by a photon energy[20]. The field induced distorted atomic potential is re-

sponsible for the absorption of more photons than required for ionization. Despite

being the difficulties with LOPT, the generalisation of perturbation theory led to the

following result

Γn+s ∝ In+s, (1.17)

where n is the minimum number of photons required for ionization and s is the excess

number of photons absorbed by the atom. Once again the the energy conservation

comes from the generalised Einstein equation

Ee = (n+ s)~ω − Ip. (1.18)

At laser intensity of (I = 1013W/cm2), it is observed that first peak of ATI spectrum
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Figure 1.4: (a)Tunnel ionization (b)Over the barrier ionization (figure taken from Ref. [22]).

is smaller than the peaks observed at higher electron energy and higher peaks do

not follow the usual power law described by the LOPT[21]. Moreover, the first peak

gradually disappears as the intensity is further increased. This observation clearly

reveals the breakdown of perturbation theory. This peak suppression is explained

by the fact that AC starc shifts in the presence of external laser field are small for

lowest bound states whereas they are of the order of electron ponderomotive energy

(Up)1 for Rydberg and continuum states.Consequently the there is a corresponding

increase in the intensity dependent ionization potential such that Ip(I) ' Ip + Up. If

this increase is such that n~ω < Ip + Up, then ionization by n photons is energetically

forbidden. However, the experiments involve use of smoothly varying intensity pulse

so the atoms will be exposed to range of intensities and the corresponding peaks in

the photo-electron spectrum will not completely vanish.

1.2.4 Tunnel ionization and over the barrier ionization

At low incident photon energy and sufficiently intense (< 1015W/cm2) laser field, the

atomic potential is distorted by the incident field such that the electron can tunnel

1Up is the cycle averaged oscillatory energy of electron in electromagnetic field. In non-relativistic
case, the value of Up(eV ) amounts to be equal to (e2E0/4meω

2) ≈ 9.33×10−14I(W/cm2)λ2(µm), where
E0, I, ω and λ are electric field, intensity, angular frequency and wavelength of incident laser electromag-
netic field. For typical value of laser intensity of 1016W/cm2 and wavelength of 800 nm, Up comes about
to be 600 eV, which is quite huge compared to the single photon energy of 1.54 eV.
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through the effective potential barrier formed by adding the atomic potential and in-

stantaneous laser field (Fig. 1.4(a)). This method of ionization is termed as optical field

ionization (OFI) or tunnel ionization (TI). It was the pioneering work of Keldysh[23]

who introduced a Keldysh adiabaticity parameter(γ) to define a transition from multi-

photon ionization (γ & 1) to tunnel ionization (. 1). The inherent assumption in

Keldysh [23] and keldysh type[24–26] theories to describe TI is quasi-static or adia-

batic approximation which means that the atom behaves at every instant of time as if

the electric field component of laser field were static. In other words, ionization is adi-

abatic if time taken by the electron to tunnel through the barrier (τtunnel =
√

2Ip/E0) is

shorter than time during which the electric field changes significantly. Mathematically

this condition reads as

γ = ωτtunnel . 1. (1.19)

As described earlier, denoting Up = E2
0/4ω

2 as ponderomotive energy of electron, one

can alternatively define γ as

γ =

√
Ip

2Up
. (1.20)

The use of adiabatic approximation facilitates the calculation of ionization rate in

terms of cycle averaged of the rate of ionization Wstatic [E(t)] by a static electric field E

whose instantaneous value at time t is E(t). The static tunnelling rate for ground state

of hydrogen atom is given as[? ]

Wstatic(E) ' 4

E
exp

(
− 2

3E

)
. (1.21)

More generally, for a hydrogenic positive ion of nuclear charge Z initially in its ground

state,

Wstatic(E) ' 4Z5

E
exp

(
−2Z3

3E

)
. (1.22)
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The tunnelling formulae given in previous equations can be generalised for arbitrary

bound states and non-hydrogenic systems to give following rate formula

Wstatic(E) = An∗lBl,mIp

(
2(2Ip)

3/2

E

)2n∗−|m|−1

exp

(
−2(2Ip)

3/2

3E

)
. (1.23)

The coefficient An∗,l comes from radial part of the wave function at r � 1/
√

2Ip de-

pends upon the effective principal quantum number n∗ and orbital angular momen-

tum number l. The coefficient Bl,m comes from the angular part of the wave function

and depends upon the orbital angular momentum and its projection m on the laser

polarization vector. The values of An∗,l and Bl,m are calculated as

An∗,l =
22n

∗

n∗Γ(n∗ + l + 1)Γ(n∗ − l)
(1.24)

Bl,m =
(2l + 1)(l + |m|)!
2|m||m|!(l − |m|)!

, (1.25)

where Γ(x) is the gamma function. The coefficientAn∗,l can be further simplified using

the Ammosov, Delone and Krainov(ADK)[26] approximation as

AADKn∗,l∗ =
1

2πn∗

(
4e2

n∗2 − l∗2

)n∗ (
n∗ − l∗

n∗ + l∗

)l∗+1/2

, (1.26)

where e is 2.718... and l∗ is the effective angular momentum number. For n∗ � l∗,

AADKn∗,l∗ '
1

2πn∗

(
4e2

n∗2

)n∗

. (1.27)

Using adiabatic approximation, the result for ionization in slowly varying laser electric

field (E(t) = E0 cos(ωt)) can be obtained by taking average of the static ionization rate

given by equation1.23 over a complete laser cycle. The final result is given by

Wad =

(
3E0

π(2Ip)3/2

)1/2

Wstatic(E0)

=

(
3E0

π(2Ip)3/2

)1/2

An∗lBl,mIp

(
2(2Ip)

3/2

E0

)2n∗−|m|−1

exp

(
−2(2Ip)

3/2

3E0

) (1.28)
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The ionization rate result given by equation 1.28 is known as Perelomov, Popov and

Terent’ev (PPT) rates[24, 25]. Once the coefficient An∗,l is replaced by AADKn∗,l∗ as calcu-

lated by ADK, the final ionization rated are termed as ADK rates[26]

Wad =

(
3E0

π(2Ip)3/2

)1/2

AADKn∗,l∗ Bl,mIp

(
2(2Ip)

3/2

E0

)2n∗−|m|−1

exp

(
−2(2Ip)

3/2

3E0

)
.

(1.29)

The ADK rate given by equation 1.29 is a rather a simple form which can be easily

computed.

When the intensity is further increased upto 1015W/cm2, the interaction poten-

tial between the laser field and atom becomes strongly enough to distort the effec-

tive potential barrier to a large extent (Fig. 1.4(b)). Consequently, the barrier be-

comes smaller and lower until the ground state remains no longer bound and the

electron simply passes over the barrier so the process is known as ”over the barrier

ionization(OTBI)”[19]. The critical field can be obtained by equating the maximum of

the combined potential (Coulomb plus laser) to the ionization potential of the atom or

ion so that the electron escapes without tunnelling. This critical field is given by

E = I2P /4Z, (1.30)

where Ip is the ionization potential and Z is the charge state of the relevant atom or

ion. The threshold intensity corresponding to this critical field is

Ith = I4P /16Z2. (1.31)

Ith(W/cm2) = 4× 109I4P (eV )/Z2. (1.32)
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1.3 Laser solid target interaction

As mentioned earlier, the response of matter to intense laser light is a strong function

of density. Till now, we have seen the interaction of independent atoms (in a gaseous

form) to the laser field which gives rise to information about fundamental ionization

processes and light interactions with free electrons. On the other hand, when high

density solid targets are exposed to incident laser electromagnetic field, the interaction

changes significantly. Various density effects like collisional ionization, recombination

and collective effects start playing important roles other than the fundamental ion-

ization processes and a soup of ions and electrons so called plasma is formed. These

high density and high temperature laser produced plasma is different than the con-

ventional plasma sources. Below we describe in short about the basic terminology

used in plasma physics

1.3.1 Introductory concepts of plasma physics

The plasma state of the matter is a gaseous mixture of positive ions and electrons

which show a collective or cooperative behaviour to external stimulus. Due to long

range coulomb forces ( r−2) compared to the neutral gas ( r−6), each plasma particle

interacts simultaneously with a large number of particles[27]. Thus, plasmas show

a collective response of many plasma particles to an external perturbation. Follow-

ing are the certain conditions which need to be fulfilled by any mixture of charged

particles to be called as a plasma.

1.3.1.1 Debye shielding

The most important characteristic of a plasma state is to to effectively screen or shield

the electric field of any charge imbalance (external or internal) created. This property

naturally maintains the quasi-neutral character of a plasma state. Consider an extra

positive charge +Q into an infinitely homogeneous plasma, which originally has equal

charge densities of electrons and singly charged positive ions ne0 = nio. It is naturally

expected that electrons will quickly surround the the positive charge and ions are



32 1.3. LASER SOLID TARGET INTERACTION

repelled by the presence of extra positive charge. Consequently, the net electric field

of +Q charge will significantly reduce after a characteristic length the so called Debye

length λd due to the screening as explained. The expression for λd is given as follows

1

λ2d
=

e2ne0
ε0kBTe

+
e2ni0
ε0kBTi

. (1.33)

The potential Φ(r)due to +Q charge is given by the following expression

Φ(r) =
Q

4πε0r2
exp(−r/λd). (1.34)

It may be noted from the expression of Debye length that it is a function of temper-

ature and particle density. More the temperature, shielding length will be more and

more the particle density, shielding length will me small. Thus for effective shielding

one requires the high particle density and low temperature of plasma. We can also

conclude from the spatial dependence of potential that a cloud of electron and ions

will behave as a plasma on scale lengths much larger than the Debye length(d� λd).

1.3.1.2 Quasineutrality

One of the definitive property of plasma is to maintain its quasi-neutrality i.e. the

plasma macroscopically almost neutral but there can be significant charge imbalances

on microscopic level. As mentioned in the discussion of Debye length, the effect of

charge imbalance does significantly dies away several lengths of |lambdad. This means

that plasma maintains its quasi-neutral character for distances d >> λd whereas the

distances less than λd are the regions of breakdown of charge neutrality condition. So

one can define the quasi-neutrality condition for distances greater than λd as

∣∣∣∣∣∣
∑
j

Zjeni0,j − ne0e

∣∣∣∣∣∣� ne0e, (1.35)

where j stands for the ion species j of charge number Zj . For singly charged ionic

species, this condition turns out to be as ni0 ≈ ne0
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1.3.1.3 Plasma parameter

Plasma parameter Nd is defined by the number of particles in the Debye sphere of

radius λd. Its value has to be� 1 so the statistical concept of Debye shielding remains

valid. Mathematically, one can write for electron Debye sphere as

Nde =
4

3
πneλ

3
d � 1. (1.36)

1.3.1.4 Response time and plasma frequency

As mentioned earlier that the Debye shielding is consequence of collective effects in

spatial domain. In the time domain, the collective effects are designated by the re-

sponse time of electron after which they achieve a shielded equilibrium. If the poten-

tial perturbation is small enough (eΦ� kBT ), the electron energy is slightly deviated

from its thermal value. Consequently, one can safely write the electron velocity as

ve ≈
√
kBTe/me. For the establishment of new shielded equilibrium, the electron

must be able acquire its new position at a typical distance of λd in a response time

of τ ≈ λde/ve. The reciprocal of this response time τ is called the electron plasma

frequency ωpe

ωpe = ve/λde =

√
nee2

ε0me
. (1.37)

It means that collection of oppositely charged particles qualifies to be called as a plasm

on time scales much greater than the inverse of electron plasma frequency (T � ω−1pe ).

1.3.1.5 Electrostatic response of a plasma

In general, plasma motion induced by an electric field produces an electromagnetic

field. In many cases of interest, the field produced by the plasma motion can be rep-

resented solely by an electric field, without being accompanied by magnetic field per-

turbations. In this situation, the plasma response is electrostatic. One of the example is

Debye shielding as discussed in the earlier section. In following we will consider the

oscillatory electrostatic response or electrostatic waves in the plasma in the absence

of magnetic field. As mentioned earlier that plasma oscillation are electrostatic in na-
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ture, but they are stationary oscillations of electrons around a mean position. In the

presence of a finite temperature, these plasma oscillations start to propagate. Electrons

streaming into adjacent layers of plasma with thermal velocities will carry information

about what is happening in the oscillating region. The plasma oscillation can then be

called as electron plasma wave. The dispersion relation for the electron plasma wave,

known also as plasmon:

ω2 = ω2
p + 3k2v2th, (1.38)

where ωp and vth =
√
kBTe/me represent the plasma oscillation frequency and ther-

mal velocity of electrons, respectively.

Plasmas also support ion-acoustic wave or ion sound wave in which ions play an im-

portant role. Here ions form regions of compression and rarefaction just as in ordinary

sound wave in a gas. But the difference is that ordinary sound waves would not oc-

cur in absence of collisions whereas ions can still transmit the vibrations to each other

because of their charge. Since the motion of massive ions will be involved, these will

be low frequency oscillation. The dispersion relation for ion-acoustic wave reads as

ω =

√
Te + γiTi

mi
k ≡ csk, (1.39)

where γi, Ti,mi and cs represent specific heat ratio, ion temperature, ion mass and ion

acoustic speed, respectively.

1.3.1.6 Ponderomotive force in plasma

The ponderomotive force per unit volume is related to the gradient of the radiation

pressure Pl. The radiation pressure due to the laser hitting at a sharp boundary in

the vacuum can be written as Pl = Il(1 + R)/c, with R as reflection coefficient at the

boundary. However, determination of radiation pressure in a plasma is not so straight

forward, it requires the knowledge of electromagnetic field inside the plasma. Thus,

one expects dependence of ponderomotive force on the electromagnetic fields in the

plasma[28]. Rather than attempting a rigorous derivation of ponderomotive force, let

us consider a simple non-relativistic (v/c� 1) case of a single electron osccilating near
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the center of a focused laser beam[29]. The equation of motion for the electron in the

linearly polarized laser ~Ey(r) = ŷEy(r) cos(ωt− kx) can be written as

∂vy
∂t

= − e

m
Ey(r). (1.40)

The laser is assumed to propagate along +vex direction and has a spatial intensity

dependence along y−direction as shown in the figure. Expanding the electric field via

taylor method gives electric field to be as

Ey(r) ' E0(y) cosφ+ y
∂E0(y)

∂y
cosφ+ ...., (1.41)

where φ = ωt− kx. To lowest order, we can get

v(1)y = −vosc sinφ; y(1) =
vosc
c

cosφ, (1.42)

where vosc = eE0(y)/mω. Substituting back into equation of motion for electron yields

∂v
(2)
y

∂t
= − e2

m2ω2
E0

E0(y)

∂y
cos2 φ. (1.43)

Multiplying by m and taking the cycle-average yields the ponderomotive force on the

electron

fp ≡ 〈m
∂v

(2)
y

∂t
〉 = − e2

4mω2

∂E2
0

∂y
. (1.44)

Above equation suggests that ponderomotive force acts in the opposite direction of

intensity gradient of laser i.e. this force will push electrons away from regions of

higher local intensity. It is important to note that this force is independent of the

charge of the species.

For its physical realisation, one considers the motion of free electron in the E field

with decreasing amplitude along y- direction[30] as shown in Figure1.5. A free elec-

tron is shifted by the E-field from its original position y0 to y1. From there it is then

accelerated to the right until it has passed y0. Now the electron is decelerated in the

forward direction as the electric field is reversed and it stops at position y2. If y′0 des-
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Figure 1.5: Schematic representation of drift of charged particle due to ponderomotive force
along the decreasing field amplitude.

ignates the position at which the field reverses its direction (y′0 > y0), the declaration

interval in right (y2 − y′0 is more than that acceleration interval in left (y′0 − y1). This is

due to the reason that electric field is weaker in the right side and therefore a longer

distance is required to take away the energy gained in the former quarter period of

oscillation. On its way back the electron is stopped at the turning point y3 which is

shifted away from its earlier position y1 in the direction of decreasing electric field

amplitude. Since this consideration is based energy and work so the drift along the

decreasing field amplitude is independent of the charge of the species (electron or

positron).

1.3.1.7 Landau damping

Landau damping is a phenomena of wave damping without energy dissipation by

collision. It was first discovered by Landau as a complete mathematical concept but

sooner it was demonstrated experimentally also. The physical reason behind this

method of energy dissipation is wave-particle interaction in which the particles with

velocities closer to wave phase velocity do not observe the fluctuating electric field of

wave and thus able to exchange the energy with the wave. Particles with velocities

slightly less than the wave phase velocity are accelerated by the wave electric field,
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gaining energy from the wave while the particles with velocities slightly greater than

the wave phase velocity are decelerated by the wave electric field, losing energy to

the wave. In Maxwellian plasma, there are more number of electrons with velocities

slower than the phase velocity of wave (vp = ω/k is the phase velocity of the wave)

than that of electrons with velocities faster than vp. Consequently, there will be more

number of electrons gaining energy from the wave than losing to the wave. Ultimately,

the wave will be damped and the process is termed as Landau damping.

1.3.2 Laser absorption in plasmas

1.3.2.1 Inverse bremsstrahlung

Inverse bremsstrahlung is the simplest mechanism by which incident laser energy is

absorbed in the plasma. As it is a well known fact that bremsstrahlung or braking

radiation is the radiation emitted by a charge particle when it encounters collisions

with other particles. Inverse bremsstrahlung or collisional absorption is the reverse

process in which an electron absorbs a photon while colliding with ions present in the

plasma. To understand it physically, we consider the free electron oscillating in the

laser electric field (ions, being heavy, serve as a neutralising environment). The di-

rected energy of electron motion is randomized and hence converted into heat energy

by collisions with ions. Alternatively, incident laser field drives electron current and

the resistivity produced by electron-ion collisions lead to ”Joule heating” of plasma[?

]. A detailed investigation which includes the solution of electron equation of mo-

tion in presence of damping term due to collisions and Maxwell’s equation, yields the

following dispersion relation for laser light propagating the plasma:

k2 =
ω2

c2
−

ω2
pω

c2(ω + iνei)
(1.45)

,where ωp and νei are plasma oscillation frequency and electron ion collision frequency.

For the case of plasma corona (νei � ω), a first order Taylor expansion of this equation
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yields

k2 ' ω2

c2

(
1−

ω2
p

ω2
+
iνeiω

2
p

ω3

)
. (1.46)

Solving this equation for k, by expanding the square root of the right-hand side of

above equation in the limits νei/ω � 1 and ω2 − ω2
p � (νei/ω)ω2

p , one gets

k ' ω

c

√(
1−

ω2
p

ω2

){
1 + i

(νei
2ω

)(ω2
p

ω2

)
1

1− ω2
p/ω

2

}
. (1.47)

The index of refraction can be calculated with the help of real part of above equa-

tion1.47, which reads as

η ≡ Re
{
kc

ω

}
=

[
1−

(ωp
ω

)2]1/2
. (1.48)

This equation suggests that η becomes imaginary for ωp > ω i.e. the light can not

propagate in the plasma for ωp > ω. Since ωp ∼ n
1/2
e , where ne is electron density,

that means light incident from the under dense region can only propagate up to the

density at which ωp = ω. This limit is called critical density
(
nec = ε0mω

2
0/e

2
)
, where

ω0 is the frequency of incident laser light. Now one can calculate the spatial damping

rate of the laser energy by inverse bremsstrahlung

κib = 2Imk =
(νei
c

)(ω2
p

ω2

)(
1−

ω2
p

ω2

)−1/2
. (1.49)

Using the definition of critical density and spitizer formula for electron-ion collision

frequency at critical density
(
νei = 4 (2π)1/2 Z2

i e
4ni ln∧/3 (kBTe)

3/2m
1/2
e

)
, one get the

absorption coefficient

κib ∝
Zin

2
e

T
3/2
e

(
1− ne

nc

)−1/2
(1.50)

The dependence of κib on ne/nc reflects the fact that a large fraction of the inverse

bremsstrahlung absorption occurs near the critical density. It is important to note

that inverse bremsstrahlung absorption is efficient only if enough number of collisions

take place. But νei ∼ T
−3/2
e , which means that this process becomes less significant at
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higher temperature or high laser intensity. At high laser intensity, other processes for

absorption of laser energy comes into the picture which will be described in the next

section.

1.3.2.2 Resonance absorption

Resonance absorption is an alternate mechanism of laser energy absorption at high in-

tensities and high temperature where IB becomes insignificant. When a p-polarised1

light is incident at an angle other than zero from normal incidence on a spatially in-

homogeneous electron density profile, electron plasma waves are excited. This oc-

curs due to the condition that the component of laser electric field becomes parallel

to the plasma density gradient. Near the critical density the electric field becomes

very large and will resonantly excite these electron plasma waves. The damping of

these waves (either collisional or collision-less such as Landau damping) eventually

transfers the electromagnetic energy into thermal energy, thus heating the plasma.

This whole process of conversion of laser energy into plasma heating via generation

of electron plasma waves and their damping, is termed as resonance absorption. This

process is impossible for s-polarised EM wave due to the absence of any component

of electric field parallel to density gradient of electrons.

Consider the laser propagation in the y-z plane at angle θ0 to the normal of the

vacuum-plasma interface (z = 0) with the linear variation of electron density on the

plasma side (Figure1.6). The dispersion relation characterizing the light wave is

ω2 = ω2
p +

(
k2y + k2z)

)
c2. (1.51)

Since the variation of electron density is along z-direction, ky is constant and can be

written as ky = ω sin θ0/c. Since the reflection of EM wave occurs at the surface where

kz = 0, so one find the following realizations

ne = nc cos2 θ0, ωp = ω cos θ0, z = L cos2 θ0. (1.52)

1For p-polarised electromagnetic wave, the electric field of the wave lies in the plane of incidence.
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Figure 1.6: Propagation of linearly polarized laser in the y-z plane (figure taken from Ref.
[28]).

Even though an obliquely incident light wave reflects at a density less than the critical

density, its field still tunnels into the critical density region and excites the resonance.

If the angle of incidence θ is too large, the light will be turned away far from the

the critical density and the incident wave has to tunnel through too large distance

to reach n = nc. If the angle θ is too small, the component of the electric field at

the turning point will be too small. In both these cases, resonance absorption will

be small. The optimum angle of incidence for which absorption will be maximum is

given as sin θ ' 0.8 (c/ωL)1/3, where L is the density scale length. It is important to

note that RA is larger than IB for parameters like high laser intensity or high plasma

temperature; longer laser wavelength i.e. lower value of nc; and short plasma scale

length L. It has been shown that absorption due to RA can approach up to about 50%

at sufficiently high laser intensities for correct value of laser polarization and angle of

incidence.

1.3.2.3 Other mechanisms

Various other mechanisms for laser energy absorption exist in the laser solid plasma.

We will briefly discuss about them. Vacuum heating, proposed by Brunel(1987)[31],

is one of the important mechanism which works in for femstosecond interactions in
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steep plasma density gradient. Electrons near the edge of a sharp vacuum-plasma

boundary is able to see directly the laser field. Indeed, a thermal electron arriving

near the edge at the right moment in the laser cycle may be dragged out violently

into the vacuum well beyond the Debye sheath. As the field reverses its direction,

this same electron will return to the vacuum-plasma interface and accelerated back

into the plasma. Electric field of the laser can not penetrate more than the skin depth

of the plasma, so the propagation will be unaffected from the laser electric field and

eventually dump its energy into the plasma through collisions.

Another phenomenon similar to vacuum heating is j × B heating mechanism

which becomes important for normal incidence and relativistic quiver velocities[32].

Only difference from vacuum heating lies in the driving term which for this case, is

the high-frequency v × B component of Lorentz force operating at twice of the laser

frequency. Actually, the longitudinal force due to linearly polarised electromagnetic

wave of frequency ω consists of two parts: first is usual DC ponderomotive force

which pushes the electron density profile inwards and the second, high frequency

term leads to the heating in a similar fashion to the component of a p-polarised elec-

tric field parallel to the density gradient.

Incident laser light is also capable of coupling with the natural collective modes

of the plasma like electron plasma wave or ion-acoustic wave through the parametric

excitation1 processes such that these modes grow and becomes unstable until they sat-

urate in a turbulent state[? ]. If we can define a matching condition among frequency

and wave-numbers such as ω0 = ω1 + ω2,k0 = k1 + k2, where (ω0,k0) is frequency

and wave number for pump wave that decays into two waves (ω1,k1) and (ω2,k2),

one can define various parametric processes in laser produced plasmas as following[?

]: For example, if ω0 ≈ ωp and ω1 and ω2 corresponds to plasmon and an ion wave, the

process is called decay mode which results into the absorption of laser. This effect occurs

close to critical density ne ≈ nc. If the pump wave with frequency ω0 > 2ωp decays

into a photon and a plasmon, leading to laser scattering, the process is called stimulated

1A parametric excitation process is defined as a non-linear phenomena where a periodic variation in
the medium induces growing oscillation at different frequency.
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Raman scattering (SRS). This instability reduces the laser absorption, ω0 > 2ωp implies

the occurrence of this process at ne < nc/4. The laser pump with frequency ω0 > ωp

can also decay into ion wave and backscattered photon and thus reduces the laser ab-

sorption. The process is termed as stimulated Brillouin scattering (SBS). ω0 > ωp implies

that this instability occurs at ne < nc. It is also possible that laser pump wave with

frequency ω0 = 2ωp may decay into two plasmons, inducing laser absorption. This

phenomena is known as two plasmon decay or 2ωp instability and occurs at ne = nc/4.

1.4 Laser-cluster interaction

The advent of high intensity (1015W/cm2) and short pulse (≤ 1ps) laser has revolution-

ized the field of laser matter interaction. We have already seen the two extremes states

of matter : high density solid target and low density gas target which interact with the

laser field. One of the important applications of these studies is to produce the parti-

cles (electron and ions) and photons that have energies far beyond the single incident

photon energy. As far as gas targets are concerned, they have appeared as a promis-

ing target for conversion of laser energy into conversion of bright, coherent soft x-rays

through harmonic generation and x-ray lasers[33, 34]. Moreover, these targets do not

produce any debris. However, their use is limited due to poor absorption of laser light

into the gaseous atoms that ultimately turns into a reduced conversion efficiency of

laser photons into x-ray photons. On the other hand, if gas targets are replaced by

solid targets, laser energy is strongly absorbed due to the various mechanisms such

as IB, RA, and various parametric instabilities as mentioned in the previous section.

The enhanced absorption of laser energy is reflected into energetic photons as well

particles with energies in the range of MeV[35, 36]. The problem with the solid targets

is generation of debris which is detrimental to optics and vacuum present in the laser

plasma experiments.

Now here comes the clusters which are uniquely placed in between the gaseous

and solid targets and contain both the advantages of solid and gaseous targets (Fig.1.4).

For instance, energy absorption efficiency of laser light by clusters is more than that
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Figure 1.7: Clusters intermediate to gas and solid target gives rise to the emission of energetic
particles after the irradiation by short and intense laser fields

of solid target yet the particle emission from cluster is debris free much like as in

gases. The high local density of atoms (nl ∼ 1022 atoms/cm3) inside a cluster, lack

of thermal dissipation and collective effects (cluster sizes are much smaller than the

wavelength of incident laser light) are responsible for enhanced energy absorption

by clusters compared to the solids. The low average density of atoms (na ∼ 1015

atoms/cm3) in the clustered beam leads to the debris free emission of particles from

cluster explosion. It has been shown experimentally that clusters absorb more than

90% of incident laser energy[37]. The outcome of this enhanced absorption of in-

cident laser energy translates into ejection of highly-charged ions[38] with energies

upto MeV[39], KeV electrons[40] and emission of x-rays ranging from Kev[41] to hun-

dreds of eV (< 500eV )[42, 43]. Laser-driven particle accelaration[44], coherent and

incoherent X-ray generation[45], nuclear fusion in deuterium clusters[46], production

of efficient plasma wave guides[47] and high orders harmonic generation[48] are few

of the important application of laser-cluster interaction.

These clusters are produced by the isentropic expansion of a high pressure gas

with sufficiently large polarizability through a nozzle into the vacuum[49]. The de-

crease of temperature due to the isentropic expansion process allows the weak Van

der Waals interaction to take effect between the gaseous atoms that leads to the forma-
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tion of near-solid state density droplets, so-called clusters, embedded in a low density

surrounding gas. All of the clusters thus formed are not of a single size, but they have

a distribution known as long normal distribution. Hagena obtained a empirical rela-

tionship for a parameter so called Hagena parameter which charaterizes the average

size of the clsuter. The Hagean parameter is defined as:

Γ∗ = k

[
d(µm)

tan α

]0.85 p0(mbar)
T 2.29
0 (K)

(1.53)

where d is the jet throat diameter, α is the jet expansion half angle, p0 is the backing

pressure, T0 is the stagnation temperature and k is a constant that depends on the

particular atomic species (k = 5500 for Xe, 2890 for Kr, 1650 for Ar, 180 for Ne, and 4

for He [50]). Most studies suggest that clustering begins when this parameter exceeds

300 where the average size of the cluster varies as (Γ∗)2.0−2.5 [49]. The average size of

the cluster in terms of number of atoms per cluster can be written in terms of Hagena

parameter as

Nc
∼= 33

[
Γ∗

1000

]2.35
(Γ∗ ≤ 104) (1.54)

Nc
∼= 100

[
Γ∗

1000

]1.8
(Γ∗ > 104) . (1.55)

Eq. (1.55) is the modified scaling law given by Dorchies et al. [51] which is valid when

Hagena parameter is of the order of 104 or more.

Once the clusters are formed, the next question comes how do they interact with

the laser field. In general, the laser-cluster interaction proceeds through three sub-

processes: viz. ionization of atoms, absorption of laser energy, and expansion of clus-

ter. While considering the interaction process, one has to clearly differentiate between

the inner and outer ionized electrons. Inner ionization refers to the removal of elec-

tron from parent atom yet confined in the cluster due to coulomb force of residual

ions. On the other hand outer ionization refers to the removal of electron form cluster

itself as the electron achieve sufficient energy to overcome coulomb barrier of cluster.

The heating of the cluster plasma is mainly governed by the inner electrons as a out-

come of inner ionization via inverse bremsstrahlung and collective resonance effects.
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The cluster plasma expands depending on the population of inner electron. If the

space charge is strong enough t retain most of electrons inside the cluster, then cluster

plasma expands due to pressure of electron gas. This mode of cluster expansion is

known as hydrodynamic expansion. On the other hand, if most of the electrons leave

the cluster immediately then cluster explodes due to the repulsion among remaining

positive charges of ions in the cluster. This is called Coulomb explosion. Theoretical

modelling of the intense laser pulse interaction with rare-gas clusters is a challenging

subject involving the nonlinear, nonperturbative response of many ions and electrons.

Recent review[52] provide the overall status of the subject. Below we describe certain

theoretical models to completely explain the each process in detail.

1.4.1 Coherent electron motion (CEM) model

This model, the earliest one, was put forward to explain the anomalous x-ray line

emission from Kr and Xe clusters driven by high intense (0.5− 80× 1017W/cm2), 248-

nm laser with pulse duration ∼ 300fs[41, 53]. These were the first experiments which

opened up a new and fascinating era of laser-cluster interaction which surprisingly

gave rise to x-ray photons with energies far beyond the conventional atomic counter-

parts. According to this model[54], the rare-gas cluster is considered as a spherical

group of atoms held together by weak van der Wall forces and characteristic dimen-

sion of the cluster has to be smaller than skin depth. The initial ionization of atoms is

due to the optical field ionization. In the presence of strong electromagnetic field and

sufficiently large cluster, these tunnel ionized electrons are accelerated by the external

optical field and collide with the other atoms or ions within the same cluster to create

further ionization. Thus the production of inner-shell excited species can give rise to

the prompt x-ray emission. This model was further generalised to match with the ex-

perimental findings[55]. The most important one was the coherent or ordered motion

of the (Z) field-ionized electrons induced by the external driving field. The collection

of coherently driven electrons behaves like a quasi-particle with a charge Ze and mass

Zme which greatly enhances the coupling between the atom/ion and quasi-particle. It

was also proposed to allow the process of multiple electron ejection from a inner-shell,
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to account for the high-charge states of the ionic species. Experimental findings were

greatly accounted for by inclusion of these considerations.

1.4.2 Nanoplasma model

Experiments by Ditmire et al[43] on laser driven clusters revealed very efficient ab-

sorption of laser light and similar strong x-ray emission as observed by McPherson et

al. The difference was that the emission from these interactions was long lived (∼ 1ns),

contrary to the results of McPherson et al where the x-ray emission was observed to

be prompt (∼ 100− 1000fs) after excitation by laser[]. To explain these results, it was

suggested that incident short pulse laser interacts with the cluster which is nothing

but a small ball of high-density plasma, and so the name nanoplasma. The clusters

serve only to absorb the laser energy, with the bulk of the x-ray emission occurring

after the cluster has expanded in to a underdense plasma. There are two important

length scales: one is Debye length of cluster plasma λd =
√
ε0nee2/kTe = 5Å (for a

solid density, 1000 eV plasma) and the other is laser wavelength (λ = 800nm). The

typical cluster sizes (∼ 100Å) lies in between two extreme limits so that assumption

of small plasma ball of cluster plasma is justified. The smallness of cluster plasma al-

lows to ignore the spatial variation of laser field across the cluster and all of the atoms

and/or ions see the spatially uniform optical field of incident laser. There are two

important assumptions made in this model[43]: one is high degree of collisionality in

the cluster (for the attainment of Maxwellian electrons distribution) and second is the

uniform density within the cluster throughout the cluster expansion.

The ionization of the cluster atoms is due to both tunnel ionization and electron

impact ionization. Both thermal electrons and laser driven oscillating electrons con-

tribute to electron impact ionization rate. Incident laser primarily deposits its energy

into the free electrons in the cluster and that this energy deposition is through colli-

sional inverse bremsstrahlung. Assuming the cluster as dielectric sphere, the heating

rate averaged over a laser time cycle can be written as:

∂U

∂t
=

ω

8π
Im [ε] [E]2 (1.56)
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The electric field calculation inside the cluster is similar to find out the field within the

uniform dielectric sphere surrounded by a constant electric field[56]. Thus the E-field

inside the cluster is given as

E =
3

|ε+ 2|
E0, (1.57)

with E0 as field outside the cluster. Substitution of electric field from equation 1.57 in

equation 1.56, gives the heating rate as

∂U

∂t
=

9ω

8π

Im [ε]

|ε+ 2|2
|E0|2. (1.58)

The expression for dielectric constant ε is calculated by the Drude model[57]:

ε = 1−
ω2
p

ω (ω + iνei)
, (1.59)

where ωp and νei represent the plasma frequency and electron-ion collision frequency.

It is instructive to see that both electric field and heating rate goes to a maximum

when |ε + 2| goes to a minimum, which is a clear indication of resonance. The mini-

mum value of |ε+2| corresponds to plasma frequency ωp =
√

3ω or in terms of electron

density ne = 3nc, where ω and nc represent the laser frequency and critical density,

respectively. Initially the cluster plasma is overcritical i.e. ne � 3nc but as the plasma

expands the electron density reduces and resonance occurs at ne = 3nc. The expan-

sion of the cluster plasma occurs in the combined action of hydrodynamic pressure

(Pe = nekTe) of heated electron gas and Coulomb pressure (PCoul = Q2e2/8πr4) from

a charge build-up on the cluster resulting from outer ionization of cluster. It is impor-

tant to note that for small clusters Coulomb force is important through 1/r4 scaling

law. Once the cluster expands, however, the hydrodynamic force will begin to domi-

nate since the hydrodynamic pressure scales as 1/r3 (through electron density ne).

1.4.3 Ionization ignition model

As mentioned earlier that nanoplasma model does not consider the local coulomb field

within the cluster for calculating the ionization rate. Rose-Petruck et al first pointed
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out in their classical trajectory monte carlo (CTMC) simulation model that local field

strengths are sufficient to further field ionize the atoms in the cluster[58]. In their

model, the initial ionization was due to classical over the barrier ionization and fur-

ther ionization was facilitated by the electron impact ionization. The relativistic clas-

sical equations of motion for all of the electrons and nuclei were then integrated over

the duration of the laser pulse. When the ionization starts, the atoms/ions are still

very much confined in the cluster where as electrons are substantially heated by the

collisional processes and quickly removed from the cluster by the laser field. The high

charge density of ions along with the fast fluctuations of the electric field due to elec-

trons further enhances the ionization of the ions. This subsequent ionization proceeds

very quickly and can have the appearance of an ionization ignition once the thresh-

old intensity for single ionization is reached. The result of this ionization ignition leads

to higher charge states produced in the laser driven cluster compared to the isolated

atoms.

1.4.4 Modifications to nanoplasma model

As mentioned in the previous section that nanoplasma model is a uniform radial den-

sity model where radial electron density remains uniform during the cluster expan-

sion. The outcome of this assumption leads to resonance condition at electron density

of ne = 3nc. One of the main implications of this model a narrow resonance time

interval[59] which is given as:

δtres =
2

3

ν

ω

(
ne
3nc

)1/3 R

cs
(1.60)

for a cluster of radius R and electron density ne, where cs is the plasma sound speed,

and ν/ω is the normalized collision frequency at ne = 3nc. Model calculations sug-

gest that this time interval (δtres) is 6fs and 40fs for clusters of radii 100Å and 600Å

but the pump-probe and variable pulse width experiments suggested a much longer

time interval (severals of picoseconds) for these resonance[60]. This discrepancy was

resolved by Milchberg et al by considering the radial non-uniformity of cluster expan-
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sion in self-consistent one dimensional radial Lagrangian plasma hydrodynamic[59].

They found that even for smaller clusters, radial non-uniformity of electron density

is important and its inclusion results into long-time resonances at the critical density

plasma layer nc in stead of 3nc. This resonance is maintained throughout the pulse

duration as long as the cluster plasma does not expand below critical density. A sig-

nificant result of this is that the ponderomotive force, which is enhanced at the critical

density surface, can be large enough to strongly modify the plasma hydrodynamics,

even at laser intensities as low as 1015W/cm2 for 800 nm laser pulses.

The use of quasi-static dielectric constant as given by Drude’s model (ε = 1 −

ω2
p/ω (ω + iνei) overestimates the enhancement of electric field in clusters. In fact, cal-

culation of ε by this model is not suitable to describe the laser energy absorption due

to the rapid change in the electron density and plasma temperature resulting from the

resonant heating and expansion of clusters. In stead of this, Liu et al[61] modified the

Ditmire’s nanoplasma model by inclusion of an effective plasma dielectric constant

(εeff = ε + iε/ω), which is obtained by solving the Maxwell’s equations for a rapidly

expanding plasma. It can be shown that the electric field calculated by using εeff is

much smaller than that by using ε. At the resonance point, the rapid change of elec-

tron density and temperature results in the rapid change of the plasma current density

associated with the free electrons. This plasma current density will produce an elec-

tric field that to some extent weakens the resonance enhancement of the electric field

inside the cluster.

In the framework of nanoplasma model, the electric field (E =
√

1 + (ω/νei)
2E0)

and rate of heating (∂U/∂t = 3ω2I0/cνei) at the resonance (ωp =
√

3ω) strongly de-

pend on the value of electron-ion collision frequency. Both of them may approach to

very large values if νei becomes very small. In fact, the νei is known to be inversely

proportional to the cube root of the electron velocity[43] except for the slowly vary-

ing Coulomb logarithm term. So near the plasma resonance, both the laser intensity

and quiver velocity (vq = eE/mω) of electron increases. This reduces the collision

frequency and consequently, the electric field increases inside the cluster. This feed-

back loop continues and leads to significantly small value of νei and enhanced value
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of E inside the cluster. The enhancement of the heating when the collision frequency

tends towards zero seems paradoxical. Megi et al[62] suggested that the consideration

of other damping mechanism like electron cluster surface collision effects can resolve

this issue. In fact, the damping effect can be accounted for by an effective collision

frequency, νeff = νei + Av/R, where v is the effective velocity of electron defined

as vector sum of electron thermal velocity and electron quiver velocity. The second

term in νeff signifies the contribution from collisions with cluster surface. Now near

the resonance, νei reduces as mentioned earlier but the surface term increases with

the electron velocity and thus prevents the total collision frequency dropping and the

electric field inside the cluster diverging.

The original nanoplasma model of Ditmire et al[43] only takes into account first-

order ionization processes in which a valence electron is directly promoted from the

ground state to the continuum. This original nanoplasma model by Ditmire et al can

not explain the experimental results on laser driven Ar clusters performed by Micheau

et al[63]. In that experiment, a prominent population of charge states with q ≥ 14 were

observed whereas the nanoplasma model only suggests charge states upto Ar13+.

These results can be explained by improving the nanoplasma model to include the

high-order ionization transitions involving intermediate excited states[63]. The effect

of lowering of ionization potential in the dense cluster environment was studied by

Hilse et al using a modified nanoplasma model[64]. In the regime of the dense non-

ideal nanoplasma, the bound state properties can be strongly affected by the inter-

action with the surround- ing particles. An important effect is the ionization energy

suppression which was treated by Hilse et al using the Stewart-Pyatt approach[65]. The

main result was the appearance of considerable higher ionic charge states if non-ideal

rates are used in the model.

1.4.5 Particle-particle/particle-mesh models

It is important to note that the nanoplasma model and its different variants are fluid

models i.e. they follow a statistical continuum picture. Due to this limitation, they

can not describe the interaction dynamics of laser-cluster interaction in microscopic
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manner. For example, fluid models can only account for the average values like av-

erage kinetic energy, average charge state etc. It is unable to predict correctly about

distribution of ion energies and various charge states which is generally achieved in

experiments. To gain more insight into the dynamics of laser cluster interaction, parti-

cle models were developed. These models are basically of two types : one is particle-

particle also knows molecular dynamics (MD)[66–73]and the other one is particle-

mesh typically know as particle-in-cell (PIC)[74–77] in the literature.

Inner ionization of clusters is due to optical field. The contribution from opti-

cal field is either over the barrier or tunnel ionization. The ionization due to im-

pact of electrons with atoms/ions is considered by using semiempirical Lotz cross

section[78, 79]. Once inner ionized, both MD and PIC use classical equations of mo-

tion to advance the particle in time domain. The difference lies in the calculation of

total force appearing in the equation of motion. In MD, the force on each particle is

the sum of all two-body Coulomb forces from other charged particles which scales as

O(N2) for N number of particles in the cluster plasma. The force due to the laser elec-

tromagnetic field is also added to this force. In the PIC, the field is computed on a grid

of cells, and the force on the particles is calculated from the interpolated fields at the

particle position. The computation time scales asO(N) forN number of particles. PIC

methods are less time consuming than MD methods due to linear dependence of com-

putation time on number of particles. Similarly, MD methods are grid-less calculations

compared to their PIC counterparts. The grids become difficult to handle in three di-

mension whereas MD does not offer this kind of complexity, so easily extendible to

three dimension. If the size of the cluster is not large (103 − 105), MD methods are

favourable than PIC methods but for large sized clusters one has to choose the PIC

methods. It is noteworthy to mention that N2 problem of MD calculations can be im-

proved by using Barnes and Hut algorithm[80] in which the computation time scales

as O(N logN).
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1.4.6 Non-linear Models

Till now all models which are used to explain the enhanced energy absorption by

lasers, are based upon the linear resonance model used by Ditmire et al. Energy of the

laser is efficiently absorbed at the linear resonance condition ne = 3nc or equivalently

ωt = ωp/
√

3 = ω1. It was argued by Mulser et al[81] that this model of linear ab-

sorption does not work for ultra-short laser pulse duration or during the early-cycles

of a long-pulse laser cluster interaction. The reason is the much higher electron den-

sity compared to critical electron density or equivalently ωt � ω so that the condition

of linear resonance is never achieved. To account for the laser energy absorption in

this regime due to the absence of so called linear resonance, idea of non-linear res-

onance (NLR)[81] i.e. lowering of the eigenfrequency or resonance frequency with

increasing oscillation amplitude was proposed and also verified in the PIC simula-

tion results[82]. To explain NLR, a rigid sphere model of two interpenetrating spheres

(RSM) of positive charge (ions) and sphere of negative charge (electron) was consid-

ered. The potential between two spheres for small energy of excitation is harmonic

with eigenfrequency ωt � ω. As the amplitude of oscillation increases, the potential

becomes anharmonic and the restoring force becomes weaker than that of the linear

oscillator. Consequently, the eigenfrequency decreases and at some exciation energy

it may become equal to laser frequency leading to the resonance, the so called ”non-

linear resonance.

1.5 Outline of the thesis

In thesis, we describe the various features of interaction of van der Wall bonded atomic

clusters with high intensity lasers with pulse durations limited to hundreds of fem-

toseconds. In chapter 1, we mention briefly about femtosecond lasers. Atomic clus-

ters , an intermediate between gases and solids, when irradiated by femtoseconds

1The condition of resonance can also be achieved by modelling the motion of inner electron cloud
along the laser polarization direction by a driven and damped harmonic oscillator[69]. The eigenfre-
quency (ωt =

√
Qion/R(t)

3 = ωp/
√
3) of this oscillation is determined by charge and size of the cluster.

The condition of resonance is achieved when this eigenfrequency (ωt) matches with the laser frequency
(ω) due to the electron emission and cluster expansion
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laser demonstrate the experimental results which are advantageous than using gases

or solid, alone. Clearly, the ionization dynamics and further heating of the cluster

plasma is entirely different in laser driven clusters if compared to the laser driven

solids or gases targets. Keeping this transition in mind, we have introduced a general

introduction in chapter 1 which covers the lase atoms interaction along with the laser

driven solid target plasma. In the end of this chapter, we mentions the general features

of laser driven clusters and various models to describe this interaction.

In chapter 2, we describe our three dimensional relativistic molecular dynamic

model for studying the laser-cluster interaction. After the detailed description of the

code, the code is validated against various theoretical and experimental results.

Chapter 3 deals with the problem of enhanced energy absorption by laser driven

clusters. Although various models such as linear resonance predicted by nanoplasma

model, non-linear resonance model are used to explain this, but literature also sup-

ports the idea of no-resonance. In this chapter, we have used MD simulations to show

the existence of linear resonance for laser driven Ar clusters by varying the pulse du-

ration of laser.

Chapter 4 deals with the distribution of ions, in energy as well as number, ejected

from the Ar and Xe clusters when irradiated by the laser of pulse duration rang-

ing from hundreds of femtosecond to few laser time cycles. Clear revelation of this

anisotropy is observed that changes with the duration of laser pulse.

In chapter 5, we mention about the effect of few-cycles lase pulses on the ionization

dynamics of Xe cluster. For these ultra short pulses, the initial phase(φ) of the carrier

wave with respect to the envelope, so called carrier-envelope (CE) phase, is an impor-

tant parameter to completely describe the electric field. We have tried to see the effect

of CE phase in two different laser pulse duration regimes namely few cycles (τ1 = 2T0

with T0 as one laser cycle) and many cycles (τ2 = 8T0) for cluster targets.

The possibility of using laser driven deuterium or/and tritium cluster as a neutron

source, poses this problem of laser-cluster fusion to be studied in chapter 6. In partic-

ular, we study the effect of laser intensity, cluster radius and inter-cluster distance on

the neutron production by D-D or D-T reaction by using our MD code.
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Finally the thesis is summarized with main conclusions in chapter 7. The future

direction of the present work in also discussed in this chapter.



CHAPTER 2
Molecular dynamic simulation model and its validation

As mentioned in the previous chapter1, the interaction of high-intense laser with

atomic clusters proceeds through three sub-processes : ionization of atoms via tun-

nel ionization, absorption of energy by collisional processes augmented by plasma

resonance and further expansion of cluster by Coulomb explosion or hydrodynamic

expansion. Theoretical modelling of these processes is quite demanding as these pro-

cesses are nonlinera and nonpeturbative. In spite of that, various models have been

put forward. Among them, the most widely used model is Ditmire’s Nanoplasma

model. Due to its limitation of treating the cluster in statistically continuum fashion,

various particle models such as molecular dynamic and particle in cell models are

developed to study the interaction process in more detail. In this chapter 2, we will

describe our molecular dynamic (MD) model and validate it against various earlier

theoretical and experimental results.

2.1 Numerical model

We have developed a time dependent three dimensional relativistic particle-particle

(molecular dynamic abbreviated as MD for further usage) simulation model to study

the interaction dynamics of rare-gas clusters driven by femtosecond laser pulses. In

general, MD methods are employed to investigate the equilibrium properties or trans-

port properties of a system close to the equilibrium. We have used MD methods to

determine the temporal dynamics of a system, consisting of thousands of particles,

driven by strong fields which is far away from thermal equilibrium.

55
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Figure 2.1: Initial configuration of cluster inside the simulation box of size RIC . R0 is the
radius of the cluster and RW represents the Wigner-Seitz radius of the constituent atoms.

2.1.1 Description of the initial configuration

We consider a rare gas cluster as a tightly bound system withN number of constituent

atoms. The initial structure of rare gas cluster is assumed to be spherical with radius

R0. If the tightly bound cluster is assumed to be a spherical drop of liquid with den-

sity ρ, then number of atoms in the cluster can be calculated by dividing the total

volume (4/3πR3
0) of the cluster by volume occupied by a single atom (4/3πR3

W , where

RW is the Weigner-Seitz radius1 of the atom. This description of cluster geometry

as a spherical drop of liquid is analogous to the liquid drop model used in nuclear

physics[83, 84]. Thus the total number of constituent atoms is written as

N =

(
R0

RW

)3

. (2.2)

In our simulation model, the single cluster is assumed to be located at the origin of

1RW is equal to the radius of a sphere whose volume is equal to the mean volume per atom in the
system under consideration.

4

3
πR3

W =
V

N
=

1

n

RW =

(
3

4π

1

n

)1/3

=

(
3

4π

M

ρNa

)1/3

,

(2.1)

where M is the molar mass, ρ is the mass density, n is the number density and Na is the Avogadro’s
number. For example RW is 1.70, 2.02, 2.40, and 2.73Å for deuterium, neon, argon, and xenon clusters,
respectively[73].
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coordinate system inside a three dimensional simulation box extending from −RIC/2

to +RIC/2 along all three coordinate axes x, y and z. The cluster is situated exactly in

the center of the simulation box. Actually the size of the simulation box is equal to the

distance between two cluster i.e. an identical cluster is placed at distance RIC along

all six directions (+x,+y,+z,−x,−y,−z). This distance between two cluster is taken

to be, in general, an integral multiple of cluster radius RIC = n × R0. The parameter

n depends upon the density of clusters i.e. the cluster density is more, the distance

between two clusters will be less and so the number n. Opposite occurs when cluster

density is less. In general we have chosen this number to be approximately equal to 20

following the earlier simulations[71, 72]. In general, the volume occupied by the single

cluster is very small roughly ≈ 1% compared to total volume of the simulation box.

The space between between the cluster and surfaces of the box is assumed to be empty.

Strictly speaking, for initial distribution of atoms inside the cluster, one should choose

according to the lowest energy configuration[85] assuming the inter-atomic potential

to be of the form Lennard-Jones (VLJ = 4ε
{

(σ/r)12 − (σ/r)6
}

), where σ is the depth

of the potential well and ε is the characteristic length) type. These techniques are used

for position determination of atoms within the cluster consisting of hundred of atoms.

Since we are dealing with clusters consisting of several thousand of atoms, one has to

go for approximate methods. One of them is the random placement of atoms inside

the cluster of radius R0. We have used this technique for initial atomic configuration.

Further we assume that all atoms in the cluster are initially stationary. This is due to

the fact that initial motion of atoms in the cluster is insignificant compared to the final

highly energetic motion of particles (ions as well as electrons) as a outcome of cluster

explosion under intense laser irradiation.

This single rare gas spherical cluster of radius R0 is irradiated by a high intensity

near infra-red (λ = 800nm) laser pulse propagating along y-direction and polarized

in the x-direction. This kind of laser propagation leads to the variation of electric

and magnetic fields along parallel to x and z axes, respectively, i.e., E = [Ex, 0, 0] and

B = [0, 0,Bz]. The coupling of the laser pulse to an electron at position ~r is considered
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in the dipole approximation such that that the interaction potential can be written as

Vlas (~r, t) = e ~E(t) · ~r. (2.3)

This treatment is well justified in our case as the typical sizes of the cluster are much

smaller than the wavelength of the shining laser. Consequently, the spatial variation

of laser electric field is ignored across the dimensions of the cluster and only temporal

variation of the electric field is worth-considering. In our simulations, we have used

mainly Gaussian time profile for laser intensity, unless otherwise stated. The expres-

sion for temporal profile of laser intensity reads as

I(t) = I0 exp

{
−2.77

(
t

τ
− 1.6)

)2
}
W/cm2, (2.4)

where I0(W/cm2) and τ represent the peak laser intensity ans full width at half max-

imum (FWHM) pulse duration, respectively. Clearly, the peak of the laser pulse is

shifted from origin and is placed at t = 1.6τ . This pulse is similar to the pulses used

previous experiments and simulations[43, 73]. The time dependent electric and mag-

netic fields are related with intensity as

E(t) = E0(t) cos(ωt) (2.5)

E0(t) = 3× 104
√

8πI(t)105/c V/m (2.6)

B(t) = E(t)/c, T (2.7)

where ω is laser frequency and c(m/s) is the velocity of light.

2.1.2 Ionization mechanisms for laser driven clusters

2.1.2.1 Optical field ionization

As mentioned earlier, the choice of cluster material in our simulation studies is mainly

rare gas (Ar,Kr,Xe) clusters and typical intensities of irradiating laser are∼ 1016W/cm2
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at near infrared wavelength (λ = 800nm). As described in the previous chapter 1, the

Keldysh parameter
(
γ =

√
Ip/2Up

)
which decides the mode of initial ionization (tun-

nel or multi-photon[23]) due to the incident laser, turns out to be much smaller than

1 for the laser and cluster parameters used in our studies. For example, γ is equal to

0.10078 for Xe cluster with first ionization potential as Ip = 12.13eV and laser pon-

deromotive potential as 1 Up = 5.9712×102eV . Similar trends follow for other clusters

(Ip = 13.999, 15.759eV forKr andAr) at typical laser intensities of∼ 1016W/cm2. This

simple calculation of Keldysh parameter suggests that initial ionization mechanism of

atoms commences due to tunnel or optical field ionization in the presence of intense

laser fields[24–26]. Due to the complexity of Perelomov-Popov-Terentev (PPT) tun-

nelling rate, we use Ammosov-Delone-Krainov (ADK) rates for tunnel ionization. It

is important to note that ADK rates are easier to compute and can be easily attached

with a online code which repetitively calculates these rates as time progresses. The

ADK rate formula Wad for optical field ionization (OFI) as a function of laser field

strength reads as[? ],

Wofi =

(
3E0n

∗3

πZ3

)1/2
(2l + 1)(l + |m|)!

2|m|(|m|)!(l − |m|)!

×
(

2e

n∗

)2n∗
1

2πn∗

(
2Z3

E0n∗3

)2n∗−|m|−1

×
(
Z2

2n∗2

)
exp

(
− 2Z3

3n∗3E0

)
1

2.4× 10−17
s−1

(2.8)

where E0 =
√

2× 104 I/(c εo)/5.14×1011 is the electric field in atomic units, I(W/cm2)

is the intensity of laser light and c is the speed of light in SI units, εo is the permittivity

of free space, Z is the degree of ionization, n∗ = Z/
√

2Ip is the effective quantum num-

ber, Ip is the ionization potential in atomic units, e is the charge of electron, l andm are

the orbital and magnetic quantum numbers of outer electron respectively. Ionization

rate is calculated for each value of m and averaged over it. It is important to note that

the ADK rate formula used in Eq. 2.8 reverts back to the ADK rate introduced in Eq.

1.29 of chapter 1 when the value of n∗ is put as equal to Z/
√

2Ip in this Eq. 2.8.

1Up = 9.33× 10−14eV × I0[W/cm2]× [λ(µm)]2
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It is important to note that ionization ignition model of laser driven small rare

gas clusters described in chapter 1, considers the electric field of neighbouring ions

while calculating the ionization due to the incident laser pulses. The consideration of

the field of neighbouring ions can be very significant in certain situations like, (1) the

density of atoms in cluster is too high, which manifests small internuclear distance

between atoms, and (2) the interaction of very short but high intensity laser pulse,

which will result in quick ionization of cluster atoms to higher charge states without

any significant motion. In our simulation studies, we have not considered the situ-

ations in which the above mentioned conditions meet. Also, the ADK rates used in

our model are derived only for harmonic electromagnetic field variations where as

the inter-cluster fields are highly irregular. Thus it would be an over-simplification to

replace the laser electric field appearing in the ADK rate Eq. 2.8 by a resultant electric

field which is sum of laser electric field and inter-cluster field in situations mentioned

above. To account for these possibilities, one has to calculate directly the tunnel in-

tegral in the combined potential of laser and other particles which further leads to

calculation of tunnelling rate[86]. Furthermore it should be noted that even though at

later stage we achieve some higher charge states, but by that time the cluster will ex-

pand enough to lower the possibility of ionization due to the field of the neighbouring

ions.

2.1.2.2 Impact ionization

As mentioned earlier, tunnel ionization is initiating mechanism for cluster atoms un-

der the intense laser field irradiation. Due to high density of atoms/ions in the cluster,

possibility of impact ionization of atoms/ions can not be ruled out. Moreover, it has

been experimentally pointed out that collisional ionization is a very important mecha-

nism for further creating the high charge states due to high energy electrons achieved

as a results of gigantic resonance in the cluster plasma[43]. As the sufficient number

of electrons gets accumulated in the system, they further create new charge states due

to their inelastic scattering to atoms/ions. Knowledge of impact cross-section is an

essential ingredient to calculate the impact ionization rate. If σei denotes the impact
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cross section for an individual electron with ionization potential Ip due to the im-

pacting electron with energy (E > Ip), the sub-shell cross section for all qi equivalent

electrons will be qi times σei. Now the total impact cross section (σ) of the atom with

N sub-shell with corresponding sub-shell cross sections σi = qiσei can be written as

σ =
N∑
i=1

σi. (2.9)

Lotz[78] proposed an empirical formula for calculations of σ from the ground state

that can be written as

σ =
N∑
1=1

aiqi
log(E/Ip)

EIp
{1− bi exp [−ci(E/Ip − 1)]} ; ;E ≥ Ip, (2.10)

where i=1 is the outermost shell, i=2 is the next inner sub-shell, etc. In this equation,

ai,bi and ci are individual constants, which have to be determined by experiment,

theory or reasonable guess work. Generally the bi and ci are much smaller than value

of ai and one can take value of ai = 4.5 × 10−14cm2(eV )2 and bi = 0 for four times

and higher ionized ions as mentioned by Lotz[79]. So we ignore the values of bi and

ci in comparison of ai. Further, formula2.10 can be clubbed togther with a Maxwelian

elecron distribution at tmeperature T

dn

n
=

2

kT

(
E

kT

)1/2

exp(−E/kT )dE (2.11)

and yields the rate of impact ionization (s−1)

Wci == 6.7× 10−7
ne a q

Ip
√
kTe

∫ ∞
Ip/kTe

e−x

x
dx s−1 (2.12)

where a is given in 10−14cm2(eV )2, and Ip and kTe in eV. Here we have only consid-

ered the contribution from the outermost sub-shell (i = 1) and so removed the symbol

of
∑

and subscript i.

The collisional ionization rates for neutral Xe (Ip = 12.49 eV), Xe25+ (Ip = 0.86

KeV) and Xe43+ (Ip = 3.33 KeV) as a function of electron energies are presented in
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Figure 2.2: Collisional ionization rates for Xe, Xe25+ and Xe43+ as a function of impact
electron energies.

Fig. 2.2. The results using this classic model are in excellent agreement with the one

semi-relativistic configuration-average distorted-wave method presented by Loch et

al. [87].

It is important to note that empirical cross-sections for impact ionization are not

necessarily very practical from the point of view of users. As in our case, we deal with

a large number of atoms with tens of ionized charge states and we have to calculate

these rate coefficient again and again which makes their use a bit time consuming.

Therefore, we look for some fitting formulas so that one time operation can solve the

purpose. Voronov et al[88], suggested a fitting formula for the elements with atomic

number ranging from 1 to 28

Wci = ne A
(1 + P U1/2)

(X + U)
UKe−U s−1 (2.13)

where U = Ip/kTe, ne, Ip and kTe are electron density, ionization potential (eV ) and



63 2.1. NUMERICAL MODEL

electron temperature (eV ) respectively. P , A, K, X are adjustable parameters.

In our code, impact ionization rates are calculated by Voronov’s fitting formula

given by Eq. 2.13 for light element (Z < 28) clusters like Ar, Kr. For heavier element

clusters like Xe, we have used the Lotz empirical collisional ionization rate given by

Eq. 2.12.

It should be noted that the collisional ionization rates calculated by Eqns. 2.12

and 2.13 relies on the electron density, i.e. the assembly of thermal electrons, which is

calculated by the knowledge of the number of electrons inside the cluster. It might be

a matter of debate that the plasma formed by the cluster qualifies to be thermal so that

the collisional ionization can be calculated by the Lotz formula. However, in previous

studies the usage of this methodology is proved to be very efficient in predicting the

charge states seen experimentally [43, 89].

2.1.2.3 Implementation of ionization

The final removal of electron with the atom is performed in Monte-Carlo fashion as

our code is a particle-particle code i.e. we deal with the individual particles, not with

the fluid. It is customary to use ionization rates directly in the rate equation dealing

with the number of particles in hydro-codes. In our case, we have to decide whether a

particular atom will be ionized or not i.e. either it is 0 or 1, nothing in between. In other

words, hydro-codes involve the smooth evolution of charge states whereas particles

codes rely on the method of jump (increase the charge by one). It is the reason Monte-

Carlo decision making comes into the picture. Once we know the tunnel ionization

rate (Eq. 2.8) and impact ionization rate (Eq. 2.12 or 2.13) as a function of time, total

ionization rateW = Wofi+Wci and ionization probabilityW∆t are calculated for each

ion and atoms after each time step ∆t. A random number lying in between 0 and 1 is

generated and if the number is less than the ionization probability then only the ion

is ionized and one electron is created. The created electron is placed randomly in the

spherical vicinity of radius 0.25R0, with parent atom be at the centre. This is mainly

done to avoid the charge imbalance in the cluster.

Here we want to make couple of comments. We have not considered the recombi-
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nation of electrons with ions in the present model as it is expected to be small for short

pulse duration considered in our studies. In particular, the recombination is impor-

tant when plasma cools from its hot state and this occurs at relatively longer time scale

[43]. Furthermore, we have not accounted for the bound states explicitly. These bound

states play an important role in the studies of x-ray emission from clusters. They can

also influence the degree of ionization through two-step process viz. excitation fol-

lowed by ionization [90]. However, we have ignored this two-step process following

the earlier MD simulations [58, 67, 68].

2.1.3 Motion of charged particles

As it has been discussed in the previous section, charged particles (ions/electrons) are

born as a result of tunnel or impact ionization. For the determination of movement

of these charged particles, one has to calculate the total force that they experience. In

the present case, charged particles experience two kinds of forces : one is the laser

electromagnetic force (~FLas) and the second is the Coulomb force (~FCou) due to the

other charged particles present in the cluster. The total force (~Fi) acting on ith particle

at time t is given as,

~Fi = ~FLaser + ~FCoulomb

= qi[ ~E(t) + ~vi × ~B(t)] +
∑
k
i 6=k

1

4πε0

qiqk ~rik
r3ik

.
(2.14)

where, ~vi and qi is the velocity and charge of the ith particle, rik is the distance be-

tween two particles with ~E(t) and ~B(t) being the laser electric and magnetic fields

respectively.

Here, we want ot make an important point regarding the calculation of binary

Coulomb force which goes as N2 for say N number of particles. This is one of the

main problems associated with MD simulations. This Coulomb force calculations be-

comes extremely time consuming for cluster sizes greater than 15Å. In order to avoid

this problem, lumping of particles into pseudo macro-particles is done to reduce the
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computational cost[71]. A macro-particle consists of n identical particles with a charge

qn and massmn (q andm are the charge and mass of the individual particle). The total

number of macro-particles in the systemNMacro is obtained by dividing the total num-

ber of atoms Natom as given by Eq. 2.2, to the number of particles per macro-particle

n i.e. NMacro = Natom/n. The parameter n is carefully chosen. On one hand, it should

be large enough so that the number of macro-particles in the system is not too big.

On the other hand, n must be small enough to prevent macro-particles from attain-

ing excessively large charge resulting in too strong binary Coulomb interactions. This

leads to non-physical results[71]. For any calculations to take-off, one has to predefine

the number of macro-particles (neutral atoms) at the beginning of the simulation. It is

important to note that ionization of cluster atoms leads to generation of new electron

macro-particles while the number of ion macro-particles remains same, in course of

time.

As it can be seen from the total force Eq. 2.14, the Coulomb force (~FCoulomb) has a

singularity at a zero inter-particle separation. So, one has to regularize the Coulomb

interaction at excessively short distances in order to achieve the stability of the classical

Coulomb system and to avoid the classical ion-electron recombination. It is achieved

by smoothing the Coulomb interaction either by inserting a cutoff[91] to the potential

or attributing an effective width of size to the particle[71]. We have considered the fi-

nite size of the macro-particles, in view of this rik ≡
√
|ri − rk|2 + r20, with r0 being the

smoothing term which is introduced in the definition of rik to avoid a steep increase

in forces at very small distances.

After the calculation of the force, each particle is then advanced to its new position

according to its relativistic equations of motion [71],

d~pi
dt

= ~Fi (2.15)

~vi =
~pi/mi(

1 + |~pi|2
(mic)2

)1/2 (2.16)

d~ri
dt

= ~vi. (2.17)
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Here, ~pi, ~vi, ~ri and mi are relativistic momentum, velocity, coordinate and mass of the

ith particle. One may note that Eq. 2.16 can be easily obtained from the definition of

relativistic momentum ~pi and relativistic γi factor

~pi = γimi~vi (2.18)

γi =
1(

1− |vi|
2

c2

)1/2 (2.19)

Substituting the value of ~vi from Eq. 2.18 to Eq. 2.19 yields

1

γ2i
= 1− |pi|2

(miγic)
2

1

γ2i

(
1 +

|pi|2

(mic)
2

)
= 1

1

γi
=

1(
1 + |~pi|2

(mic)2

)1/2
(2.20)

Substituting the final value of 1/γi from Eq. 2.20 to Eq. 2.18 yields the same velocity

(~vi) Eq. 2.16 which is solely dependent on relativistic momentum (~pi),

~vi =
~pi/mi

γi

=
~pi/mi(

1 + |~pi|2
(mic)2

)1/2 . (2.21)

2.1.4 Boundary conditions

Once we have defined the equation of motion for charged particles in the laser elec-

tromagnetic field and Coulomb field of rest of the charged particles, we have to also

mention about the appropriate boundary conditions to give a fruitful result. In our

case, we can define any of the three boundary conditions : open, periodic or mixed

boundary conditions, depending upon the nature of the problem under considera-

tion. Sometimes, the density of the clusters is extremely low in laser cluster interaction

regime such that each cluster does not feel the presence of the neighbouring clusters.

In this situation, one can use the open boundary condition (OBC) i.e. the particle can
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go anywhere in the space. When the experimental conditions demand that presence

of neighbouring clusters can affect the interaction dynamics of cluster under consid-

eration, one can use the option of periodic boundary conditions (PBC). To formally

apply PBC, we have to define the extent of the three dimensional computational box

of size RIC (RIC is equal to the inter-cluster distance) :

−RIC/2 ≤ x ≤ +RIC/2 (2.22)

−RIC/2 ≤ y ≤ +RIC/2 (2.23)

−RIC/2 ≤ z ≤ +RIC/2. (2.24)

The PBC is imposed by demanding two conditions (a) any particle leaving the com-

putational box along any direction reappears from the opposite direction in the com-

putational box with the same velocity, and (b) the electromagnetic field produced by

the charged particles from adjacent clusters is also added to the Coulomb and laser

fields in the cluster under consideration. It has been shown by Petrov et al[72] us-

ing tree algorithm for large cluster driven by intense lasers that the Debye length is

comparable to the cluster radius during the expansion of the cluster. This means that

the electrostatic field of individual clusters is well shielded and has negligible effect

on neighbouring clusters. Moreover their calculations even after adding this coulomb

field does not the change the results like absorbed energy per cluster, electron and

ions density etc. by few percent. This is the reason why we have only implemented

the PBC in terms of particles, not in fields. The purpose of mixed boundary condition

is to insure the fast ionization of cluster atoms via periodic boundary condition (as it

will mimic the presence of neighbouring clusters) and the free flight of the particles

will then be insured by the open boundary condition, where the presence of neigh-

bouring cluster is not important.

2.1.5 Interpretation of the results

Once a typical computer experiment using the MD simulation model, as described in

the previous section, is over, it generates a huge data consisting of information about
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the positions, velocities and charge states of all the particles at each time step. We only

store the data at selected time steps. It is difficult to interpret the results directly from

this raw data. To get some useful information about the interaction dynamics of laser

driven clusters using MD simulation methods, we have to define some global average

parameters like radius of the cluster, average degree of ionization etc. One calculate

either their time dependent behaviour or final result when the pulse is over.

A very important parameter which is associated with the outward motion of ions,

is the time dependent cluster radius which is defined as mean standard deviation of

all the ions from the origin. More specifically, one can write cluster radius (R) as

R(t) =

√√√√2

N∑
i=1

[x2i (t) + y2i (t) + z2i (t)]/N, (2.25)

where the sum is over only atoms or ions. The factor of two is introduced to roughly

match the the cluster radius at time t = 0.

In terms of cluster ionization, a very important concept introduced earlier, is con-

cept of inner ionization and outer ionization. Defining the cluster boundary by R(t),

the electrons which are detached from their parent atoms but are still confined inside

the cluster, are termed as inner electrons. Mathematically it is equivalent to call those

electrons as inner electrons which satisfy the requirement |rk(t)| ≤ R(t), where rk(t)

is the distance of the kth electron from the center of the coordinate system. Similarly,

the electron which have overcome the Coulomb forces of ions and crossed the cluster

boundary, are termed as outer electrons. The condition for outer electrons is defined

as |rk(t)| ≥ R(t), where rk(t) and R(t) have been already defined. We can easily count

the total number of inner and outer electron at each each instant of time which sat-

isfy the above mentioned inequalities and can plot the time dependent variation of

population of inner and outer electrons.

The other parameter of concern is average degree of ionization of cluster under

consideration. This time dependent parameter is defined at each time step by dividing

the the sum of all ion charges to the total number of ions. One can also have the

information about distribution of charge states during the cluster expansion as well
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as at the end of the laser pulse. Similarly one can define the average kinetic energy of

ions and average kinetic energy of electrons.

Another important quantity of interest is energy distribution functions of ions as

well as electrons. This parameter is directly obtained in the experiments, so it is of

much interest to determine it via simulations. The electron and ions energy distribu-

tion function (EEDF and IEDF) is calculated as,

EEDF =
n(E)√
E ∆E

eV −3/2 IEDF =
n(E)

∆E
eV −1

where, n(E) are number of particles in energy range E and E+∆E, ∆E is the energy bin

size. For EEDF the ∆E is taken as 1/50 of maximum electron energy and for IEDF it is

taken as 1/10 of maximum ion energy. It is important to note that these distributions

can be measured with angular resolution which has an application to tell the nature

of the explosion of cluster viz. isotropic or anisotropic.

2.2 Validation of the code

Before using our MD code to study a new problem in laser driven clusters, we have to

validate it against earlier theoretical as well as experimental results. In this section, we

intend to present some essential physics aspects of laser cluster interaction. For all the

results presented in this article we have used PBC (otherwise stated). So the particles

upon arrival on any side of the cube, reappears with same velocity on opposite side.

2.2.1 Comparasion with earlier computational results

In this section, we have used our MD code to study the gross features of laser-cluster

interaction. Moreover, we have compared our results with the earlier published com-

putational results with the same input parameters so that we can verify our results.
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2.2.1.1 General features of laser driven Ar clusters

We have studied the interaction of 125 fs, 800 nm laser pulse with peak intensity of

1016W/cm2 with Deuterium, Argon and Xenon clusters. Figure 2.3 presents results of

the interaction of the above mentioned laser with Xenon clusters of radius 50 Å. The
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Figure 2.3: Temporal profile of the laser pulse (a), inner and outer electrons (b), mean kinetic
energy of electrons (c) and EEDF at 400 fs (d) are presented for 50 Å Xenon cluster.

inter cluster distance (RIC) in this case is considered to be 20R0. Typical laser pulse

profile is shown in Fig. 2.3(a), however Fig. 2.3(b) shows the temporal evolution of

inner and outer electrons. The time dependent population variation of electrons is a

result of constant interplay of inner ionization, outer ionization and cluster expansion.

Initially at time t = 0, all the particles in the cluster are neutral atoms and remain in-

side the cluster. It is quite obvious to see that both Nin and Nout are zero at time t = 0

due to the absence of any driving laser field. As the lase pulse is switched on, still we

do not see any population increment in neitherNin norNout till time∼ 40fs. After this
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time, tunnel ionization of cluster atoms start taking place at sufficient laser intensity.

After some time, collisional ionization will also come into the picture to further create

ionization due to inelastic collisions of electron with atoms/ions. Due to combined ac-

tion of these ionization processes, the inner electron population quickly rises. The rate

of increase of corresponding population of outer electrons is comparatively slower as

the electrons have not gained sufficient energies to over come the Coulomb barrier of

the cluster. The monotonous increment in Nin stops at time t ∼ 90fs whereas Nout

continues to grow with increased rate from this time onwards. Moreover we observe

from the Fig. 2.3(b) that Nin further decreases after this time. The opposite behaviour

of the two populations is due to the reason that residual Coulomb field is not sufficient

to hold the inner electrons further inside the cluster periphery. Consequently, Nin re-

duces whereas Nout increases with time. This behaviour continues till t ∼ 170fs and

then reverses after this time i.e. inner population increases whereas outer population

decreases. This reason is that cluster expansion due to the mutual repulsion of resid-

ual positive ions becomes effective after this time so that it acquires the outer electrons

and convert them in the inner electrons. Finally the cluster completely disintegrates

and all the outer ones become inner ones.

The temporal variation of electron mean kinetic energy (KE) in shown in Fig. 2.3(c).

It is observed from this plot that mean KE of electrons first increases very slowly, sud-

denly at a time (t ∼ 100) the slope of the increase of KE changes significantly. From

this time onwards, the enhancement in the KE of electrons is quite rapid. Actually, the

main contribution to mean KE of electrons is due to inverse bremsstrahlung heating

and ponderomotive or oscillatory energy due to the oscillatory electromagnetic field

of the incident laser. Initially both of these mechanisms of electron heating are small as

the main production of electrons is due to the tunnelling only. After a significant time,

when sufficient number of electrons are born, they start creating collisional ionization

to further increase the population of electrons. This effect along with the increasing

oscillatory laser amplitude gives rise to the increase in mean KE of electrons. Fur-

thermore, one can observe the prominent electron oscillations in the laser electric field

between 150 - 300 fs, Fig. 2.3(c). Once the laser cycle is over, the final KE of elecrtons
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turns out to be 4.5 KeV which is in good agreement with the earlier MD simulations

carried out by Petrov et al [71] (Fig. 7e) with the similar laser and cluster parameters.

Sometimes, we are also interested in a parameter which describes how the various

electrons are distributed with their energies. The corresponding parameter is known

as electron energy distribution function (EEDF) and that is shown in Fig. 2.3(d) with

log scales. It is observed that EEDF follows the Maxwell-Boltzmann distribution till a

particular energy and then it suddenly drops with a cut off energy1. In our case the

maximum or cut-off energy of electrons is found to be about 20 KeV.

2.2.1.2 Effect of cluster material on temporal dynamics of various types of clusters
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Figure 2.4: Various physical quantities like average degree of ionization (a), temporal evolution
of cluster radius (b), mean energy of ions (c) and IEDF (d) for Deuterium (green), Argon (red)
and Xenon (blue) are presented.

1For Maxwell-Boltzmann distribution to hold, one should get a straight line on the log scale when
the number of electron lying in the energy range E and E + dE is plotted against energy E.
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Below we present some simulation results on clusters of different materials Deu-

terium(D), Argon(Ar) and Xenon(Xe) to determine how the change in type of cluster

material affects the various global average parameters like average degree of ioniza-

tion, cluster radius etc. For these results, we have used 100Å Deuterium along with

the 50Å Argon and Xenon clusters. The peak intensity and FWHM pulse duration of

irradiating laser are chosen as 1016W/cm2 and 125fs. The intercluster distance (RIC)

in all these cases are considered to be 20R0, where R0 is the initial cluster size. The

variation of average charge per atom(Zavg) for various clusters is presented in Fig.

2.4(a). It is important to see that ionization starts at different instant of time for dif-

ferent clusters. Since the ionization potential (IP) for D is smallest in all the elements,

so its ionization starts at the earliest that follows for Xe and then Ar.1. Since the Deu-

terium atoms has only a single electron, so average charge per atom quickly saturates

at 1. For other clusters, the ionization starts at near around t ∼ 40fs when the inten-

sity of laser becomes sufficient to tunnel ionize the atoms. The initial quick rise in Zavg

at initial time is due to the tunnel ionization. Later, collisional ionization starts which

is comparatively slower that leads to the change in the slope of plot between Zavg and

time t. Collisional ionization plays a major role in ionizing the cluster atoms, as can

be seen from Fig. 2.4(a) that before the laser pulse peaks at 200 fs the atomic species

attains the maximum charge states. This can be also validated using the short (∼ 10 fs)

laser pulses where most of the ionization took place after the completion of the laser

pulse. Finally, the average charge per atom saturates at near about 12 and 8 for Xe and

Ar clusters.

Next we describe the progress of cluster explosion in Fig. 2.4(b) where the tem-

poral evolution of cluster radius (R(t)) is presented for all the species of cluster. As

described in the upper paragraph where the average charge per atoms turns out to be

maximum for Xe and minimum for D, one expects that the rate of cluster explosion

has to be maximum for Xe and minimum for D. We obtain completely opposite of

this in Fig. 2.4(b) where it is observed that D cluster expands at faster rate than Ar

or Xe cluster. It suggests that consideration of ion charge only does not completely

1IPD < IPXe < IPAr , where IP stands for the ionization potential.
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explain the rate of expansion of cluster. One has to also consider the mass of the ion.

Although Xe cluster shows the maximum Zavg but it also has the maximum mass of

the variuos types of ions under consideration. Consequently, its expansion velocity

will be slower compared to the lightest Deuterium ion. Moreover, It was analytically

shown by Krainov et al[92] that rate of expansion in case of Coulomb explosion can

be written as

dR

dt
=

√
2e2N(Z − 1)

MR0

(
1− R0

R

)
∝
√

(Z − 1)

M
,

(2.26)

whereR0,M and Z−1 represent the initial radius, mass of the ion and average charge

on the ion. Since the charge to mass ratio decreases monotonically from Deuterium ion

to Xe ion, the rate of expansion also follows the same.

Fig. 2.4(c) represents the mean kinetic energy of ions for all clusters. It is important

to note that the variation of the mean ion energy follows the same trend as obeyed by

average degree of ionization as shown in Fig. 2.4(a). The mean kinetic energy of ions is

found to be 58, 35 and 5 KeV for Xe, Ar and Deuterium clusters respectively. This can

be explained easily by calculating the maximum ion energy(Emax) as 1/2M (dR/dt)2,

where the value of dR/dt is taken from Eq. 2.26 as final or terminal velocity of ions.

The final velocity of ions is found to be
√

2e2N(Z − 1)/MR0 whenR approaches to∞.

Thus the maximum energy of ions is obtained as 2e2N(Z − 1)/MR0, through which

the average ion energy (Eavg = 3/5Emax) can be written as[73]

Eavg =
3

5

N(Z − 1)e2

R0

∝ Z − 1.

(2.27)

It becomes clear from Eq. 2.27 that mean ion energy will be maximum for clus-

ter species which possess the maximum charge per atom i.e. for Xe and on similar

grounds will be minimum for D. The ion energy distribution function for all three

cluster species is presented in Fig. 2.4(d). These results are in good agreement with
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the studies of Petrov et al.[71–73].

2.2.1.3 Short pulse laser driven Xe clusters

We have also studied the interaction of comparatively short laser pulses with xenon

clusters. For these studies, Xe2171 and Xe6100 are irradiated by 25fs, 800nm laser

pulses at peak intensities of 1015 and 2 × 1016W/cm2, respectively. These simulation
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Figure 2.5: Ion energies for Xe2171 (a) and Xe6100 (b) clusters are presented. The pulse dura-
tion of the laser pulse for both cases is 25 fs however the laser intensity is 1015 W/cm2 for (a)
and 2×1016 W/cm2 for (b).

parameters are same as used in recently published results of Heidenreich et al. [93, 94].

As the input parameter for cluster size in our code is cluster radius rather number of

atoms in the cluster, the radius of the cluster (R = N1/3RW , with RW = 2.73Å for Xe

clusters) turns out to be equal to 35 and 50Å, respectively for Xe2171 and Xe6100. Fig.

2.5 shows the ion energy distribution function (IEDF) for two clusters. The maximum

energy for Xe2171 is found to be about 7 KeV, however the maximum energy for Xe6100
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is about 77 KeV. Our MD results show a good agreement with the results of Heidenre-

ich et al. [93, 94]. They have also used MD methods to arrive upon these results. For

the results presented in Fig. 2.5 we have used the open boundary conditions.

2.2.2 Comparasion with earlier experimental results

Although our MD results match well with the results of other computational methods

with the same input parameters, the confirmation of any experimental findings using

a simulation tool is a ultimate validation of the model used to investigate the problem.

Keeping this in mind, we have also paid our attention to experimental aspect of laser-

cluster interaction. We have investigated the interaction of 100 fs, 806 nm laser pulse of

peak intensity 8×1015W/cm2 with Ar40000 clusters [95]. This experiment observed for

the first time that energies of various ionic species after explosion of cluster depends

upon the polarization state of the laser. Moreover, it was established that ion energy

spectrum consists of two parts : higher energy portion which depends upon the laser

polarization and low energy part which is completely isotropic. In the high energy

part of IEDF, ion yield was more was more in the direction of laser polarization than

perpendicular to it. The observed experimental results were explained on the basis of

”charge flipping” model[95]. In this model, a net force starts acting on the ions along

the laser polarization direction due to time dependent charge states arising from the

continuous flipping of electrons from one pole to other and simultaneous emergence

of higher charge states along this direction[77]. Consequently, the final energies of

the ions also follow the same asymmetrical behaviour. The corresponding radius of

the cluster turns out to be equal to 82Å using equation R = N1/3RW , where RW =

2.4Å and N = 40000 for Ar clusters. For a direct comparasion with experiments of

Kumarappan et al, we have to determine the experimental observable which is nothing

but the ion energy distribution function in this case. The IEDF is calculated along (00)

and perpendicular (900) to the laser polarization directions at a virtual detector kept at

distance of 10R0 from the center of the cluster. The corresponding IEDF along 00 and

900 is shown in Figure 2.6(a) while the fraction of different charge states at 50 and 350

fs are shown in Fig. 2.6(b). If we compare our MD results of IEDF with experimental
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Figure 2.6: The IEDF (a) for 82Å Argon cluster along (00) and perpendicular (900) to laser
polarization direction is presented along with the fractional charge states at 50 and 350 fs (b).

IEDF of Kumarappan et al, we find striking similarities in the two results. Our MD

results correctly reproduces the experimental ion energies of 200KeV . Moreover, the

observed asymmetry along the laser polarization direction which was the essence of

the experiment [95], is also verified in our results . As can be seen from Fig. 2.6(b) that

in early stages most of the ions are doubly and triply ionized which due course of time

enhanced to 8 and 9. The charge states so obtained are also in good agreement with

the PIC study of same laser and cluster conditions [96].

As mentioned earlier, that the asymmetric explosion of the cluster is a result of

charge-flipping process. We have tried to see this flipping of charges in our MD re-

sults. For that, we have plotted the positions of the electrons and ions at two consec-

utive laser half-cycles (Figs.2.7(a) and (c)) along with the charge state distribution in

spatial x − z cross section of the simulation domain (Fig.2.7(b) and (d)), where x and
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Figure 2.7: Locations of the electrons and ions at 93 fs (a) with the distribution of different
charge states at the same time (b). Similarly the positions of electrons and ions at 95 fs (c) with
the distribution of different charge states at the same time (d). The ellipses are just to bring the
focus to that particular area of the simulation domain.

z axis denotes the directions along and perpendicular to laser polarization. It can be

seen from the Figs. 2.7(a) and (c) that the laser electric field switches its direction from

93fs(a) to 95fs(c) during two consecutive time half cycles. Accordingly, electrons also

change their position from one pole to the other pole with a change in electric field

(encircled area). This flipping of the electrons population manifests the enhanced ion-

ization of ions at poles. If we compare the different charge states at 93 fs (b) and 95 fs

(d), it can be inferred that the ions at the pole are more ionized as compare to the ones

which are at the equator (encircled area). The presence of higher charge states at the

pole yields the asymmetric coulomb explosion along the laser polarization direction

because of the charge imbalance introduced. Figure 2.7 confirms the presence of the

charge flipping causes the asymmetric ion energy distribution along laser polarization
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as predicted by Kumarappan et al[95].

2.2.3 Summary

In this chapter2, we have given a detailed description of our three dimensional time

dependent relativistic molecular dynamic model. Starting from the initial conditions,

various ionization mechanisms and further movement of charged particles, every-

thing is explained quite extensively. Before using this code to study new problems in

the field of laser-cluster interaction, we have to validate it. The existing code is verified

by comparing its results with previous computational studies with the same input pa-

rameters. Various quantiles of interests like average charge per atom, average kinetic

energy, cluster radius, energy distribution functions determined by using this code

show a good level of agreement with previous computational results. We have also

validated our code by directly comparing it with experimental results of asymmetric

coulomb explosion of laser driven Ar clusters. The maximum ion energy in this case

is found to be about 200 KeV which is quite close to the experiments. Further, we have

calculated the distribution of ion energies along and perpendicular to laser polariza-

tion direction and observed an asymmetry along laser polarization direction. Thus

we are able to match our results with the the asymmetry experiments where they also

observed high ion yield along laser polarisation direction.



CHAPTER 3
Energetics of cluster nanoplasma : Effect of laser pulse duration

and cluster density

The studies on laser driven clusters witnessed a great deal of interest from researchers

all over across the world. Possibly the strongest reason of this great enthusiasm is

the energetics of cluster nanoplasma, created after the irradiation due to short pulse

intense lasers, that afterwards leads to the emission of highly energetic particles (both

photons and ions). In this chapter3, we would like to address certain experimental

parameters which strongly affect the energetics of cluster nanoplasma. Specifically,

we intend to study how the FWHM pulse duration of the irradiating laser changes the

absorption of laser energy by the cluster. Furthermore, we are also interested how the

density of neighbouring cluster can affect the dynamics of the cluster under consider-

ation. Specifically, we try to find out whether the final energies and charge states of

ions after explosion depend upon the closeness of the clusters. All these issues will be

raised in this chapter3 and we will try to find out the answer of these points by using

our MD code.

3.1 Effect of laser pulse duration

3.1.1 Energy absorption : initial trends

As mentioned previously that the clusters are almost opaque to incident laser i.e. they

absorb almost all the laser energy incident upon them[37]. Various theoretical models

are put forward to explain this anomalous absorption of incident laser energy which

is much higher compared to the gas and solid plane foil targets. In the introduction

chapter1, we have described all these models in detail. It is noteworthy that, in spite

80
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of a number of models proposed, the mechanism of energy absorption still remains

debatable. We will briefly review all those mechanisms of energy absorption and find

out the most suitable one which can adequately explain the results of enhanced energy

by laser driven clusters.

Initial studies by Ditmire et al in the so called nanoplasma model, suggested linear

resonance to be responsible for the enhanced energy absorption that occurs in the ex-

pansion stage of the cluster nanoplasma. Assuming the cluster as a dielectric sphere

in the presence of spatially static yet time dependent electric, the electric field can be

calculated as[56] E = 3E0/|ε+ 2|, where E0 is the field outside the cluster and ε is the

dielectric constant of the cluster plasma. It is important to note that electron density

is assumed to be radially constant throughout the cluster expansion. Calculating the

dielectric constant1 of the plasma by Drude model of free electron gas[57], it can be

shown that electric field approaches to maximum at time when |ε + 2| goes to mini-

mum. Consequently, the heating of the plasma also enhances drastically at this point

which is a clear-cut signature of the resonance. The condition |ε + 2| corresponds to

plasma frequency ωp =
√

3ω or in terms of electron density ne = 3nc, where nc is

the critical density. Initially the cluster plasma is overcritical i.e. ne � 3nc but as

the plasma expands the electron density reduces and resonance occurs at ne = 3nc.

It is also important to note that condition of resonance can also be obtained by mi-

croscopic modelling of the motion of inner electron cloud along the laser polariza-

tion direction as a driven and damped harmonic oscillator[69]. The eigenfrequency

(ωt =
√
Qion/R(t)3 = ωp/

√
3) of this oscillation is determined by charge and size

of the cluster. The condition of resonance is achieved when this eigenfrequency (ωt)

matches with the laser frequency (ω) due to the electron emission and cluster expan-

sion. The microscopic model suggested by Saalmann et al is equivalent to Ditmire’s

nanoplasma model as both of them yield the same resonance condition. This short

interval of enhanced absorption was smeared out in the time with lesser peak value

when non-uniformity of electron density is included in the cluster expansion [59] re-

1ε = 1 − ω2
p/ω (ω + iνei), where ωp, ω and νei represent the plasma frequency, laser frequency and

electron-ion collision frequency.
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sulting in the long-time resonance at the critical density plasma layer.

Apart from linear resonance, literature also supports the idea of non-linear reso-

nance i.e. lowering of the eigenfrequency or resonance frequency with increasing os-

cillation amplitude[81]. To explain NLR, a rigid sphere model of two inter-penetrating

spheres (RSM) of positive charge (ions) and sphere of negative charge (electron) was

considered. The potential between two spheres for small energy of excitation is har-

monic with eigenfrequency ωt � ω, where ω is laser frequency. As the amplitude

of oscillation increases, the potential becomes anharmonic and the restoring force be-

comes weaker than that of the linear oscillator. Consequently, the eigenfrequency de-

creases and at some exciation energy it may become equal to laser frequency leading to

the resonance, the so called ”non-linear resonance. Apart from resonance absorption,

various other energy absorption mechanism like vacuum heating [31], collision-less

resonance absorption [97] and scattering at the cluster potential [98] have been also

suggested. Although various energy mechanisms have been proposed, resonance ab-

sorption is still believed to be the main method for energy absorption.

However, certain simulation results in the literature completely contradict this

perception of resonance occurring the cluster nanoplasma that is believed to be the

cause of high absorption of laser energy. For example, Davis et al. found no such

resonance in their MD simulations [99] and posed compelling arguments question-

ing the applicability of both the Drude model, used in linear resonance, and rigid

sphere model, employed in non-linear resonance. The energy absorbed by the cluster

is on the basis of capacitor model which treats the expanding cluster as two concen-

tric spheres : an ion core of radius (Ri) surrounded by a large radius electron cloud

(Re). The energy absorbed per cluster is estimated by evaluating the electrostatic en-

ergy (Ec) of the spherical capacitor. In the limit Re � Ri ≈ R0 and highly charged

cluster Z �, the potential energy stored in the spherical capacitor can be written as

Ec ≈ η2
(
N2Z2/2R0

)
∼
(
η2N2Z2/2N1/3

)
∼ N5/3, where N is the number of parti-

cles in the cluster and η is the fraction of outer ionization. It is important to note that

energy absorbed by the cluster is highly non-linear as the exponent appearing in the

superscript of N is greater than 1.



83 3.1. EFFECT OF LASER PULSE DURATION

Other than the MD simulation methods which rejects the idea of resonance, were

the results of Deiss et al.[100]. They suggested a new kind of heating mechanism of

electrons in the large clusters by employing a generalized classical transport theory

in the mean field. In this model, the electron dynamics is represented by the classical

phase-space distribution whose evolution is determined by test-particle discretization.

They did not observe any kind of plasma resonance. According to their studies, the

high energy X-Ray emission from clusters was due to inner vacancies created by the

highly energetic quasi free electrons arising due to their elastic large-angle back scat-

tering at ionic cores in the presence of laser field [100].

The above discussion reflects that the reason responsible to the high energy ab-

sorption inside the cluster is still not clearly understood. We have tried to investigate

the presence of resonance absorption in Ar cluster irradiated by the laser of various

pulse durations, as the process of resonance is strongly correlated with the duration

of the incident laser pulse.

3.1.2 Simulation parameters

We have considered the interaction of 806 nm laser pulse of intensity 8×1016 W/cm2

with 30 Å argon (Ar) cluster. The time profile of the incident laser pulse is assumed

to the Gaussian otherwise stated. The FWHM pulse duration of the pulse is varied in

the range of 10-120 fs. The propagation of the laser pulse is along y−axis where as the

polarization or the direction of the electric field is along the x− axis. As also mentioned

previously, the size of the simulation box is much smaller than the wavelength of the

laser, only time variation of laser pulse is considered. Spatial variation of pulse is

ignored across the dimensions of the cluster. The space and time evolution of the

cluster is modelled with our fully relativistic time-dependent three-dimensional MD

model. It is important to note that the relativistic effects are not important for the

studies to be presented in this section as the laser intensity is not very high. The

relativistic effect start affecting the dynamics of the cluster at high intensities (≥ 1018

W/cm2). For example, we may note the results of Petrov at al[70] at these ultra high
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Figure 3.1: Temporal variation of electron population for Ar cluster of radius R0 = 30 Å
irradiated by a representative gaussian laser pulse of duration τ = 70 fs, wavelength λ = 806
nm and peak intensity Ip = 8× 1016 W/cm2.

intensities ( 1020 W/cm2) where the magnetic field1 starts affecting the shape and

trajectory of electron cloud. The size of simulation box is considered to be 30R0 =

900Å wide, where R0 is the intial radius of the cluster. The energy spectrum is calcu

lated at 225 Å from the center of the simulation box for all the laser pulse durations.

Laser pulse is linearly polarized along x- direction.

3.1.3 Results

The dynamics of cluster ionization and the subsequent coulomb explosion during the

pulse irradiation is presented in Figs.3.1 and 3.2 for a representative laser pulse du-

ration of 70 fs. The temporal evolutions of inner, outer and total no of electrons are

1At sufficiently high intensity, the magnetic field (B = E/c, where E is the electric field of the laser
beam and c is the velocity of light.) becomes significant and can alter the dynamics of the particles.
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shown in Fig. 3.1. As mentioned previously, inner electrons are those which are quasi

free to move freely within the cluster but can not escape it whereas outer electrons
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Figure 3.2: Snapshots of particle positions at 80 fs (a) and 200 fs (b) for the same laser and
cluster parameters as in Fig.3.1.
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leave the cluster boundary. The inner electrons cause ionization via collisions with

atoms inside the cluster. On the other hand, outer electrons lead to further collisional

ionization if they enter the neighbouring cluster. The time dependent variation in

electron population is a result of constant interplay among the various processes viz

ionization, removal of electrons from the cluster boundary and expansion of cluster.

At time t=0, all particles are neutral and remain inside the cluster. As laser is switched

on, various ionization processes lead to the rapid build-up of inner electrons along

with slow increase in the number of outer electrons. As the time progresses, the num-

ber of outer electrons increases due to escape of electrons from cluster upto about 40

fs. Beyond this time, the decrement in the population of outer electrons and the in-

crement in the population of inner electrons are caused by electron recapture due to

cluster expansion. In Figs. 3.2(a) and 3.2(b), we show the snapshots of the electron and

ion positions at two representative times before and after the coulomb explosion re-

spectively of the cluster. At earlier times (Fig. 3.2(a)) ions remain almost immobile due

to their heavy mass while electrons move out from the cluster. When sufficiently large

number of electrons escape the cluster leaving behind it a positively charged sphere

which explodes due to repulsion among ions. The time of occurrence of coulomb

explosion depends upon the laser and cluster parameters. The position of ions and

electrons after the coulomb explosion is shown in Fig. 3.2(b).

Fig.3.3 shows the temporal history of the average degree of ionization for different

laser pulse durations. When the laser intensity approaches sufficient value to ionize

the neutral Ar atoms through tunnel ionization, average charge per ion increases as

shown in the Figure 3. The initial electrons produced by tunnel ionization gives rise

to further ionization due to collisional ionization. The larger the pulse duration, later

the ionization starts as the laser pulse reaches the ionization threshold intensity later

for longer pulses. However, the average degree of ionization saturates to 8 for all the

cases.

Below we discuss the issue of energy absorption by cluster in the context of linear

resonance as predicted by the nanoplasma model[43]. More specifically, we want to

see how the absorption of laser energy changes with the duration of incident laser
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Figure 3.3: Time history of average degree of ionization for Ar clusters for various laser pulse
durations. The other laser parameters are same as in Fig. 3.1.

pulse. In Fig.3.4, we present our results showing the effect of laser pulse duration on

the energy absorption by cluster. In our MD code, we determine two quantities of

interest in context of energetic of cluster nanopalsma : one is total energy absorbed by

cluster and the second in the mean kinetic energy of ions. The former one is obtained

by adding the total kinetic and potential energies of all particles (electrons and ions)

which is further added to the energy spent in the optical field ionization i.e a sum

over all ionization potentials upto the charge state under consideration for all ions.

The latter is calculated by dividing the the total kinetic energy of ions by total number

of ions at each time step. Figs. 3.4(a) and 3.4(b) respectively show the variation of

total energy absorbed by the cluster and mean kinetic energy of ejected ions from the

cluster with the laser pulse duration. As shown in the Fig. 3.4(a), the energy absorbed

by the cluster is nearly 70MeV for the shortest pulse duration of 10fs. As the pulse
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duration is increased further, the absorbed energy increases further upto ∼ 110MeV

for the case of 25fs. The value of absorbed energy further decreases with the increase
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Figure 3.4: Laser energy absorbed (a), and mean ion energy variation with laser pulse dura-
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in pulse duration and its value is∼ 66MeV for the longest pulse duration of 120fs.

Clearly, we find that there exists an optimum value of pulse duration of about 25fs

at which the energy absorption shows a much pronounced value compared to neigh-

bouring values of pulse durations. Similar results are observed for the mean value of

energy of ions (3.4(b)). A close inspection of Fig.3.4(b) for any particular pulse dura-

tion shows that average kinetic energy of ions first increases with the time and then

saturates at some fixed value. The saturation of the average kinetic energy of ions with

time corresponds to the fact that the charged particle is far away from the interaction

region and its energy is not going to be further influenced by other charged particle

interaction. For different values of the pulse durations, the saturating value of the

mean energy is different as shown in the Fig. 3.4(b). Again, we observe that mean ion

energy saturates to a value of 25 KeV for the optimum pulse duration of about 25 fs.

This saturation value is lower for other pulse durations.

The presence of the optimum pulse duration for both the energy absorbed by the

cluster and mean kinetic energy of ions can be explained in terms of linear resonance

occurring in the cluster nanoplasma. Fig. 3.5 shows the temporal profile of laser in-

tensity along with electron density (in units of nc) inside the cluster for various pulse

durations. As per the linear resonance theory, the resonance occurs when electron

density (total number of inner electrons divided by the cluster volume) of expanding

clusters equals the 3 times the critical density [43]. The dashed horizontal lines in these

figures show the ne = 3nc condition. The time at which this dashed line intersects the

electron density curve represent the resonance condition (ne = 3nc). One can note that

there are two such points of intersection. The 1st crossover is because of electron pop-

ulation that is building up from zero to maximum value due to ionization. At this time

of instant, number of electrons itself is very small which takes part in absorption pro-

cess, though the density of electrons may be equal to 3nc as the cluster is still frozen.

Consequently, the absorption is very small at this time. The cluster expansion leads to

2nd point of intersection (T = TR) where the resonance absorption really occurs. For

smallest laser pulse duration (10 fs), TR appears after laser has passed its peak value

(time of peak laser intensity is termed as TP ) as shown in Fig. 3.5(a). Similarly
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Figure 3.5: Time Variation of normalised electron density (ne/nc) along with the laser inten-
sity profile for laser pulse durations of 10 fs (a), 25 fs (b), 50 fs (c), 70 fs (d) and, 120 fs (e). The
other laser parameters are same as in Fig. 3.1.

for larger pulse durations (50 fs, 70 fs and 120 fs : Figs. 3.5(c), 3.5(d) and 3.5(e)),

TP happens to be much larger than TR. For the case of 25 fs, T = TR and TP are close

by (Fig.3.5(b)). Consequently, the resonance occurs and the cluster absorbs maximum

energy for this pulse duration.

Thus, the plasma resonance is strongly correlated with the temporal profile of laser



91 3.1. EFFECT OF LASER PULSE DURATION

80.0

90.0

100.0

110.0

120.0

130.0

0 30 60 90 120

E
ne
rg
y
A
bs
or
be
d
(M
eV
)

Time (fs)

Figure 3.6: Effect of pulse duration on total laser energy absorbed for super-Gaussian laser
pulse.

pulse as described in the previous paragraph. On these grounds, we should not expect

such a optimum pulse duration for a temporally constant (ideally a rectangular pulse)

laser pulse time profile. To confirm it, we repeated the above simulations for a pulse

profile of 2nd order super-Gaussian (nearly flat top). Results are presented in Fig.3.6.

We do observe the energy absorbed to be almost constant (between 116 MeV to 124

MeV). This slight variation may be attributed to the fact that pulse shape is different

ideal (rectangular). Thus we conclude that the presence of an optimum pulse dura-

tion is a clear indication of existence of linear resonance occurring during the cluster

expansion. Zweiback et al. have studied experimentally the effect of pulse duration

on laser energy absorption [60] at fixed laser energy. In their study, they measured the

absorption for large Xe and Ar clusters with a laser of wavelength of 810 nm, capable

of producing 50 mJ in 50 fs. They also found an optimum pulse duration for maxi-
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mum absorption for relatively large cluster size (85 Å to 205 Å for Xenon and 110 Å to

165 Å for Argon). The cluster sizes employed in our simulations were rather smaller

(30 Å). So we note that resonance is observed for a wide range of cluster sizes. One

also expects an optimum cluster size for fixed laser pulse duration on the same argu-

ment given earlier. Indeed, an optimum cluster size was observed experimentally for

a constant laser pulse duration [101].

3.2 Effect of cluster density : a computational study

The energetics of laser driven clusters is strongly influenced by the two important pa-

rameters namely size of the cluster (R0) and number of clusters per unit volume in

the interaction region or cluster density (Ncls). The effect of cluster size on the ener-

getics of cluster nanaoplasma was investigated by Springate et al[101]. Using the Dit-

mire,s nanoplasma model, they showed that energy absorption by cluster also shows

an optimum cluster size[101] similar to the optimum pulse duration for maximum ab-

sorption. It can be also explained on the same grounds as we described the optimum

pulse duration for maximum energy absorption by clusters in the previous section.

As suggested by the nanoplasam model, the maximum absorption of laser energy oc-

curs for those cluster sizes for which the resonance condition ne = 3nc is close by to

the peak of the temporal profile of the laser pulse. Keeping the pulse duration same,

smaller cluster expands quickly so the resonance condition appears much before the

peak laser intensity. For much larger clusters, the resonance condition is achieved at

later times when the laser has already passed it peak value. Thus a optimum cluster

size is expected. It is important to note that gas expansion from the nozzle does not

produce a clusters of identical sizes but a long-normal distribution of the form

f(N) ∝ exp
[
− log2(N/N0)/2w

2
]
, (3.1)

where N0 is the most abundant cluster size and w is proportional to the full width

half maximum (FWHM) of the distribution[102]. Once this distribution of size of the
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clusters is considered, the optimum cluster size is flattened[102].

In our studies, we have tried to investigate how the cluster density changes the

energetic of cluster nanopalasma. To simulate the effect of varying cluster density,

one has to accordingly change the size of the simulation box i.e. RIC . The size of

the simulation box is equal to the distance between two clusters. If the clusters are

densely packed in the interaction region, one has to take the smaller RIC and vice-

versa. We may note these studies on varying the density of the clusters are not ar-

bitrary. They have a experimental backing too. As mentioned in the introduction

chapter 1, these clusters are formed when the high pressure gas expands isentropi-

cally through a supersonic nozzle. The density of the clusters along with the size of

the cluster are experimental parameters which are sensitive to the the backing pressure

applied behind the super-sonic nozzle. Moreover, it was shown in the results of Kim et

al[103] that both cluster size and cluster density increases with the backing pressure.

The monotonous increase of cluster size with backing pressure is in accord with the

results of Hagena et al[104]. After reaching an optimum value of backing pressure, the

cluster density further reduces whereas cluster size go on increasing with increasing

backing pressure[103].

3.2.1 Simulation parameters

In order to have some qualitative understanding on the effect of cluster density, we

have investigated the dynamics of relatively small Ar clusters of sizes of R1 = 30Å

and R2 = 40Å which corresponds to the total number of particles in the cluster as

N1 = 1953 and N2 = 4630. These clusters are irradiated by a Gaussian laser of peak

intensity 1016W/cm2 with FWHM pulse duration of 30fs. The wavelength of the laser

lies in the NIR regime (λ = 800nm). Keeping the fact in the mind, as the size of

the cluster increases with backing pressure, the cluster density also increases. Conse-

quently, the inter-cluster distance reduces for the increase in the cluster size. Therefore,

both the cases are studied using the inter-cluster distance of Ric = 5R0 and 15R0 where

R0 being 30 Å and 40 Å. In this case, the electric field caused by neighbouring parti-

cles are included while calculating the ADK ionization. It might be a matter of debate
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to simply add the field of the neighbouring particles to the laser field for the calcu-

lation of the tunnelling rate. As the field appearing in the ADK formula is the laser

field which is harmonic in time whereas the local field are very fluctuating in time and

they do not possess the harmonic character in time domain. But we have used this

methodology as a first approximation. More correct determination of tunnelling rate

while including the local field can be obtained by the treatment given by Siedschlag et

al[86].

3.2.2 Results

The results on the cluster dynamics are shown in Fig. 3.7. In Fig.3.7(a), we present the
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Figure 3.7: Temporal evolution of Zavg (a), average kinetic energy (b), cluster density (c) and
number of inner electrons (d) for Ar cluster of radius 30 Å and 40 Å with Ric = 5R0 and 15R0.
The laser used is 30 fs, 800 nm with peak intensity of 1016 W/cm2.

temporal evolution of the average degree of ionization Zavg for various clusters
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radii and inter-cluster distances. It is important to note that both smaller (R1 = 30Å)

and larger (R2 = 40Å) clusters yield to higher charge states in the case of higher clus-

ter density (Ric = 5 R0) compared to their lower density (Ric = 15 R0) counterparts.

However it should be also noted that the temporal profile of Zavg for the case of 30Å

with Ric = 5 R0 is significantly similar to the case of 40Å cluster with Ric = 15 R0.

Furthermore, for the more consistent parameters of interest, (larger the cluster size,

higher the cluster density or lower the inter-cluster distance) we observe that average

charge state is higher for the case of 40Å cluster with Ric = 5R0 compared to the case

of 30Å cluster with Ric = 15 R0. On the other hand, if we observe the plot of average
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Figure 3.8: Ion energy distribution function for 30 Å Ar cluster with Ric = 5R0 (a) and 15R0

(b) and for 40 Å Ar cluster with Ric = 5R0 (c) and 15R0 (d) is presented. The laser conditions
are same as those in Fig. 3.7.

kinetic energy of ions for these set of parameters (Fig. 3.7(b)), we observe the

opposite trend. In fact, it is observed that the average kinetic energy for the case of

40Å cluster with Ric = 5R0 is less than that for the case of 30Å cluster with Ric = 15 R0.
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This lowering of mean kinetic energy of ions for the larger cluster with smaller inter-

cluster distance can be explained on the basis of shielding of the ions due to electrons.

For the larger cluster with the higher cluster density, the number of electrons quickly

increases in the smaller volume which efficiently shield the ions. In other words, the

individual charge residing on the cluster ions reduces due to the shielding provided by

the electrons which are near by. Consequently, the strength of the Coulomb explosion

reduces which leads into the smaller average kinetic energy of ions for this case. This

justification becomes more visible when we observe the temporal plots of electron

density and number of inner electrons in both the relevant cases. In Figs. 3.7(c) and

3.7(d), both electron density and number of electrons inside the cluster are seen for the

case of 40Å cluster with Ric = 5 R0, which results in lowering of the ion energies as

compare to 30Å cluster with Ric = 15 R0.

This point is further strengthened when we plot the ion energy distribution func-

tion (IEDF) in the Fig. 3.8 for the concerned cases of cluster density and inter-cluster

distance. Here we also observe that even though the number of atoms in 30 Å cluster

are smaller by about a factor of 2.3 as compare to 40 Å cluster, the energies seen for

30Å cluster with Ric = 15 R0 (b) and 40Å cluster with Ric = 5 R0 (c) are of the same

order. As explained earlier, the effect is due to the shielding of ions provided by the

electrons in the vicinity.

3.3 Effect of cluster density : experimental verification

In this section, we want to briefly mention about the results of Prigent et al[90]. They

investigated experimentally, as well as theoretically, the influence of laser intensity

and pulse duration on the x-ray emission from argon clusters. In particular, they irra-

diated Ar clusters of mean size < N >= 3.7 × 104 atoms/cluster with laser of peak

intensity I = 4.0 × 1016W/cm2 at FWHM pulse duration of 55fs and measured the

distribution of various charge states obtained in the experiment. To simulate these

results, we need to know two more parameters other than the intensity and pulse du-

ration of laser. They are cluster size in terms of radius(R0) and inter-cluster distance
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Figure 3.9: Comparison between charge state distribution for different inter-cluster distances
(RIC) for Ip=4.0×1016 W/cm2, τ=55.0 fs, λ=800 nm, and R0=85 Å. Red bars for RIC =
3.5R0, green bars for RIC = 3.5R0.

(RIC) for application of periodic boundary condition so that effect of neighbouring

clusters can be accounted for. R0 for this case turns out to be 85Å and two sets of

values of RIC are chosen : 3.5R0 and 30R0. As mentioned previously that inter clus-

ter distance depends upon cluster density, larger the cluster density, lesser is RIC and

vice versa. In Fig.3.9, we show the results for fraction of various ionization states for

the two values of RIC : red bars for RIC = 3.5R0 and green bars for RIC = 30R0. We

mention here that these results of fractional ionization are in good agreement with the

findings of Prigent et al for the case of closely packed clusters i.e. for the smaller value

of RIC = 3.5R0. It is important to note the emergence of additional charge states of 13

and 14 for the case of RIC = 3.5R0. These charge states were completely missing for

RIC = 30R0. The appearance of new charge states for the smaller value of RIC is due

to the collisional ionization caused by the electrons with the neighbouring clusters.
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The degree of collisional ionization with neighbouring clusters increases as we reduce

the distance between two clusters.
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Figure 3.10: Effect of collisional ionization and RIC on average degree of ionization Zavg for
Ar clusters with the same simulation parameters as used in Fig. 3.9.

To further strengthen this argument, we plot the temporal variation of average

degree of ionization in Fig. 3.10. In this plot, the lower curve shows only the effect

of tunnel ionization, collisional ionization is artificially switched off for this curve.

The upper set of curves include the effect of collisional ionization along with the tun-

nel ionization. The various colours in the upper set of curves designate the different

values of inter-cluster distance. It is important to note that once we ignore the colli-

sional ionization, the value of average degree of ionization remains unaffected with

the change in values of RIC (lower most curve) and saturates at a value of ∼ 6. The

effect of inclusion of collisional ionization clearly increases the average degree of ion-

ization. It is important to see that all plots in the upper set of curves for various values
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of RIC are identical till time t ∼ 50fs. After this time all of them starts diverging and

finally saturated at different values for different values ofRIC . The saturating value of

Zavg is minimum for RIC = 30R0 and it increases continuously as RIC is reduced fur-

ther. Finally, Zavg is maximum when the cluster are most closely placed to each other

i.e. for the value of RIC = 3.5R0. At earlier time t < 50fs, the electrons collisionally

ionize the atoms/ions of the parent cluster so Zavg remains behave similarly before

this time. After t > 50fs, the electrons cross the boundaries of parent cluster and start

ionizing the atoms/ions of the neighbouring clusters. Thus, the saturating value of

Zavg is different for different values of RIC i.e. the closer the clusters are, more ef-

fective the collisional ionization with neighbouring clusters. By appropriate selecting

the value of inter-cluster distance, one can qualitatively match with the experimental

results of fractional ionization as obtained by Prignet et al[90].

3.4 Summary

In this chapter, we have investigated the various parameters that affect the energet-

ics of cluster the cluster nanoplasma. The first one is the pulse duration of the inci-

dent laser pulse. By using MD simulation results of absorbed energy by cluster and

mean kinetic energy of ions for various pulse durations ranging from 10-120 fs, we

have revalidated the the theory of linear resonance as given by Ditmire’s nanoplasma

model. Both of these parameters shown an optimum pulse duration for which they

are maximum. We have shown that the optimum pulse duration is due to the fact

that the condition of linear resonance (ne = 3nc) depicted by the time (tR) is in clos-

est vicinity to the peak of the laser pulse (tP ) for the optimum pulse duration of 25fs

which leads to the maximum absorption of energy. For super-Gaussian pulse, we do

not observe this kind of optimum pulse duration.

The second parameter that affects the energetics and charging dynamics of cluster

nanoplasama is the cluster density. In computational domain, the effect of varying

cluster density are studied by changing the value of inter-cluster distance. More the

cluster density, less is the inter-cluster distance and vice-versa. Keeping in mind the
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earlier results of Kim et al[103], the cluster size increases monotonously with backing

pressure whereas the the cluster density first increases with backing pressure and then

after a showing an optimum value, reduces further. We found that just by increasing

the size of the cluster, one can not increase the the mean kinetic energy of ions after

explosion. In fact, the smaller value of inter-cluster distance for larger sized cluster

makes shielding of the ions due to electrons of neighbouring cluster more effective.

Consequently, the energetics of the two cluster (sizes in increasing order but inter-

cluster distance in decreasing order) remains comparable. Further, we were also able

to match with the experimental results of Prigent et al[90] when smaller value of inter-

cluster distance are used for the simulation. The emergence of additional charge states

for smaller value of inter-cluster distance was explained on the basis of collisional

ionization with neighbouring the clusters.



CHAPTER 4
Anisotropic ion emission from laser irradiated clusters :

Breakdown of spherical isotropy in few-cycles pulse duration limit

As discussed in the introduction chapter, the expansion of the cluster after irradiation

by the intense lasers is mainly categorised by two models : first one is hydrodynamic

expansion and the second one is Coulomb explosion. The mode of expansion, selected

by the cluster, depends upon the number of inner electrons1 In the hydrodynamic ex-

pansion, the cluster possesses sufficient number of inner electrons and the whole clus-

ter expands due to the electron gas pressure. Coulomb explosion occurs when most

of the inner electrons have escaped from the cluster and the cluster explodes due to

the repulsion among the residual positive charges. In both of these extreme situations,

the cluster ions do not prefer certain particular directions in space to eject. In other

words, the cluster explosion is completely isotropic. There are many instances when

the situation is intermediate to above mentioned two modes of cluster expansion i.e.

the number of inner electrons is less than that required for hydrodynamic expansion

and more than that required for the Coulomb explosion. This is the situation when

spherical symmetry of cluster expansion breaks down and the cluster ions show cer-

tain preferred direction for emission. This is known as anisotropic cluster explosion

and depends strongly on the pulse duration of laser used for the irradiation. More-

over, the character of the anisotropy changes when the pulse duration is changed. In

this chapter, we will study this anisotropy of cluster explosion for Ar and Xe clusters

by using our MD code.

1Inner electrons are those which are ejected from the parent atoms but still confined inside the pe-
riphery of cluster due to the residual space charge. Outer electrons are one with sufficient energies to
overcome the Coulomb barrier of the cluster and thus becomes free.

101
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4.1 Earlier trends on anisotropic ion emission

Springate et al[101] first observed experimentally glimpses of anisotropic ion emission

from Xe5300 clusters irradiated with 170fs, 780nm laser pulse with peak intensity of

1.3 × 1016W/cm2. They measured the mean ion energy as a function of angle with

respect to the laser polarization direction. The mean ion energy was found about 15%

higher along the direction of laser polarization than perpendicular to it. They ex-

plained the observed anisotropy on the basis of angular dependence of electron emis-

sion from xenon clusters which earlier, was observed by Shao et al[40]. The electron

energy component from the Xe clusters was found to consist of two parts : isotropic

high energy ”hot” component and anisotropic low energy ”warm” component[]. The

directional dependence of warm component of electron give rise to the anisotropy in

the ion energies of exploding cluster.

In more detailed experiment performed by Kumarappan et al[95], the problem of

anisotropy was studied for Ar clusters (2×103 to 4×104 Ar atoms) irradiated by laser

of intensity 8× 1015W/cm2 and pulse duration 100fs. They measured experimentally

the complete energy distribution of exploding ions. They observed that the ion energy

distribution consisted of two components : a low energy isotropic component, and a

high energy anisotropic one. The high energy part depends upon the laser polariza-

tion direction i.e. the ion yield is greater in the direction of laser electric field than

perpendicular to it. It could not be explained by the argument given by the Springate

et al[101] as the low energy warm electron component can not give rise to the observed

anisotropy in the high energy part of ion energy distribution function. To explain the

anisotropy results, Kumarappan et al used two earlier theoretical results of Ishikawa

et al[68] and Kou et al[105]. First, the net field (laser field plus radial Coulomb field

of charged particles) experienced by the ions is different in two consecutive laser half

time cycles along the laser polarization direction. This is due to the extra contribution

of radial field which remains in the same direction but the laser field changes its di-

rection as the polarity of laser changes. This results in a net cycle averaged force on

these ions along the laser polarization direction[68]. Second, the charge state distribu-
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tion itself is asymmetric i.e. charge state are higher along the polarization direction.

Consequently, the Coulomb explosion is asymmetric[105]. Taken together these two

effects, Kumarappan et al were able to explain the anisotropy for the high energy ions

that ejected from the surface of the cluster. For the ions interior to the cluster, the laser

field is sufficiently shielded by the electrons and only the radial field remains into the

picture. Consequently, the bulk of the cluster show less anisotropy. The anisotropic

studies on hydrodynamic expansion of Xe clusters were also performed by Kumarap-

pan et al[106]. They extended the hydrodynamic model[43] of cluster expansion and

found the importance of the polarization induced surface charge distribution. The

action of incident laser field on this induced surface charge distribution gives rise to

a additional directional dependent cycles averaged pressure (∝ cos2 θ). This addi-

tional pressure has to be added to already present hydrodynamic pressure to account

for the observed anisotropy. This kind of anisotropy was also observed in hydrogen

clusters of initial size 20Å irradiated with laser of peak intensity ≈ 1018W/cm2[107].

Two values of laser pulse duration viz. 40 and 250 fs were selected. The degree of

anisotropy, [Eav(0 deg)− Eav(90 deg)] /Eav(90 deg), was observed to be ≈ 40% with

40 fs and ≈ 25% with 250 fs. The anisotropy was explained on the basis of model

proposed by Breizman et al.[108] which models the cluster as two concentric spheres

: outer one as ion sphere and inner one as cold electron core. It was demonstrated in

Ref.[108] that ions at the surface of the cluster experience a nearly isotropic time av-

eraged potential whereas ions from the deeper inside the cluster feel an accelerating

potential that is more along the direction of laser polarization.

Recent experimental results [109, 110] on Arn clusters (n = 400 − 900) and Xen

clusters (n = 500 − 25000) driven by 800nm laser at peak intensity of ≈ 514W/cm2

with pulse duration in few cycles limit (∼ 3 − 4 laser time cycles) demonstrate the

complete reversal of the anisotropy of ion emission that was observed earlier with

comparatively larger pulse duration (∼ 100fs) of laser. They observed that ion yields

were larger when the polarization of the laser is perpendicular to the detection axis

than along it. This unexpected behaviour was explained qualitatively on the basis

of spatially anisotropic shielding of ions due to the oscillating electron charge cloud
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within the cluster. Similar studies were also performed by Skopalova et al[111] with

Xe and Ar clusters. In these experiments, they observed that ion emission was more

energetic in the direction perpendicular to the laser polarization than parallel to it.

They also interpreted these result phenomenologically in terms of screening of the

ionic field along laser polarization direction due to the collective oscillation of electron

cloud.

Thus the anisotropy is categorised in two types.The first one ,in which the ion yield

in more along the laser polarization direction than perpendicular to it, will be termed

hereafter as ”normal anisotropy”. The second type of anisotropy deals with the higher

ion yield along perpendicular to the laser polarization that will be termed here after as

”atypical anisotropy”. We have carried out detailed MD simulation studies on ”atyp-

ical anisotropy” of ion emission from Ar and Xe clusters when irradiated with laser

pulses of few time cycles. For the sake of completeness and comparasion, results of

normal anisotropy are also presented in this chapter.

4.2 Anisotropy studies for Argon clusters

Our MD code is used to investigate this anisotropic ion emission from Ar clusters irra-

diated by NIR laser of wavelength 790 nm. Effect of various parameters of interest viz.

laser pulse FWHM time duration, intensity and size of the cluster is investigated on

the anisotropy. The variation of these laser and cluster parameters is performed as fol-

lows : pulse duration of the laser is varied from many time cycles (100fs) to few time

cycles (5fs), intensity of the laser is changed from 5 × 1014W/cm2 to 3 × 1016W/cm2

and the cluster size is changed from 16Å to 58Å. The incident laser pulse is assumed

to be linearly polarized along x- direction. Our MD code calculates the phase-space

data of all the particles (ion as well as electrons) and stores it after certain time steps.

This selected phase space data is further post-processed to calculate the ion energy

and electron energy distribution function (IEDF and EEDF). For the calculation of par-

ticle energy distribution function, the energy scale is divided into certain predefined

equally spaced energy intervals (bin size) and particles are distributed into energy in-
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tervals according to their energies. The location for the collection of particles (similar

to detector locations as used in experiments) along the directions parallel and per-

pendicular to laser polarization is chosen to be far away from the cluster. This ensures

that particles have achieved their maximum energies before they are detected. We also

mention that the total simulation time is kept large enough so as even the lowest en-

ergy particle can reach the detector. The time for the particles to reach the detector can

be roughly calculated with energies of the order of the saturated mean energy. There-

fore we have kept the simulation time long enough (1 ps) for all the cases presented in

this paper.

4.2.1 Effect of laser pulse duration

Below we discuss the results of “atypical anisotropy” of ion emission from cluster of

radius 58 Å exposed to the laser pulse of intensity 4.5×1015W/cm2. The laser pulse

duration is varied over a range of 5 to 100fs. For all the simulation results, we have

used open boundary conditions(OBC). The choice of OBC is guided by the fact that

most of the anisotropy measurement experiments employ low density clusters[107,

111]. Therefore, a preference is made to choose OBC over periodic boundary condi-

tions(PBC) in our simulations to replicate the experimental scenario as well as to look

at the nature of anisotropy in the absence of other clusters. Moreover, we have found

that changing the value of RIC does not alter the degree of anisotropy although it may

change the other parameters (average degree of ionization, mean ion energy etc.). The

ion energy distribution functions (IEDF) for four pulse durations (5,10,20 and 100 fs)

are shown in Figs.4.1(a)-(d). It is important to note that the intensity of the laser pulse

is kept constant for all the pulse durations. Consequently, the integrated radiation en-

ergy flux F ≡ I · τ increases continuously as the pulse duration of the laser is changed

from 5fs to 100fs (F ≡ 22.5, 45, 90, 450J/cm2 for τ = 5, 10, 20, 100fs). The continuous

enhancement in the in the energy content of the pulse with the increase in the pulse

duration leads to the increased maximum energy (Emax=5,7.5,18 and 100 KeV) of the

ions as longer pulse duration is employed for cluster irradiation (Figs.4.1(a)-(d)). We

also observe that the value of the maximum yield of ions reduces as the pulse dura-
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Figure 4.1: Ion energy distribution function (IEDF) along laser polarization (red:0◦) and
perpendicular direction (blue:90◦) for laser pulse duration of 5 fs a), 10 fs b), 20 fs c), and
100 fs d). The cluster radius is taken as 58Å whereas the intensity of the laser is chosen as
4.5×1015W/cm2.

tion is increased . This can be explained as follows : as the the longer pulse durations

are used, the range of energy spectrum broadens i.e. higher energy ions start ejecting

from the cluster. As we are using the same cluster size or same number of particles for

irradiation with various values of the laser pulse duration. Consequently, the lower-

ing of the maximum fraction of particles occurs along the y-axis as the range of energy

values along the x-axis increases for longer pulse durations of the laser.

Further, we observe t hat the ion yield along laser polarization direction (0◦) hap-

pens to be more compared to perpendicular direction (90◦) for the case of the longest

pulse duration used in the simulation (Fig.4.1(d)). This is the ”normal anisotropy” ,

as mentioned earlier in the previous section, which has been observed for many laser
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cycle pulse duration and explained phenomenologically on the basis of “charge flip-

ping” model[95, 112]. MD results also confirmed [113] that the electrons change their

position from one pole to other as a response of changing laser electric field. This

flipping of the electron population leads to augmented ionization states of ions at the

poles that further causes the asymmetric cluster explosion due to the charge imbal-

ance introduced. When the pulse duration of the laser is further reduced to few time

cycles (10 and 20 fs), we observe that the nature of the anisotropy starts changing :

more ions start emitting along 90◦ rather than 0◦ (Figs. 4.1(b)-(c)) for lower energy

part of IEDF spectrum. Moreover, we find that there exists an optimum pulse dura-

tion ranging between 10-20 fs for which this “atypical anisotropy” is seen prominently.

As mentioned in the previous section that same kind of anisotropy was also observed

experimentally for Ar clusters irradiated by low intensity laser pulse of few cycles

duration[109]. The collective dynamics of inner electron cloud can explain observed

anisotropy. For intermediate pulse durations (10 to 20 fs), the well developed electron

cloud oscillates with the laser frequency and it strictly follows the laser electric field.

We have also confirmed this collective oscillations of inner electrons under the pres-

ence of external laser electric field by looking at the snap-shots of particle positions at

two consecutive laser half cycles (19 and 20 fs) as shown in Fig 4.2. In Fig 4.2, we see

the oscillations of aggregated electron cloud strictly follows the external laser electric

field or laser polarization direction. It is important to note that the direction of this

oscillation always remains opposite to the external laser field in the two consecutive

laser half cycles(Figs. 4.2(a) and (b)) as the electrons are negatively charged particles.

Consequently, it appears that inner electron charge gets smeared more along the the

direction of the laser electric field rather than the perpendicular direction. This elon-

gation of electron cloud effectively shields the ions more along 0◦ compared to 90◦.

This initial shielding effect finally results in ion anisotropy of coulomb explosion. At

the time of explosion, more ions will emerge along perpendicular direction of laser

polarization rather the parallel direction due to shielding as explained earlier. It is

also noteworthy that this “atypical anisotropy” is observed for low energy ions in the

IEDF plots as shown in Fig.4.1. The reason is that these ions emerge from the deep
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Figure 4.2: Snapshots of particle (red dots: electrons and blue dots: ions) positions at 19 fs
a), and 20 fs b). The encircled area represents the aggregation of electron opposite to the laser
electric field.

inside the cluster where they were being quite effectively shielded by the oscillating

electrons cloud, compared to the ions at the periphery of cluster.

For the case of many pulse duration (100fs) of the laser(Fig.4.1(d)), more energy is

deposited inside the cluster as the integrated radiation flux is maximum for this case.

It leads to the emergence of higher charge states as described earlier. Further, the in-

creased collisional heating of electrons distorts the ordered motion of electron cloud

along the laser electric field causing the reduced shielding of the ions. The simulta-

neous presence of higher charge states and reduced directed motion of electron cloud

diminishes the observed “atypical anisotropy” for the longest pulse duration. Rather

the “charge flipping” dynamics happens to be more important when longer pulse du-

rations are employed that leads to the normal anisotropy of cluster explosion. For the

case of the shortest pulse duration of 5 fs, the “atypical anisotropy” again disappears

(Fig.4.1(a)). For this case, the integrated radiation flux of the laser pulse is minimum

which leads to minimum absorbed energy by the cluster. Consequently, the formation

of sufficiently sized electron cloud is not achieved. The absence of well developed

electron sphere may lead to disappearance of “atypical anisotropic” emission of clus-

ter explosions for the case of shortest laser pulse duration used in the simulation.
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Figure 4.3: Ion yield along laser polarization (red:0◦) and perpendicular direction (blue:90◦)
for pulse duration of 10 fs a) 100 fs b). The other parameters are kept same as 4.1.

To get a quantitative picture, we show in Fig. 5.3 instantaneous ion yields for the

cases of pulse duration of few cycles i.e. 10 fs (Fig. 4.1(b)) and many cycles i.e 100 fs

(Fig. 4.1(d)). For the case of 100 fs (Fig. 5.3(b)), the ion yield along 0◦ always remains

well above than that along 90◦ at all time steps (equivalently for all energies). As the

pulse duration is reduced (10 fs), the high energy ions (which reach detector earlier)

emit almost isotropically(Fig. 5.3(a)). After about 500 fs, we start observing more

ions along 90◦ . Although the difference between the two curves is small, it leads to

significant number when integrated over time.

4.2.2 Effect of laser pulse intensity

In this section, we intend to study the effect of laser pulse intensity on the ”atypi-

cal anisotropy”. As found in the previous section, the laser pulse duration of 10fs

is obtained as an optimum pulse duration that exhibited most prominent signatures

of ”atypical anisotropy” for Ar cluster of size 58Å at laser pulse intensity of 4.5 ×

1015W/cm2. For these studies, the size of the cluster and the pulse duration of the laser

are fixed at 58Å and 10fswhereas the intensity of the laser is varied from 5.0×1014W/cm2

to 3.0×1016W/cm2. The results for corresponding IEDF’s are presented in Fig. 4.4. It
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Figure 4.4: Ion energy distribution function (IEDF) along laser polarization (red:0◦) and per-
pendicular direction (blue:90◦) for 58 Å radius Ar cluster irradiated by laser pulse of FWHM
duration of 10 fs and intensities 5.0×1014 a), 1.0×1015 b), 8.0×1015 c), and 3.0×1016W/cm2

d).

is noteworthy that as the intensity of the incident laser pulse increases for fixed pulse

duration, the range of the energy spectrum shifts towards higher energy side with

a corresponding reduction in the absolute yield for ion energies at lower side of the

spectrum. It can be explained on the basis of enhanced energy content for the incident

laser beam (F≡ 5, 10, 80, 300J/cm2 for I=5.0×1014, 1.0×1015, 8.0×1015, 3.0×1016W/cm2

) as intensity is increased. For lower intensities (Fig. 4.4(a)), ions almost seem to emit

isotropically and the same trend is also followed for higher intensities (Fig. 4.4(d)),

whereas there exist (Fig. 4.1(b)) an optimum intensity around 4.5×1015W/cm2 for

which ion yield is more along perpendicular direction of laser polarization than par-

allel direction. The absence of “atypical anisotropy” in the lower side of the intensity
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Figure 4.5: Ion energy distribution function (IEDF) along laser polarization (red:0◦) and
perpendicular direction (blue:90◦) for cluster size 16 Å a), 24 Å b), 33 Å c), and 45 Å d)
irradiated by laser pulse of intensity 4.5×1015W/cm2 and FWHM pulse duration of 10 fs.

range considered can be explained due to unavailability of inner electron cloud that is

responsible for shielding of ions. When the intensity becomes quite high, the increased

value of electron density inside the electron cloud facilitates the collisional ionization

that further hampers the directed motion of electron cloud along the laser polariza-

tion direction. The damping of amplitude of electron cloud motion reduces the effect

of shielding of ions by these electrons that lead to the normal isotropic emission. It

may be noted that “charge flipping” dynamics of the ions is not able to overtake here

as the pulse duration are really short that causes almost isotropic emission of ions from

the cluster.
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4.2.3 Effect of cluster size

Here, we have tried to see the effect of cluster size on the nature of anisotropy. For

these studies the size of the cluster is varied from 16Å to 45Å with intermediated

values as 24Å and 33Å whereas the laser intensity and pulse duration are chosen as

∼ 4.5 × 1015W/cm2 and ∼ 10fs, respectively. The selection of these values of in-

tensity and pulse duration are inspired from the studies performed in previous para-

graphs where these parameters exhibited most pronounced signatures of ”atypical

anisotropy”. The Normalised IEDF plots are shown in Figs. 4.5(a)-(d) for various

values of cluster sizes. As the size of the cluster is increased (Figs. 4.5(a)-(d) and

Fig. 4.1(b)), “atypical anisotropy” increases. For sufficiently small clusters, this kind

of anisotropy is absent because the cluster explodes before accumulation of enough

number of inner electrons. As the size of the cluster increases, the explosion of cluster

gets delayed as well the inner electrons population also increases. These effects result

into observed anisotropy of cluster explosion. Similar trend were observed for the

variation of optimum pulse duration with number of particles inside the cluster[111].

4.3 Anisotropy studies for Xenon clusters

As mentioned in the section 4.1, both types of anisotropy (Normal and atypical) was

observed experimentally in Xe clusters in the domain of large pulse duration and ex-

tremely short (few cycles pulse) pulse duration, respectively[101, 106, 110, 111]. In this

section, we intend to present the results of both kind of anisotropies in the Xe cluster

explosion using our MD code.

4.3.0.1 Comparasion with the earlier experimentally observed anisotropy

For this comparative study, we have used our MD code with the open boundary con-

ditions. The use of OBC is to mimic the experimental environment where the low

density clusters are used for laser irradiation. First, we present our results of normal

anisotropy with long pulse duration. The choice of the simulation parameters is taken

as of 50 Å Xe cluster irradiated with laser beam of peak intensity of 1.3×1016 W/cm2
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Figure 4.6: Time variation of ion yields (a) and ion energy distribution functions (b) along
and perpendicular direction of laser polarization from 50 Å Xe cluster. The laser intensity is
1.3×1016W/cm2 at pulse duration of 170 fs.

at pulse duration of 170 fs. These are the typical values used in the experiments with

relatively long pulse durations. The outcome of this investigation is shown in Fig.4.6.

The temporal evolution of time integrated (integration from time t = 0 to t = t) yield

of ions is plotted in Fig. 4.6(a). As it is evident from this plot that collection of ions

starts at nearly 200 fs and it continues to increase till 400 fs. The integrated ion yield

becomes nearly constant after this time. The ion yield along laser polarization direc-

tion (0◦) is more than that along perpendicular direction (90◦). The distribution of ions

according to their energies (IEDF ) is shown in Fig.4.6(b). We observe that ions show

a preferential direction of emission (parallel to laser polarization) for a wide range of

energy spectrum ranging almost from 20 KeV to 100 KeV. These results clearly show

the signatures of normal anisotropy that exhibits itself into the pronounced emission

along the laser polarization direction. These results are explained by considering the

polarization of surface charge distribution along with that of the dielectric medium in-

side the cluster due to external laser field. The laser field exerts a direction dependent

pressure (Ppol ∼ cos2 θ, where θ is the angle between laser polarization axis and sight

of observation) on the induced surface charge distribution. This pressure maximizes

itself along 0◦ which results into enhanced ion yield and more energetic ions along the
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Figure 4.7: Time variation of integrated ion yields (a,b), and distribution of various ionic
species according to their energies (c,d) from 25 Å Xe cluster irradiated by laser pulse durations
of 12 fs and 35 fs. The laser intensity of 5×1014 W/cm2 is used.

laser polarization direction[106].

To observe the ”atypical anisotropy”, we have to consider the case of extremely

short pulse duration (few cycles pulse). For these results, we have considered the

case of a small Xe cluster with radius 25Å. This cluster is driven by the laser of in-

tensity 5×1014 W/cm2 at pulse durations of 12 and 35 fs, respectively. The laser and

cluster parameters used in the simulation are nearly same as used in experiment of

Mathur et. al. [110]. Time variation of integrated ion yields along direction parallel

(0◦) and perpendicular (90◦) to laser polarization are plotted for laser pulse durations

of 12 and 35 fs in Figs. 4.7(a) and 4.7(b), respectively. For the case of 12 fs, ions start

appearing at around 200 fs whereas they appear at about 120 fs for 35 fs laser pulse

duration. It indicates that higher energy ions are generated for longer pulse duration.
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Presence of higher energy ions for longer pulse duration is a consequence of increased

energy content for the pulse as the peak intensity is kept constant for both the pulse

durations. For the case 12 fs, the ion yield along 90◦ is more than that along 0◦ (”Atyp-

ical anisotropy”) whereas opposite trend is observed for the case of 35 fs(”Normal

anisotropy”). The reversal of anisotropy from normal to atypical in few cycle laser

pulses can be explained on the basis of initial spatial shielding of ions by electrons

and it will be discussed in the next paragraph. To further strengthen our observation

about directional preference of ion emission, we have shown (Figs. 4.7(c) and 4.7(d))

ion energy distribution function (IEDF) plots for both pulse durations of 12 and 35 fs.

Again we observe the reversal of anisotropy as laser pulse duration is changed from

τ = 35 fs to τ = 12 fs. Maximum ion energy and ion yield for the case of τ = 12 fs are

observed to be 0.8 KeV and ∼ 8 × 10−2 KeV−1 respectively. On the other hand, max-

imum particle energy increases up to 3 KeV and maximum yield reduces to a value

of ∼ 2.4 × 10−2 KeV−1 for τ = 35 fs. The broadening of energy spectrum along with

the decrease in maximum yield of ions is a result of increased energy content for the

longer pulse.

4.3.0.2 Computational results for anisotropy

In this section, we present our detailed results of anisotropic ion emission from 56 Å Xe

cluster exposed to laser pulse of intensity 4.5×1015 W/cm2. The pulse duration of the

incident laser beam is varied from 10 to 100 fs. These simulation parameters are nearly

same as used for anisotropy studies for Ar cluster as discussed in section 4.2. Results

for various time integrated IEDF plots are shown in Figs. 4.8(a-d) for laser pulse du-

rations of 10, 20, 30 and 100 fs respectively. We also show the temporal evolution of

integrated yield of ions for the above mentioned pulse durations in Figs.4.9(a-d). We

note that as the pulse duration of laser is increased, the maximum cut off energy ap-

pearing in IEDF spectrum increases. This happens because more integrated radiation

energy flux (F ≡ I · τ ; F = 45, 90, 135, 450 J/cm2 for τ = 10, 20, 30, 100 fs)

interacts with the cluster at constant peak intensity as the pulse duration is increased

for various cases. It may be noted that ion yield for shortest pulse duration (τ = 10 fs)
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Figure 4.8: Distribution of various ionic species according to their energies (IEDF) for 56 Å
Xe cluster exposed to laser of intensity 4.5×1015 W/cm2 for FWHM pulse duration of 10 fs
(a), 20 fs (b), 30 fs(c) and 100 fs (d).

remains higher along the direction perpendicular direction to laser polarization than

parallel to it. Same kind of anisotropy was also observed in our numerical simulation

for Ar cluster with few cycles laser pulses, as discussed in the section 4.2. These re-

sults can be explained on the basis of spatial shielding of ions by collective oscillations

of inner electrons in the presence of external laser electric field. For few cycle laser

pulses, incident laser field terminates before any significant outer ionization leading

to build up of inner electrons. This inner electron cloud oscillates in harmony with

the external laser electric field. This collective oscillation of inner electrons under the

presence of external laser electric field can also be observed (Fig.4.10) in snap-shots of

particle positions at two consecutive laser half cycles (14 and 15 fs). In Fig. 4.10, the

aggregated inner electron cloud is shown under area bounded by the ellipses. It may
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Figure 4.9: Temporal evolution of integrated ion yields for FWHM pulse duration of 10 fs (a),
20 fs (b), 30 fs(c) and 100 fs (d). The other laser and cluster parameters are same as used in
Fig.4.8

be noted that each dot depicting the particle is a macroparticle (collection of identical

real particles) rather than a real particle. This means that a sufficient number of real

particles (inner electrons) undergo oscillation along the direction of laser electric field.

It is also noteworthy from Figs. 4.10 (a) and (b) that the direction of oscillation of elec-

trons always remains opposite to external laser electric field. On the other hand, no

aggregation of inner electrons is observed along the direction perpendicular to laser

polarization. Collision effects of electrons with other particles is also not significant

for the few cycle laser pulse duration that can otherwise hampers the directed motion

of electron cloud. Consequently, the inner electron charge elongates itself along the

direction of laser electric field due to their continuous rapid oscillation in harmony

with the laser field. The smearing of the electronic charges shields the ions effectively
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Figure 4.10: Locations of macroparticles (red dots: electrons and blue dots: ions) at 14 fs (a),
and 15 fs (b) for laser pulse duration of 10 fs. The other laser and cluster parameters are kept
same as used in Fig. 4.8. The area bounded by ellipses represents the aggregated electron cloud
which oscillates opposite to the laser electric field.

along laser polarization than perpendicular direction. This initial shielding of ions re-

sults into the observed anisotropy of ions for the few cycle laser pulse. As the pulse

duration is increased, collision effects start affecting the directional motion of electron

cloud that results into the reduced shielding of ions due to the oscillating electron

cloud. This effect reduces the observed preferential direction of cluster explosion. For

still longer pulse durations, surface effects start dominating the ion anisotropy. The

effect of anisotropic pressure due to the laser field on the induced surface charge of

Xe cluster governs the emission of more ions along laser polarization direction than

perpendicular direction.

Till now we have explained the ”atypical anisotropy” by looking at the oscillation

of inner electron cloud along the laser polarization direction that shields the ion ex-

plosion along the direction of electric field of the laser. To understand this shielding

phenomenon in more detail, the knowledge of electric field at the periphery of ex-

panding cluster will be more useful. Therefore, we calculate the the time variation of

electric fields along the direction parallel to laser polarization (E0) and perpendicular

to it (E90) for laser pulse durations of 10 and 100 fs (Fig.4.11). The spatial locations
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Figure 4.11: Temporal variation of electric field at the surface of the cluster for laser pulse
durations of 10 fs (a), and 100 fs (b). The other laser and cluster parameters are same as used
in Fig.4.8. In the inset of each plot, we have shown the smoothed electric field till 280 fs.

(x,y,z) for electric field calculations are selected as (R(t),0,0) and (0,0,R(t)) where R(t) is

the instantaneous radius of the expanding cluster. The electric field due to both elec-

trons and ions are vectorially added at the desired locations and the x-component of

the resulting field at (R(t),0,0) is defined as E0. Similarly, the z-component of resulting

field at (0,0,R(t)) is defined asE90. We observe thatE90 is more thanE0 for pulse dura-

tion of 10 fs (Fig.4.11(a)) whereas these two fields do not differ significantly for pulse

duration of 100 fs (Fig. 4.11(b)). We may note that the situation remains unchanged

for 10 fs case even after addition of laser field to radial field calculated above whereas

E0 becomes more than E90 for 100 fs. These variations of electric fields explain the

anisotropy in the ion emission for pulse durations of 10 and 100 fs. It may be worth

mentioning about the normal anisotropic ion emission (ion yield is more along 0◦ than

90◦) from Ar clusters (∼ 40 nm) that has also been studied using a different theoret-

ical approach viz. particle-in-cell method [89] in many pulse cycle regimes (∼ 60 fs)

for various laser intensities and cluster sizes. Our study deals with anisotropy (ion

yield is more along 90◦ than 0◦) for Xe clusters (∼ 50 Å) in few cycle pulse duration

regime (∼ 10 fs). We have also carried out MD simulations for other laser intensities

and cluster radii. The nature of anisotropy does not change due to variations in laser
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and cluster parameters.

4.4 Summary

To sum up, we have used a three dimensional molecular dynamic model to study

the interaction dynamics of Argon and Xenon clusters irradiated with laser pulses of

moderate intensities and pulse durations ranging from many cycles to few cycles. For

the case of many cycles pulse duration, we observe normal anisotropy in which more

ions are ejected along the direction of laser polarization (0◦) than perpendicular to

it (90◦). The situation changes completely when few cycles laser pulse are used for

irradiation i.e. more ions are emitted along 90◦ than 0◦. The reversal of anisotropy

is explained on the basis of initial spatial shielding of ions due to oscillation of inner

electrons along the direction of laser polarization. Moreover, the calculation of electric

field on the periphery of expanding cluster gives higher electric field along 90◦ than

that along 0◦. This direct calculation of electric field supports the shielding argument

made earlier to explain the ”atypical anisotropy” for the case of few cycle laser pulse

duration.



CHAPTER 5
Carrier envelope phase effects in the regime of few cycles laser

pulses

Nowadays, it has been possible to routinely generate the laser pulses with time dura-

tion upto few laser time cycles due to the revolution made in femtosecond laser tech-

nology during the last decade[11]. As mentioned in the chapter 1, the generation of

few cycles laser pulses depends upon the combination of two techniques namely self

phase modulation (SPM) and negative group velocity (GVD) dispersion. The pulse

spectrum is artificially broadened through SPM and then re-compressed spectrally

with the use of −ive GVD. There are mainly two methods of generation of few cycles

laser pulses. The First one relies on the use of gas-filled hollow wave-guides as SPM

reagent and prism dispersive delay line as a pulse compression technique [12]. In the

second method, self-guiding of laser pulses through filamentation is used instead of

external guiding which provides a medium to occur SPM. Finally, the ultra-short pulse

is achieved by re-compressing the output[13]. In such short laser pulse where the du-

ration of the the laser pulse approaches towards the time period of the laser oscillation,

the initial phase of the carrier wave with respect to the envelope becomes an important

parameter[11]. The correct knowledge of this quantity, commonly known as CE phase

(φ), is required to completely describe the laser electric field (E(t) = E0(t) cos(ωt+ φ)).

Thus the strong field interactions originating from few cycles laser pulses become sen-

sitive to the correct value of the CE phase. In this chapter, we intend to study the effect

of this CE phase (φ) on the ionization dynamics of small Xenon clusters in limit of few

cycles laser pulse duration.

121
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5.1 CE phase : Importance and signature on atoms coupled

with few cycle laser pulses

As discussed in the previous paragraph, the complete description of electric field of

the few cycles laser light needs all three quantities : field amplitude (E0), frequency

(ω) and CE phase (φ), simultaneously. Generally, it is not possible to generate the

laser pulses in succession with fixed initial CE phase from the oscillator due to the

difference between the phase velocity and group velocity of the pulse. Due to this

process, the carrier wave slides under the envelope as the pulse circulates in the mode-

locked laser[114] and pulse to pulse CE phase changes accordingly. Now, it has been

possible to to control this parameter by appropriate feed back techniques[115, 116]

and also, direct measurement of φ has been demonstrated[117, 118].

When these CE phase stabilised lase pulses are coupled with the individual atoms,

it lead to the very interesting phenomenons. For such ultra-short laser pulses with sta-

bilised laser pulses, the probability of tunnelling of the electron from the parent atoms

depends strongly on the value of the instantaneous electric field. Thus the release time

of the electron from the parent atoms is dependent on the instantaneous electric field

that inherently contains the information of φ. Now this released electron from tunnel

ionization follows the laser field. It is important to note that this electron may return

to the parent atom depending on which instant of time in the laser cycle, the electron

was ejected from the atom. When the electron approaches to the atom, it can lead to

high harmonic generation(HHG) by recombination, above-threshold ionization(ATI)

by elastic scattering or non-sequential double ionization(NSDI) by inelastic scatter-

ing with it. It is possible to control these various re-scattering processes via a control

over CE phase. Indeed, it is experimentally observed that HHG[117] and ATI[118] are

strongly dependent on φ. NSDI [119–122] is of particular interest as it can affect the

ionization dynamics of an isolated atom. Similar to HHG and ATI, NSDI also showed

dependence on CE phase as demonstrated by measuring electron-electron momen-

tum correlation[123] or measuring the asymmetric parallel momentum distribution of

residual ion[124]. The asymmetry was explained by considering the phase dependent
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tunnel ionization rate, kinetic energy of returning electron and time duration in which

re-collision occurs[125].

Recent experiments on Xe and CS2 atoms in strong laser fields clearly demon-

strated the strong dependence of ionization dynamics of various atoms on CE phase[126]

of the laser pulse. They observed that the fractional charge states of various ionic

species normalized against singly ionized charged state shows a major variation when

φ is changed from 0 to π/2[126]. Literature mentions about the previous analytical

studies showing the significance of CE phase on ionization of atoms. Rastunkov et

al[127] have studied the CE phase dependence of ionization of hydrogen atoms by a

high power single-cycle pulse in the Landau-Dykhne approximation. Here, the initiat-

ing mechanism of ionization due to high power laser is tunnel ionization. It has been

found With exponential accuracy that the ionization by laser pulse with CE phase

φ = 0 is much more effective than that with CE phase φ = 90. The Effect of φ is

not only limited to the tunnelling ionization of atoms but also can be extended to

other ionizing mechanisms such as photo-ionization. Photo-ionization of Xe and H

atoms exposed to attosecond pulses (Mean photon energy ∼ 100eV, pulse duration ∼

100 as) has been analytically studied by using first-order time-dependent perturbation

theory[128, 129]. The laser wavelength used in these studies varies from vacuum ultra

violet (VUV) to soft X-ray (SXR) region that means the initial ionizing mechanism to

be photo-ionization in place of tunnel ionization. The results obtained in this investi-

gation also indicated the presence of strong CE phase dependence of photo-ionization

probability. It may be noted that these theoretical predictions can be useful for various

VUV intense laser cluster experiments performed by using light sources such as DESY

free electron laser (FLASH)[130, 131].

5.2 CE phase : Effect on small clusters driven by phase sta-

bilised few cycles laser pulses

Most of the experimental and analytical studies, as mentioned in previous paragraphs,

concentrate only on individual atoms which are exposed to few cycle laser pulse with
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controlled CE phase. All these results clearly indicate a strong dependence of ioniza-

tion on phi. In stead of isolated atoms, we have chosen small clusters of Xenon atoms

and tried to see how the, initial phase of the carrier wave with envelope, affect the

ionization dynamics of these small clusters.

5.3 Simulation methodology

We have used our code MD-ILAC to study this problem. The code has already been

discussed in detail in chapter 2. This code is modified to accommodate the effects

occurring in few cycles laser pulses. In stead of Gaussian laser pulse, we have used a

conventional model of an n-cycle laser pulse, the sin2 pulse. The temporal variation

of the electric field of the n-cycle laser pulse is given as

E(t) = E0sin
2(ωt/2n)cos(ωt+ φ); 0 < t < nT (5.1)

, where ω and T denotes frequency and time period of the laser pulse, respectively.

The spatial variation of laser intensity is ignored as it was done previously, due to

much smaller size of the cluster in comparasion of the wavelength of the laser pulse.

The wave-vector of the electromagnetic wave is assumed to be along y axis whereas

its electric and magnetic field are aligned along x and z direction respectively.

The initial ionizing mechanism used originally in the code was tunnel ionization

and the corresponding ionization rates are calculated by using Ammosov, Dellone and

Krainov (ADK) formula [26] as,

νofi =

(
3En∗3

πZ̄3

)1/2
(2`+ 1)(`+ |m|)!

2|m|(|m|)!(`− |m|)!

×
(

2e

n∗

)2n∗
1

2πn∗

(
2Z̄3

En∗3

)2n∗−|m|−1

×
(
Z̄2

2n∗2

)
exp

(
− 2Z̄3

3n∗3E

)
1

2.4× 10−17
s−1

(5.2)

. In this equation, E =
√

2× 104 I/(c εo)/5.14 × 1011 is the electric field in atomic

units, I(W/cm2) is the intensity of laser light and c is the speed of light in SI units,
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εo is the permittivity of free space, Z̄ is the degree of ionization, n∗ = Z̄/
√

2Ip is the

effective quantum number, Ip is the ionization potential in atomic units, e is the charge

of electron, ` and m are the orbital and magnetic quantum numbers of outer electron

respectively. Ionization rate is calculated for each value of m and averaged over it.

We want to mention that the tunnel ionization rates are obtained as a quasi-classical

solution of the ionization of atom in the presence of alternating electromagnetic field

under certain simplifying assumptions [24]. One of the assumptions is that these for-

mulas are derived for non-relativistic case where the speed of electron is much less

than the speed of light. Consequently the effect of magnetic field is not considered

in this solution. It is also important to note that ADK rate given in (5.2) is obtained

after a time averaging over one complete laser cycle. Consequently, the electric field

appearing in equation (5.2) is only the amplitude part of the laser electric field. This

formula does not consider the instantaneous electric field of the laser which has ex-

plicit information about the CE phase part of the pulse. This ADK rate formula has

to be modified to accommodate the effects of CE phase which become extremely im-

portant for the laser pulse approaching towards the limit of few laser time cycles. As

a first approximation, we have followed the idea given by Bauer et al[132] to account

for the effects of CE phase in tunnel ionization rate. In stead of using amplitude of

electric field in ADK rate (5.2), we use absolute value of time dependent electric field

(|E(t)|)[132]. All the calculations made in this chapter use this modified ADK formula

in our studies on the ionization dynamics of Xe clusters.

Once a sufficient number of electrons get accumulated inside the cluster, they fur-

ther undergo inelastic collisions with other atoms and produce more electrons. A

fitting formula [88] is used to calculate the collisional ionization rate for clusters with

Z < 28 whereas Lotz’s formulation [79] is used for atomic species with Z ≥ 28 as,

νci = 6.7× 10−7
ne a q

Ip
√
kTe

∫ ∞
Ip/kTe

e−x

x
dx s−1 (5.3)

where, ne (cm−3) is electron density, a = 4.5 is constant, q are number of electrons in

outer orbital of particular ion, Ip (eV) is the ionization potential for a particular ion,
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kTe (eV) is the electron kinetic energy. It is important to note that the energy of electron

depends upon the time of its removal from atoms by tunnel ionization which in turn

depends upon the CE phase (φ) of incident laser field. If the electron is born such

that it sees the accelerating laser field, it will gain more energy than if it would have

seen the decelerating laser electric field. Consequently, the resultant kinetic energy of

electrons will also affect the collisional ionization rate. Thus, the ionization of ions

due to the inelastic collisions with electrons also becomes an indirect function of CE

phase. We also want to mention that the collisional ionization rate (5.3) also accounts

automatically for collisions with parent as well as with other atoms due to fact that

particle trajectories are strictly followed with oscillating electric field of laser.

All other details of the code like particle motion as calculated by equation motion,

calculation of distribution functions (IEDF and EEDF) are kept same as in the original

code. The changes made in the code to study this particular problem are already

mentioned in this section.

5.4 Results

The detailed MD simulation studies have been carried out on the ionization dynam-

ics of high-Z clusters (Xe400). These clusters are driven by strong laser pulse with

wavelength lying in near infra-red wavelength region (λ ∼ 800 nm). Open bound-

ary conditions are used unless otherwise stated for the simulation box i.e. once the

particle leaves the simulation box, it never reappears in the simulation box. The main

objective of this investigation is to find out the dependence of ionization of cluster

atoms on the pulse duration of the incident laser pulse. For that, the pulse duration

of the laser pulse is varied from few cycles τ1 (τ1 = 2T0, where T0=2.67 fs is one laser

time cycle for λ = 800 nm) to many cycles τ2 (τ2 = 8T0). The peak intensity of in-

cident laser pulse is kept at 1.0×1016 W/cm2 that gives the peak strength of electric

field (E0) for this intensity to be equal to 2.74×1011 V/m. The temporal variations of

instantaneous electric fields along with their envelopes are shown in figures 5.1(a) and

5.1(b) for τ = 2T0 and τ = 8T0, respectively. For each pulse duration, these plots also
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Figure 5.1: Time envelope and instantaneous electric field for laser of pulse durations 2T0 (a)
and 8T0 (b). The peak intensity of the laser pulse is kept same at 1×1016W/cm2 for both the
cases. Solid blue and red dot dashed lines represent the electric field variations for CE phases
of φ = 0 and φ = π/2, respectively. The electric field envelope is shown by the dotted line.

consist of field variations for CE phases of φ = 0 and φ = π/2 separately. The laser

pulse profile with CE phase φ = 0 corresponds to the situation in which the peak of

the electric field and center of the field envelope coincide. For the laser pulse with CE

phase φ = π/2, the electric field peaks before the center of field envelope.

5.4.1 Optical field ionization : Cycle averaged tunnelling rate

In this section, we present the ionization results of various cluster atoms when cycle

averaged ADK tunnelling rates, given by equation5.2, are used for optical field ioniza-

tion of cluster atoms. As mentioned earlier that these rates do not consider the phase

part of the electric field of incident laser pulse. The fraction of various charge states

produced due to irradiation of Xe400 cluster by pulse durations of τ = 2T0 and τ = 8T0

are plotted in Figures 5.2(a) and 5.2(b), respectively.
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Figure 5.2: Fraction of various charge states for Xe400 cluster irradiated by laser of pulse
durations 2T0 (a) and 8T0 (b). Solid blue and hatched red bar correspond to CE phases of
φ = 0 and φ = π/2, respectively. The intensity of the laser is same as used in figure 5.1. For
optical field ionization, cycle averaged ADK tunnel ionization rates are used.

For the longer pulse duration ofτ = 8T0, we note the presence of new charge

species like Ar+10 and Ar+11 while these higher charge states are completely missing

for the shorter pulse duration of τ = 2T0. The reason for this mismatch is that the

incident laser intensity is kept constant for the two pulse durations. Consequently, the

corresponding integrated radiation energy flux F ≡ I · τ increases accordingly from

53.4 J/cm2 to 213.6 J/cm2 as the pulse duration is increased from 2T0 to 8T0 at constant

laser intensity. More incident integrated radiation energy flux (F ) gets coupled to the

Xe400 for longer pulse duration. Apart from this fact, ionization due to collisions is

also more effective for longer laser pulse duration. The reason is that the colliding

electrons feel the presence of incident laser field for much longer time for many cycles

pulse duration that leads to more collisions with other ions. These two effects are

responsible for the new charged species for τ = 8T0. From these plots (Figures 5.2(a)

and 5.2(b)), we also do not observe any significant difference in the yield of ionized

species for φ = 0 and φ = 90 for the case of few cycles laser pulse duration of τ = 2T0.
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Figure 5.3: Fraction of various charge states for Xe400 cluster irradiated by laser of pulse
durations 2T0 (a) and 8T0 (b). Solid blue and hatched red bar correspond to CE phases of
φ = 0 and φ = π/2, respectively. The intensity of the laser is same as used in figure 5.1.
Absolute value of time dependent electric field (|E(t)|) is used in ADK tunnel ionization rate
to account for the effect of the CE phase (φ) on ionization dynamics of Xe400 cluster.

Same is also observed for longer pulse duration of τ = 8T0. It is worth mentioning

that initial ionization of the cluster by laser electromagnetic radiation is due to tunnel

ionization. As we have used cycle averaged ADK tunnel ionization rates for these

results, we do not observe any noticeable difference in yield of ionic species for the

two values of CE phase (φ).

5.4.2 Optical field ionization : Modified tunnelling rate

In section, we present the results of ionization dynamics of same Xe cluster as used in

previous studies. The only difference is that we use modified ADK tunnelling formula

for these results as our studies involve the laser pulse durations of few cycles. As men-

tioned earlier, modified tunnelling formula used the absolute value of time dependent

electric field in stead of amplitude of the electric field that was earlier used in the con-

ventional ADK rates (equation 5.2). The results for fraction of various charge states for

these two pulse durations with modified ADK rate are presented in figures 5.3(a) and
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Figure 5.4: Average degree of ionization for Xe cluster irradiated by laser of pulse durations
2T0 (a) and 8T0 (b). Solid blue and red dot dashed lines correspond to CE phases of φ = 0 and
φ = π/2, respectively. The laser intensity is same as used in figure 5.1.

5.3(b), respectively. If we compare the fractional ionization shown in this plot (Fig. 5.3)

with the results (Fig. 5.2) presented in previous section with cycle averaged ionization

rates, we find that the picture has completely changed. The ion yields of different ionic

species show significant difference for CE phases of φ = 0 and φ = π/2 (figure 5.3(a))

when laser pulse of τ = 2T0 is used for irradiation. The difference in yield of various

ionic species for two different phases φ is due to the different instantaneous electric

field variations. The electron emitted after tunnel ionization will produce more ion-

ization if it sees the rising edge of the electric field as compared to the case when it sees

the falling edge of electric field. It is important to see that this difference in yield for

the two phases diminishes (figure 5.3(b)) when many cycles pulse duration of τ = 8T0

is used to irradiate the Xe cluster. It is also important that this result is similar to the

one shown in figure 5.2(b) where cycle average ionization rates are used for ioniza-

tion. It means that effect of CE phase on ionization dynamics is only important for

few cycles laser pulse duration. For many cycles pulse duration, these effects average

out so that we do not observe any noticeable difference in the yield of ionic species for
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the two phases. To further confirm these findings, we have also shown in figure 5.4(a)

the time evolution of average degree of ionization (Zavg) for φ = 0 and φ = π/2 for the

case of τ = 2T0. We observe that Zavg is higher for the case of φ = 0 than that for the

case of φ = π/2. As expected, no difference in Zavg (figure 5.4(b)) is seen for φ = 0 and

φ = π/2 when many cycles pulse duration (τ = 8T0) is used.

Here, we want to mention that the previous results were obtained with the open

boundary conditions. It is also required to see the effect of neighbouring clusters on

the ionization dynamics of the Xe clusters in the case of ultra-short pulse duration

limit. To account for the effect of neighbouring clusters, we have used periodic bound-

ary conditions with the size of the simulation box of 3R0. It is worth mentioning that

size of the simulation box is equivalent to the distance between two clusters. With this

condition in mind, we have repeated the calculations for the pulse duration of τ = 2T0

in the presence of neighbouring clusters. We do not observe any significant difference

in the average degree of ionization as well as the fractional ionization yield for CE

phase of φ = 0 and φ = π/2. This may be due to the small cluster size and ultra short

nature of irradiating laser pulse duration.

5.4.3 Effect of electron scattering

The results on ionization dynamics of Xe400 clusters, presented in the previous sec-

tion, show the effect of both the phase dependent tunnelling part as well as collisional

ionization of ions/neutral due to the electrons. Now we are solely interested in how

the electron re-scattering affects the CE phase dependent ionization dynamics in ex-

tended atomic systems like atomic clusters for the case of few cycles laser pulse du-

ration. It has been reported that electron re scattering in atomic clusters plays an im-

portant role[133] in long pulse duration limit. It is also important to note that the back

scattering of electrons in atomic systems is found to be CE phase dependent[125]. As

far as our MD model is concerned, it has the capability to deal with inelastic scattering

of electrons with ions via Lotz’ type collisional ionization. It is also important to note

that our calculations automatically incorporates the back scattering of electrons with

parent ions as well as forward scattering with other ions. Our MD model tracks indi-
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Figure 5.5: Fraction of various charge states for Xe400 cluster irradiated by laser of pulse
durations 2T0 (a) and 8T0 (b). Solid blue and hatched red bar correspond to CE phases of
φ = 0 and φ = π/2, respectively. The intensity of the laser is same as used in figure 5.1. For
these calculations, collisional ionization is artificially switched off.

vidual particle, be it electron or ion, under the influence of external electromagnetic

as well as internal electrostatic field. We can also artificially switch-off the collisional

ionization part in our code and then compare these results with the ones when both

tunnelling and collisions are present in the model. The difference between the two

results indicates the importance of electron scattering in cluster ionization dynamics.

In Figures 5.5(a) and 5.5(b), we show the yield of various ionized species in the

absence of collisional ionization for the two cases of laser pulse durations. The time

evolution of average degree of ionization for the two cases is shown in figures 5.6(a)

and 5.6(b). For the case of shorter pulse duration of τ = 2T0 (figure 5.6(a)), the ab-

solute value of average degree of ionization(Zavg) reduces for both the cases of CE

phases(φ = 0 and φ = π/2) as compared to their counterparts where the collisional

ionization was included (figure 5.4(a)). It is further noted that the difference between

the values of Zavg reduces for CE phases of φ = 0 and φ = π/2. It shows that the

collisions of electrons with ions are also dependent on the phase of incident electric
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Figure 5.6: Average degree of ionization for Xe cluster irradiated by laser of pulse durations
2T0 (a) and 8T0 (b). Solid blue and red dot dashed lines correspond to CE phases of φ = 0 and
φ = π/2, respectively. The laser intensity is same as used in figure 5.1. For these calculations,
collisional ionization is artificially switched off.

field. This in turn affects the collisional ionization dynamics of Xe cluster. To fur-

ther confirm this observation, we consider the results shown in figure 5.5(a) which

shows the fraction of various ionized species for two CE phases. In the absence of

collisional ionization, higher charge states (Xe+n, n = 7 − 9) disappear which were

present when collisional ionization was included in the calculations (figure 5.3(a)). It

is also concluded from the comparison of two figures (figures 5.3(a) and 5.5(a)) that

the difference in fractional yield of these higher charged states in the presence of col-

lisions(figure 5.3(a)) is a consequence of phase dependent collisional ionization. Av-

erage degree of ionization (Zavg) reduces significantly for both CE phases of φ = 0

and φ = π/2 in case of longer pulse duration of τ = 8T0 (Fig.5.6(b)) when collisional

ionization is neglected. As expected, Zavg remain same for both the cases of CE phases

(φ = 0 and φ = π/2).
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5.5 Summary

To sum up, we have used our MD model to investigate the ionization dynamics of

small Xe400 clusters irradiated by an intense laser (I = 1016W/cm2) pulses in the

near infra-red wavelength region (λ = 800nm). The laser pulse duration is varied

from few cycles (τ = 2T0 with T0 as one laser time cycle) to many cycles (τ = 8T0).

The present code is modified to accommodate the effects in few cycles pulse duration

limit. The laser pulse profile is modified to conventional sin2 type pulse. The optical

field ionization mechanism namely ADK type rates are also modified such that the

the amplitude of the electric field is replaced by the absolute value of time dependent

electric field. For the case of few cycles pulse duration (τ = 2T0), we observe that

the yield of various ionic species changes when the carrier-envelope phase φ of the

incident laser field is varied from 0 to pi/2. This difference in yields for various ionic

species is observed only when the ADK tunnel ionization rates use the instantaneous

electric field rather than the peak strength of electric field (used in cycle average ADK

rate). The difference in the temporal evolution of electric field decides the birth of

electron and its further collisions with other and parent ions. When the many cycles

laser pulse duration (τ = 8T0) is used, these effects average out and we do not observe

any difference in yield of various ionic species.



CHAPTER 6
Neutron production from laser driven clusters

As mentioned in the introduction chapter1 that laser driven clusters exhibit nearly

100% energy of the incident laser pulse even though the average density of the gas

jet is modest ( 1019cm−3)[37]. This pronounced enhancement in the energy absorp-

tion was related to the local solid like density of the atoms inside the cluster, plasma

resonance and absence of any thermal dissipation of incident energy[43]. The conse-

quence of this enhanced energy absorption of laser energy translated into the emission

of energetic ions in the range of 10 keV-1MeV for large Xe clusters[39]. Explosion of

deuterium and tritium clusters is of prime importance due to the emission of high-

energy (keV) deuterons and tritons that can lead to generation of neutrons via the

various nuclear fusion reactions. The different dd and dt fusion reactions read as

1. D + D 50%−−→ He3 + n

2. D + D 50%−−→ T + p

3. D + T→ He4 + n

In this chapter, we have investigated the explosion dynamics of deuterium clusters un-

der the influence of the laser pulse with intensity range 1015 − 1019W/cm2. The effect

of cluster size and inter-cluster distance is also explored in the context of neutron yield

from laser driven deuterium clusters. These computational studies are performed

with the coupled molecular dynamic code (MD-ILAC) with the one-dimensional beam

energy deposition model.

135
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6.1 Earlier trends and motivation

The use of laser driven deuterium clusters as a neutron source is motivated by vari-

ous factors like table-top dimensions of the whole set-up, nearly point like emission of

neutrons from deuterium clusters, monochromaticity in the energy distribution, high-

repetition rate and temporal durations as short as a few hundred picoseconds[134].

Such a short, nearly point like neutron source offers to use them as a source of neu-

tron pulse, either pump or probe, to carry-out ultra-fast studies with neutrons. Other

source for neutron generation like sources involving accelerators exist but these de-

vices give rise to neutron pulses with duration longer than a few nanosecond[135, 136].

A large number of neutrons are also generated by the irradiation of solid, deuterated

plastic targets by a 500-J, 5-ps laser (Petawatt laser with power 1015W ) but they ex-

hibit a broad energy spectrum[137]. Fast fusion neutron ( 100ps) are also regularly

produced in large scale inertial confinement fusion experiments where the fusion burn

time is limited by the inertially confined compresses plasma core[138]. However, these

experiments are carried out at big national laser facilities with low repetition rate ( one

shot per hour).

In view of the limitations posed by these alternate sources to produce neutrons,

high-intensity femtosecond laser driven deuterium clusters offer energetic deuterium

or tritium ions which fuse together to give rise a short, nearly monochromatic pulse

of neutrons that can be used to carry out ultra-fast studies. The first direct demon-

stration of using laser irradiated clusters as neutron sources (Fig. 6.1) was shown by

pioneering experiments performed by Ditmire and his group[46]. They used a table-

top laser producing 120 mJ of laser energy in pulses with 35-fs pulse duration at NIR

(820 nm) wavelength region. The repletion rate of the laser was 10 Hz. The average

size of the deuterium clusters used in this was experiment was nearly 50Å. The laser

spot size within the gas jet was about 200 µ that gives rise to the peak intensity of the

laser to be about 2 × 1016W/cm2. Due to the laser heating of the deuterium clusters,

clusters explode and form a plasma cylindrical filament of diameter 200 µ and length

2 mm. The accelerating deuterium ions from neighbouring clusters in this plasma fil-
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Figure 6.1: Layout of the deuterium cluster fusion experiment conducted by Ditmire et al[46].

ament possess energies in multi KeV range. These fast deuterium ions with sufficient

energies fuse together to give neutrons of the characteristic energy of 2.45 MeV. In this

experiment, the efficiency of the neutron production was about 105 fusion neutrons

per joule of incident laser energy. In the experiments of Zweiback at al[139, 140], it

was established that neutron yield was strongly dependent on the cluster size, laser

focal geometry, and deuterium gas jet parameters. In order to explain the dependence

of neutron yield on the size of the cluster, they used an analytical model of Coulomb

explosion of deuterium cluster which gives rise to greater kinetic energy of ejected

ions after the explosion of the large clusters. Further, the d-d fusion cross section is

also rapidly varying of function of the kinetic energy of ions. Consequently, the neu-

tron yield increased with the cluster size. Neutron yield was also shown to be limited

by the laser propagation effect as the pulse traversed through the gas plume. The role

of laser pulse duration in the neutron yield was investigated by Madison et al[141].

They found the cluster explosion energy and resultant fusion yield to be dependent

on the laser pulse rise time, a parameter related to the pulse duration of the laser.

Their experimental observations were backed by the results of particle simulation that
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showed that the explosion energies of the clusters were determined by the a single

parameter : the ratio of the cluster ionization time (tion) to its intrinsic expansion time

(texp)[141]. The cluster explosion energies were maximised in the limit of ionization

time (tion related with the rise time of the laser pulse) approaching towards zero. In

any real situation with finite tion (tion would increase with increase in pulse duration),

the final energies of the ions after Coulomb explosion would always be smaller than

the maximum achievable ion energies leading to reduced neutron yield for longer

pulse duration.

The problem of nuclear fusion in laser-cluster interaction was also studied by

Kishimoto et al by using particle-in-cell methods[75]. It was observed that the ex-

pansion of the irradiated cluster was dependent on the two parameters : cluster size

(a) and the electron excursion length ξ (dependent of the laser field). The two regimes

of interest viz. Coulomb explosion (a � ξ) and hydrodynamic ambipolar expansion

(a� ξ) were identified. They found the high fusion neutron yield in Coulomb explo-

sion regime with greater cluster size. Molecular dynamic studies performed by Last

and Jortner [142, 143] found enhanced neutron yield from the Coulomb explosion of

heteronuclear clusters (D2O)n, as compared with homonuclear clusters (D)n. The in-

creased neutron yield for (D2O)n clusters was the result of higher kinetic energies of

D+ ions triggered by the highly charged O+q ions. This theoretical finding was fur-

ther supported by experiments conducted by Madison et al[144]. By using a 100 fs, 100

TW laser pulse, they studied the ion emission characteristics and fusion neutorn yield

from D2 and CD4 cluster plasmas in the similar regimes of cluster size and average

gas density. They found higher kinetic energies of theD+ ions in the case of CD4 clus-

ters compared with D2 clusters. It was also observed that fusion neutron yield from

the CD4 cluster plasma at low pulse energy was higher that that from D2 clusters.

By using molecular dynamic model, Petrov and Davis [145, 146] studied the neu-

tron production from high intensity laser-cluster interaction in an alternate beam-

target geometry (Fig. 6.2). They used the laser driven clusters as a source of high

energy deuterium ions which reacted with the walls of a surrounding fusion reaction

chamber with walls coated with DT fuel or other deuterated material such CD2 of and
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Figure 6.2: Schematic of the proposed geometry by Davis et al[145] for neutrons generated
from laser driven cluster.

generated a large amount of neutrons. They estimated a high neutron yield of 106107

neutrons/Joule with the laser intensity of 1016 − 1018W/cm2 and clusters with initial

radius of 20nm.

We have also studied interaction dynamics of high intensity laser pulses with deu-

terium clusters by using our MD code. The yield of fusion neutrons is calculated in the

beam-target design as mentioned in the previous paragraph. Consequently, the code

is modified to include the beam-target geometry. In particular, we have investigated

the dependence of neutron yield on various laser and cluster parameters like laser

intensity, cluster radius and cluster density. The former two parameters are straight

forward while the effect of latter parameter i.e. cluster density is studied by varying

the inter-cluster distance that is equivalent to size of the simulation box used in the

MD model. The details of the simulation methodology is given in next section.
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6.2 Simulation methodology

For the calculation of neutron yield from laser driven deuterium clusters, the present

code is modified in two ways. First, the earlier version of MD-ILAC as described in the

chapter2 is a serial code and the present problem of neutron generation involves large

deuterium clusters. So, serial version of MD-ILAC is made parallel using OpenMP

framework by Holkundkar[147] to save the computation time in length simulations.

This parallel version of MD-ILAC gives the cluster properties after laser irradiation.

These properties are the laser energy absorption, conversion efficiency into ion kinetic

energy, mean ion energy and ion energy distribution function (IEDF). These values

of deuterium clusters serve as an input to the other one dimensional beam energy

deposition model coupled to the parallel version of MD-ILAC.

In the beam energy deposition model,the high energy ions ejected from the Coulomb

explosion of deuterium clusters interact with target[145, 146]. As mentioned previ-

ously, the target surrounding the exploding cluster is in the form of a cylindrical vessel

with internal walls coated with deuterium or tritium containing compound. In partic-

ular, one can use CD2 for d-d and LiT for D-T reaction. Once Deuterium ions enter

the target, they slow down because of various processes involved like ionization, ex-

citation etc. As a result the kinetic energy of the ions is transferred to the target. This

phenomenon of slowing down of the high energetic ions is characterized by the term

Stopping Power. The stopping power of the deuterium ions into the target material

is calculated with a widely used software SRIM (Stopping Range of Ions in Matter)

[148]. The stopping power is a function of the type of source ion, its initial energy

and the properties of the target material. It is important to note that this calculation of

stopping power from SRIM is more accurate than other analytical formulations based

on Bethe-Bloch fromula as mentioned by Krainov et al[149]. The reason is that SRIM

calculation of stopping power depends upon the experimental data[150].Once, the

stopping power in target material is calculated with the SRIM code for desired energy

range then, we perform a non-linear fit for the same. This is made to get an analytical

function describing the stopping power as a function of ion energy.
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The total number of neutrons produced per pulse in a fusion reaction is given

by[151],

Y = Nd〈y〉, (6.1)

where Nd is the number of the deuterons produced from the exploding cluster and 〈y〉

is the average reaction probability. The average reaction probability (〈y〉) can also be

thought as the neutron yield per ion and it is defined as [151],

〈y〉 =

∫ Emax

0
P (E)y(E)dε. (6.2)

In this equation, P (E) denotes the energy distribution of the cluster ions with maxi-

mum energy defined as Emax. y(E) appearing in this equation represents the reaction

probability for an ion with the initial energy E penetrating into target[151],

y(E) =

∫ E

0

σ(E′)N0

S(E′)
dE′. (6.3)

Here, N0 is the target density, σ(E) is the fusion cross section of the deuterium ions

with target material and S(E) is the stopping power of the target material. The fusion

cross-section σ is calculated by the fitted expression by J. D. Huba [152]. The fusion

cross section for the DD and DT reaction is presented in Fig. 6.3. As mentioned earlier,

the calculation of stopping power is performed with the help of SRIM [148] for a cer-

tain energy range of the deuterium ions which is determined by the MD simulations.

The stopping power of Deuterium ions in Deuterium and Tritium target of density

5 × 1022 cm−3 is also presented in Fig. 6.3. It is noteworthy that the stopping power

is almost same both the target material, tritium as well as deuterium . However, reac-

tion probability seems to be slightly larger for d-t reaction as compare to d-d reaction

because the fusion cross section for d-t reaction is more that that for d-d.

As mentioned in the equation 6.1, the fusion neutron yield calculation also requires

the knowledge of total number of deuterium ions (Nd) produced per unit joule of

laser energy absorbed other than the average reaction probability (〈y〉). As it has been

experimentally verified that clusters absorb nearly (>95%) all laser energy incident
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D in T (b) and reaction probability for D-D and D-T reactions (c) as a function of Deuterium
ion energy for target density of 5× 1022 cm−3.

upon them[37]. In view of this, we assume the complete absorption of incident laser

energy in the cluster plasma for the calculation presented in this chapter. Further, the

fraction of the absorbed energy that is transferred to ions is denoted by η (conversion

efficiency of laser energy to ions energy). Now, the total number of Deuterium ions

are estimated by the ratio of the total energy absorbed by ions to the average kinetic

energy of an ion.

Nd = ηELaser/Eave (6.4)

In above mentioned equation, ELaser and Eave denote the energy of the laser pulse
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and average kinetic energy of the ions respectively. This approach for calculating the

neutron production is required because effectively we are simulating only single clus-

ter, however in actual practice there will be many clusters in the focal volume of the

laser. We may note that the average energy of ions from all the clusters present in the

focal volume is assumed to be same while writing Eq. 6.4. This in turn implies that

the strength of electric field does not vary significantly over the focal spot of the laser.

Thus the number of neutrons produced per unit joule of energy absorbed is given

by Eq. 6.1 provided that the total number of deuterons are calculated by Eq. 6.4 and

the average reaction probability is estimated by Eq. 6.2.

6.3 Results

We have used our MD code coupled with the beam energy deposition model, to cal-

culate the neutron yield from the deuterium clusters driven by high intensity fem-

tosecond laser pulse of FWHM pulse duration of 50 fs in NIR wavelength regime

(λ = 800nm). In particular, we have studied the effect of various laser and cluster

parameters like cluster size, laser intensity and inter-cluster distance on the neutron

yield. As mentioned earlier, the inter-cluster distance in our MD simulation is actually

the size of the simulation box with the periodic boundary conditions for particles on

all the surfaces. If particle(s) hit the surface, they reappear in simulation domain from

opposite surface with same velocity. In view of this one can effectively simulate the

presence of the neighbouring cluster which are also undergoing the same interaction

dynamics.

6.3.1 Effect of cluster size

In this section, we intend to present the effect of the cluster radius on the neutron

yield. For these studies, the intensity of the laser is kept at 1018W/cm2 while the size

of the cluster is varied over the range 80 − 200Å. The results are presented in Fig.

6.4. It is observed that the amount of energy absorbed from the cluster increases as ∼

R5. We may note that the number of particles in a cluster varies as ∼ R3. Hence the
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average kinetic energy of the ions varies as ∼ R2 as also reported by previous studies

[92, 139, 153, 154]. It has been also found that the maximum kinetic energy of the ions

is 5/3 times the average kinetic energy of the ions, which is also in excellent agree-

ment with the earlier studies on laser driven deuterium clusters[92, 139, 153, 154]. The

results for electron energy distribution function (EEDF) and ion energy distribution

function (IEDF) are also shown in Figs. 6.4(c) and 6.4(d). The EEDF follows Maxwell-

Boltzmann distribution till a particular energy and then it suddenly drops with a cut

off energy of about 400 keV. The corresponding IEDF is also in good agreement with

the theory [153].

A quick recap of the pure coulomb explosion model is required to appreciate the
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simulation results presented in the above paragraph[154]. It is important to note that

pure Coulomb explosion of the cluster is related with the condition when the ioniza-

tion (inner/outer) time scales are shorter than the time scales involved in the motion

of ions. In other words, the all the electrons leave the cluster completely before the sig-

nificant movement of cluster ions occurs. In the uniform cluster explosion model[154],

movement of deuterium ions on the surface of the cluster with a radius R0 can be ex-

pressed by the Newton equation of motion

md
d2R(t)

dt2
=

Ne(t)e
2

4πε0R2(t)
. (6.5)

In this equation, md is the rest mass of the deuterium ions, e is the electron charge,

R(t) is the outer radius of the expanding cluster, and Ne(t) is the amount of electrons

removed from the cluster at the time instant t by the laser field. If we define Ne(t) =

q(t)Nc, whereNc = 4πR3
0ρ/3 is the total number of deuterium atoms inside the cluster

with ρ as the atomic density of the cluster and q(t) is the average charge per atoms, eq.

6.5 can be written as

md
d2R(t)

dt2
=

q(t)Nce
2

4πε0R2(t)
. (6.6)

When the cluster explosion end at infinity, the total potential energy of of the deu-

terium ion at initial position R(t) will appear as kinetic energy of deuterons due to

energy balance requirement that can be written as

Ei =
1

4πε0

4π

3
e2ρr2. (6.7)

The maximum energy will be achieved by the deuterons residing on the surface of the

cluster which is given by

Emax = (Ei)r=R0 =
1

4πε0

4π

3
e2ρR2

0 (6.8)

, where R0 is the initial radius of the cluster. Thus the maximum kinetic energy of

the deuterium goes as square of the initial cluster radius. As mentioned earlier that
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deuterium cluster is in the form of uniformly charged sphere, so one can write the

number of deuterium ions in spherical shell of width dr as dN = ρ4πr2dr. Now, the

kinetic energy distribution function of deuterium ions can be written as

dN

dEi
=
dN

dr

dr

dEi

=
4πρr2

1
4πε0

4π
3 e

2ρ2r

= 4πε0
3

2e2
r

= 4πε0
3

2e2

√
4πε03Ei
4πe2ρ

= 4πε0
3

2e3

√
3ε0Ei
ρ
∝
√
Ei

(6.9)

Thus the energy distribution function of deuterium ions after pure Coulomb explosion

is proportional to the square root of the energy. We can also calculate the average

energy of cluster ions after cluster explosion, which is given as

Eavg =

∫
EidN∫
dN

=
3

5
Emax (6.10)

Now let us re-examine our simulation results on average kinetic energy and maxi-

mum kinetic energy of cluster ions after Coulomb explosion, as shown in Fig. 6.4.

As mentioned earlier that the average kinetic energy of the ions varies as ∼ R2 and

maximum kinetic energy of the ions is 5/3 times the average kinetic energy of the

ions. Now it is clear from the eqns. 6.10 and 6.8 that these simulation results are

well justified by invoking a uniform spherical explosion of cluster under intense laser

irradiation[92, 139, 153, 154].

Now we will discuss our results of neutron yield for various cluster sizes. The

result for number of neutrons produced per joule of laser energy is shown in Fig. 6.5

for both the cases of Deuterium and Tritium containing target. It is observed from this

plot that the neutron yield is more for Tritium target than that for Deuterium target.

The main reason for this difference is primarily the increased cross section for d-t fu-

sion reaction than that for d-d fusion reaction which is also shown in Fig. 6.3. It is
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Figure 6.5: Total number of neutrons per joule for both Deuterium and Tritium targets. The
solid line show the fitted third degree polynomial. The laser parameters are same as used in
Fig. 6.4

also seen from Fig. 6.5 that neutron yield per unit joule of absorbed energy increases

monotonously with the cluster size for both Deuterium and Tritium target. Moreover,

these results of increasing neutron yield with size of the cluster are well fitted by third

degree polynomial. To understand this variation, let us reconsider the Eq. 6.1 for neu-

tron production which depends upon the three parameters viz. conversion efficiency

(η), number of deuterons (Nd) produced from the exploding cluster and average reac-

tion probability or neutron yield per ion (〈y〉). It is found that the conversion efficiency

η varies from 0.47 to about 0.5 when the size of the cluster is varied from 80 Åto 200

Å. As it is observed from Fig. 6.4 that the amount of energy absorbed by the cluster

varies as ∼ R5 and average kinetic energy as ∼ R2. The conversion efficiency of the

absorbed energy to the kinetic energy of the ions is calculated as η = N0Eave/Eabs,

where N0 = (R/Rw)3 is the number of Deuterium ions present in a cluster of radius
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R. It can be inferred from the scaling of Eave and Eabs with R that the conversion

efficiency η is more or less independent on the cluster radius, which is also observed

in the simulation. Here we want to mention that MD simulations of Xe clusters of

various radii have also reported the similar observation about η where it becomes

nearly independent of radius for large clusters[71]. From Eq. 6.4 it can be inferred

that Nd will vary as ∼ R−2, as η is independent of the cluster radius. As can be seen

from Fig. 6.5 that the number of neutrons/joule vary as ∼ R3 which is only possible if

average reaction probability or the number of neutrons per ion (Eq. 6.2) vary as ∼ R5,

which in our case is justified as the amount of laser energy absorption also varies as ∼

R5, which can lead to the more number of neutrons per ion.



149 6.3. RESULTS

6.3.2 Effect of laser intensity

In this section, we present our results of ionization dynamics and neutron yield for the
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Figure 6.7: The electron energy distribution function (a) and ion energy distribution function
(b) for different laser intensities. The other laser and cluster parameters are same as used in
Fig. 6.6.

deuterium clusters driven with various values of laser intensity. For this, the size

of the cluster is kept at 100Åand intensity of the laser is varied from 1015-1018 W/cm2

at FWHM pulse duration of 50 fs. In Fig. 6.6, we show the amount of energy absorbed

and average kinetic energy for various laser intensities. The average kinetic energy for

the intensity 1018 W/cm2 is about 12 keV which along with the intensity dependence

is consistent with the results presented by Petrov et al. [146]. We may note that the
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conversion efficiency exhibits some optimum value at laser intensity of 1016 W/cm2,

but it will not help in the production of the neutrons. The reason is that the neutron

yield calculation depends more strongly on the average kinetic energy of ions than the

conversion efficiency.

The electron and ion energy distribution (EEDF and IEDF) for different laser in-

tensities are presented in Fig. 6.7 (a) and (b), respectively. The energy distribution is

similar to one we already discussed in Fig. 6.4. The maximum ion energy is again 5/3

of the average kinetic energy of the ions for particular laser intensities and the electron

energy distribution follows the Maxwellian distribution as we have discussed earlier.

The calculated neutron yield for various values of laser intensity is also presented in

Fig. 6.8. For these calculations, all other laser and cluster parameters are kept same as

used in Fig. 6.6. We observe from this plot that neutron yield does not change signif-

icantly after a threshold value of 1016 W/cm2. As the neutron yield calculations are

strongly correlated with the kinetic energies of deuterium ions after explosion from
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the cluster. It is clear from Fig. 6.6 and 6.7 that the change in average and maximum

kinetic energy of the ions is not as prominent as the variation made in the laser in-

tensity. For example, the average kinetic energy of the ions for 100 Å radius cluster

just changed from 9 to 12 keV, when the laser intensity changed by 2 order of magni-

tude. This is mainly because of the ionization mechanism involved with Deuterium

ions in the cluster. For very moderate intensities also the cluster is fully ionized and

afterwards the dynamics is more or less independent on the laser intensity. This is the

reason why neutron yield changes slightly after an intensity threshold of 1016 W/cm2.

6.3.3 Effect of cluster density

This section deals with the studies performed on neutron yield calculation for deu-

terium clusters over a range of values of cluster density. This parameter, cluster den-

sity, is an experimental parameter which defines the number of cluster in a focal vol-

ume of the laser. The experimental results of Kim et al [103] reveal that both average

cluster radius and average cluster density are functions of the gas backing pressure

in the supersonic nozzle. The variation of average cluster size with the gas backing

pressure presented in these results is consistent with the well established Hagena’s

empirical law [104] but the average cluster density shows an optimum value for a

particular value of backing pressure. Moreover, Dorchies et al [51] have reported that

both the cluster size and cluster density show a spatial distribution in focal volume of

the laser where clusters are formed after passing through the nozzle. It is important to

note that the energetics of the cluster explosion is strongly dependent on the number

of clusters per unit volume of laser focal volume which may ultimately influence the

neutron production. To study the effect of average cluster density (Ncls) on neutron

yield by using our MD simulation, we have to vary the corresponding simulation pa-

rameter, namely, inter-cluster distance (RIC) in our computational studies. Higher is

the Ncls in the laser-cluster interaction region lower is the RIC and vice-versa.

To shed some light on the effect of the Ncls on the neutron production, we have

simulated the interaction of 50 fs, 800 nm laser of peak intensity 1018 W/cm2 with 100

Å radius cluster by varying RIC in multiples of the cluster radius. The correspond-
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Figure 6.9: Variation of absorbed laser energy and average kinetic energy with inter-cluster
distance (RIC = n × R0, n is an integer.). The laser and cluster parameters are same as used
in Fig. 6.4.

ing results of average kinetic energy of ions and total laser energy by the cluster are

presented in Fig.6.9. We note that the value of average kinetic energy of ions is about

12 keV for RIC = 20R0 which is the same as presented in Fig. 6.4(b) for 100 Å cluster

radius. We observe that the average kinetic energy varies as ∼ R3
IC that can be ex-

plained on the basis of the shielding effect. The smaller is the inter-cluster distance,

the larger is the number of clusters per unit volume with same interaction dynamics.

Keeping this in mind, it is possible that the coulomb field required for the cluster ex-

plosion will be shielded by the electrons of the neighbouring clusters that results in the

poor average kinetic energy of the cluster ions. As RIC increases, the clusters become

more sparse in the interaction region that reduces the shielding of ions by electrons
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Figure 6.10: Variation of neutron yield with inter-cluster distance for laser and clusters pa-
rameters as used in Fig. 6.9.

of neighbours. Consequently, the average kinetic energy of the ions increases. This

fact is also reflected in the energy absorbed by the cluster as a whole. The amount of

laser energy absorbed is calculated by taking the contribution of total kinetic energy

of the particles (electrons + ions), corresponding potential energy and energy required

to ionize the cluster atoms. However as can be seen in Fig. 6.9, the absorption is

not very prominently changing as we vary the inter-cluster distance but there is an

optimum inter-cluster distance at which we see a relatively larger absorption. This

optimum inter-cluster distance can be understood in terms of the interplay between

kinetic and potential energy of the system. For lower RIC the main contribution in

absorbed energy is because of the kinetic energy of the particles, however for larger

RIC the drop in potential energy will effectively lower the amount of energy absorbed.

The neutron yield for various values of the inter-cluster distance is presented in Fig.

6.10. It is observed that for higher number of clusters per unit volume (lower RIC) the

neutron yield is small as compared to the low cluster densities. It is mainly because of
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the average kinetic energy is low for the case of low RIC as we mentioned in Fig. 6.9.

6.3.4 Role of large clusters : clusters vs nanodroplets

As mentioned in the section6.3.1, the Coulomb explosion of larger deuterium clusters

give rise to the higher deuterium ion energy and thus higher neutron yield. We want

to further investigate this result by using much larger cluster of size few thousands

angstroms known as nanodroplets. Our main interest lies in the fact whether the same

trend follows for neutron yield for nanodroplets as it was for clusters of moderate size.

However, these studies with present version of MD code poses some limitations that

we will address in this section.

In this regard, we want to mention about the results of neutron generation driven
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by Coulomb explosion of nanodroplets by Ron et al[151]. For these studies, they have

used SEID (Scaled electron and ion dynamics) molecular dynamic simulation[155] and

also considered the attenuation of incident laser intensity as it propagated through

the nano-droplet assembly. The simulation parameters for these studies were 800 nm,

30 fs laser pulse with peak intensity ranging from 2×1018 - 5×1019 W/cm2 and nan-

odroplets of various sizes (70 - 300 nm). The results of Ron et al established the fact

that the effect of laser intensity attenuation can be ignored for the highest intensity of

5×1019 W/cm2 but it has a significant effect in the lower intensity regime (2×1018 -

1×1019 W/cm2). Due to effect of laser intensity attenuation, both the absorbed laser

energy and average kinetic energy of the deuterons from nanodroplet show a drop

after the radius greater than 140 nm in this intensity regime. It is not possible to com-

pare these results of Ron et. al. [151] with our MD code for all cluster sizes mentioned

in that article. The reason is that our MD code is not capable to handle much bigger

clusters due to the absence of intensity attenuation module. But we can still probe the

validity of these results till the cluster size 140 nm (70 nm, 100 nm and 140 nm) as the

intensity attenuation effects arise only after this cluster size. In Fig. 6.11, we compare

our simulation results of absorbed laser energy per particle with those reported for

nanodroplets[151]. The absorption per particle for smaller clusters (≤ 200Å) are also

presented in Fig. 6.11, where the laser conditions are same as used in Fig. 6.4. It should

be also noted that in Fig. 6.4(a) we have plotted the total absorbed energy which varies

as∼ R5. However in Fig. 6.11, we have plotted the absorbed energy per particle which

varies as ∼ R2 (function f(R) in Fig.6.11 inset). This is due to the fact that the number

of particles in a cluster varies as ∼ R3. It can be observed from this figure that the

absorbed energy per particle varies linearly with cluster radius (70≤R≤ 140 nm) for

both our and results of Ron et al[? ]. This is due to the fact that the effect of attenuation

of laser intensity in nanodroplet assembly is weak in this size regime. Further increase

of nanodroplet size results into a transition from weak intensity attenuation region to

strong intensity attenuation region . This leads to the breakdown of linear scaling of

absorbed energy on cluster size[151]. Our results do not agree with the results of Ron

et al[151] after this transition radius due to the absence of laser intensity attenuation
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in our MD model. However, the linear dependence of the absorbed laser energy with

cluster radius in cases of nanodroplets is in agreement with the results presented by

the Ron et. al. [151].

The observed quadratic and linear dependence of the absorbed energy on cluster

size for smaller clusters and nanodroplets can be explained on the basis of the cluster

outer ionization. The inner and outer ionization of the cluster is mainly decided by the

presence of the electrons inside or outside the cluster. In case of the inner ionization,

the electrons are removed from the parent atoms but they still remain confined to the

cluster due to the attractive forces of positive ions. The cluster is said to undergo

outer ionization when these electrons overcome the attractive forces of residual ions

and leave the cluster boundary.

For both the smaller clusters and nanodroplets the time evolution of such outer

electrons resulting from outer ionization of the cluster is presented in Fig. 6.12. It can
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be seen that initially the fraction of outer electrons increases and after attaining the

maximum it decreases. The decrease of outer electron population after achieving a

maximum value is due to cluster expansion leading to the capture of outer electrons

by it. Furthermore, as can be observed from Fig. 6.12(a) for the cases of smaller clus-

ters (8, 16 and 20 nm) the outer ionization is complete. In these cases, the clusters

undergo pure Coulomb explosion due to the complete outer ionization and the av-

erage kinetic energy as well as energy absorbed per particle scale quadratically with

respect to cluster radius[153]. On the other hand, in case of larger clusters (Fig. 6.12(b))

or nanodroplets (70, 100 and 140 nm) it is observed that cluster never attains the com-

plete outer ionization. Moreover the fraction of outer ionized electrons decreases as

we increase the cluster radius further. The incomplete outer ionization of larger clus-

ters leads to linear dependence of absorbed energy on cluster radius.

6.4 Summary

In short, the high intensity laser interaction with large deuterium cluster is investi-

gated using a parallel molecular dynamic code. The deuterium ions from the Coulomb

explosion of these large cluster give rise to the generation of neutrons while passing

through a deuterium or tritium containing target. For the estimation of neutron yield,

the parallel MD code is coupled with a beam energy deposition model. Various laser

and cluster parameters like laser intensity, cluster radius and inter-cluster distance are

varied to observe their effect on the neutron production from these clusters. It is ob-

served that the neutron yield varies as ∼ R3 with R being the cluster radius. The laser

intensity plays not that prominent role after a threshold intensity value. Furthermore,

it is observed that the inter-cluster distance between the cluster which translates to the

number of cluster per unit volume plays very crucial role in determining the energetic

of the laser-cluster interaction and so the production of the neutrons.



CHAPTER 7
Conclusions and future directions

The field of laser matter interaction has been completely revolutionized by the inven-

tion of high intensity and short duration laser pulses. This field possesses a huge num-

ber of applications like x-ray generation, particle acceleration, inertial confinement fu-

sion etc. In this thesis, we have concentrated on a specific target for laser irradiation

namely clusters, which are collection of thousands of particles bounded by weak van

der Walls forces. We have investigated various issues like absorption of laser energy,

anisotropy in the cluster explosion etc. occurring in the cluster nano-plasma with the

help of a simulation model. In the following, we briefly summarize our main results

of the thesis. Also, we will present some direction for the future work.

7.1 Final summary and conclusions

Starting from the introduction chapter, where we defined clearly the meaning of ultra-

short and high intense laser fields and methods of generation of this type of laser

pulses. Since the number of atoms in a cluster is limited to few thousands, inter-

mediate to gases and solids, we first described the interaction lasers with isolated

atoms and their applications. Further, we mentioned briefly about the laser interac-

tion with solid targets that ultimately relies on the generation of hot dense plasma.

To understand that process, we also described about various introductory concepts

of plasma physics. Once the description in the two extreme limits was over, we fi-

nally introduced our main topic of studies namely laser cluster interaction. A very

important characteristics of laser driven clusters is a very strong laser energy absorp-

tion which translated into the energetic particle (ion/electrons/photons). Due to the

unique nature of this interaction, laser driven clusters found various applications like

158
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particle acceleration, coherent and incoherent x-ray generation, nuclear fusion in deu-

terium clusters etc. In this chapter, we presented various models like CEM model,

nanoplasma model, ionization ignition model etc. to completely describe the various

features observed in the LCI. Among those models, the most widely used model is

Ditmire’s nanoplasma model which considers the cluster plasma as dielectric spher-

ical ball in spatially uniform yet time dependent electric field. The electron density

of is assumed to be radially constant throughout the cluster expansion. The expan-

sion of the cluster plasma occurs in the combined action of hydrodynamic pressure of

electron gas and Coulomb pressure from the charge buildup in the cluster due to the

outer ionization of the cluster. The most astounding result of the nanoplasma model

was the the prediction of linear resonance occurring during the expansion of the clus-

ter the electron density that is three times critical density. Although this model was

able to explain various features of laser-cluster interaction but it has certain limitations

due to the reason that it treats the cluster in statistically continuum fashion. But cluster

is a barely a collection of particles that led to development of various particle models

like particle in cell (PIC) and molecular dynamics (MD).

In chapter 2, we described our particle-particle simulation model relying on the

MD approach that was used further extensively to study the time dependent interac-

tion dynamics of various laser driven clusters. In our model, we assumed a spherical

cluster of N (N = (R0/RW )3, R0 and RW represent the cluster radius and Weigner-

Seitz radius of the cluster atom, respectively) particles in the center of a three dimen-

sional computational box of size RIC (RIC is the distance between two clusters). This

cluster was irradiated with a spatially uniform but time dependent laser pulse. The

ionization of the cluster atoms was due to both tunnelling ionization and collisional

ionization. The total force experienced by the charge particles was the sum of forces

due to the laser electromagnetic field and Coulomb field due to other charges particles.

The charged particles motion was governed according to their relativistic equation of

motion. The influence of the other clusters was accommodated by the use of periodic

boundary condition (PBC). We validated our model with earlier published theoretical

and experimental results so as to use it for further studies. For example, this code was
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used to calculate various quantities like average degree of ionization, average kinetic

energy, cluster radius etc. for various clusters. These results were is good agreement

with the earlier computational studies keeping the same input parameters. We also

compared the experimental results of normal anisotropy (more number of ions along

laser polarization direction than perpendicular to it) from the cluster explosion with

the results of our MD simulations. Not only the maximum energy observed in the

experiments was found to match correctly but also, the results of anisotropy were also

comparable with the MD results.

Possibly, the most prominent feature of the cluster nanoplasma produced due to

the laser irradiation was its energetics that contained both laser energy absorbed by

the cluster and final energies of the particles after explosion of cluster. In chapter 3,

we investigated about the factors like laser pulse duration and cluster density which

influence the energetics of the cluster plasma. In particular, we used MD results of

absorbed laser energy and mean kinetic energy of ions from the Ar cluster driven

by Gaussian laser pulses with time duration ranging from 10 to 120 fs and revali-

dated the theory of linear resonance proposed by Ditmire’s nanoplasma model. Both

of these parameters showed an optimum pulse duration which was an indication of

linear resonance occurring during the expansion of the cluster. For super-Gaussian

laser pulse, we did not observe this kind of optimum pulse duration. Further, we also

found cluster density to be an important parameter, affecting the energetics of clus-

ter nanoplasma. We found that just by increasing the size of the cluster, it was not

possible to increase the the mean kinetic energy of ions after explosion. In fact, the

shielding of the ions due to electrons of neighbouring cluster was more effective when

the smaller value of inter-cluster distance was used for larger sized clusters. Further,

we also compared our MD results of distribution of various ionic species with the

earlier experimental results which were in good agreement for appropriately chosen

inter-cluster distance consistent with the experiments.

In chapter 4, we investigated the anisotropy in the ion emission from the clusters

which were irradiated by laser pulses of few cycles. It was explained that both pure

coulomb explosion and hydrodynamic expansion led to spherical ion emission, the



161 7.1. FINAL SUMMARY AND CONCLUSIONS

anisotropy was the result of intermediate electron population in the cluster. We found

normal anisotropy (more number of ions along the direction of laser polarization than

perpendicular to it) when the clusters were irradiated by many cycles pulse duration.

This situation reversed completely when few cycles laser pulses were used for irradi-

ation. For this case, atypical anisotropy (more number of ions along perpendicular to

laser polarization than perpendicular to it) was observed. This reversal of anisotropy

was explained on the basis of initial shielding of ions due to oscillation of inner elec-

trons along the direction of laser polarization. Moreover, we calculated explicitly the

electric field on the on the periphery of expanding cluster along the two directions

namely parallel and perpendicular to laser polarization. In our calculation we found

that the electric field was more along the perpendicular direction of laser polarization.

The direct calculation of electric field supported the shielding argument given before

to explain the observed atypical anisotropy.

As mentioned in the chapter 5, the full description of the electric field for the laser

pulses with few cycles pulse duration also required the knowledge of CE phase along

with the angular frequency of the carrier wave and amplitude of the electric field. We

investigated the effect of CE phase on the ionization dynamics of Xe clusters which

were driven by for both few cycles and many cycles laser pulses. We found that the

conventional ADK tunnelling formulation to account for the optical field ionization

was appropriate for the many cycles laser pulses. But this formula was accordingly

modified in few cycles pulse duration limit. With the modified formula, we observed

that yield for various ionized species changed when the CE phase of the laser pulse

was shifted from 0 to π/2. No difference was observed for two values of CE phase

when the cluster was exposed to many cycles laser pulses. The difference in the tem-

poral variation of electric field for the two values of CE phases that decided the birth

of electrons and its further collision with other and parent ions, was the reason for the

observed difference in few cycles laser pulse duration limit. For many cycles pulse

duration limit, these effects got averaged out no difference was observed.

Possibly the most significant application of laser cluster interaction was the d-d

fusion reaction occurring in the deuterium cluster plasma which opened a path to get
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a compact table top neutron source. In view of this, we investigated the high intensity

laser interaction with large deuterium clusters in chapter 6 that led to generation of

high energy deuterium ion as a out come of Coulomb explosion of the cluster. The

high energy deuterium ions produced neutrons while they travelled through a deu-

terium or tritium target coated on a cylindrical vessel. We modified the existing MD

code to include a beam energy deposition model so as to determine the neutron yield.

With the help of this modified code, we investigated the effects of various factors like

cluster radius, laser intensity and cluster density. It was observed that neutron yield

scaled as R3, with R as radius of the cluster. The laser intensity after a certain thresh-

old value did not alter the neutron yield. We also found that cluster density played a

significant role in determining the energetics of the cluster plasma and so the produc-

tion of neutrons.

7.2 Directions for future work

In this thesis, we only concentrated on the nature of laser-cluster coupling the IR laser

pulse of wavelength 800 nm produced from Ti:Sapphire laser. With the advent of

free-electron laser (FEL), it has become possible to generate comparably intense laser

pulse extending from VUV to XUV region. Even these pulse at 12.7 photon energy,

7 × 1013W/cm2 intensity and 100 fs pulse duration, were used to shine the rare-gas

clusters[156]. Various interesting were observed in these experiments like no clus-

ter fragments were detected, higher charge states of the ions were found. These re-

sults could not be explained on the basis of earlier knowledge of laser-cluster interac-

tion in IR regime. In VUV regime, the fundamental ionization mechanism is photo-

ionization rather than field driven ionization. Also, collective effects like resonance

are also not possible due to the high laser frequency. Various theoretical approaches

like enhanced inverse bremsstrahlung (IBS) due to strong electron-ion scattering[157],

over efficient IBS heating resulting from a high-density nanoplasma produced by local

field enhancement of inner ionization by neighbouring[158] and many body heating

effects[159], were used to explain these experimental observations. We will also ex-
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plore the laser-cluster interaction in the VUV regime in near future.

While investigating the laser cluster interaction in our MD code, we only consid-

ered a single cluster size with PBC to account for the all the clusters lying in the focal

volume of the laser pulse. It has been experimentally shown that clusters produced

from the super-sonic expansion through a nozzle are not single sized clusters, but they

follow a long-normal distribution of cluster sizes[102]. Also, one has to also consider

the spatial profile of the laser beam in the case when the laser cluster experiments are

carried out near the output of the nozzle. In this situation, our approximation where

we take spatial profile of the laser beam to be constant, is not valid. It will be inter-

esting to include both the effects of cluster size distribution and spatial profile of laser

intensity[160] in our MD code so that our simulation results can be well compared

with real experiments.

While discussing the results of CE phase on the ionization dynamics of Xe clusters

in few cycles laser pulse duration regime, we approximated the initial tunnel ioniza-

tion rate appropriately keeping the information of the complete laser electric field. In

the conventional ADK formula[26] describing the tunnelling ionization of the cluster

atoms, the peak strength of the electric field was replaced by the magnitude of the

complete electric field of the laser following the work of Bauer et al[132]. This kind

of approximation retain partially the information of CE phase in the electric field and

thus on the tunnelling ionization rates. To account more accurately the phase depen-

dent effects, a simple closed-form analytic expression for ionization rate as a function

of instantaneous laser CE phase was proposed by Yudin and Ivanov[161] in the case

of pulse durations approaching towards single laser cycle limit. It will be noteworthy

and more accurate to implement this ionization mechanism in our MD code and to

see its impact on the ionization results of rare gas cluster driven by laser pulses of few

cycles.
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