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Abstract

Controlling the physics of laser-matter interactions depends on the properties

of matter and the characteristic parameters of the laser beam. The dynamics of

electrons in the focus of a laser pulse is governed by the spatial intensity profile.

The time-averaged ponderomotive force arising from the inhomogeneities in the

focal intensity distribution leads to the ejection of a diverging bunch of electrons.

This research deals with reducing the divergence angle of the ejected electrons by

spatially shaping the three-dimensional focal distribution of a high-intensity laser.

A novel laser focus with a centrally peaked transverse focal intensity, transforming

into an annular distribution along the laser-propagation direction, has been ex-

perimentally demonstrated. The longitudinal profile of such a shaped laser focal

volume is approximately in the form of a “horseshoe”. The horseshoe focus was re-

alized experimentally by an incoherent, coaxial combination of Laguerre-Gaussian

and Gaussian modes generated from segmented optical elements. A beam-shaping

optical system consisting of reflective segmented optical elements was designed,

custom fabricated and fielded on a 10 J, 0.5 ps multi-terawatt laser system. The

near-field of the laser pulse was modulated by the reflective beam-shaping system,

generating the horseshoe focus with an estimated peak intensity of 8×1018W/cm2.

Horseshoe and Gaussian focal volumes generated electrons by field-ionization of

a low density, noble gas-jet target. The energy and angular distribution of elec-

trons ejected from the focal volume was measured with a multi-angle magnetic

electron spectrometer. The experimental data indicates that electrons generated

from the horseshoe focus are ejected into lower angles (by ≈ 10◦) with respect to

the laser-propagation direction and higher energies (by ≈ 0.1 MeV) compared to

those from the Gaussian focus of the same peak intensity. This corresponds to
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a relative decrease in minimum ejection angle and relative increase in energies of

about 18% and 25% respectively. This experimental result validates the possibil-

ity of collimating electrons by three-dimensional spatial intensity shaping of the

focal volume. The observed collimation is attributed to the focusing ponderomo-

tive forces from the intensity cavity region of the horseshoe focus that are directed

towards the laser axis. Monte-Carlo simulations of the ejected electron distribu-

tion reproduce the measured data and indicate that for ultra-high peak intensities

(> 1020 W/cm2), the collimation and focusing effect due to spatial shaping will

be significantly enhanced, leading to forward-ejection of electrons to less than

20◦ with respect to the laser axis. Such a forward-directed, narrow divergence

electron bunch may be useful for gamma-ray radiography, fast-ignition and other

fundamental studies requiring high-brightness electron-beams.
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1. Introduction 1

1. INTRODUCTION

1.1 Motivation

The properties of electron bunches generated during the interaction of intense

lasers with matter is intrinsically interesting. The energy density, angular diver-

gence, energy spread, emittance, temporal duration, charge content, flux, tun-

ability and stability etc., determine their utility for different applications. Rel-

ativistic electrons impinging on high-atomic number targets or scattered off a

laser beam1 can generate x-ray or gamma-ray photons that can be used for time-

resolved diffraction studies,2 gamma-ray radiography3 or triggering photonuclear

reactions.4,5 In these processes, the energy and spatial size of the electron bunch

can affect the conversion efficiency and spectrum of the photon source. In the

fast-ignition method6,7 of inertial confinement fusion, the spatial extent of the

energy deposited by an electron beam8,9 in a compressed target is a critical fac-

tor for successful ignition. Accelerators need to be injected with synchronized,

high-brightness electron bunches to be effective.10 A high luminosity (a function

of transverse beam size and particle flux) beam is required in high-energy physics

experiments and bunch conditioning techniques involving quadrupole magnets,

plasma focusing lens11 and lasers12 are applied in accelerator systems for this

purpose. Laser-accelerated electron bunches can produce charged particles such
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as protons,13 ions14 and positrons15 from solid targets. These secondary parti-

cles too have to be suitably conditioned,16–18 to be useful for medical applica-

tions.19,20 Besides specific applications, the study of energetic electron properties

and their interaction with matter can elucidate fundamental astrophysical pro-

cesses with laboratory experiments21,22 and access novel parameter regimes in

beam and plasma sciences.23 The generation, characterization and control of en-

ergetic electron bunches is an active field of research. The research presented in

this thesis broadly falls into the category of conditioning the properties of laser-

generated electrons by modifying the characteristics of the laser beam.

Fast electrons with KeV-MeV energies have been generated by laser inter-

action with a variety of targets such as solids,24 gas-fills,25 gas-jets,26 liquids,27

foams,28 clusters29 and capillary tubes.30 Depending on specific experimental

conditions, many physical processes associated with laser-plasma interactions31

are responsible for the generation of these energetic electrons. Ever since plasma

based acceleration was first proposed,32 the quest for compact electron accelera-

tors and the concomitant development of high power lasers33 has been the driving

force behind the extensive study of laser-plasma based acceleration schemes. The

advantage of plasma accelerator lies in their ability to support larger accelera-

tion gradients (100 GeV/m) than conventional radiofrequency accelerators (20

MeV/m) that are limited by material breakdown. Multi-MeV electrons have been

generated34–36 with femtosecond, multi-terawatt laser facilities and recently elec-

trons have been even accelerated to GeV energies in centimeter sized capillary

discharge waveguides.37 The production of GeV electrons with Petawatt scale

lasers38,39 is being investigated. At the same time, with the development of ad-

vanced laser and optical technologies such as high-energy laser oscillators,40 optical
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parametric chirped pulse amplification,41 high-damage-threshold tiled gratings,42

adaptive optics for wavefront correction and improved focusability,43 broadband

gain media with better thermal properties and diode pumping for higher-repetition

rates,44plasma based amplifiers45 and pulse compression techniques46,47 etc., there

are prospects48 for ever increasing peak power and focused intensities. This raises

the question as to whether it is possible to accelerate electrons to higher ener-

gies using the enormous electromagnetic fields in the focus of a laser beam in

vacuum. The advantage of such a scheme would be the inherent simplicity of

accelerating electrons without taking recourse to collective plasma processes and

instabilities in laser-plasma accelerators that are challenging to control. During

the early phase of development of pulsed lasers, the possibility of energy exchange

between intense laser fields and electrons was studied theoretically.49–52 However,

the Lawson-Woodward theorem53,54 places a caveat that an electron interacting

with electromagnetic fields of a plane-wave cannot gain a net energy. This effect

is due to the electron gaining and losing equal amounts of energy in the accelerat-

ing and decelerating phases of the oscillating field cycles. A similar wave-particle

synchronisation problem termed as phase-slippage or dephasing occurs in the case

of acceleration in a plasma with the longitudinal fields of a focused laser beam.

Since the laser pulse propagating at the speed of light has a super-luminous phase

velocity, the peak of the laser-field eventually overtakes the accelerating electron.

The electron then rapidly slips into the decelerating phase of the field-cycle and

loses most of the energy gained. The validity of the Lawson-Woodward theo-

rem rests on the assumption that the interaction medium is vacuum without any

static electric and magnetic fields, the interaction region is infinite without any

interfering walls or boundaries and nonlinearities such as plasma effects, radiative



1. Introduction 4

corrections are absent. If any of the above conditions are violated, then there

exists a possibility of non-zero net energy gain from the electromagnetic fields.

Many special configurations to engineer the violation of the Lawson-Woodward

theorem, including maximizing the strength of longitudinal fields and minimizing

phase-slippage, have been proposed.55

In the case of pure vacuum acceleration with a focused laser beam, another

critical issue is the ponderomotive expulsion of electrons that are produced by ion-

ization within the Gaussian focal region. The spatial gradients associated with the

imhomogeneous intensity distribution in the focal volume leads to a time-averaged

force on the electrons termed as the ponderomotive force.56 This force acts op-

posite to the gradients and expels the electrons from the laser focus. This leads

to the violation of Lawson-Woodward condition and the ejected electrons gain

a net energy. Such a kind of ponderomotive acceleration has certain limitations

for applications. The intensity gradients, within a large fraction of the Gaussian

focal volume are strongest in the radial direction, tranverse to the laser propa-

gation axis. Therefore the electrons ponderomotively accelerated with a focused

laser beam in vacuum have a large angular divergence.25,57 Moreover premature

expulsion of electrons can occur at the leading edge of the pulse resulting in a

reduced energy gain for a large fraction of electrons in the focal volume.58 The

motivation of the research presented here is to investigate ways to mitigate the

above mentioned drawbacks of vacuum laser acceleration. In particular, the goal

is to spatially shape the intensity profile of the laser focal volume in such a way

that the ponderomotive forces modify the angular and energy distribution of the

electrons ejected from the laser focus and generate a quasi-collimated, forward-

directed electron bunch. It is envisaged that a spatially shaped focal volume with
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a centrally peaked, transverse intensity distribution transforming into an annu-

lar profile along the laser propagation direction can acheive this goal. Since the

longitudinal intensity map of such a shaped focal volume is characteristic of a

horseshoe, the focus is termed as the “horseshoe focus”. The intensity gradients

associated with the hollow conical cavity region of the horseshoe focus gives rise

to ponderomotive forces directed inwards towards the laser axis that can focus

the electrons. This leads to electrons being confined closer to the laser axis and

ejection into smaller angles with respect to the laser propagation direction.

1.2 Overview

In this research, optical techniques to generate a horseshoe-shaped longitudinal

focal profile were investigated. A segmented optical system based on the incoher-

ent, coaxial combination of Gaussian (plug focus) and Laguerre-Gaussian (dough-

nut focus) modes was designed to generate the horseshoe focus. The optical system

consisted of segmented spiral phase, waveplate and defocus optics that modulated

the near-field phase and polarization of the incident laser beam. The inner cir-

cular segment with the spiral phase (and waveplate) and outer annular segment

with the defocus phase generated the orthogonally-polarized doughnut and axi-

ally defocused plug focus respectively. As a proof-of-principle demonstration of the

concept, a transmissive optical setup was implemented on a He-Ne continous-wave

laser system to spatially shape the focal volume approximately into the desired

horseshoe profile.59 A beam-shaping optical system consisting of segmented op-

tical elements (defocus, spiral phase and waveplate) operating in reflection was

designed, custom fabricated and fielded on LLE’s multi-terawatt (MTW) laser
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system. The near-field of the 10 J, 0.5 ps MTW laser pulse was modulated by the

reflective beam-shaping system, generating the horseshoe focus. The horseshoe fo-

cal volume was characterized inside the MTW target chamber and the peak inten-

sity was estimated to be 8×1018W/cm2. The horseshoe and Gaussian focal volume

were used to generate electrons by barrier-supressed ionization60 of a low density,

noble gas-jet target. The energy and angular distribution of electrons ejected

from the focal volume was measured with a multi-angle magnetic electron spec-

trometer.61 The experimental data indicates that the electrons generated from the

horseshoe focus are ejected into lower (by ≈ 10◦) angles and with higher (by ≈ 0.1

MeV) energies compared those from the Gaussian-focus of the same peak-intensity.

Monte-Carlo simulations of the ejected electron distribution reproduce the mea-

sured data and indicate that for ultra-high peak intensities (> 1020 W/cm2), colli-

mation/focusing effect due to spatial shaping will be significantly enhanced lead-

ing to forward-ejection of electrons to less than 20◦ with respect to the laser axis.

This thesis describes the research efforts related to spatially shaping the three-

dimensional laser focal volume and experimental measurement of the angular and

energy distribution of electrons ejected from such a shaped focus. In Chapter 2,

the fundamental physics of electron generation and their dynamics in laser fields is

reviewed. A novel spatially shaped focal volume with a horseshoe-shaped longitu-

dinal profile that can modify the angular distribution of the electrons is described.

Chapter 3 describes the design of transmissive and reflective optical systems to

generate the horseshoe focus. Chapters 4 and 5 explain the experimental systems

and experimental results respectively. In Chapter 6, simulation of electron tra-

jectories in the electromagnetic fields of the shaped focus, including quantitative
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focal design parameters that can optimally collimate and accelerate electrons in

vacuum, is presented. The thesis concludes with a summary of the results and

possible future work (Chapter 7).



2. Electrons in intense laser fields 8

2. ELECTRONS IN INTENSE LASER

FIELDS

The development of high power, high-intensity light sources such as chirped-

pulse amplification lasers62 and accelerator-based free-electron lasers63 have en-

abled the generation of photon beams with extremely high electric fields compa-

rable to and greater than the Coulomb field (≈ 109 V/cm) of the atomic nucleus.

The interaction of these light sources with a variety of forms of matter such as

atoms, molecules, clusters, solids and plasma have led to the emergence of a

very active field of research called high-field science.64,65 At these high intensi-

ties, electrons are easily stripped from atoms and are accelerated to relativistic

energies.66,67 This thesis focuses on controlling the dynamics of laser-generated

electrons by shaping the three-dimensional spatial focal profile of an intense laser

beam. In this Chapter, the physics of electron generation by laser field-induced

ionization of atoms and the properties and dynamics of electrons in intense laser

fields relevant to this research is reviewed. A novel three-dimensional horseshoe

shaped laser focus and its ability to focus/collimate and accelerate electrons is

described.
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2.1 Field-ionization models

Field ionization of atoms with photon energies less than the ionization po-

tential can be described by either a multiphoton or tunneling ionization model

depending on the relative values of laser electric field (E), frequency (ω) and

the ionization energy (Ip). According to Keldysh’s theory,68 a non-dimensional

Keldysh parameter (γ) defined as

γ = ω

√
2Ip

E
, (2.1)

can be used to separate these two ionization regimes. Multiphoton ionization is

characterized by a transition of the atomic electron from a bound to continuum

state by the absorption of multiple photons from the laser field. This model is

generally applicable in the low intensity/high-frequency limits where γ >> 1. For

high laser intensities, the Coulomb potential well of the nucleus is suppressed by

the external field, creating a potential barrier to the orbiting electrons. In the

quasi-static limit, i.e. when the orbital frequency (ωatm) is much greater than

the laser frequency (ωl), ionization can occur within a fraction of laser cycle by

quantum mechanical tunneling of electrons through the potential barrier. This

tunneling ionization model is applicable in the high-intensity/low frequency limits

where γ << 1. The Keldysh parameter can be physically interpreted as a ratio of

the tunneling time to the laser period and hence a low value of gamma is equivalent

to an adiabatic assumption where the laser field changes slowly compared to the

electron tunnelling time. Above a certain critical strength of the laser electric

field, the potential energy barrier is lowered below the atomic binding energy and

electron escapes over the barrier classically (Fig. 2.1.169). This field-ionization

regime, termed barrier-suppressed ionization (BSI),60 has been experimentally
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confirmed for different species of noble gas atoms with a 1 ps, 1 µm laser in the

intensity range of 1014− 1016 W/cm2. Within the laser cycle, probability of BSI is

maximum at the peak of the electric field whereas tunneling ionization occurs at

Fig. 2.1.1: Barrier supressed ionization is characterized by the classical

escape of the bound electron [Fig.(a)] over the potential energy barrier

(V ) of the nucleus when the external laser field (E) suppresses the

barrier below the ionization potential [Fig.(b)] of the bound state.69

the off-peak phases. The critical field strength (Eth) for the onset of BSI can be

calculated by the Bethe rule70 that has been applied to problem of Stark ionization

of atoms in uniform static electric fields.71,72 The method solves for the location

(xmax) of the maxima of the one-dimensional, superimposed potential (V ) of the

Coulomb-field (with ionic charge Z) and the quasi-static laser electric field (E) -

V (x) = −Z

x
− Ex (in atomic units). (2.2)

Equating V (xmax) to the ionization potential (Ip) gives the threshold field -

Eth = Ip
2/(4Z), (2.3)
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and the equivalent threshold laser intensity (Ith) for BSI is given by,72

Ith(W/cm2) = 4× 109 Ip
4(eV )/(Z2). (2.4)

For complex atoms, the three-dimensional nature of Coulomb potentials,73–75 the

effect of non-zero angular momentum,76 shielding due to inner electrons74 and

Stark shifts of the atomic levels,77 etc., lead to corrections to the values of Ith

predicted by the one-dimensional, semi-classical model (Eqn.2.3). Thomas Fermi

theory based on a self-consistent description of the potential and electron-density

distribution provides a universal scaling curve for BSI threshold with ionic charge

that agrees well with experimental data for higher charge states.78–80 For noble-

gases in the visible and infrared wavelength range, BSI occurs when γ ≈ 1, imply-

ing that multiphoton ionization can make a transition directly to the BSI regime

without passing through the tunneling ionization phase.81,82

Ionization rates and yields can be calculated using perturbative theories in

the multiphoton regime83 and non-perturbative, adiabatic models like ADK,84

KFR85–87 in the tunneling regime. These theories are based on the strong-field

approximation86 where the ionization is treated as a coupling of the intial bound

state to a final continuum state with weak Coulomb-field effects compared to the

external laser field. Recently, Feynmann path-integral techniques that treat the

transition from the intial to the final state as a coherent superposition of many

spatio-temporal paths (quantum orbits) have been applied to calculate strong-field

ionization probabilities.88 For the multiphoton case, the ionization rate (w) de-

pends on the field strength (E) and total number of photons absorbed (N) through

a power law [ w ∝ E2N ], whereas an exponential law [ w ∝ exp(−Ip
1.5/E) ] in-

volving the ionization potential (Ip), holds in the tunneling regime. The validity of

Kelydysh approximation and tunneling ionization models have been experimen-
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tally tested with nanosecond-duration far-infrared,89 picosecond-duration near-

infrared72,90 and femtosecond-duration mid-infrared91,92 laser pulses. In spite of

the theoretical limitations93,94 of the assumptions made in tunneling theories and

ambiguities related to the actual values of γ marking the transition from multi-

photon to tunneling regime,95 the Keldysh approximation of separating the two

ionization regimes has been found to be approximately valid over a wide range

of laser wavelength, intensity and atomic species. The ionization probability in

the BSI regime is an instantaneous step function with unity and zero probabil-

ity of ionization above and below the threshold electric field (Eth) respectively.60

Quantum mechanical models extending Coulomb-corrected ADK theory96 of tun-

neling ionization to the BSI regimes and abi-initio numerical simulations of time-

dependent Schrodinger equation have been attempted to model the BSI rates.75,81

All of the ionization models discussed above work within the single-active-electron

approximation wherein a single electron, under the influence of the external field

gets ionized sequentially,97 unaffected by other electrons. At sufficiently low in-

tensities (< 1015 − 1016 W/cm2), the single-active-electron approximation breaks

down and non-sequential, multiple ionization98 involving electron-electron corre-

lation effects have to be taken into account. With laser intensities reaching as

high99 as 1022 W/cm2, ionization of charges states (Z) > 30 in heavy atoms is

possible. Since the binding energy of the deep inner shells approach the rest mass

energy of the electrons, non-relativistic assumptions become invalid and relativis-

tic effects in adiabatic ionization models need to be included.100 These are active

topics of contemporary theoretical resarch101–103 that will lead to corrections in

the non-relativistic ionization rates and photoelectron initial conditions.104–106

In our experiments, the laser intensity (1017−1019W/cm2) is high enough that
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the electrons of the rare-gas atoms are ionized by barrier-supressed ionization

as the laser pulse propagates through the focal region. The ionization process

in the focal volume proceeds sequentially from one charge state to the next as

the local laser field exceeds the critical BSI field (Eqn. 2.3) for the particular

atomic level. The density of the target gas is kept low enough to ensure that

collective plasma effects can be neglected.107,108 A competition between tunneling

and barrier-supressed ionization could appear at the temporal and spatial edges

of laser pulse and focal volume, where the intensities can be much lower than

the peak intensity. The non-sequential multiple ionization effect at low laser

intensities (< 1015 − 1016 W/cm2) is disregarded in our simulations (Chapter 6)

and ionization is treated as occuring solely in the barrier-suppression regime with

the electrons born at the peak of the electric field cycle with approximately zero

kinetic energy.106,109

2.2 Electron bunch properties

The energy spectrum and angular distribution of electrons generated by ion-

ization of target-gas in the focal volume depends on the initial condition of the

electrons at the time of ionization and the spatio-temporal properties of laser fo-

cus.106 If the density of target-gas and electron bunch is low enough, collective

effects like collisions, space charge, radiation damping and instabilities are neg-

ligible. Under these conditions, each electron can be treated independently and

their dynamics is governed by the standard Newton-Lorentz equation in vacuum,

d

dt
(

m−→v√
1− v2/c2

) = q
(

~E +−→v × ~B
)

, (2.5)
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where E and B are the laser electric and magnetic fields, c is the speed of light

and ~v, q, m are the electron velocity, charge and rest mass. At the microscopic

level, electrons execute a quiver motion under the influence of the oscillating laser

fields. Since the quiver motion, follows the fast-time scales associated with the

laser period an equivalent quasi-static model can be constructed by time aver-

aging the Newton-Lorentz equation over the macroscopic spatio-temporal scales

and separating the fast and slow motional time scales. This leads to a physical

model where the average motion of the electron in the external laser field can be

described by its interaction with an effective, ponderomotive potential.110 The

ponderomotive potential (Up) is equivalent to the average quiver energy of the

electron in the oscillating laser field and gives rise to the ponderomotive force

(Fp),
56

~Fp = −~∇Up = −mc2~∇([1 +
a2

2
]1/2−1), (2.6)

where ~∇ is the spatial gradient. The dimensionless parameter (a) is a measure of

the normalized oscillating momentum (posc/mc) of electrons quivering in the laser

field and is given by,111

a2 =
Iλ2

1.37× 1018
, (2.7)

where I(W/cm2) is the laser intensity and λ(µm) is the laser wavelength. The

concept of a ponderomotive force was first introduced in an inhomogenous di-

electric media112,113 and later for high-frequency microwave114–116 and laser56,110

fields. In laser-produced plasmas, the ponderomotive force is a generalized, time-

averaged nonlinear force117,118 that is responsible for a variety of physical effects

such as self-focusing, cavitation, channeling, filamentation, absorption and para-

metric instabilities. An expression for the non-linear force can be derived by single-

particle methods, stress-tensor techniques, hydrodynamic or kinetic theories and
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is due to the inhomogeneity of the media and external fields.119 Ponderomotive

forces also arise due to temporal variations in the amplitude of fields120 or dielec-

tric properties of media.121 The ponderomotive force on electrons is analogous

to the intensity122 and phase123 gradient forces on atoms and neutral particles.

In our experiments, the low density gas media is equivalent to vacuum and

the ponderomotive force experienced by the ionized electrons is due to the spatial

inhomogeneity of the electromagnetic fields in the laser focus. This force acts in

a direction opposite to the spatial intensity gradient leading to the drift of the

electrons from higher to lower intensity regions of the focal volume.56,110,124 If

the characteristic time taken for the electron to traverse the focal region is short

compared to laser pulse duration, the electrons acquire a directed kinetic en-

ergy by rolling down the ponderomotive potential associated with the laser focus.

This vacuum laser-electron acceleration is termed ponderomotive acceleration or

scattering25,125,126 which leads to the expulsion of electrons from a high-intensity

laser focus. Free electrons in our experiments are generated in the focal volume

by barrier-supressed ionization with approximately zero initial energy127 and a

canonical momentum whose magnitude is zero for linear polarization and equal

to the ponderomotive potential for circular polarization.104,106,128The final energy

and angle of ejection of ponderomotively accelerated electrons can be determined

by applying the principle of conservation of energy and momentum.129 This gives

a maximum directed kinetic energy (Ek) equal to the ponderomotive potential for

linear polarization and twice the ponderomotive potential for circular polariza-

tion. For linearly polarized lasers with peak focused intensity of 2× 1019 W/cm2

and wavelength of 1 µm, electrons generated at the peak of the laser field are
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ponderomotively accelerated to a kinetic energy (Ek) of about 1 MeV. The pon-

deromotive scaling of the kinetic energy with laser intensity for linear polarization

can be derived using equation for two intensity limits by expanding Eqn. 2.6 in

power series of a2

2
and neglecting higher order terms. Such an approximation in

Eqns. 2.6 and 2.7 gives,

For a ¿
√

2, (1 +
a2

2
)1/2 ≈ 1 +

a2

4
⇒ Ek ≈ Up ≈ a2

4
∼ Iλ2 (2.8)

For a À
√

2, (1 +
a2

2
)1/2 ≈ a√

2
⇒ Ek ≈ Up ≈ a√

2
− 1 ∼

√
Iλ (2.9)

For a 1 µm laser, Eqn. 2.8 is equivalent to the non-relativistic regime (a << 1)

i.e. peak intensity much less than 1018 W/cm2 and Eqn. 2.9 to the relativisitic

regime (a >> 1) i.e. peak intensity much greater than 1018W/cm2. The maximum

directed kinetic energy is determined by the peak laser intensity. The energy scales

linearly with intensity in the non-relativistic regime and varies more slowly, as the

square-root of intensity, in the relativistic regime. The weaker variation in the

relativistic regime is due to relativistic mass shift effects (∼ γm) that becomes

significant at ultra-high intensities, leading to an increase in the electron mass

and a corresponding greater inertia to acceleration. A much higher final kinetic

energy than the ponderomotive scaling can be obtained if the electrons are pre-

injected into the laser focus with relativisitic velocities.130,131 For a Gaussian

focus in the non-relativistic regime (a << 1), ponderomotive acceleration leads to

electron ejection roughly perpendicular to the laser propagation direction due to

strong radial gradients. In the relativistic regime (a ≥ 1), due to the significant

longitudinal component of the Lorentz force [q(~v × ~B)], the electrons experience

an additional longitudinal drift and are scattered into a forward cone of half-angle
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(θ) given by,25,125

tan(θ) '
√

2

γ − 1
, (2.10)

where γ−1 is the kinetic energy of the scattered electrons divided by the rest mass

energy (mc2). For 1 MeV (γ = 3) electrons, this translates into a conical angle

Electron
trajectory

E15316J1

θ Laser
propagation
direction

z

y

x

Fig. 2.2.1: Electrons are ejected into a forward cone of angle (θ) about

the laser propagation direction due to the strong Lorentz force at high

laser intensities.25

of about 45◦. Figure 2.2.1 schematically shows the forward angle of ejection of

an electron with respect to the laser propagation direction. The angular distribu-

tion of low energy (10− 85 KeV) electrons ejected from a moderately relativisitic

(a ≈ 1) intensity focus of a picosecond laser pulse has been experimentally mea-

sured.25,106 The observed angular distribution of electrons and the kinetic energy

versus angle of ejection for the peak number of electrons generated by the ioniza-

tion of Neon-3+ through 8+ confirms the theoretical energy-angle scaling relation

(Fig. 2.2.2, 2.2.3). For electrons with non-zero initial velocity (v0), Eqn. 2.10 for

ejection angle is modified125,132 -

tan(θ) =

√
2

1+β0

(
γ
γ0
− 1

)

γ − γ0(1− β0)
, (2.11)

where β0 = v0/c and γ0 = (1− β2
0)
−1/2

. Eqn. 2.11 reduces to Eqn. 2.10 for
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zero intial velocity (β0 = 0). The ejection angle of high energy electrons57 from a

relativistic intensity (a = 2, 3) focus of a 300 fs laser pulse has been experimentally

correlated with the energy-angle scaling relation (Eqn. 2.11).

Electrons undergoing acceleration radiate energy with a total instantaneous

power that is given by the Larmor’s formula133 : γ6[(β̇)2 − (β × β̇)2]. This radi-

ation loss from highly energetic electrons can limit the energy gain at ultra-high

laser intensities. For the intensities (∼ 1017 − 1019 W/cm2) and electron energies

(∼ MeV) involved in this thesis, radiation-induced damping is negligible. The

mathematical derivation of the energy-angle scaling equations (Eqn. 2.10,2.11)

is based on a plane-wave approximation of the electromagnetic fields that may

not be valid for a realistic laser focus.134 Deviations from this scaling relation

arises for very tight focusing (low f#) and high-intensity conditions when the

plane-wave approximation can breakdown and the effect of longitudinal fields will

be significant.135 Higher-order, non-paraxial corrections136 to the mathematical

description of laser-focus fields may lead to deviations from the scaling law. Sim-

ulations indicate that bifurcations at high energies can arise in the energy versus

angle curve.137

The inhomogeneity in the spatial intensity distribution of a Gaussian focus cou-

pled with the effect of high laser intensities leads to the generation of a ‘diverging’

electron bunch. Since the laser focal profile governs the electron trajectories via

the ponderomotive force, a suitably shaped laser focus can control the dynamics

of electrons generated in the focal volume.
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2.3 Horseshoe focus

The objective of this research is to control the dynamics of laser-generated

electrons by shaping the three-dimensional spatial intensity distribution of the

laser focal volume. The specific goal is to design a spatially shaped laser focus

that can generate a quasi-collimated, forward-directed bunch of relativistic elec-

trons. A laser focal volume with dual spatial characteristics — a centrally peaked,

transverse focal intensity distribution transforming into an annular profile along

the laser propagation direction (Fig. 2.3.1) — is postulated to satisfy this ob-

jective. The longitudinal profile of such a shaped laser focus (schematic intensity

map as shown in Fig. 2.3.2) is approximately in the form of a horseshoe. The axial

extent of the centrally peaked and the annular intensity region is d1 = |Z2 − Z1|
and d2 = |Z3 − Z2| respectively. Z1 and Z3 denote the axial locations at which

the magnitude of intensity has fallen off sufficiently compared to the peak focal

intensity, D = |Z3 − Z1| is the depth of the focus of the horseshoe focus and Z2

is representative of the location at which the annular intensity region begins. It

is anticipated that the ponderomotive forces associated with the centrally peaked

intensity region (Z1 < Z < Z2) of the horseshoe focus will accelerate and inject

electrons into the radial potential well of the annular profile. The annular inten-

sity region (Z2 < Z < Z3) gives rise to a radial gradient, leading to a transverse

focusing force on electrons138–142 directed inwards towards the laser axis. The

longitudinal field and field gradient associated with a purely annular beam has

been theoretically shown to accelerate electrons in the forward direction.140,143–147

In these cases, the electrons were pre-injected into the laser focus with relativistic

velocities and hence remained in the acceleration phase for a longer time. This

thesis considers electrons generated by barrier-suppressed ionization60 of a low-
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density gas target which are born in the focal volume with zero initial velocity.106

In this case, the forward acceleration mechanism due to the longitudinal gradients

of a purely annular focus may not be as effective as in the case of the pre-injected

relativistic electrons. Moreover a purely annular focus may not provide sufficient

axial confinement since the electrons can get ejected from the open end axially

opposite to the laser propagation direction.138 This requires a central intensity

peak plugging the annular profile so that the longitudinal gradients associated

with the centrally peaked focal profile accelerates the electrons axially and injects

them into the radial potential well of the annular profile. Another picture is to

consider the three-dimensional, hollow, conical intensity region of the horseshoe

focus as a source of ionized electrons that are confined towards the axis of the

cavity by the inward directed ponderomotive forces. This should lead to a reduc-

tion in the radial spread of the electrons ejected from the laser focus. A schematic

figure depicting the forces (blue arrows) experienced by the electrons (e− symbol)

generated within the horseshoe focus is shown in Fig. 2.3.3. The confinement
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Fig. 2.3.3: Intensity gradient ponderomotive forces ( ~Fp shown as blue

arrows) focus the ionized electrons (e−), thereby reducing their final

ejection angle with respect to the laser axis.
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of electrons closer to the axis aids in the forward acceleration since the electrons

spend a greater time interacting with the laser fields as compared to the case of

a pure Gaussian focus.148,149 The ponderomotive expulsion of electrons from the

focus before they experience the peak intensity of the pulse58 can be minimized by

this confinement effect. Thus, the “concave” shaped three-dimensional pondero-

motive potential associated with a horseshoe laser can focus and accelerate the

electrons in three-dimensions more effectively than a purely Gaussian focus. The

experimental signature of this effect should appear as a modification of the energy

and angular distribution of electrons ejected from the shaped laser focus. If the

relative depth of focus of the centrally peaked intensity region [d1/D] (see Fig.

2.3.2) is not much less than of the annular profile [d2/D], the focal volume would

primarily be made of the central peak, leading to electrons being scattered from

the focal region without being affected by the radial focusing effect of the annular

profile. Since the energy in the transverse plane at each of the axial location in the

three-dimensional focal volume has to be equal, the intensity (∼ energy/area) in

the horseshoe focus will be constrained by the dimensions of the centrally peaked

and annular intensity regions. The optimum values for various system parameters

(see Fig. 2.3.2), e.g. the relative depth of focus [d1/D, d2/D], angular divergence

[φ(r, z)], intensity contrast (ratio of the peak intensity of the annular ring and

minimum intensity of the central null) of the annular profile and relative intensity

[I(z2)/I(z1), I(z3)/I(z2) where I(z) is the intensity at an axial location z in the

focal volume], will have to be determined by comprehensive simulation of electron

dynamics in the electromagnetic fields of the shaped laser focus. Demonstration

of specific focal parameters will be dictated by the design of the optical system

used to experimentally generate the shaped focal volume. The horseshoe-shaped
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longitudinal profile in spatial space is an approximate replica of the distribution

of electrons in momentum space108,150,151 obtained by particle-in-cell simulations

for a Gaussian focus. This similarity can be explained as follows. The kinetic

energy (Ek) and momentum (p) of relativistic electrons obey the relation,

p2c2 + m2
oc

4 = (Ek + moc
2)2, (2.12)

Normalising the kinetic energy by moc
2 and momentum by moc reduces this rela-

tion to,

p2 + 1 = (Ek + 1)2, (2.13)

Simplifying equation 2.13 further by re-arranging the terms leads to,

p = ([1 + Ek]
2 − 1)1/2. (2.14)

Now using the energy-angle scaling (Eqn. 2.10), Ek = 2/(tan2(θ)) in equation

2.14 gives,

p = ([1 +
2

tan2(θ)
]2 − 1)1/2. (2.15)

This is a polar equation in (p, θ) and can be parametrically plotted in the two-

dimensional (ptransverse, paxial) space by noting that θ = tan−1(ptransverse

paxial
) is the

angle and p = (p2
transverse + p2

axial)
1/2 is the radial distance of any point from the

origin. The plot of equation 2.15 in the (ptransverse, paxial) co-ordinates is shown

in Figure 2.3.4 and clearly has the same form as the horseshoe focus (Fig. 2.3.2).

Note that Eqn. 2.13 can be recast as [1+p2]1/2−1 = Ek; which is consistent with

Eqn. 2.6, since the non-dimensional parameter a is the normalised oscillatory

momentum and the initial ponderomotive energy (Up) of electrons is converted to

final kinetic energy (Ek). This explains the similarity of the momentum distribu-

tion of ejected electrons and the desired horseshoe-shaped longitudinal profile in
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the (ptransverse, paxial) co-ordinate system.

spatial space. This result suggests that constraining the electron momentum to

lie within the “horseshoe” contour in momentum space is equivalent to reducing

the ejection angle in spatial space. This can be useful for numerical optimization

of the spatial intensity distribution to obtain optimal collimation. In such an ex-

cercise, the physics simulation (see Appendix B) can be restricted to solving only

the three differential equations (for px, py, pz) instead of six (for x, y, z, px, py, pz);

thus making the computational search for optimal solution more efficient.

This thesis will experimentally demonstrate an approximate horseshoe-shaped

longitudinal focal profile and investigate the modifications to the energy and an-

gular distribution of the electrons ponderomotively ejected from the shaped laser

focal volume.
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3. SPATIAL SHAPING OF LASER

FOCUS

Multi-dimensional spatial shaping of laser focal volume152–155 is a particular

design problem within the broader research field of laser beam shaping,156 that

involves designing optical systems to redistribute the intensity and phase of light

for performing specialized functions.157,158 Optical systems such as diffractive

or refractive phase plates, diffraction gratings, computer-generated holograms or

electro-optical systems like deformable mirrors and spatial light modulators can

shape the laser beam by modulating the near-field phase or amplitude. Phase

modulation is loss less, has higher efficiency and can give greater control over the

far field than amplitude-only modulation. Phase modulation can be performed

in conjunction with amplitude modulation. The shape of the diffractive optical

element159 offers another degree of freedom for manipulating the laser beam. In

this research, the spatial modification of laser focal volume is achieved by mod-

ulating the near field phase of the laser beam using a phase plate. This chapter

describes a transmissive optical system that was designed and implemented on a

CW laser to spatially shape the intensity distribution in the focal volume into a

horseshoe-shaped profile.
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3.1 Horseshoe focus design

To first order, a horseshoe-shaped profile (Fig. 2.3.1, 2.3.2) can be approxi-

mated as a combination of Laguerre-Gaussian (doughnut) and Gaussian focus with

a slight axial focal offset between the two. The transition from a centrally peaked

intensity profile of the Gaussian mode into an annular focal profile of the dough-

nut mode leads to the desired longitudinal profile in the far field. A representative

horseshoe-shaped longitudinal focal profile obtained by intensity combination of

doughnut and Gaussian focus is shown in Figure 3.1.1. The annular focus can be

generated using a spiral phase mask160,161 with a phase profile functionally given

by eilθ where θ is the azimuthal angle and l is an integer. The azimuthal variation

of phase from 0 to 2πl gives rise to a helical wavefront (Fig. 3.1.2) for the laser

beam with a pitch given by l times the wavelength. Since the phase at the center

of a helical wavefront is undefined, the far field intensity distribution of the laser

beam has a central null throughout the focal volume.162 The phase circulation

and the singularity at the centre of the helical wavefront is analogous to vortices

in fluids and hence these beams are called as vortex beams.163 The vortex sin-

gularity is a subset of a broader class of singularities occuring in wavefronts that

are termed as wavefront dislocations164 because of their morphological similari-

ties to the structure of defects in crystals.165 Under this terminology, the phase

singularity of a vortex beam is a screw dislocation.166,167 The doughnut focus

can be mathematically approximated by Laguerre-Gaussian (LGl
p) modes that

are solutions to the paraxial wave equation in a cylindrical coordinate system.168

They are represented as LGl
p ∼ eilθ r

l
Ll

p(r
2) e− r2

, where LGl
p(r

2) is a generalized

Laguerre polynomial and indices l, p are integers. Non-zero values of l lead to

a spiral wavefront and a central null in intensity distribution with p + 1 annular
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laser propagation direction.

Fig. 3.1.2: Helical wavefront of a vortex beam (reprinted from

Wikipedia).
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nodes. The intensity profile of the doughnut beam (LGl
0) is a single ring of light

with a radius that scales as
√

l. The index l is a measure of the number of 2π

phase circulation around the center and is termed as the topological charge of the

vortex. It represents the orbital angular momentum present in the wavefront169 of

the vortex beam. The focus of a Gaussian or a flat-top beam transmitted through

the spiral phase mask is a superposition of an infinite series of LGl
p modes,170 with

a theoretical conversion efficiency161 of about eighty percent for the lowest order

LG1
0 mode and the rest of the energy content in the higher order modes. Due to

this mode impurity, the radius of the ring of light scales linearly with l instead of

the square root variation for a pure LGl
p mode.171

The beam combination of Laguerre-Gauss and Gaussian modes to generate the

horseshoe-shaped focus could be either in the intensity or field domain depending

on the relative polarization of the two components. Coherent beam combination,

i.e. beam combination in the field domain, suffers from focal spot distortion due

to the interference between the spiral and flat wavefront of doughnut and Gaus-

sian beams respectively.172,173 The effect of intererference on the focal volume is

shown in Fig. 3.1.3. Inducing mutual incoherence between the two beams solves

the interference problem. This can be done by either combining two orthogonally

polarized beams or by inducing spatial or temporal incoherence in one of the

beams. A single-beam solution based on the approach of incoherent beam combi-

nation using segmented optics153 is shown in Fig. 3.1.4. The segmented optic is

an extrapolation of the concept of zone plates,174 circular Dammann gratings175

and apodizing filters176 that have alternating annular zones of different phase.

This technique has been used to create special focal distributions based on the

interference between waves diffracted from different zones, e.g., optical traps with
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a pi-phase jump between the inner and outer circular regions177–179 and spatio-

temporal focal irradiance profile control for laser-fusion applications.180,181 In our

case, the segmented regions spatially multiplex two separate optical functions into

one optic and is similar to the dual-focus lens used for industrial laser machin-

ing applications.182 The conceptual design of the optical system to generate the

horseshoe focus consists of three segmented optics : a segmented phase plate,

a half-waveplate and a defocus element (Fig. 3.1.4). The segmented waveplate

is an annular substrate with a half-wave plate embedded in the central annulus.

The segmented phase plate consists of a flat substrate with a spiral phase etched

in the central region and a quadratic defocus phase in the outer annular region

(Fig. 3.1.5). The half-wave plate rotates the polarization of the central region

of an incident Gaussian beam by ninety degrees with respect to the outer region

of the beam. The inner beam is modulated by the spiral phase and gives rise to

the doughnut focus while the outer beam generates the defocused Gaussian focus.

The inner and outer beams are orthogonally polarized and provide an incoherent

coaxial combination in the far field. Diffraction from the edges of the segmented

spiral and defocus phase plate can create additional structures in the far field.

This effect can be minimized by suitable amplitude apodization of the incident

beam.

Note that there are other classes of hollow beams referred as the radially and

azimuthally polarized cylindrical vector beams,183 whose central null intensity is

due to polarization singularity as opposed to the phase singularity of Laguerre-

Gauss beams. It is not clear at this point which type of hollow beam is better

suited for vacuum laser acceleration in terms of the magnitude of intensity gradi-

ents, longitudinal fields and Lorentz force, or any other metric that can influence
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the acceleration mechanism. This can be the subject of future extensions to this

work. Laguerre-Gaussian mode was chosen in this research purely based on the

technological simplicity to generate it experimentally.

3.2 Focal volume simulation

The optical setup for simulating the focal volume consists of a phase modu-

lating element followed by a focusing lens. The focal profile is governed by the

far field wavefront and electric field topology that is determined by wavefront of

the incident field diffracted by the phase plate. The 3D-focal profile is calculated

using the Rayleigh-Sommerfeld diffraction integral184 for multiple planes around

the focus. The FFT-based algorithm for numerical calculation of the diffraction

integral within the Fresnel approximation, consists of the following steps :

Step-1: Propagate the incident field to the focal plane,

Ef =
eikf

iλf
FFT (EinTp),

where Ef is the focal field, Ein is the incident field, Tp is the complex transmit-

tance function of the phase plate, f is the focal length of the lens, λ is the laser

wavelength and FFT is the Fourier transform operator.

Step-2: Propagate the focal plane field to off-focus planes,

E(z) = eikzIFFT (e−iπλz(µx
2+µy

2)FFT (Ef )),

where µx = x
λf

, µy = y
λf

, are the spatial frequency coordinates in the focal plane



3. Spatial shaping of laser focus 33

E15321J1

2

1

0

–1

–2

–2 –1 0

x/ω0

y
/ω
o

1 2

S1

S2

1.0

0.8

0.6

0.4

0.2

0.0

Waves

Fig. 3.1.5: Phase map (in waves) of the segmented phase plate. The

radius of the inner circular region (S1) with the spiral phase is approx-

imately in the range of 0.9 to 1.1 times the 1/e2 intensity radius (ωo) of

the input beam. The outer annular region (S2) has a quadratic defocus

phase.

E15722J1

–10

10

5

0

–5

–10

–5 0

X/ω

Y
/ω

10

5

0

–5

–10

Y
/ω

8

4

0

–4

–8

Z
/Z
R

5 10 –10 –5 0

X/ω

5 10

8

4

0

–4

–8

Z
/Z
R

0.1 0.3 0.5 0.7 0.90.1 0.3 0.5 0.7 0.9

(a) (b)

(c) (d)

Fig. 3.1.6: Transverse and Longitudinal profiles of Gaussian [(a) and

(b)] and doughnut [(c) and (d)] focus. The color bars are relative

intensity.



3. Spatial shaping of laser focus 34

E17587J1

–10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

–8 –6

In
te
n
si
ty

–4 –2 0

X (μm)

2 4 6 8 10

Simulation

Theory

Fig. 3.1.7: Intensity lineout (circle) along the x-axis of the numerically

simulated fields matches well with the analytical result (red curve).

and f is the distance from the focal plane and IFFT is the inverse Fourier trans-

form operator.

By repeating Step-2 for various planes i.e., different values of z, one can gener-

ate the three-dimensional focal field. This mathematical casting of Step-2 ensures

that the transverse grid sampling size is the same in each of the planes around

focus and hence the 3D-focal profile can be easily visualized by taking a longi-

tudinal slice of the data set. The transverse and longitudinal focal profiles of

focused Gaussian and doughnut beam are shown in Fig. 3.1.6. The transverse

and axial coordinates are normalized by the diffraction limited spot size (ωf ) and

the Rayleigh range (zR = πω2
f/λ) of a focused Gaussian beam respectively. The

doughnut focus was generated from the incident Gaussian beam using a spiral

phase plate.160 The parameters of simulation are-

Number of grid points : 256 x 256 ( ≈ 26× diffraction limited spot size)

Number of axial planes : 31 ( ≈ an axial distance of 8× Rayleigh range)

F-number of lens (f#): 2
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The radius of the diffraction-limited focused spot (ωf ) is given by ωf = (βλf#)

where β is a numerical factor whose value depends on input amplitude distribution

and the definition of f#. For a Gaussian input amplitude distribution, defining ωf ,

ωo as the 1/e2 radius of the focused spot intensity and input intensity respectively

and f# = f/(2ωo) (where f is the focal length of the lens), the value of numerical

factor185 β is 2/π. The transverse focal intensity of a Gaussian input laser beam

can be analytically calculated and is given by185 I(r) ≈ exp[−2(πwor/(λf))2]. As

shown in Fig. 3.1.7, the x-axis lineout of the numerical result for the transverse

focal profile matches well with the analytical result.

The three-dimensional focal distribution was simulated with pre-specified near-

field intensity and phase profiles to optimize the conceptual optical design (Fig.

3.1.4). The input beam intensity distribution, diameter of the input beam and

dimensions of the segmented regions were tuned. Since the output intensity profile

of most standard CW lasers is Gaussian, the incident beam’s intensity distribution

for the simulations was chosen to be a Gaussian. The radius of the hard aperture

(R), i.e. the external radius of the segmented optics, was chosen to be roughly

four times the incident beam’s 1/e2 radius (ωo) to minimize diffractive effects due

to the truncation of the Gaussian beam.186 The ratio of the areas of the central

circular region to the outer annular region determines the relative intensity of the

doughnut and the defocused Gaussian profiles in the far field. Based on extensive

simulations, it was determined that the radius of the central circular region of

the segmented phase plate and waveplate (Fig. 3.1.4) has to be approximately

in the range [0.9-1.1] times the 1/e2 radius (ωo) of the incident Gaussian beam

for generating a longitudinal focal profile that is approximately in the form of the

horseshoe focus. Simulations of the longitudinal focal profiles, for various values of
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the ratio of radius of inner region (co) of segmented waveplate and 1/e2 intensity

radius (ω0) of the input beam in the range [0.9-1.1], are shown in Figures 3.2.1.

The longitudinal profiles were obtained by taking the longitudinal slice of the

three-dimensional data set associated with the intensity distribution in the laser-

focal volume. The axial and the transverse dimensions of the simulated focus were

normalized to the theoretical far field spot size (co/ωo) and the Rayleigh range (ZR)

of the Gaussian focus obtained without any of the segmented optics in the beam

path. Within the range [0.9-1.1] for (co/ωo), the energy ratio between the inner

and outer beam is such that the intensity of the doughnut profile is comparable

to the intensity of the defocused Gaussian profile. The relative axial defocus (∆z)

between the Gaussian and annular profile in the far field is related to the near-

field peak-to-valley defocus phase (φd) by the relation φd = (∆z) β2

8λ (f#)2
[Eqn. (A.2)

in Appendix A], where β = R/ωo, is the ratio of the radius of hard-aperture (R)

of the segmented optics to the input beam radius (ωo) and f# = f/(2ωo), is the

ratio of the focal length (f) of the focusing lens to the input beam diameter. For

the simulation results shown in Fig. 3.2.1, the axial defocus (∆z) is approximately

200 µm (≈ 1.7ZR) for f# = 12 and β = 4. The corresponding near-field peak

to valley defocus phase (φd) is approximately 4.5 waves. The optimum value of

axial defocus was obtained by numerically tuning the near-field defocus phase to

give a longitudinal profile approximately in the form a horseshoe. The optimal

profile was determined by visual inspection of the longitudinal intensity plots. If

(co/ωo) is much less (greater) than the lower (upper) limit of the range [0.9-1.1],

the intensity of the doughnut profile is much less (greater) than the intensity of

the defocused Gaussian profile in the far field. Simulations of longitudinal focal

profile, for (co/ωo) outside the range [0.9-1.1], are shown in Figures 3.2.1(a) and
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(f). Achieving the right intensity balance between the defocused Gaussian profile

and the doughnut profile depends on the ratio of the net energy incident on the

inner and outer regions of the segmented optics. The relative energy ratio can be

tuned by differential amplitude apodization of the inner and outer regions of the

incident beam.

3.3 Transmissive optical system

3.3.1 Optical layout

A focal spot characterization system consisting of a CW He-Ne laser, variable

magnification beam expander system, segmented optical elements, focusing lens

and a microscope objective attached to a digital CCD camera187 was set up (Fig.

3.3.1) for testing the optical design (Fig. 3.1.4). The laser wavelength (λ) was

632 nm, the focal length (f) of the lens was 150 mm, the magnification of the

microscope objective was 40X and the camera had a dynamic range of 12 bits and

530 x 492 pixels across its 6.5 mm x 4.9 mm aperture. A polymer film polarizer

with a clear aperture of 5 mm, located before the variable beam expander (not

shown in Fig. 3.3.1) in the input beam path, sets the polarization of the incident

laser beam. A variable diameter iris was placed before the segmented waveplate to

tune the diameter of the laser propagating through the outer annular region of the

segmented optics. A second polarizer (not shown), located after the segmented

wave plate, acts as an analyzer and is used to set the orientation of the half-wave

plate. The segmented waveplate consisted of a standard multi-order quartz half-

wave plate (diameter 0.5 inch) held inside an annular BK7 substrate (external
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diameter 2 inch) with a split brass ring of thickness 330 microns. The spiral phase

element was custom fabricated by RPC Photonics188 in the central circular region

of diameter 0.5 inch on a fused silica substrate with an external diameter of 2 inch.

The outer annular region of the substrate was transparent and polished to peak-to-

valley wavefront quality of about (λ/10). The central spiral phase was measured

interferometrically using a frequency shifting Fizeau interferometer. The surface

relief map of the spiral phase, obtained from the phase analysis software of the

interferometer, is shown in Fig. 3.3.2. The measured peak to valley phase is 1.08λ.

The azimuthal variation of phase from 0 to 2π leads to a helical wavefront and a

central null in the far field intensity distribution. The measured deviation in peak

to valley phase of about 8% from 2π (or 1λ) is expected to reduce the contrast

of the central null. For imprinting the defocus phase in the outer annular region

of the incident beam, a tunable defocus phase system was implemented using a

combination of positive and negative annular lens of equal focal length (|fo| = 500

mm) and separated by a variable air gap (d) (see Fig. 3.3.1). Zero separation

between the two lens leads to a zero net quadratic phase since the positive and

negative annular lens have opposite power. A finite separation between the two

lens leads to a finite amount of quadratic defocus. By varying the separation, the

defocus phase in the outer annular region of the incident laser beam can be tuned

from zero. The central region of the laser beam propagates through free space and

doesn’t accumulate any defocus phase irrespective of the value of the separation.

The variable gap (d) is related to the relative axial defocus (∆z) between the

Gaussian and annular profile by the relation d ≈ ∆z
(
f 2

o /f 2
)

[Eqn. (A.5) in

Appendix A], where fo and f are the focal lengths of the annular lens and the

final focusing lens respectively. For fo = 500 mm, f = 150 mm and (∆z) = 200µm
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, d ≈ 2 mm. One of the annular lenses was mounted on a translation stage to

tune the gap (d). A larger value of gap (d) obtained by choosing a larger value

of fo is preferable, since it easier to align and tune the annular lens system with

a larger separation between the two lenses.

3.3.2 Focal scan results

The He-Ne laser beam was upcollimated by the variable beam expander to a

1/e2 intensity diameter of approximately 0.5 inch to match the diameter of the

annulus of the segmented optics (co / ωo ≈ 1). The initial steps in the experiment

involved making the outer beam orthogonally polarized to the inner beam. For

this purpose the analyzer and the focusing lens were first inserted into the beam

path. The transmission axis of the analyzer was aligned to be parallel to the

polarization direction of the upcollimated laser beam. Next the segmented wave-

plate was inserted into the beam path. The outer annular region of the segmented

waveplate was blocked by the variable diameter iris to allow only the central re-

gion of the laser beam to propagate through the optical system. The segmented

waveplate was rotated to null the signal emerging from the analyzer. This in-

dicates that the polarization direction of the laser emerging from the half-wave

plate is orthogonal to the transmission axis of the analyzer. Since the transmis-

sion axis of the analyzer defines the polarization direction of laser beam incident

on the segmented waveplate, this orientation of the half-wave plate ensures that

the inner central region of the laser beam is orthogonally polarized to the outer

annular region of beam. The analyzer was then removed from the system and the

segmented phase plate was introduced into the beam path. The transverse focal

profile was imaged by the microscope objective onto the CCD camera and the
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segmented phase plate was aligned to give the best doughnut profile. Next the

tunable defocus system was inserted into the beam path. The iris was opened to

allow the light from the outer region to propagate through the system and a stop

was inserted into the central annulus of the segmented waveplate to block the light

from the central region. The variable gap (d) and the alignment of the annular

lenses in the defocus system was adjusted to give the best defocused Gaussian

profile. The central stop was then removed to allow the outer beam to coaxially

combine with the inner beam. By translating the objective and the camera along

the laser propagation direction, the transverse focal profiles were recorded at var-

ious axial positions extending approximately from –500 to +500 microns in steps

of 50 microns. The transverse focal profiles of the shaped laser focus at z = 0,

1.6ZR, 3.2ZR and 4.8ZR are shown in Fig. 3.3.3. The z = 0 position represents

the axial location of the best focus of the centrally peaked Gaussian profile. The

transverse and axial dimensions of the recorded data were normalized to the spot

size (ωo) and the Rayleigh range (ZR) of the experimental Gaussian focus obtained

without any of the segmented optics in the optical system. The asymmetries in

the transverse profile are attributed partly to the phase errors accumulated from

the optics by the laser beam. The holes cored in the lenses of the tunable defo-

cus element caused asymmetric corrugations at the inner edge; diffraction from

these irregular edges contributed to the asymmetries. Apodizing the inner edges

of the annular elements and using optics with better transmitted wavefront qual-

ity could mitigate the azimuthal asymmetries. In spite of the asymmetries, the

focal profiles in Fig. 3.3.3 clearly show that the centrally peaked transverse profile

transforms to an annular profile. The two dimensional data set at each of the axial

positions within –500 to +500 microns were azimuthally averaged to generate the



3. Spatial shaping of laser focus 43

E15325J1

6

2

–2

–6

Y
/ω
f

6

2

–2

–6

–5 50

Y
/ω
f

X/ω
f

–5 50

X/ω
f

(a) (b)

(c) (d)

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 3.3.3: Transverse focal profiles of the shaped focal volume at var-

ious axial locations: (a) z = 0 (best focus for the central peak), (b) z

= 1.6 ZR, (c) z = 3.2 ZR, and (d) z = 4.8 ZR. Experimental Gaussian

spot size (ωf) ≈ 5 µm and Rayleigh range (ZR) ≈ 124 µm.

E15326J1

–6 –4 –2 0

Longitudinal profile (experimental)

2 4

4

2

0

–2

6

0.2

0.4

0.6

0.8

1.0

X/ωf

Z
/Z
R

Fig. 3.3.4: Azimuthal average of the transverse focal profiles obtained

by scanning the detector through the focal volume.



3. Spatial shaping of laser focus 44

equivalent longitudinal profile (Fig. 3.3.4) of the shaped laser focal volume. The

relative axial defocus between the centrally peaked profile and the annular profile

is approximately 1.5ZR. The relative depth of focus of the centrally peaked profile

(d1/D) is approximately 0.4. This experimental result is in good agreement with

the simulation result (Fig. 3.2.1c) and successfully validates the concept of inco-

herent coaxial beam combination to generate the horseshoe shaped longitudinal

focal profile. A perspective view of the azimuthally averaged longitudinal profile

is shown in Fig. 3.3.5. The intensity barriers surrounding the hollow-cavity is

responsible for the radial confinement and collimation of electrons. The longi-

tudinal contour plot of the ponderomotive potential (Up/mc2) of the horseshoe

focus is shown in Fig. 3.3.6. The intensity gradients are normal to the equipo-

tential curves represented by the contour lines. Hence the ponderomotive forces

experienced by the electrons within the intensity cavity of the horseshoe focus are

directed towards the laser axis.

3.4 Iterative design technique

The baseline design path, based on the method of beam combination offers

scope for potential improvement in three main areas - (a) generation of non-spiral

wavefront annular beams, (b) single phase function for shaping the focal volume

and (c) arbitrary spatial shaping of laser focus. The use of non-spiral wavefront

annular beams189,190 offers the possibility of avoiding the interference problems

and may remove the need for the waveplate in the beam combination technique.

A single phase function makes the optical system simpler than the segmented optic
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design based on multiple optics. Arbitrary spatial shaping of the laser focus may

be required since the exact focal shape, that optimizes the collimation/acceleration

of the electrons, is the subject of future research. A segmented phase plate is

unsuitable for this purpose since the only degrees of freedom available are the

radius of the segmented region and the input beam intensity profile. The flexibility

of arbitrary spatial shaping with greater design freedom over the parameters of the

horseshoe focal profile is possible with an arbitrary phase function. Such a phase

function can be implemented with a programmable spatial light modulator.191 The

iterative design approach (explained below) offers the possibility of a generating

other design solutions beyond the baseline.

(i) Phase synthesis algorithm

Computational synthesis of phase functions for obtaining designer laser beam

profiles is well established in physical optics.192 Most of the applications, e.g., laser

fusion and laser-material processing, require beam shaping in a single-plane trans-

verse to the laser propagation direction.193 The standard single plane iterative

algorithm is the Gerchberg-Saxton algorithm or the Iterative Fourier-Transform

algorithm194,195 that has been adapted to a wide range of applications including

the generation of a non-spiral annular beam.189 Recently, the standard computa-

tional algorithms for laser beam shaping have been adapted for laser beam shaping

in multiple planes.196,197 The fundamental logic of the multi-plane phase synthesis

algorithm is shown in Fig. 3.4.1. The error-metric (Step-3) for establishing the

convergence of the algorithm is the mean squared error198 -

E =

∑
z,x,y

||G(x, y, z)| − |F (x, y, z)||2
∑

z,x,y

|F (x, y, z)|2 , (3.1)



3. Spatial shaping of laser focus 47

Fig. 3.4.1: Logic of multi-plane iterative phase synthesis algorithm.
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where G(x, y, z) is the 3D focal field obtained by propagating the incident field

(Step-2), F (x, y, z) is the desired 3D focal distribution. By incorporating the

mean squared error metric and the multi-plane propagator (Step-2) all the stan-

dard single-plane algorithms can be extended to the multi-plane case. A similar

computational approach using a gradient-search based nonlinear optimization al-

gorithm199,200 can be developed for solving the inverse problem.201 The conver-

gence of the iterative methods depends critically on the intial conditions, type of

error metrics, search algorithms, functional definition and spatial dimensions of

the desired intensity profile. The iterative approach, to solve the inverse problem

of synthesizing phase functions to generate prescribed three-dimensional intensity

distributions, can be the subject of future research∗. Another design approach

would be to seek theoretical solutions that are superposition of frequency modu-

lated modes of the wave equation. Such an approach could perhaps give functional

approximations to the horseshoe focus that are solutions to the wave equation and

hence amenable for experimental demonstration. Special beams such as X and Y

waves, whose longitudinal intensity distribution are in the form of corresponding

alphabet, have been discovered using this method.202–204 These approximate so-

lutions could be used as initial guesses to speed up the convergence of iterative

algorithms.

∗ Concept exploration and preliminary tests were performed in collaboration with

Prof. J.R. Fienup’s research group at the Institute of Optics.
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3.5 Summary

The horseshoe focus was approximated as an incoherent, coaxial combination

of a plug focus with a centrally peaked, transverse intensity and an axially off-

set doughnut focus with an annular intensity profile. A transmissive segmented

optical system was designed and implemented on a CW laser to generate the

horseshoe focus. The optical system consisted of segmented spiral phase, wave-

plate and defocus optics that modulated the near-field phase and polarization of

the incident laser beam. The inner circular segment with the spiral phase (and

waveplate) and the outer annular segment with the defocus phase generated the

orthogonally-polarized doughnut and axially offset plug focus respectively. Simu-

lation of the far field intensity distribution indicates that the ratio of the area of

the inner and outer segments sets the ratio of electric field strength of the plug

and doughnut focus. The experimentally measured intensity distribution in the

focal volume succesfully validates the technique of incoherent coaxial beam com-

bination to generate the horseshoe focus. By mapping the transmissive segmented

optics to their reflective version, the designed beam-shaping optical system can

be scaled to high-power, short pulse laser systems. Implementation of such a

reflective beam shaping system on a pulsed, high-intensity laser is described in

the following chapter. An iterative design method is proposed as an alternate

approach for synthesizing near-field phase functions to generate prescribed three-

dimensional intensity distributions in the far field.
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4. EXPERIMENTAL SYSTEMS

Laser beam shaping and target physics experiments were performed on LLE’s

Multi-Terrawatt (MTW) laser system205 to investigate the effect of shaped focal

volume on the energy and angular distribution of laser generated electrons. In

this chapter, the components of MTW laser system and the design of a reflec-

tive beam-shaping optical system to spatially shape the MTW laser focus are

described. Intensity distribution data, demonstrating the shaping of the laser

focal volume into a horseshoe profile, is presented. The gas-jet system and the

electron spectrometer used in the target physics experiments are described.

4.1 MTW Laser

The Multi-Terrawatt (MTW) laser system uses optical parametric chirped

pulse amplification (OPCPA)206,207 to deliver laser pulses with a maximum en-

ergy of 10 J and minimum pulse duration of 0.5 ps on target. In the OPCPA

process, a temporally stretched, low-power seed pulse and a high-power pump

pulse at frequencies ω and 2ω respectively, undergo difference-frequency mix-

ing208 in a non-linear crystal to generate signal and idler pulse with frequency

ω. This non-linear process of optical parametric amplification, leads to an am-

plified signal pulse with appropriate crystal material and phase-matching condi-

tions. The OPCPA pulse is further amplified in a glass amplifier and temporally
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recompressed to generate the ultra-short, high-energy laser pulse. OPCPA offers

advantages over glass-amplification in terms of better beam-quality due to low cu-

mulative nonlinear phase and heat-deposition, wavelength tunability, higher gain

in a single-pass, broader gain-bandwidth and higher intensity-contrast due to low

level of prepulse.207

The basic components of the MTW laser are shown in Fig. 4.1.1. The laser

chain begins with a commercial Time Bandwidth mode locked oscillator (TBWP

GLX200) that generates ultrashort (≈ 200 fs) seed laser pulses at a repetition

rate of 76 MHz with a center wavelength of 1.053 µm (ω). The TBWP pulse

is frequency chirped by stretching209 it temporally in an Offner triplet grating

system210 that provides a positive dispersion of 300 ps/nm and a stretch factor

of up to 104. This generates broadband seed pulses with 600 pJ of energy, full-

width half-maximum (FWHM) pulse width of 1.8 ns and a bandwidth of 6 nm

for optical parametric amplification (OPA). Chirped laser pulses allow for efficient

amplification without the deleterious nonlinear interactions that arise when high

peak power pulses propagate in laser amplifiers.211,212 The pump pulse for OPA is

generated from a integrated front end source (IFES) synchronized to the TBWP

oscillator by the hardware timing system (HTS) electronics. IFES is based on

fiber amplification and temporal shaping213 of a commericial fiber laser source

(KOHERAS), generating a 300 Hz train of 2.4 ns pulses that are amplified in a

diode-pumped, Nd:YLF regenerative amplifier system (DPRA)214 and a crystal

large aperture ring amplifier (CLARA).215 This amplified pulse is frequency con-

verted to 527 nm (2ω) by second harmonic generation in a lithium triborate (LBO)

crystal and is the OPA pump pulse with a pulse-width of 2.5 ns and energy up to 1

J. Temporal and spatial shaping of the pump laser to a 20th order super-Gaussian
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Fig. 4.1.1: Block diagram of Multi-Terawatt (MTW) laser system

based on optical chirped pulse amplification (OPCPA). The tempo-

rally stretched, Time-Bandwidth (TBWP) seed pulse undergoes differ-

ence frequency mixing (optical parametric amplification) in a non-linear

crystal (green colored box) with an amplified and frequency converted

pump pulse from a fiber laser laser source (IFES). The OPCPA pulse

is amplified in Neodymium (Nd) glass amplifiers and recompressed to

generate the high-intensity (10 J, 0.5 ps) MTW laser pulse.
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in time and space is achieved using the IFES and an apodizer216 present before

the CLARA. A pockel cell in DPRA limits the repetition rate of the pump pulse

to 5 Hz. The seed pulse, synchronized to the pump pulse with a RMS temporal

jitter of 15 ps217 by HTS electronics, undergoes two-stage non-collinear parametric

amplification (pre-amplifer and power amplifer) in a pair of LBO crystals. The

high energy and precisely spatio-temporally shaped pump pulse leads to efficient

optical parametric amplification of the seed pulse to energies greater than 250 mJ

(gain > 108) with a conversion efficiency of approximately 30 percent.217 The

OPCPA pulse energy can be throttled down with a pair of waveplates and polar-

izer for alignment and diagnostic tests. For target shot operations, the repetition

rate of the 5 Hz OPCPA pump laser pulse is changed to 0.1 Hz using HTS, and the

pockel cell based pulse picker after the grating stretcher selects a single seed pulse

from the 76 MHz pulse train for downstream amplification. The OPCPA pulse is

spatially filtered to remove the high frequency spatial modulations in the beam

and subsequently amplifed in a four-pass, Xenon-flash lamp pumped, Nd-doped

Phosphate glass disk amplifier218 to a maximum energy of 10 J. To maximize the

fill-factor in the disk amplifier, the OPCPA beam is required to be square shaped

with a 20th order super-Gaussian intensity profile. The repetition rate of the

amplifier is limited to one pulse every thirty minutes due to the thermal load in

the glass material. The amplified pulse is spatially filtered and transported to a

vacuum chamber where it is temporally compressed by a pair of gratings.211,219,220

The compressor gratings provide negative dispersion, matching the positive dis-

persion of the stretcher, leading to a temporal compression of the laser pulse.

The final compressed pulse has a nearly transform limited FWHM pulse width

of 0.5 ps. The maximum final pulse energy is limited by the damage threshold
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of gold coatings on the gratings and the minimum pulsewidth is determined by

the gain-narrowing of the glass amplifiers and the uncompensated higher order

spectral phase distortions221 present in the laser pulse. A leaky mirror inside the

compressor chamber diverts a part of the compressed MTW laser beam for charac-

terization of laser parameters such as near-field and far-field beam profiles using

CCD cameras, pulse duration using scanning and single-shot autocorrelators222

and intensity contrast using cross-correlators.223 A Faraday isolator system op-

erating between the compressor and glass amplifier prevents any backreflections

from damaging the upstream optics. The compressed pulse is transported through

an evacuated beam tube and focused inside the target chamber with an off-axis

parabola (OAP) having a f-number of approximately 3.5. Focal spot characteri-

zation and analysis indicates that fifty percent of the energy is contained within

a radius of 4 microns. Based on this estimate of the focal spot radius, the average

intensity of a 5 J, 0.5 ps focused MTW laser beam is approximately 1019 W/cm2.

4.2 Beam shaping optical layout

The reflection efficiency of the MTW compressor gratings is polarization sen-

sitive and hence the beam shaping optics were located after the gratings in the

MTW compressor chamber. Reflective optics are required since the high fluences

(≈ 0.2 J/cm2) of the compressed pulse exceeds the damage threshold of transmis-

sive optics. The optical layout for the reflective beam shaping optics was designed

to fit into the limited space available within the vacuum compressor chamber

with minimal modification to the standard configuration and normal operation

of the MTW laser system. The footprint of the layout and number of optics
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was optimized using the OSLO224 opto-mechanical software package. The layout

was designed within the constraint of a fixed compressor input and output line.

The optical system consists of similar segmented elements (waveplate, defocus

and spiral phase) as in the transmissive design (Chapter 3.3) and performs the

same optical function in reflection. 3D and top views of the optical layout is

shown in Fig. 4.2.1. Since the reflective waveplate requires the incident beam

to be polarized at an angle of 45◦ with respect to the plane of incidence (see

Section 5.2.3 for explanation), the mount for the waveplate had to be inclined

with respect to the optical table (M1 in Fig. 4.2.1). This leads to the laser beam

propagating out of the plane of polarization of the compressor input beam after

reflection from the waveplate. The location and orientation of the rest of the

optics (following the waveplate) were optimized to rotate the polarization back

to horizontal plane (plane of polarization of the laser) and maintain the original

output beam path to the target chamber. The choice of initial conditions for the

optimization procedure with OSLO software was aided by the theory related to

polarization rotation with mirrors oriented in three-dimensional space.225–227 In a

system consisting of n mirrors, the state of light can be described by the helicity

vector (Kn), defined as, ~Kn = (−1)n ~kn, where ~kn is the propagation vector after

the nth reflection. Polarization rotation of light on reflection from the mirrors

can be topologically mapped to a path traversed by the helicity vector on the

surface of sphere defined by the components (kx, ky, kz) of the propagation vec-

tor. For collinear initial and final beam propagation direction, the path on the

sphere is a closed curve with the net angle of polarization rotation being equal

to the solid angle enclosed by the curve. The number, location and orientation

of mirrors for the beam-shaping optical system is constrained thoretically by this
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topological path of the helicity vector. Other constraints in the design process

were minimizing the number of mirrors besides the three segmented optics (wave-

plate, defocus, phase plate) and the angle of incidence on each of the optic to

minimize the length of the major axis of each of the elliptical segmented region.

The optimal design (Fig. 4.2.1) satisfying all the above mentioned constraints lead

to (45◦, 45◦), (22.5◦, 45◦), (45◦, 90◦), (22.5◦, 0◦) as angles of incidence and polariza-

tion on the optics M1, M2, M3, M4 respectively.In the layout, mirror S1 steers the

MTW beam from the final compressor grating into the beam shaping optical sys-

tem. The segmented waveplate (M1) rotates the polarization of the central region

of the laser beam by 90◦ with respect the outer. This segmented dual polarization

beam is reflected off the segmented defocus mirror (M2), standard mirror (M3)

and the segmented spiral phase optic (M4). This leads to defocus and spiral phase

being selectively imprinted onto the inner beam whereas the outer beam has a flat

phase. The spatially multiplexed inner and outer MTW beam emerging from the

beam shaping optical system is steered by the leaky mirror (S2) to the target

chamber.

The segmented beam-shaping optics [waveplate (M1), defocus mirror (M2),

normal mirror (M3) and phase plate (M4)] were installed in custom fabricated

mounts inside the MTW compressor. The CAD drawing of the 3D view of the

optical layout installed within the compressor chamber is shown in Fig. 4.2.2.

The design of the beam-shaping optics for high-power, short-pulse laser operation

is described in the following section.
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4.3 Beam shaping optics

A reflective beam-shaping optical system was designed and implemented on the

MTW laser to spatially shape the focal volume into a horseshoe profile. Each of the

beam shaping optics that modulate the laser beam are radially segmented,177–179

with the inner region being an ellipse.The length of the minor axis (D) of the

ellipse is specified by the product of the segmentation (β) ratio and the dimension

the laser beam (L). The projection of the inner circular region of the beam with

diameter (D) on the optic determines the length of the major axis through the

relation (D/ cos θ), where θ is the angle of incidence of the laser beam on the

optic (Fig. 4.3.1). The geometry of the optical layout of the system fixes the

angle of incidence on each optic. The beam reflected from the inner region of the

optics is the defocused doughnut beam whereas the outer beam is the centrally

peaked plug beam. They are combined incoherently in the far field to generate the

horseshoe-shaped focal profile. The simulation model for the transmissive design

(Chapter 3.2) was used to determine the optimal segmentation ratio (β) for the

reflective beam shaping optics. The simulations were based on transmissive prop-

agation and did not include the angle of incidence. The segmentation ratio gives

the length of the minor axis of elliptical segmented region on the optics and the

angle of incidence, fixed by the geometry of the layout (section 4.2), determines

length of the major axis. The intensity distribution of the input electric field for

the simulation was chosen to be MTW laser beam’s near-field intensity data, as

measured by the near-field camera on the compressor input line. This near-field

intensity was approximately square shaped with a full width at 1/e2 intensity (L)

of 53 mm x 53 mm (Fig. 4.3.2). The shaped focal volume was simulated with a

spiral and defocus phase function in the inner circular segment and a flat phase
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Fig. 4.3.1: Schematic drawing of the segmented beam-shaping optic.
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in the surrounding outer region. MTW laser’s near-field phase, measured exper-

imentally by interferometric methods, was included in the simulation model. A

dead zone of width (∆) was specified between the inner and outer segment to

minimize the edge diffraction (Fig. 4.3.1). Extensive simulations, optimizing over

the segmentation ratio (β), dead-zone width (∆) and axial defocus value, were

performed to generate an intensity profile that transitions from a centrally peaked

intensity distribution into a doughnut along the laser propagation direction. The

simulations constraints were to minimize the spatial distortions (by visual inspec-

tion of the intensity plots), while simultaneously ensuring that the intensity of

the doughnut focus was maximized and the intensity of the centrally peaked plug

focus was greater than 1018 W/cm2. The simulated transverse focal profiles at

axial planes z = 32µm (best-focus plane) and z = 161µm, obtained with optimal

design parameters of β ≈ 0.7, ∆ ≈ 2.5 mm and axial defocus of 200 µm is shown

in Fig. 4.3.3 for two different cases of near-field wavefront errors. The wavefront

in case (a), with peak-to-valley and rms error of 0.75 and 0.14 waves respectively,

is the MTW near-field phase measured without any beam-shaping optics in the

laser propagation path. The wavefront in case (b) is the former wavefront with

the astigmatism subtracted. The simulation results (Fig. 4.3.3) clearly show that

the segmented optics can achieve the desired spatial shaping approximately. The

degradations in the focal profiles is determined by the near-field phase errors in

the laser beam. The deterioration in the plug focus is due to both the phase errors

and the square near-field intensity profile with a circular null that gives rise to the

extra sidelobes in the far field. The plane of peak intensity (best focus) is shifted

by 32 µm from the theoretical focal plane because of amplitude aperturing and

residual power in the wavefront. Simulations indicate that the focal volume pro-
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file was less sensitive to near-field intensity modulations than phase aberrations.

A 20th order super-Gaussian near-field intensity resulted in similar focal profile

results (Fig. 4.3.3) as with the actual MTW intensity distribution with a RMS

intensity modulation of about 26% (Fig. 4.3.2). A smoother near-field intensity

is beneficial since the modulations can be enchanced by diffraction from the edges

of the segmented region and free-space propagation. Above a certain threshold

value for the peak to mean intensity modulation, there is a greater risk of optical

damage. Quantitative tolerances on the intensity modulations was not taken into

account in the optical design. Since there was uncertainty in the dimensions and

quality of edges of the segmented region resulting from the custom fabrication pro-

cess, the dead zone was not included in the specifications for the final optics. For

the MTW laser beam with full-width-1/e2 beam size (L) ≈ 53 mm, the optimal

design point with β ≈ 0.7 leads to length (D) of the minor-axis of the segmented

region being approximately equal to 37 mm. The segmented beam-shaping optics

were fabricated with the length of the minor axis of the central elliptical region

equal to 37 mm and the outer diameter of the optics was chosen to be 125 mm,

as dictated by the MTW beam size and the availability of mounts from external

vendors. The MTW laser beam with a full-width 1/e2 intensity dimension of 53

mm is well within the 125 mm clear aperture of the optics (Fig. 4.3.1). For angles

of incidence of 45◦ (optic M1 in Fig. 4.2.1) and 22.5◦(optic M2,M4 in Fig. 4.2.1),

the major axis of central elliptical region on the segmented optics is 40 mm and 52

mm, respectively. The optical design of the reflective segmented optics [waveplate

(M1), defocus (M2) and spiral phase (M4)] is described in the following sections.
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4.3.1 Reflective waveplate

Incoherent combination of beams reflected from the inner and outer regions

of the segmented optics requires a reflective half-waveplate that rotates the po-

larization of the inner beam with respect to the outer. A transmissive waveplate

rotates the polarization of the incident beam by retarding the phase of S and P

polarization components with respect to each other. This concept can be extended

to the reflective case with specially designed multi-layer coatings of appropriate

materials and layer thickness. The segmented half-waveplate (Fig. 4.3.4) consists

of a highly reflective, multi-layer dieletric coating that imparts a differential phase

of 180◦ between the S and P polarizations of the electric field incident on the optic.

If the incident electric field contains equal amplitudes of S and P polarization, a

phase retardation of 180◦ on reflection leads to rotation of the polarization of the

incident beam. The waveplate coating is applied only to the inner elliptical region

of a polished optic and the surrounding region is coated with a normal mirror

coating with 0◦ differential phase. A laser beam with its polarization aligned 45◦

to the plane of incidence of the optic has equal components of S and P polar-

ization. Such a beam after reflection from the segmented waveplate acquires a

differential phase retardation between the two polarization components only in

the inner region of the beam. Hence the central circular portion of the beam is

orthogonally polarized with respect to the outer beam (Fig. 4.3.4). Any fabri-

cation errors in differential phase and reflectance leads to elliptical polarization

and deviations from orthogonality. Simulations indicated that the required 180◦

differential phase with a tolerance of +/ − 5◦ should lead to minimal focal spot

distortions. The basic fabrication procedure involved first coating the entire optic

with the zero differential phase coating (coating-A) and then a different coating
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flection from the multilayer coating and is orthogonally polarized with

respect to the outer beam.

(coating-B) was deposited through a mechanical mask having a central elliptical

hole holding onto the edges of the optic. This tool allows for selective deposi-

tion of coating-B on top of coating-A in the inner elliptical region. The design of

multlayer coating-A is such that in combination with coating-B, a net differential

phase of 180◦ is imparted to the reflected beam. The reflective half-waveplate

coating was custom designed and fabricated by an external vendor228 based on

our specifications. The defocus, spiral phase and normal mirror were coated with

highly reflective, multilayer mirror coatings with zero-degree differential phase.

4.3.2 Defocus optic

The segmented defocus mirror consists of a convex-shaped asphere in the cen-

tral elliptical region of the optic surrounded by a flat outer annular region (Fig.

4.3.5). A laser beam incident on the segmented optic acquires an additional curva-
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ture (defocus phase) in the central part of the reflected wavefront that leads to an

axial shift of the doughnut focus of the inner beam with respect to the plug focus

of the outer beam in the far field. The magnitude of axial defocus is determined by

the height (sag) of the aspherical surface with respect to the center of the optic.

The sag value is given by s(X, Y ) = [(X cos θ)2 + Y 2]/4feq, where X,Y are the

vertical and horizontal axes on the face of the optic, θ is the angle of incidence of

the laser beam on the optic, and feq is equivalent focal length of the defocus optic

given by feq ≈ f 2/∆z [Eqn. (A.3) in Appendix A], where f is the focal length of

the off-axis parabola and ∆z is the axial defocus value from the focal plane. The

sag value calculated over a clear aperture of 127 mm for the design parameters

of θ = 22.5◦, f = 0.2 m and ∆z = 150 µm gives a peak sag of approximately

0.32 µm. The aspherical surface was fabricated with the above design parameters

by magnetorheological finishing (MRF)229 technique of polishing an optic. MRF

is a sub-aperture polishing process where a magnetorheological fluid containing

polishing abrasives removes material deterministically. The two-dimensional data

matrix of sag values s(X, Y ), provided as input to the computer controlled MRF

system, determines the material removal rate function over different regions of the

optic to generate the required surface profile. The optic was subsequently coated

with a highly-reflective, multilayer dielectric mirror coating with zero differential

phase. Since the exact value of the axial defocus is uncertain due to the unknown

cumulative wavefront aberrations in the system, three separate segmented optics

were fabricated with a different peak sag (0.43µm, 0.32µm, 0.21µm corresponding

to a far field defocus of 100 µm, 150 µm, 200 µm respectively) to provide discrete

tunability of defocus of doughnut focus in the experiments. The interferometry



4. Experimental systems 66

E17621J1

(a)

(c)
(d)

(b)

Fig. 4.3.5: Interferometric measurement of the wavefront reflected from

the segmented defocus mirror with a central aspherical sag of ∼ 0.33µm.
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results of the 150µm defocus optic clearly shows that the MRF process generated

a central asphere with a sag value of 0.33 µm (Fig. 4.3.5).

4.3.3 Phase plate

Vortex beams have been generated using transmissive phase plates, holograms,

forked gratings, dielectric wedges, tiled optics, etc., mainly for low power, con-

tinous wave sources. However for high-intensity laser systems the optics must

be reflective to prevent damage. Many of the transmissive methods are unsuit-

able for reflective operation and do not scale to high power lasers. Recently

vortex beams have been generated on a high-intensity laser system with spiral

phase plate230 and laser-etched mirrors.231 Spiral phase plates are amenable for

high-power lasers since fabrication of high damage threshold, continous phase

plates is a proven laser-fusion technology and techniques of etching features onto

substrates by lithographic methods is well established in semiconductor, micro-

electro-mechanical and micro-optic fabrication industries. For our application, a

spiral phase generating lithographic feature was custom etched in the central ellip-

tical region of a polished optic by an external vendor.188 The etched feature is in

the form of wedge with its depth increasing linearly with the azimuthal angle that

imprints a spiral phase step in the wavefront of the reflected beam (Fig. 4.3.6).

The maximum depth (d) of the etched feature is given by the relation λ cos θ/2,

where θ is the angle of the incidence of the laser beam. For our case with θ = 22.5◦

and λ = 1.053 µm, d is approximately 0.49 µm. The interferometric measurement

of the reflected wavefront indicates that the measured depth is very close to the

theoretical value with an average error of about 5%. The etched optic was coated

with multilayer dielectric coatings, with zero differential phase and average reflec-
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Fig. 4.3.6: Interferometric measurement of the wavefront reflected from

a segmented phase optic with a spiral phase etched in center.
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tivity greater than 99% to operate it in reflection. The laser beam reflected off the

segmented phase plate acquires a spiral wavefront in the central circular region of

the beam whereas the surrounding outer region has a flat wavefront. The focus

of the inner beam has doughnut shaped intensity distribution due to the phase

singularity in the reflected wavefront.

4.4 Shaped focus characterization

The MTW laser beam, after being phase modulated inside the compressor

chamber by the beam shaping optical system (Fig. 4.2.2), propagates in vacuum

through a tube and is steered off a mirror onto an off-axis parabola (OAP) that

focuses the beam at the target chamber center (TCC). The focal length of OAP

(diameter = 115 mm) is 20 cm and the MTW beam size is approximately 55 mm

leading to f# of 3.5. The target chamber and the focusing geometry are shown

schematically in Fig. 4.4.1. The focal volume is characterized by a microscope

objective, actuator assembly and a CCD camera (Spectral Instruments or Sony)

integrated into a cone that is mounted on a target chamber port. The focal plane

is imaged onto the CCD camera by a microscope objective with a magnification of

20X and depth of focus of 1.6 µm. The field of view and spatial resolution of the

imaging system is 1.2 mm and 0.7µm respectively. Data readout by CCD camera

with an exposure time of 1 sec is synchronized to the 0.1 Hz OPCPA pulse by

an external trigger. The intensity distribution at various transverse planes within

the focal volume is recorded by translating the objective axially with a motorized

linear actuator in steps of 5 µm. A holographic ruler based sensor (Heindenhein)
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Fig. 4.4.1: Focal spot characterization assembly integrated to a cone

mounted on the MTW target chamber.

attached to the linear actuator reads out the axial location of the objective with

a precision of 0.5 µm.

4.4.1 Doughnut focal volume

The first set of experiments involved generation and characterization of the

doughnut focus obtained with the segmented phase plate (M4) and standard

mirrors (M1,M2) without the waveplate and defocus mirror (Fig. 4.2.1) in the

beam-shaping optical system. The doughnut focus is generated from the central

spiral phase region of the segmented phase plate (M4). The standard MTW near-

field laser with dimensions of 53 mm x 53 mm extends outside the spiral phase

region of diameter 37 mm, thereby generating the plug focus that interferes and
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distorts the doughnut focus. To generate the doughnut focus without the plug,

the square MTW beam was transformed into a circular beam by replacing the

square apodizer (Fig. 4.4.2c) in CLARA with a round apodizer (Fig. 4.4.2a) that

was designed in house216,232 and fabricated by an external vendor.233 The dimen-

E17676J1

8.66 mm

apodizer

(a)

D = 35 mm

8.23 mm

apodizer

(b)

D = 33.2 mm

13.2 mm

apodizer

(c)

54 mm × 54 mm

Magnification factor ~4

LLE mask 12

7.82 mm

apodizer

(d)

D = 31.6 mm

Fig. 4.4.2: Apodizers in CLARA to shape the pump beam. D is the

dimension of the resulting MTW laser beam at the compressor input.

sions of the apodizer, fixed by the 4x magnification factor of the laser system,

was designed to generate a round MTW near-field beam of diameter ≈ 35 mm

to approximately match the diameter of spiral phase region on segmented phase

plate (M4). The apodizer determines the CLARA pump beam’s spatial profile

that in turn, determines the spatial profile of the amplified OPCPA pulse. The

near field intensity of the OPCPA beam reflected off the spiral phase optic (M4)

and diagnosed at the compressor output is shown in Fig. 4.4.3. The focus of

this spiral phase modulated beam has a doughnut intensity profile (Fig. 4.4.4a).

The azimuthal symmetry of the doughnut focus was improved by tuning the tip-

and-tilt controls of the OAP (Fig. 4.4.4b). The doughnut focal volume was
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Fig. 4.4.4: (a) Doughnut focus generated by the spiral phase (b) Focal

profile improved by tuning the tip and tilt of the off-axis parabola.
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Fig. 4.4.6: Doughnut focus intensity in (a) linear and (b) log scale and

the lineouts (c,d) respectively indicates that the contrast of central null

is ≈ −10 dB.

axially scanned with the microscope objective in steps of 5 µm within a longitu-

dinal depth of +/ − 250 µm. The recorded transverse focal profile data clearly

indicates the presence of a central null in the intensity distribution throughout the

focal volume (Fig. 4.4.5). The intensity contrast and inner radius of the annulus

is approximately −10 dB ∗ with an inner radius of about 5 µm (Fig. 4.4.6).

4.4.2 Horseshoe focal volume

The next set of experiments involved the generation and characterization of

incoherently combined doughnut and plug focus obtained from the inner and outer

regions of the segmented optics respectively. In this case the square apodizer (Fig.

4.4.2c) was used to obtain a square MTW near-field intensity. The initial steps

∗ value in dB is defined here as = 10 ∗ log10(Intensity/PeakIntensity)
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involved registering the three segmented regions (waveplate-M1, defocus-M2 and

spiral phase-M4) to each other and to the center of the MTW laser beam. This

was performed by using the edge diffraction image of the segmented region that

appears in the near-field image of the laser beam as an alignment fiducial. The

near-field image of the OPCPA beam with the phase plate centered on it is shown

in Fig. 4.4.7a. The segmented waveplate (M1) was next installed and aligned by

registering the image of its edge to that of the phase plate (Fig. 4.4.7b). Due to

a fabrication error in the dimensions of the ellipse of the waveplate coating, the

edge of the waveplate appears elliptical instead of circular. The leaky mirror (S2)

that transmits the compressor output beam to the near-field camera preferentialy

transmits light polarized in the horizontal plane causing the apparent “hole” in

the beam (Fig. 4.4.7b and 4.4.7c). Since the polarization of the inner beam

is rotated by ninety degrees with respect to the outer, the leaky mirror acts as

a crossed polarizer to the incident beam and therefore the image of the region

corresponding to the waveplate is nulled. This confirms the proper orientation

and the polarization rotation function of the reflective waveplate coating. The

extinction ratio of the waveplate calculated from this image is approximately 6:1

(≈ −8 dB). Before the target shots, the alignment was checked by examining this

near-field image and adjusting the centering of the compressor input beam.The

segmented defocus mirror was the next optic installed into the sytem. It was not

possible to register the segmented region of the defocus mirror to other optics

in the same fashion as the waveplate because the sub-wavelength dimensions of

the sag (≈ 0.2 µm for the 200 µm axial defocus) did not create any visible edge

diffraction image. A high-resolution wavefront sensing system could resolve the

edges by detecting the differences and transitions in the defocus wavefront profile
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Fig. 4.4.7: Edge diffraction images of the segmented regions, of (a)

phase plate (b) phase plate and waveplate, registered and centered to

the MTW laser beam. (c) Final aligned configuration of the segmented

optics. With the waveplate in the optical path, the inner beam is

orthogonally polarized with respect to the outer. Since the leaky mirror

transmitting the beam to the near-field diagnostic preferentially allows

light polarized in the horizontal plane, the image of the central region

is nulled [(b) and (c)].
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of the inner and outer regions of laser beam reflected from the segmented defocus

optic. The absence of this capability in the output diagnostic chain prevented the

execution of this alignment procedure for the defocus mirror. For the system used

in the experiments, the registration of the defocus optic can be assumed to be

limited by the alignment of the mounts in the optical layout. Since the input and

output lines are fixed and the waveplate segment was experimentally centered to

the laser beam, global alignment of individual mounts and pointing of the full-

beam should be accurate and within the estimated far field pointing budget of 10−
20µrad. The main source of registration error is the relative centering of the central

segment of laser beam reflected from the waveplate (M1) and the central region of

the defocus optic (M2). Though it is difficult to quantify this unknown parameter

without opto-mechanical modelling of the actual system, it can be assumed that

this error is much less than the tip-tilt range (+/ − 2◦) of the mounts since the

beam was visually centered on each of the mounts to approximately within +/−2

mm during the initial alignment procedure. Finally the compressor chamber was

pumped down after aligning the pointing and centering of compressor output beam

propagating to the target chamber. A single leaky mirror for transmitting and

steering the diagnostic and output beam respectively, constrained the flexibility

of tuning the optical system without a loss of alignment in the diagnostic path.

This resulted in a marginal loss in registration (see Fig. 4.4.7c).

The Time Bandwidth (TBWP) laser’s (unamplified beam) focal spot profile,

recorded with a SONY camera at axial locations Z = 0 (best focus) and Z =

200 µm (theoretical defocus value) in the target chamber, is shown in Fig. 4.4.8.

The OAP was tuned for both the axial locations to optimize the plug and doughnut

focal profile. The incoherently combined focal volume was axially scanned with the
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microscope objective and focal spot profiles were recorded with a SI camera. The

transverse intensity profiles of the shaped focal volume of unamplified TBWP and

amplified OPCPA beam with the 200 µm axial defocus mirror are shown in Fig.

4.4.9 and Fig. 4.4.10 respectively. These experimental data demonstrate a shaped

focal volume with the characteristic feature of the horseshoe focus - a transverse

intensity distribution that transitions from a centrally peaked to an approximately

doughnut shaped profile with a null in the centre. The near-field intensity of the

OPCPA beam is a flat-top whereas for the TBWP laser the intensity rolls off

from the center towards the edge approximately as a Gaussian. In spite of this

difference in the near-field intensity distribution, there is marginal difference in

the far field profiles of plug focus of the OPCPA (Fig. 4.4.10) and TBWP (Fig.

4.4.9) beam, indicating that the near-field phase plays a more significant role than

intensity. Besides the differences in the wavefront quality of two separate defocus

optics, greater interference effects are observed when the axial location of the

doughtnut focus is closer to the plug-focus (as in the case of 100 µm defocus in

Fig. 4.4.11). The interference effects arise due to greater spatial overlap of the

the doughnut and plug focus that are not perfectly orthogonally polarized. The

degradation of the doughnut focus (compared to Fig. 4.4.5) can be attributed

to phase errors of the MTW beam arising due to the wavefront quality of special

waveplate coating, defocus optic in the compressor, and the extra uncoated wedge

placed before the compressor to throttle the fluence of the full OPCPA beam.

Any registration error of the defocus optics including the fabrication error in the

elliptical waveplate coating can contribute to the detioration of the doughnut

focus. Within the limits of alignment uncertainities and quality of custom optics,

the focal volume characterization data is a reasonably good validation of the
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incoherent beam combination technique of generating the horseshoe shaped focal

profile on a high-intensity laser system.

4.4.3 Design improvements

There are many aspects of the reflective optical design and experimental pro-

cedures that could be improved in a future version of the system. Some of the

improvements that may be necessary for scaling the segmented optics design for

petawatt class of lasers such as OMEGA EP234 are -

(a) Wavefront control with deformable mirrors or static phase correctors in the

laser chain would minimize the degradations in the focal spot profile by correcting

for phase aberrations in the laser beam including those arising due to the poor

wavefront quality of the beam shaping optics in the compressor.

(b) Since the reflective waveplate is basically a special type of coating, a single

optic combining the function of segmented waveplate and phase plate or waveplate

and defocus mirror may be possible. This would reduce system complexity and

wavefront errrors arising due to multiple optics.

(c) The reflective system lacks the capability for differential tuning of the inner

beam with respect to the outer. This restricts the freedom to improve the plug and

the doughnut focal profile independently as was carried out in the transmissive

setup. A coaxially tiled defocus optic with independent, active controls on both

segments can provide this differential tuning capability and hence provide greater

control over the focal profile (Fig. 4.4.12).

(d) Discrete defocus optics with different near-field defocus phase offers a lim-

ited amount of tunability of axial defocus in the far field. Actuator based controls

on tiled defocus mirrors (Fig. 4.4.12) can provide continous tunability of defo-
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cus.235,236 This may be required to compensate for the effects of unknown, on-shot

wavefront errors or for optimizing the longitudinal profile for physics experiments.

E17674J1
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Fig. 4.4.12: Schematic drawing of an actuator based, coaxially tiled

defocus mirror235,236 for continous tunability of axial defocus.

(e) Apart from any losses in the optical system, the intensity of the doughnut

focus with respect to the outer focus is limited by the effective f-number of the

inner beam and far field propagation effects due to wavefront aberrations. For a

fixed near-field laser beam size, differential amplitude apodization may be needed

to equalize the intensity of the inner doughnut and outer plug beam. This may

be required to optimize the intensity of the focal volume for physics experiments.

(f) Simulations indicate that the circular symmetry and the intensity roll-off of

the annular Gaussian beam (used in the transmissive design) results in a centrally

peaked plug focus with a focal intensity that is more symmetric, tighter and has

shorter depth of focus than that obtained with a square beam with a central hole

used in the reflective design). A round Gaussian beam, obtained by spatially

shaping the OPCPA beam after the OPCPA crystals, would provide a better

near-field distribution for phase modulation by segmented beam shaping optics to

generate the horseshoe shaped profile in the far field. The limited clear aperture

of the OPCPA crystals and unavailability of an image plane to locate an apodizer
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after the crystals prevented shaping the OPCPA beam to a round Gaussian beam

in the exisiting system.

(f) In the current compressor design, a single leaky mirror simultaneously

directs the MTW beam to the target chamber and the laser diagnostic table,

constraining the output beam emerging from the beam shaping optical system to

a fixed optical path. This prevents the fine tuning of the tip-tilt controls on the

mounts to compensate for focal spot degradations. If the compressor output line

is redesigned with an extra-mirror besides the leaky mirror, the alignment of the

laser path to the target chamber and the output diagnostic line can be delinked

from each other, allowing fine adjustments of the beam shaping system without

losing the centering and pointing alignment in the output and diagnostic chain.

Such a degree of freedom in addition to a wavefront control system would provide

for greater control over the focal profile.

(g) Segmentation of the optics leads to near-field intensity modulations that

can damage downstream optics. A representative simulation of the modulations

present in the MTW laser beam after diffracting from a single segmented optic

with a dead-zone width (∆ ≈ 2.5 mm) and free space propagation of about 9 m

(approximate distance to OAP) is shown in Fig. 4.4.13. These modulations can be

minimized by the careful design of the transition region (gap) between segmented

regions and smoothing the beam by gap-apodization. The optical layout of the

reflective system is based on geometrical optics design. A physical optics based

design incorporating diffraction and imaging from one optic to the next can be

used to minimize and compensate for the modulations.

(h) The shaped focal volume data indicates that the focal spot distortions due

to wavefront aberration leads to a reduction in the diameter of the central null



4. Experimental systems 84

E17619J1

0

X (cm)

–2–4
0.0

0.5

In
te

n
si

ty
 (

a
rb

it
ra

ry
 u

n
it

s)

1.0

1.5
~1.4

2 4

Combined beam

MTW beam

Fig. 4.4.13: Near-field intensity modulations arise in the incoherently

combined beam due to edge diffraction from the segmented regions.

in the doughnut focus (Fig. 4.4.10, 4.4.11). The ability to control the dimensions

and contrast of the hole may be necessary to maximize the fraction of collimated

electrons. A doughnut focus generated from a spiral phase optic with larger value

of the topological charge (l) (Chapter 3.1) can lead a null with larger diameter.

(i) There is scope for development of new technologies in a future version of the

reflective optical system. If novel hollow beams that can be coherently combined

with plug beams are developed, polarization rotation may not be required and

transmissive optics may be used before the compressor. If polarization indepen-

dent grating based compressors237 are developed for CPA systems, polarization

transformation can be carried out before the compressor in the laser chain. This

would avoid the technological complexity of fabricating high damage threshold

reflective optics for shaping high-intensity, compressed laser pulses.

All the above mentioned design improvements and technology developments

can be be the subject of future research and will be useful for optimizing the
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segmented beam shaping optics design and scaling it to petawatt class of laser

systems.

4.5 Gas-jet system

A pulsed gas-jet system injects noble-gas atoms into the target chamber for

generating electrons by laser-ionization of the gas target. The system consists of

a solenoid valve238 that releases gas through a capillary tube mounted to the face

of the valve using a plastic holder (Fig. 4.5.1). The valve is mounted on a mo-
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Fig. 4.5.1: Schematic drawing of the pulsed gas-jet system.

torized holder that can be translated vertically and axially with external software

controls. The pulsed operation of the valve is controlled by high voltage electrical

pulse from a pulse generator box connected by cables to the valve through a vac-
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uum feedthrough attached to a port on the cluster flange mounted on the target

chamber port. Gas is supplied to the valve from an external gas-cylinder through

tubes attached to a second port on the cluster flange. The backing pressure of

the gas in the tube is controlled and measured by regulators and pressure gauges

attached to the cylinder. The electrical pulse from the pulser box is triggered and

synchronized to the arrival time of the laser pulse at the target chamber center

(TCC) through the hardware timing system (HTS in Fig. 4.1.1). The electri-

cal pulse width, set by the controls on the pulser box, determines the temporal

opening duration of the valve that releases gas into the chamber. The pressure

and density of the gas exiting the capillary tube are determined by the backing

pressure and nozzle geometry. According to the theory of flow dynamics through

shaped nozzles,239 the Mach number (M) defined as velocity of the fluid normal-

ized to the local sound speed, is approximately unity at the exit of a nozzle of

uniform cross-sectional area. The nozzle is a capillary tube with a uniform diam-

eter of 127 µm through its length of 2.5 cm from the face of valve. The gas-flow

at the exit of the capillary tube is predicted to be transsonic. The ejected gas

expands isoentropically into the vacuum and is evacuated by the vacuum pumps

connected to the target chamber. The vertical and axial location of laser focus

with respect to the opening of the capillary tube and the time delay between the

arrival of the laser pulse at TCC and the release of gas from the capillary tube,

determines the local density distribution of gas in the laser focal volume. Inert

noble gases such as Xenon, Krypton, Argon, and Neon were injected into the

chamber for experiments with shaped laser focus.
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4.6 Electron spectrometer

The energy and angular distribution of electrons ejected from the laser fo-

cal volume was experimentally measured with a compact multi-angle, electron

spectrometer61 mounted inside the MTW target chamber (Fig. 4.6.1). The spec-

trometer consists of an array of shielded Sm2Co17 magnets240 arranged in the form

of an arc inside a lead shielded casket assembly (Fig. 4.6.2 a). There is a plastic

and lead shield with a 2 mm circular hole in front of each magnet (Fig. 4.6.2b).

The holes are located at a distance of approximately 182 mm from TCC. Any

electrons that miss the hole are absorbed by the plastic shield whereas the lead

shield blocks any bremsstrahlung radiation generated by the electrons stopped in

the plastic. The electrons ejected at a particular angle from the laser axis enter the

corresponding magnet through the hole and follow a curved trajectory due to the

magnetic field (≈ 3 KiloGauss) of the dipole magnet (Fig. 4.6.2b). The dispersed

electrons exiting the magnet (Fig. 4.6.2b) are detected by imaging plates through

the photostimulable luminescence (PSL) effect.241 These commerically available

Fujifilm imaging plates242 have a resolution of 50 µm and a dynamic range of 104

or greater. The recorded PSL signal is scanned and digitized with an off-the-shelf

Fujifilm reader243 and its magnitude is linearly proportional to the electron dose

over the entire dynamic range.244 Since the curvature of electron trajectories for a

fixed magnetic field strength depends on the electron energy, the spatial location

of the signal on the imaging plate are calibrated to yield the energy spectrum

of the scattered electrons. Each magnet of the array and the associated imaging

plate records the energy spectrum at a particular angle with respect to the laser

axis. The energy range of the spectrometer is 0.2− 6 MeV and the energy resolu-

tion is approximately 3% at 1 MeV. In the horizontal orientation i.e. in the plane
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Fig. 4.6.1: 3D view of the target chamber with the electron spectrom-

eter.

Fig. 4.6.2: (a) Magnet array and (b)imaging plate assembly inside the

electron spectrometer.61
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parallel to plane of MTW laser polarization (defined without the beam-shaping

optics), the energy spectrum can be recorded at 8 different angles (with respect

to the laser propagation direction) over a range of 0 − 70 degrees in steps of 10◦

(Fig. 4.6.3). Each of the channels have an opening of 2.5 mm equivalent to about

1◦ at the center of the chamber. The spectrometer can be oriented to any other

intermediate plane by rotating the base azimuthally about the port. For example,

the rotated orientation with the 90◦ channel in a plane perpendicular to the plane

of incidence (plane made by the laser polarization and propagation direction vec-

tor), is shown in Fig. 4.6.4. For this orientation, the discrete angles made by

the channels with respect to the laser axis are not equally spaced because of the

compound nature of the angles in three-dimensional space. These angles made by

the channels with respect to laser propagation direction were calculated using the

CAD program to be 90◦, 83◦, 76◦, 69◦, 63◦, 57◦, 52◦, 48◦. In principle, the design

allows for sliding the magnet array along the base to record the spectrum at other

intermediate angles. Space constraints within the target chamber did not permit

this flexibility. The angular distribution of electrons is generated from the peaks

of the energy spectrum data obtained at various discrete angles.
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Fig. 4.6.3: Electron spectrometer oriented in the horizontal plane, par-

allel to the plane of laser polarization.

E17679J1

Spectrometer (rotated)

Fig. 4.6.4: Electron spectrometer rotated with the 90◦ channel in the

plane perpendicular to the plane made by the horizontal laser polar-

ization and propagation direction vector.



5. Experimental results 91

5. EXPERIMENTAL RESULTS

Target experiments were performed on the MTW laser system with a Gaus-

sian and horseshoe shaped focal profile. Electrons generated by field ionization

of low density noble gas targets and ejected from the focal volume25,60,106 were

characterized with a multi-angle electron spectrometer.61 In this chapter, the ex-

perimentally measured electron angular and energy spectra are presented. The

experimental results obtained from the Gaussian and horseshoe focus are com-

pared and analyzed to investigate the effect of spatial intensity shaping of laser

focal volume on the electron distribution. Damage to the beam-shaping optics

that generates the horseshoe focus prevented a complete analysis. Preliminary

experimental data indicates that the horseshoe focus (in comparison to a Gaus-

sian focus) leads to a modification of the angular distribution and energy spectrum

of the ejected electrons.

5.1 Experimental conditions

The MTW laser beam with a Gaussian focus was incident onto an argon gas-

jet generated from a capillary tube connected to a pulsed valve with a backing

gas pressure of 20 bar. The valve, triggered and synchronized to the laser pulse

by an external hardware timing system (HTS), delivers gas for a tunable time

duration (Tv). A variable delay introduced by the HTS sets the time interval
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(To) between the triggerring of the valve and the instant at which the laser pulse

pulse arrives at focus (target-shot time). A schematic timing diagram for the

target shots is shown in Fig. 5.1.1. The capillary tube was aligned 750 µm

vertically below the location of best focus. The laser pulse, with an energy of 5

J and a pulse duration of 0.5 ps, was estimated to have a peak focal intensity of

3 × 1019 W/cm2. Electrons generated by field ionization of the gas target25,60,106

and ejected from the focal volume were diagnosed with the multi-angle electron

spectrometer61 mounted within the target chamber in the horizontal orientation.

In this orientation (see Fig. 4.6.3 in Chapter-4), the spectrometer lies in the

horizontal plane of laser polarization∗ and the channels extend from 0◦− 70◦ with

respect to laser propagation direction. Image plate data recorded with Tv = 6

ms and To = 5 ms indicates that the electrons ejected at low angles (00 − 300

with respect to the laser propagation direction) dominate the recorded signal (Fig.

5.1.2). The generation of forward-directed electrons with high energies (1−6 MeV)

is indicative of electron acceleration through plasma mechanisms such as wakefield

and direct-laser acceleration.108 This experimental condition, where collective

plasma effects determine the dynamics of electrons, corresponds to high-density

gas jets (∼ 1018 cm−3) that are used in laser-plasma accelerator experiments. The

single-electron regime with negligible plasma effects, was accessed by lowering the

the gas density at focus. This was achieved by reducing the backing gas pressure

to 2 bar, increasing the vertical offset of the capillary tube to 2 mm, decreasing the

opening time of the valve to 3 ms and timing the target shot (To) to occur after the

pulsed valve had closed (Fig. 5.1.1b). The time interval (To − Tv) allows the gas

∗ here and in all subsequent references “horizontal plane of polarization” is defined without

the beam-shaping optics in the compressor.
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Fig. 5.1.1: Timing diagram for the target shots. Tv is the duration for

which pulsed valve releases gas and To is the instant which the laser

pulse reaches focus. By increasing To the density of the gas at focus

can be tuned from (a) higher to (b) lower densities.
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Fig. 5.1.2: Data recorded by the image plate for a target-shot with

high-density gas-jet. Each black streak is the electron signal at a par-

ticular channel (ejection angle) and length of streak is correlated to

electron energy. The ejection angle is defined with respect to the laser

propagation direction.
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to expand and reduce the density. Increasing the time interval progressively by

increasing To from 5 ms to 8 ms leads to a reduction in the electron signal and for

an optimal timing equal to 8 ms (equivalent to an optimal density) the signal on

the lower angle channels (0◦−20◦), excluding those at higher angles (60◦−70◦), was

extinguished (Fig 5.1.3). This optimal experimental condition corresponds to the

single-electron regime wherein the plasma effects are negligible and the electron

kinetic energy and ejection angle follows the energy-angle scaling law25(Eqn. 2.5

in Chapter 2). Multiple target shots in the single-electron regime indicated that

the image plate data was reproducible. The above procedure for scanning the time

interval to reach the single-electron regime was repeated with a higher backing gas

pressure of 7 bar for checking the reproducibilty of the experimental conditions

with a different pressure and timing values. The optimal value of To for this gas

pressure was found to be approximately 45 ms. A representative image plate data

recorded with the spectrometer in the rotated orientation for a backing pressure

of 70 millibar and 7 bar is shown in Figure 5.1.4a and 5.1.4b respectively. In this

orientation, the spectrometer lies out of the horizontal plane of laser polarization

and the channels extend from 90◦−48◦ with respect to laser propagation direction.

The 90◦ channel is aligned to face TCC in a plane perpendicular to the plane of

incidence (see Fig. 4.6.4 in Chapter-4). In this case the angles vary in the opposite

direction (compared to the horizontal orientation) since the spectrometer had to

be rotated counter-clockwise such that the first channel (0◦) in the horizontal

orientation becomes the last channel (90◦) in the rotated orientation. The term

“first” and “last” refers to the channel angularly closest and furthest to the laser

propagation direction, respectively. The electron spectrum in both the low and

high pressure cases are similar except for a minor difference in the signal at higher
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Fig. 5.1.3: Density scan by tuning the time interval To = (a) 5 ms (b) 7

ms (c) 8 ms. Electron signal due to plasma effects that are observed on

the 0◦ − 20◦ channels for To = 5 ms and 7 ms are extinguished for To =

8 ms, indicating that density has been lowered to the single-electron

regime by gas-expansion.
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Fig. 5.1.4: Image plate data recorded in the single-electron regime with

the spectrometer in the vertical orientation and a backing gas pressure

of (a) 70 millibar (b) 7 bar. Though the similarity of data in case (a)

and (b) indicates reproducibility of experimental conditions, the higher

pressure setting was found to be more stable.
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angles (83◦) that may be attributed to a fluctuation of the on-shot focal-spot

condition. The higher backing pressure was more stable and repeatable in the

experiments.An attempt was made to measure the gas density by measuring the

pressure of the ejected gas impacting a piezoelectric membrane of a dynamic

pressure sensor (PCB-106B52)245 placed above the capillary tube. The experiment

was unsuccesful since the extremely low pressures resulted in poorly resolved signal

above noise level. Moreover the fast switching time (≈ 100µs) of the high voltage

pulse (≈ 250 V) driving the valve generated electromagnetic pulse (EMP) that

corrupted the real signal from the pressure spike due to gas impact. There is a

possibility of measuring the extremely low pressures using other technologies such

as capacitance diaphragm gauges;246,247 but this technique was not attempted in

this research. Based on earlier theoretical108,139,141 and experimental25,60,107,109

results in similar conditions, it is estimated that the low gas densities in the

single-electron regime in our experiments is approximately 1011 − 1013 cm−3 with

pressures in the range of milliTorr.

For the experimental electron spectrum data (Fig. 5.1.3c), the energy asso-

ciated with the peak electron number at 70◦ is consistent with the theoretical

ponderomotive energy [Up(Ith)] of 184 KeV for a barrier-suppressed ionization

threshold intensity (Ith) of 2 × 1018 W/cm2 corresponding to the charge state of

Ar8+ (Fig. 5.1.5) as calculated using the theoretical energy-angle25 and threshold-

intensity60 scaling formula. The electron spectrum was recorded for a series of

gas-target shots with To ≈ 8 ms at low (70 millibar) and To ≈ 45 ms at high

(7 bar) backing gas pressure with the spectrometer in the rotated and horizontal

orientation. The image plate data recorded for six different shots were analyzed

to determine the energy and angle of ejection corresponding to the peak electron
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Fig. 5.1.5: Energy spectrum of electrons obtained by processing the

signal recorded in the 70◦ channel (Fig. 5.1.3c). The red line is the

electron counts and black dotted line is the background noise. The

energy of the peak number of electrons matches with barrier-supressed

ionization threshold intensity60 (Ith) corrresponding to Ar8+.
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Fig. 5.1.6: Plot of energy versus ejection angle data for the peak elec-

tron number measured in the spectrometer channels (Fig. 5.1.4) for

six independent target shots with a Gaussian laser focus.
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counts in the spectrum. The energy versus angle plot of this data (Fig. 5.1.6)

matches well with the theoretical scaling curve25 and quantitatively proves that

for this particular value of To, the experimental density corresponds to the single-

electron regime with negligible plasma effects. This result extends the work of

Moore et.al.248 and Meyerhofer et.al.,249 that were carried out at lower electron

energies (∼ 5−150 KeV), to higher energies (∼ 0.2−1 MeV). It validates the pos-

sibility of generating repeatable, low gas-density conditions in the single-electron

regime with a gas-jet, for target shots with a spatially shaped focal volume.

5.2 Diagnosis of Shaped-Focus Electrons

The next set of target shots involved recording the energy and angular distri-

bution of electrons ejected from the horseshoe focal volume incident on a Xenon

gas-jet. Since Xe54 has a higher atomic number than Ar18, it has many more

ionization levels for barrier-suppressed ionization threshold intensity in the range

of 1017 − 1019 W/cm2. Xenon gas was chosen over Argon to increase the electron

counts obtained in the target shots with the shaped focus. The Gaussian focus

target shots for comparison with the horseshoe focus shots with the same peak

intensity were repeated with Xenon gas (presented later in the chapter). The

horseshoe focus was generated by modulating the near field of the MTW laser

pulse with the beam shaping optics placed after the compressor gratings (Chapter

4). The orifice of the pulsed valve was aligned 2 mm below the best focus and

the timings were chosen to obtain low gas densities at shot time corresponding

to the single-electron regime as described in the previous section. The near-field

intensity profiles of the MTW laser beam for the shots for which the electron spec-



5. Experimental results 99

tometer data was recorded are shown in Fig. 5.2.1a-d. Data for these four shots

were used in the the analysis of the energy and angular distribution of the ejected

electrons. After a few target shots it was noticed that the optical coatings had

been damaged. Figure 5.2.1c and 5.2.1d shows the effect of damage on the near-

field intensity. Irregular patches with intensity nulls across the beam is indicative

of the optical damage of the coatings. Damage spots appear to develop at edges of

the beam even in the case of Fig. 5.2.1c-d and may lead to extra wavefront errors

and reduced on-target intensity in the experiments. This damage may have been

due to the fluence in the near-field intensity modulations exceeding the damage

threshold of the reflective waveplate coating. The signal recorded on the image
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Fig. 5.2.1: Near-field intensity image of the MTW beam measured

at the compressor output for target shots with the horseshoe focus.

Electron spectrometer data was recorded for four of these shots [(a)-

(d)]. Irregular patches with intensity nulls across the beam [(e),(f)] is

indicative of optical damage.

plate with the electron spectrometer in the horizontal orientation is shown in Fig.

5.2.2a and 5.2.2b. This data indicates that angular distribution of electrons ex-

tends to 50◦. To obtain data at angles lower than 70◦, target shots were carried

out with the spectrometer in the rotated orientation. The signal recorded on
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the image plate with the electron spectrometer in the rotated orientation shown

in Fig. 5.2.3a and 5.2.3b indicates that the angular distribution extends to 48◦.

Based on the spectrometer data in the horizontal and rotated orientation one can

conclude that the minimum angle of electron ejection from the horseshoe focus is

at least 48◦ with respect to the laser propagation direction.

To investigate the effect of spatial shaping of the focal volume on the an-

gular and energy distribution of the ejected electrons, the spectrometer data of

the horseshoe focus was compared with that of the Gaussian focus. The peak

intensity of the horseshoe focal volume occurs in the centrally peaked intensity

(plug focus) region at the plane of best focus (Fig. 4.4.11 in Chapter 4). For the

right one-to-one comparison, the peak intensity of the Gaussian focus has to be

approximately equal to that of the plug focus within the far field region of equal

area at the center (region of interest) of both focii. The region of interest was

chosen to be a circle with radius 5 µm (ref approximately equal to the radius of

the annular profile. Electrons generated within this region of the horseshoe focus

experience the confining force of the annular profile and get collimated. The ex-

perimental data from a Gaussian focus with the same peak intensity within the

region of interest will show the effect of the absence of annular profile. Taking the

transmission losses in the optical path into account, the average energy on target

for the shots (Fig. 5.2.1a-d) with the horseshoe focus was about 5 − 6 J. Based

on the relative area of the outer segment of the MTW beam that generates the

plug focus, it was calculated that the region of interest in the plug focus contains

only about 20% of the total energy i.e. approximately 1 +/- 0.5 J. The rest of

the energy is contained in the sidelobes and scattered light outside the region of

interest (Fig. 5.2.4). This leads to a peak intensity of 8 × 1018 W/cm2 in the
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Fig. 5.2.2: Image plate data for two independent (a,b) Horseshoe-focus

target shots with laser energy ≈ 5 J and the spectrometer in the hor-

izontal orientation. The channels (0◦ − 70◦) of the spectrometer lie in

the horizontal plane of polarization with the angles being defined with

respect to the laser propagation direction.
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Fig. 5.2.3: Image plate data for two independent (a,b) Horseshoe-focus

target shots with laser energy ≈ 5 J and the spectrometer in the rotated

orientation. The channels (90◦ − 48◦) of the spectrometer lie out of

the horizontal plane of polarization with the angles being defined with

respect to the laser propagation direction.
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Fig. 5.2.4: Intensity profile of plug focus with the white circle repre-

senting the region of interest of radius 5µm that contains 20% of the

total energy. The peak intensity within the region of interest is ap-

proximately 8× 1018 W/cm2.

plug-focus. Due to lesser radial intensity spread in the Gaussian focus, the region

of interest contains a larger fraction (∼ 50%) of the total energy leading to a

peak intensity of 3 × 1019 W/cm2. Since the peak intensity of the plug-focus is

reduced by a factor of 0.26, target shots with the Gaussian focus were carried out

with approximately 1 J of laser energy. The signal recorded on the image plates

for target shots with the Gaussian focus and the electron spectrometer in the

horizontal (Fig. 5.2.5) and rotated configuration (Fig. 5.2.6) indicates that the

angular distribution extends to at least 57◦ with respect to the laser propagation

direction. Comparing this data (Fig. 5.2.5, 5.2.6) with the image-plate data for

the shaped focus (Fig. 5.2.2, 5.2.3) clearly shows the difference in the extent of

the angular distribution as highlighted by the respective blue-colored encircled

regions. In contrast to the data from the Gaussian focus, electron counts were

observed in the 50◦ and 48◦, 52◦ channels for the horseshoe focus. The lineout
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Fig. 5.2.5: Image plate data for two independent (a,b) Gaussian focus

target shots with laser energy ≈ 1 J and the spectrometer in the hor-

izontal orientation. The channels (0◦ − 70◦) of the spectrometer lie in

the horizontal plane of polarization with the angles being defined with

respect to the laser propagation direction.
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Fig. 5.2.6: Image plate data for two independent (a,b) Gaussian focus

target shots with laser energy ≈ 1J and the spectrometer in the rotated

orientation. The channels (90◦ − 48◦) of the spectrometer lie out of

the horizontal plane of polarization with the angles being defined with

respect to the laser propagation direction.
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of the corresponding encircled regions of the image plate data confirms that for

the horseshoe focus there is a distinct signal above the noise floor (Fig. 5.2.7)

in the lower angle (40◦, 48◦, 52◦) channels whereas it is absent for the Gaussian

focus at the same angles (Fig. 5.2.8). In the case of the horseshoe focus, the

minimum angle of electron ejection is 48◦ whereas it is 57◦ for the Gaussian focus.

This difference of approximately 10◦ corresponding to a relative decrease in the

minimum ejection angle of about 18% is a signature of the collimation of ejected

electrons by spatial shaping of focal volume.

Targets shots were carried out with lower (∼ 0.6 J) and higher (∼ 2 J) energies

to see the effect of the variation in the peak intensity of the Gaussian focus. In

this case the angular distribution extends down to 63◦ (Fig. 5.2.9a) and 52◦

(Fig. 5.2.9b) for lower and higher laser energies respectively. A higher peak

intensity for 2 J laser energy generates higher energy electrons and hence electron

signal appears at a lower angle compared to the 1 J case that has the same peak

intensity as the horseshoe focus. Nevertheless the signal on the 48◦ channel is

absent indicating that even for the case of higher-energy/peak-intensity (by a

factor of 2), there is a difference between the angular distribution of Gaussian and

the horseshoe focus. The energy versus ejection angle data curve for the horseshoe

focus (Fig. 5.2.10b) is marginally different from that of the Gaussian focus (Fig.

5.2.10a). The maximum energy of the peak number of electrons is about 0.5− 0.6

MeV for the horseshoe focus whereas it 0.4 − 0.45 MeV for the Gaussian focus.

This difference of approximately 0.1−0.15 MeV corresponds to a relative increase

in electron energy angle of at least 25%. Though the electrons ejected from the

horseshoe focus appear at slightly lower angles and higher energies, in the energy-
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Fig. 5.2.7: Electron energy spectrum (blue dash) calculated from

the encircled regions of image plate data for the target shots with

Horseshoe-focus (Fig. 5.2.2, 5.2.3). The black dots show the noise and

the red line is the background subtracted, smoothed energy spectrum.
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Fig. 5.2.8: Electron energy spectrum (blue dash) calculated from the

encircled regions of image plate data for the target shots with Gaussian-

focus (Fig. 5.2.5, 5.2.6). The black dots show the noise and the red

line is the background subtracted, smoothed energy spectrum.
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Fig. 5.2.9: Image plate data for Gaussian-focus target shot with laser

energy ≈(a) 0.6J (b) 2J.
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angle space they remain correlated with the theoretical scaling curve obtained for

a Gaussian focus.

5.3 Summary

An experimental technique to generate low density gas targets by tuning the

time of gas expansion was developed for target shots with a Gaussian and horse-

shoe focus in the single-electron density regime with negligible plasma effects.

Energy and angular distribution of electrons ejected from a high-intensity Gaus-

sian and horseshoe shaped laser focus were experimentally measured. Based on

the experimental data presented in the previous section, there is a clear indication

that the horseshoe focus modifies the angular distribution of ejected electrons rel-

ative to that from a Gaussian focus with approximately the same peak intensity

( 8 × 1018 W/cm2) The angular distribution of electrons from the horseshoe fo-

cus broadens towards lower angles with respect to the laser propagation direction

by about 10◦ corresponding with an increase of the maximum electron energy of

about 0.1 MeV. The relative decrease in minimum ejection angle and the rela-

tive increase in energies of electrons is approximately 18% and 25% respectively.

According to the simulations (see Chapter 6) higher peak intensity in the horse-

shoe focus can lead to greater angular broadening and an increase in electron

energies. The main complication in comparing the electron distribution of the

horseshoe and Gaussian focus lies in the need for equalizing their peak intensity

to sufficient accuracy such that there is a discernible difference between the two

distributions within the uncertainities in peak intensities. This requires careful

characterization of focus and accurate estimation of the peak intensity from the
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experimentally measured focal spot data. Since the electrons at higher energy and

lower angles from the horseshoe focus obey the same theoretical energy versus an-

gle scaling law as that of the Gaussian focus, it may be difficult to determine

whether the modifications in angular distribution is due to enhanced intensity or

spatial shaping especially when the magnitude of angular broadening is marginal.

Within the limits of available experimental data, if the the ratio of the peak

intensity of the horseshoe focus to the Gaussian focus is not greater than our

estimated value of 0.26 by a factor of 2, there is sufficient confidence to conclude

that the modifications observed in the angular distribution and energy spectrum

is due to spatial intensity shaping. A more decisive conclusion will require more

target shots with a higher energy laser to obtain higher focal intensity, better

characterization of on-target peak intensity and an ability to precisely scan the

focal intensity. Unfortunately damage to beam-shaping optics precluded taking

additional data. Future upgrades to the MTW laser system to higher laser energies

with dielectric-coated compressor gratings offer the possibility of corroborating

and extending the experimental results presented in this chapter to higher focal

intensities.
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6. SIMULATIONS OF SHAPED

FOCUS ELECTRON GENERATION

This chapter describes the Monte-Carlo simulation of energy spectrum and

angular distribution of electrons ejected from the laser focal volume. Simulation

results, for a horseshoe focus with a peak intensity of 3×1019 W/cm2 are analyzed

to validate the effective collimation and acceleration of electrons due to spatial

shaping in comparison to a Gaussian focus. The experimental results presented in

Chapter 5 are reasonably reproduced by the simulated electron distribution with

parameters approximately matching the experimental conditions.

6.1 Simulation model

The energy spectrum and angular distribution of electrons ejected from the

focal volume is modeled by a three-dimensional numerical simulation of the spa-

tial trajectories (x(t), y(t), z(t)) and momenta (px(t), py(t), pz(t)) of electrons the

in spatio-temporally varying electromagnetic fields of the laser pulse. The mo-

mentum data generated by the simulation is used to calculate the final ejection

angle with respect to the laser propagation direction and the final kinetic energy
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of the electrons. Electron dynamics in external electromagnetic fields is math-

ematically governed by the Newton-Lorentz equation (Eqn. 2.5 in Chapter 2)

which is numerically solved using a fifth-order Runge-Kutta method with adap-

tive step size.250 The densities of electrons involved in the target experiments

are low enough (< 1014 cm−3) that collective effects such as space-charge, radi-

ation reaction and plasma effects are neglected. Simulating the total number of

electrons present in the experimental focal volume is computationally expensive

and may not be necessary to model an approximate, representative electron dis-

tribution. A Monte-Carlo simulation251 is employed that involves simulating the

trajectories of electrons generated by the ionization of a subset of atoms randomly

chosen from a specified region in the focal volume. Electrons are released sequen-

tially from the atom at the peak of the laser-field cycle by the barrier-suppressed

ionization mechanism60 with zero intial momentum.109 In the simulation, ion-

ization occurs instantly with unity probability when the local laser intensity is

greater than a threshold intensity (Ith), whose magnitude depends on the ioniza-

tion potential of the particular charge state of the atomic species being ionized

(Eqn. 2.3 in Chapter 2). The integrated simulation begins with the laser pulse

entering a cylindrical simulation box of pre-specified dimensions with uniformly

distributed, random intial locations for a fixed number of atoms. Assuming the

absence of any spatio-temporal coupling effects, the intensity in the focal volume

at any particular instant of time is reduced from the peak intensity at focus by two

independent factors (see Appendix B for mathematical details). One of them is

the spatial diffraction term and the other is the temporal instant within the laser

pulse as defined by the Gaussian temporal envelope factor. As the laser pulse

propagates through the focal volume, the intensity at any location rises with time
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and is maximum when the peak of the pulse reaches that particular location. This

maximum intensity is equal to the time-independent intensity at the spatial loca-

tion i.e intensity calculated from laser fields determined only by spatial diffraction

without the Gaussian temporal envelope factor. The time-independent intensity

in the focal volume can be considered as the spatial intensity distribution of the

peak of laser pulse. Since the dynamic range of time-independent intensity, rang-

ing from ∼ 1014 W/cm2(corresponding to a typical ionization threshold-intensity

of the first charge state of a noble-gas atom) to a peak focal intensity of ∼ 1019

W/cm2, covers an extremely large focal volume, simulating the entire ionization

volume with adequate sampling would require a large number of particles and

computational time. For example, assuming a Gaussian beam diffractive spread-

ing, with a Rayleigh range (ZR) of approximately 75 µm (for a beam waist of

5µm), covering the entire dyamic range in intensity would require an axial length

of 600ZR (equivalent to temporal range of 150 ps). On the other hand, the simu-

lation volume as calculated using the time-dependent intensity (i.e. including the

Gaussian temporal envelope factor) with the peak of the laser pulse at focus, is

smaller by more than a factor of 10 and hence computationally tractable. Besides

spatial diffraction, the extra damping of intensity due to the Gaussian temporal

envelope leads to reduced length of the cylindrical volume to cover the same in-

tensity dynamic range as in the time-independent case. The spatial dimension

and temporal window is chosen such that the temporal edges of laser pulse at the

spatial edges of the simulation volume corresponds to the ionization threshold-

intensity of the first charge state of the atom. This smaller cylindrical volume

is equivalent to the physical dimensions of the ionization volume when the laser

pulse is at focus. Simulations with the truncated ionization volume captures most
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of the essential electron dynamics. The marginal error in neglecting the electrons

that would have been generated at the lower-intensity, spatial edges of the focal

volume does not compromise the validity of the physical model and simulation

results. In the integrated simulation, the ionization of atoms is restricted to this

pre-specified, cylindrical volume whereas the trajectories of ionized electrons is

tracked over a larger regions of space depending on the stopping condition of the

simulation. A random atom in the ionization region is chosen and the local laser

field is calculated at fixed time intervals as the laser pulse is propagated through

the cylindrical volume. If the local laser intensity exceeds the barrier-supressed

ionization theshold for a particular charge state then the trajectory calculation

begins from that spatial location. The local electromagnetic fields for a Gaus-

sian, horseshoe or a doughnut focus in the paraxial regime are pre-defined by a

theoretical formula (Appendix B). At every time step, the local laser field at the

spatial coordinates of the electron is numerically calculated using the pre-defined

formula and is the input for position and momentum calculation at the next time

step. The simulation is stopped when the local laser intensity is low enough (ap-

proximately nine orders of magnitude lower than the peak intensity) such that in

the subsequent time steps, electron momentum changes minimally and trajectory

is essentially a straight line. After the completion of the electron trajectory cal-

culation, the above simulation steps are repeated for the next charge state of the

atom from the same initial location. This process is performed repeatedly until

the atom is ionized to the highest possible charge state that is determined by the

peak intensity at the spatial location of the atoms as the laser pulse propagates

through the focal volume within the time window. If the chosen atom is either

not ionized or ionized to the highest charge state, the next atom at another ran-
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dom location is chosen for ionization and simulation of electron trajectory. The

looping through the charge states and checking whether ionization has occurred

or not is carried out by time-stepping within a fixed time window [−T, +T ], where

T = 0 is the time when the peak of the laser pulse reaches best focus. The mag-

nitude of the temporal window (2T ) is chosen to be greater than the length of

the cylindrical ionization region divided by speed of light (Lz/c) by a fixed factor

to ensure that the intensity at the spatial edges of the region is at least equal

to the threshold-ionization instensity of the first charge state of the atom. At

the end of every trajectory calculation, the recorded momentum data is used to

calculate the final kinetic energy (Ek) and ejection angle (θ) with respect to the

laser propagation axis through the relations -

E = 0.511(γ − 1) MeV (6.1)

θ = cos−1(
pz

p
), (6.2)

where pz, p is the magnitude of the longitudinal and total momentum respectively

and γ = (1 + p2

c2
)1/2 is the Lorentz factor. The data for all the electrons in the

simulation ensemble is post-processed to determine the angular distribution and

energy spectrum of the electrons ejected from the laser focal volume.

The simulation code is parallelized on particles with message-passing interface

(MPI)252 and run on SGI/IBM clusters and multi-processors. The parallelization

on particle technique involves distributing the particles amongst the slave CPUs

that carry out the electron trajectory calculations. The calculations by each of the

CPUs are performed independently since electron-electron correlations and long-

range Coulomb forces are absent in the physical model. The slave CPUs commu-

nicate the final electron momentum and position data to the master CPU that

keeps track of the count of number of particles simulated. The original trajectory
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calculation code was developed for the publication related to electron-acceleration

with highly-charged ions in a Gaussian focus.253 It was modified in collaboration

with Dr. Suxing Hu to simulate the electron trajectory in a combined Gaussian

and doughnut focus. A barrier-supressed ionization module, modifications to sim-

ulate our experimental conditions, and various diagnostics codes were added as

a part of this work. The simulation is fully three dimensional (x,y,z) since the

ponderomotive force leads to ejection of electrons out of the plane of laser polar-

ization.254 The horseshoe focus consists of orthogonally polarized combination of

plug and doughnut focus that requires simulating the electron dynamics in both

transverse dimensions. In the current version of the code, the focal electromagen-

tic fields are specified by a pre-defined mathematical formula (Appendix B). This

allows the electromagnetic fields at any arbitrary spatial location to be calculated

at every time step. Such a flexibility is not available for the experimentally ob-

tained intensity data which have a fixed and coarser spatial resolution. Though

interpolation can be performed to define a finer spatial grid, this would require

additional changes to the original trajectory calculation subroutine. There is an

added complication of estimating the actual spatio-temporal phase in the focal

volume based on the near-field intensity and phase measurements which was not

performed in this research. Future work will extend the code to simulate electron

trajectories for experimentally obtained focal volume intensity and phase data.
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6.2 Simulation results

Monte-Carlo simulations of the electron trajectories were performed for the

Gaussian and horseshoe focus with a peak intensity (Ig) of 3 × 1019 W/cm2, ap-

proximately equal to the estimated peak intensity in the experimental Gaussian

focus. The peak intensity in the horseshoe focal volume occurs at the plug-region

with the defocused annular region (doughnut focus) having a lower peak intensity

than the plug focus. A series of simulations were carried out by scanning the peak

intensity of the doughnut focus (Id) with a fixed peak intensity of Ig = 3 × 1019

W/cm2 in the plug focus. These simulations (see Appendix C) indicated that

significant differences between the electron distribution for a horseshoe and Gaus-

sian focus occurs when the intensity in the annular region of the horseshoe focus

is greater than a certain threshold value. For the simulation results analyzed

below, the peak intensity in the annular region (Id) of the horseshoe focus was

lower than that of the plug region by a factor of 0.7 (i.e. Id ≈ 0.7Ig = 2 × 1019

W/cm2) but greater than the threshold intensity. The 1/e2 intensity radius (ω) of

the Gaussian and plug focus was 5µm, the radius of the annular ring of doughnut

focus was around 10 µm with an axial defocus of 100 µm and the full width at

half-maximum pulse duration was 0.5 ps. The electrons were generated by the

ionization of Z = 1 − 30 charge states of Xenon atoms that were uniformly in-

side a cylindrical volume with a radius of 7ω ≈ 35 µm and a length (Lz) equal

to 900 µm (≈ +/- 6× Rayleigh Range). The temporal range of the simulation

extended from [−T, +T ] ≈ [−4, +4]ps. This corresponds to an axial extent of

1.2 mm (≈ 16× Rayleigh range) on either side of the focal plane. These dimen-

sions were chosen so that the threshold intensity (8.6 × 1013 W/cm2) required

for barrier-suppressed ionization of the first charge state of Xenon is within the
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ionization volume. The longitudinal intensity plot of the numerically calculated

(Appendix B) Gaussian and horseshoe focus at T = 0, with the ionization vol-

ume demarcated by a white box, is shown in Fig. 6.2.1. Electrons are generated

by field ionization of the Xenon atoms within the ionization volume, but their

trajectory was numerically calculated over larger region of space and time. The

simulation of electron trajectory was stopped when the local electric field strength

of the diffracted laser pulse is sufficiently weak to have negligible influence on the

electron trajectory. Trial runs were carried out to confirm the reliability of the

stopping condition by checking if the electrons had converged to an approximately

quasi-steady state distribution. The total number of electron trajectories (N) sim-

ulated was approximately 120, 000 to keep the time taken for simulation tractable

without compromising on the convergence of the final distribution. The electron

numbers (N) in the simulation results presented below are in arbitrary units and

do not represent the absolute electron yield; instead they can be considered as

proportional to the actual counts generated in the experiments.

To verify the validity of the code, simulation of electron trajectories for a

Gaussian focus with a peak intensity 5 × 1018 W/cm2 was performed. The final

electron kinetic energy and ejection angle with respect to the laser propagation

direction was calculated to cross-check with earlier results in the literature. The

plot of the energy versus ejection angle data for all the electrons in the simulation

ensemble along with the theoretical scaling curve (green line) is shown in Fig.

6.2.2a. The energy versus ejection angle of the peak number of electrons (ex-

tracted from the simulated energy spectrum data) obeys the theoretical scaling

law quite well and is consistent with the previous published results.25,249 This val-

idates the correctness of the simulation model and code. The broadening around
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stant when the laser pulse is at the focus. The region enclosed by the

white box represents the ionization volume within which the atoms are

randomly located at the start of the trajectory simulations.
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Fig. 6.2.2: Energy-angle curve, for (a) all the simulated electrons (b)

peak numbers of electrons post-processed from the energy spectrum,

obtained from a Gaussian focus with a peak intensity of 5×1018 W/cm2.

The green curve is the theoretical scaling law (Eqn. 2.11).
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the theoretical scaling curve (Fig 6.2.2a) for some electrons in the ensemble is

partly due to the effect of longitudinal fields and partly the distribution of intial

spatio-temporal location of electrons at the instant of ionization. Electrons gen-

erated closer to axis may surf with the laser pulse and gain more energy whereas

those born at the spati-temporal edges of the focal volume may not gain the full

ponderomotive energy.138,255 The theoretical scaling law derived for a plane wave

is a single-valued function and does not incorporate these effects. The effect of

spatial intensity shaping on the ejected electron distribution was studied by simu-

lating the trajectories for a horseshoe and Gaussian focus with the peak intensity

of 3 × 1019 W/cm2 relevant to experiments in this thesis. The simulated angu-

lar distribution of electrons (Fig. 6.2.3), represents the effect of spatial intensity

shaping on the electron distribution. The bars in the graph are the time and

charge integrated total number of electrons (N) ejected into a solid angle of 4π

around focus and is plotted as a function of ejection angle (θ) with respect to

the laser propagation direction. Qualitatively, modification of the angular dis-

tribution is manifested as an increase in electron counts at lower angles (< 70◦)

for the horseshoe focus in comparison to the Gaussian focus (Fig. 6.2.3). The

difference in the normalised electron number between the horseshoe and Gaussian

focus shows an increase of 45% around the ejection angle of 45◦ and a reduction

of 25% at angles greater than 70◦ (Fig. 6.2.4). Comparing the data plot for the

final kinetic energy (E) versus the ejection angle (θ) for each of the electrons

in the simulation ensemble indicates that the horseshoe focus (compared to the

Gaussian focus) leads to higher energy electrons that are ejected into angles lower

than 40◦ (Fig. 6.2.5). The log plot of electron energy spectrum (Fig. 6.2.6)

shows that that the maximum energy of the electrons from a horseshoe focus is
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Fig. 6.2.3: Angular distribution of electrons ejected from (a) Horse-

shoe (b) Gaussian focus. Ejection angle (θ) is with respect to laser

propagation direction.

20 40 60 80 100 120
−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

Ejection angle (θ)

N
or

m
al

is
ed

 e
le

ct
ro

n 
nu

m
be

r 
di

ffe
re

nc
e 

(N
d)

Fig. 6.2.4: The difference in the normalised number of electrons (Nd)

ejected from the Horseshoe (Fig. 6.2.3a) and Gaussian (6.2.3b) focus

shows an increase in electron counts at ejection angles below 70◦ due

to the collimating effect of the shaped focal volume.
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Fig. 6.2.5: Ejection angle as a function of the final kinetic energy for

(a) Horseshoe and (b) Gaussian focus. Electrons are ejected from the

horseshoe focus into lower angles with energies greater than a Gaussian

focus. The green curve is theoretical scaling law (Eqn. 2.11).
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Fig. 6.2.6: Log plot of the energy spectrum of the electron ejected from

(a) Horseshoe and (b) Gaussian focal volume. Horseshoe focus results

in electron acceleration with cut-off energies greater than that observed

with a Gaussian focus.
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approximately 5 MeV whereas it is 1.2 MeV for a Gaussian focus with the same

peak intensity of 3× 1019 W/cm2. According to the theoretical scaling law,248,256

electrons are ejected from a linearly polarized Gaussian laser focus with a final

kinetic energy approximately equal to the ponderomotive potential corresponding

to the peak laser intensity at the spatial location where the electrons are released

by barrier-supressed ionization of atoms. For a peak intensity of 3× 1019 W/cm2,

the maximum final kinetic energy calculated using theoretical scaling law (Eqn.

2.6 and 2.7) is about 1.3 MeV. The simulated energy spectrum for the Gaussian

focus (Fig. 6.2.6b) matches this theoretical cut-off value whereas the electrons

ejected from the horseshoe focus have a cutoff energy of 5 MeV (Fig. 6.2.6a). The

ejection of electrons with energies greater than the theoretical cut-off of 1.3 MeV

is indicative of a more effective acceleration mechanism due to the spatial shaping

of the focal volume. The pondermotive angle of ejection corresponding to peak

intensity of 3 × 1019 W/cm2 is 41◦. For the horseshoe focus, substantially more

electrons are ejected into angles below 41◦ than the Gaussian focus (Fig. 6.2.5).

These electrons, accelerated to energies greater than the ponderomotive potential

energy of 1.3 MeV, are representative of effective acceleration and collimation by

the horseshoe focus. In the energy-angle space, the collimated electrons from the

horseshoe focus follow the same theoretical scaling law as the Gaussian focus. As

the momentum and direction of propagation of electrons evolve in the spatially

shaped electromagnetic fields of the laser pulse, the law of conservation of energy

and momentum cannot be violated. The vacuum laser-electron interaction does

not involve any nonlinear process that can transfer energy or momentum to the

electron. Therefore the final energy and ejection angle of electrons from a horse-

shoe focus obey the same theoretical scaling law (Eqn. 2.11) as the Gaussian
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focus; since the formula has been derived from the same conservation principles.

The differences in the angular distribution between Gaussian and horseshoe focus

is better seen in a charged resolved plot. Figures 6.2.7 shows the angular distribu-

tion of electrons generated from charge-states Xe1+, Xe8+, Xe19+, Xe26+ for the

Gaussian and horseshoe focus. The horseshoe focus leads to increased number of

electrons ejected in the angular range of 41◦ − 70◦ with energies compared to the

electrons ejected from the Gaussian focus at the same angle. Electrons that are

accelerated and collimated due to the horseshoe focus broaden the angular dis-

tribution into lower angles. The relative electron counts in the broadened parts

of the distribution is less for higher charge states (compared to the lower charge

states) because of reduced fractional ionization volume for intensities above the

ionization threshold in the horseshoe focus. The peak of the distribution appears

at the same ejection angles for both the focii indicating that a large number of

ionized electrons are not collimated because of their release into the laser fields at

sub-optimal spatio-temporal locations as the laser pulse propagates through the

focal volume.

Due to the large dynamic range and spatial distribution of intensity in the focal

volume, electrons are generated from a range of ionization-charge states with a

broad spectrum of final energies and ejection angles. For both the Gaussian

and horseshoe focus, a large fraction of electrons are ejected at angles greater

than 70◦ (Fig. 6.2.3). A plot of the angular distribution of electrons generated

from charge-states of atoms below 19 (corresponding to BSI threshold intensity

of 1.2 × 1018 W/cm2) and energy below 40 KeV confirms that the lower charge-

states (Z < 19) are the major source of low-energy electrons that appear at higher

angles (Fig. 6.2.8). There are no electron counts with energies below 40 KeV from
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Fig. 6.2.7: Charge resolved angular distribution of electrons generated

from Xe1+, Xe8+, Xe19+, Xe26+ for (a)Gaussian and (b)Horseshoe focus.
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Fig. 6.2.8: Angular distribution of ejected electrons with energy < 40

KeV generated from charge states < 19 from (a) Gaussian focus (b)

Horseshoe focus. These low energy electrons comprise the major frac-

tion of electrons ejected into angles greater than 70◦.

charge states higher than 19. The low energy/high-angle electrons are primarily

generated by the ionization of lower charge states of the atoms at the spatial

edges of the focal volume and leading edge of the laser pulse, where the intensities

are low (< 1018 W/cm2). In these regions of the horseshoe focus, the gradients

of intensity are directed outwards, away from the hollow cavity; and therefore

the electrons are not confined towards the axis unlike those generated within the

cavity.This feature can be seen in representative single-particle trajectory plots

with electrons initially located inside and outside the intensity-cavity of radius

10 µm (see Fig. 6.2.1) at the instant of ionization. For initial coordinates along

the axis and slightly off-axis, but within the cavity, the electrons are deflected

towards the laser axis due to the force from the intensity barriers of the annular

region. The plot of radial distance (r) as a function of axial location (z) from two

such initial coordinates – (a) x=0, y=0, z=75µm and (b) x=0, y=5µm, z=150µm,

indicating the deflection is shown in Figure 6.2.9a and 6.2.9b respectively. The

deflection experienced by the electron in a horseshoe focus leads to bending of the

red trajectory inwards, whereas the transverse intensity gradients directed radially



6. Simulations of Shaped Focus Electron Generation 126

60 80 100 120 140 160
0

10

20

30

40

50

60

Z (µm)

r 
(µ

m
)

 

 

140 160 180 200 220
0

10

20

30

40

50

60

70

Z (µm)

r 
(µ

m
)

(a) (b)

145 150 155 160 165
10

15

20

25

30

35

40

45

50

55

Z (µm)

r 
(µ

m
)

(c)

Fig. 6.2.9: Electron trajectory from a horseshoe (red curve) and a

Gaussian focus (blue curve) with the intial coordinates (a) x=0, y=0,

z=75µm and (b) x=0, y=5µm, z=150µm (c) x=0, y=12.5µm, z =150µm.

For the horseshoe focus, the intial coordinates in case (a) and (b) is

inside the hollow cavity and leads to electron collimation whereas in

case (c) the electron located outside the cavity does not experience any

confining force and is ejected without any collimation as compared to

the electron from the Gaussian focus. The coordinates are defined with

respect to the focal volume shown in Fig. 6.2.1.
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outwards in a Gaussian focus leads to opposite curvature of the blue trajectory.

Both the trajectories relax to a straight line after the laser pulse is over. For

the same time, the final radial location of the electron is closer to the laser axis

for a horseshoe focus as compared to the Gaussian focus and is indicative of the

collimation effect. The absence of a inward-directed confining force on the electron

generated in the outer regions of the horseshoe focus leads to a final radial distance

comparable to that from a Gaussian indicating the absence of the collimation

effect. This is highlighted in the trajectory plot (Fig. 6.2.9c) for an electron with

an intial location of x=0, y=12.5 µm, z =150 µm, outside the intensity-cavity of

the horseshoe focus. For the same time, the magnitude of the final axial location is

larger for an electron generated within the cavity of the horseshoe focus than those

from the Gaussian focus (see Fig. 6.2.9), indicating that they are being accelerated

forward by the electromagnetic fields of the shaped focal volume. Figure 6.2.10

shows the temporal evolution of the longitudinal momentum (pz) for an electron

from a Gaussian (blue curve) and horseshoe focus (red curve) with the starting

point of the curves defining the instant of ionization. Figure 6.2.10a is for an

electron with the intial coordinate along the axis (x=0, y=0, z=75 µm) and Fig.

6.2.10b is for an off-axis location (x=0, y=5 µm, z=150 µm). Since the horseshoe

cavity appears at the leading edge of the laser pulse, the off-axis electron gets

ionized at an earlier instant compared to the electron in the Gaussian focus. The

on-axis electron gets ionized by the plug region of the horseshoe and hence the

instant of ionization is approximately equal to that for the electron in the Gaussian

focus. The larger final magnitude of pz in the red curve is a confirmation of the

greater energy gain and forward acceleration by a horseshoe focus than a Gaussian

focus. The electron from the horseshoe focus takes a longer time to relax to a
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Fig. 6.2.10: Temporal evolution of the longitudinal momentum (pz) of

electron from a horseshoe (red curve) and Gaussian focus (blue curve)

for an initial location which is on-axis (a) x=0, y=0, z=75 µm and off-

axis (b)x=0, y=5 µm, z=150 µm. Electrons ejected from the horseshoe

focus have a greater final momentum indicative of efficient acceleration

and collimation in contrast to the electron from the Gaussian focus.

steady state value indicating the greater duration of interaction with the laser

fields due to ehanced surfing with the laser pulse.

To verify the above characteristics, simulations of electron distribution were

performed with the radius of the ionization region (red colored area in Fig.

6.2.11a) equal to that of the hollow region of horseshoe focal volume. Since there

is no electron source at the outer edges of the horseshoe focal volume, electrons

ejected at angles greater than 80◦ are absent in the angular distribution (see Fig.

6.2.11b). This result, which is in contrast to the earlier case (Fig. 6.2.3a) where

the ionization region extended into the outer edges of the horseshoe focus and

electrons were ejected into angles greater than 80◦, confirms that the high-angle

electrons are mainly from the outer edges of the horseshoe focus as the laser pulse

propagates through the ionization volume. Some electrons that are not effectively
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Fig. 6.2.11: (a)Red colored region representing the restricted ionization

volume with radius equal to that of the hollow cavity of horseshoe

focus (b) Angular distribution of electrons ejected from the restricted

ionization region shown in (a).

collimated are ejected into angles in the range of 70◦ − 80◦. These electrons are

mainly from the lower-charge states (< Z = 19) generated in the lower-intensity

regions within the cavity of the horseshoe focus. These low intensity regions and

the outer edges of the horseshoe focal volume are the major source of uncollimated

(> 70◦) electrons. Electrons ejected into lower angles (< 70◦) are generated by

charge-states both above and below Z = 19 (Fig. 6.2.12) and constitute the higher

energy (> 40 KeV) component of the energy spectrum. The electrons that are

generated by ionization of atoms within the inner cavity of the horseshoe focal

volume are confined towards the axis and accelerated by ponderomotive forces of

the cavity unlike the Gaussian focus where they are ejected outwards due to strong

transverse gradients. This leads to the appearance of the enchanced sidelobe in

the angular distribution at angles lower than < 70◦ (Fig. 6.2.3), representative

of the collimated component of the ejected electrons. Electron counts at lower

angles increase with a larger diameter of the annulus of doughnut focus since

this increases the focal volume of the inner cavity. Further quantitative analysis

of the simulation data in Figure 6.2.11 indicates that 64% of the total number
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Fig. 6.2.12: Angular distribution of electrons ejected from a horseshoe

focus for ionized charge states (a)< 19 (b)≥ 19. Electrons ejected into

angles lower than 41◦ are mainly generated from charge states greater

than 19.

of electrons ejected into angles less than 70◦ are generated by charge states be-

low 19. This fraction is proportional to the fractional focal volume of the inner

cavity with intensities lower than 1018 W/cm2. Electrons ejected below 70◦ are

categorized into two sub-components based on their final ejection angle lying in

the range (a) 41◦ − 70◦ or (b) < 41◦. The former will be termed “weakly colli-

mated” in the sense that there is an increased number of such electrons ejected

from the horseshoe focus (as compared to the Gaussian focus) but their energy

is not significantly greater than the maximum energy of electrons ejected from

the Gaussian focus. The latter will be termed as “strongly collimated” in the

sense that both the number and energy of these electrons is significantly higher

for the horseshoe focus. The angles that determine this categorization depends

on the peak intensity of the focus. The 41◦ angle is the ponderomotive ejection

angle corresponding to the peak intensity of 3 × 1019 W/cm2 whereas the angu-

lar distribution for electrons with energies above 40 KeV peaks approximately at
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70◦. The negligible low angle (< 41◦) tail in the angular distribution for charge

states below 19 (Fig. 6.2.12) implies that the “strongly collimated” component

of accelerated electrons are primarily generated from charge states above Z = 19.

A horseshoe focus with higher intensity, maximizing the ionization charge states

above 19, leads to higher-energy electrons at lower ejection angles compared to

Gaussian focus. The confinement of electrons closer to the axis in the horseshoe

focus increases the possibility of electrons surfing with the laser pulse since they

can interact with the laser fields for a longer time before being ejected from the

focal volume.148,149 Electrons experience confinement due to the annular inten-

sity region only for a finite time until the laser pulse travelling at the speed of

light overtakes them. Higher energy electrons remain in phase with the laser

pulse for a longer time than the low energy ones and hence higher intensity in

the horeshoe focus is more efficient in acccelerating and collimating electrons. For

intensities below a certain threshold value, there is minimal acceleration and col-

limation of electrons and thereby the angular distribution and energy spectrum

of electrons from both shaped and unshaped focii are indistinguishable. Simu-

lations indicate that for a peak plug intensity (Ip) around 3 × 1019 W/cm2, the

threshold intensity required in the annular region is approximately in the range

(0.2− 0.5)Ig ≈ 6× 1018− 1.5× 1019 W/cm2 (see Appendix C for these simulation

results). The relative peak intensity (Id/Ip) of 0.7 in the annular region is well

above the threshold-intensity range and hence the collimation and acceleration

of electrons due to spatial intensity shaping is clearly apparent in the the simu-

lation results presented earlier (Fig. 6.2.3-6.2.6). The threshold intensity factor

of (0.2− 0.5) is not a universal number but depends on the intensity of the plug

focus, the axial defocus, and indirectly on the spatial intensity profile through the
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fractional focal volume distribution of ionization states. A heuristic analysis sug-

gests that intensities that are well above the relativistic intensity of 1018 W/cm2

that determines the threshold intensity factor (see Appendix C for supporting

simulation results). Intensities greater than relativistic intensities of 1018 W/cm2

lead to stronger Lorentz force (v×B) that enhance the collimating/focusing force

of the shaped focal volume. Comprehensive simulations scanning the entire inten-

sity range are required to obtain a quantitative scaling relation for the threshold

intensity of the annular focus as function of the peak intensity of the plug focus.

For annular and plug focii with ultra-high laser intensities (≥ 1020 W/cm2),

electrons are released into the laser fields with extremely high ponderomotive po-

tentials (> 4 MeV) by the ionization of deep inner shells (Z > 30) of atoms. The

ultra-strong confining force of the annular region of the horseshoe focus coupled

with the relativistic velocities acquired by the electrons rolling down the pondero-

motive potential results in electrons surfing with the laser pulse and experiencing

the accelerating force of the laser fields for very long times. This leads to electrons

acquiring extremely large energies in the range of 100−200 MeV and ejection into

angles lower than 30◦ (Fig. 6.2.13). In comparison, most of the electrons ejected

from a Gaussian focus even for ultra-high intensities have much lower energies

(≈ 15−20 MeV) and ejection angles greater than 40◦ (Fig. 6.2.14) because of the

premature ejection of electrons at the leading edge of the pulse and spatial edges

of the focal volume.

The above simulation results for the two intensity regimes (a) high-intensity

(≈ 1019 W/cm2) and (b) ultra-high intensity (> 1020 W/cm2) clearly indicates

that the horseshoe focus can lead to electron ejection into lower angles and higher

energies compared to Gaussian focus. To further investigate the role of annular
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Fig. 6.2.13: (a)Angular distribution (b)Energy-Angle curve for elec-

trons ejected from a horseshoe focus with the peak intensity in the

plug and annular region approximately 1021 W/cm2 and 7× 1020 W/cm2

respectively. Ultra-high intensities leads to extremely high energy gain

and strong collimation of electrons.
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Fig. 6.2.14: (a) Angular distribution (b) Energy-Angle curve for elec-

trons ejected from a Gaussian focus with the peak intensity ≈ 1021

W/cm2. Ultra-high intensity Gaussian focus is not as efficient as the

horseshoe focus (Fig. 6.2.13) in acceleration and collimation due to

premature ejection of electrons in the low-intensity regions at leading

edges of the pulse and spatial edges of the focal volume.
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vis-a-vis the plug regions of the horseshoe focus, simulations of electron trajec-

tories were performed with a doughnut-only focal volume in these two intensity

regimes. The angular distribution of electrons ejected from a doughnut-only focus

with a peak intensity of ≈ 2× 1019 W/cm2 is shown in Figure 6.2.16. Except for

marginally higher energy electrons at the lowest angles, the angular distribution

from a doughnut-only focus is not very different from that of a horseshoe focus

with the same peak intensity in its annular region (compare Fig. 6.2.16 and Fig.

6.2.3(a)). Though the open hole along the backward (negative z) direction in a

doughnut-only focus can lead to ejection of electrons to higher angles; this loss

gets masked by the much larger contribution to higher angles from the electrons

generated at outer spatial edges of the focal volume. The benefit of the plug

lies in the additional momentum boost imparted to the electrons confined and

accelerated by the potential well of the inner cavity that leads to an increase of

the maximum final energy by about 10% (from 4.5 to 5.0 MeV) for the highest

energy tail of electrons (compare Fig. 6.2.15b and 6.2.6a). Though this corre-

sponds to a decrease in the minimum angle of ejection from 25◦ to 20◦ (compare

Fig. 6.2.15a and 6.2.5a), these electrons represent a negligible fraction of electrons

ejected at angles lower than 41◦. The presence of the plug increases the number

of electrons ejected below 41◦ by about 10%. This suggests that the major contri-

bution to the collimated and accelerated electrons is from the annular focal region

that constitutes a large fraction of the focal volume of the inner cavity of the

horseshoe focus. Electrons generated from the plug region that are ejected into

the potential well of the cavity form the secondary component of the collimated

electrons. The fractional focal volume of each of the two regions determines the

relative number of the two components of collimated electrons. For a intensity
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Fig. 6.2.15: (a) Energy-angle curve and(b) Energy spectrum of elec-

trons ejected for a doughnut-only focal volume with peak intensity

2× 1019 W/cm2.
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Fig. 6.2.16: Angular distribution of electrons ejected from a doughnut-

only focal volume with peak intensity 2×1019 W/cm2. The electron dis-

tribution for a doughnut-only focus and a horseshoe focus (Fig. 6.2.5)

with the same peak intensity in the annular region are marginally dif-

ferent. This occurs when majority of the electrons are ejected from the

plug focus with angles of ejection that are not within the acceptance

cone of the doughnut focus.
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range of 3.7 × 1018 − 3 × 1019 W/cm2 (equivalent to BSI ionization of Xenon

charges states Z = 26 − 29), the ponderomotive angle of ejection from the plug

region of the horseshoe focus is in the range of 61◦ − 41◦. A small fraction of

these electrons are ejected at the appropriate angles into the potential well of the

annular focus, whereas the rest including a large number of them generated at

lower intensities (< 3.7 × 1018) W/cm2 have a large divergence (> 61◦) that are

outside the acceptance cone of annular focus. The fraction of collimated electrons

from the plug-region is small compared to that from the doughnut focus region

leading to a negligible difference between angular distribution of electrons from a

doughnut-only and horseshoe focal volume. In contrast, in the case of ultra-high

laser intensities, there is a significant difference between the angular distribution

of electrons ejected from a doughnut-only focus (Fig. 6.2.16) and a horseshoe

focus (Fig. 6.2.17) with the same peak intensity in the annular region. For a plug

focus with peak intensity ≈ 1021 W/cm2, a larger fraction of electrons (generated

from the ionization of Xenon charge states Z = 27−40) exists with ejection angles

in the range of 44◦ − 28◦ that are optimal enough to be ejected into the poten-

tial well of annular focus getting accelerated and collimated. This gives rise to a

significant signal around 20◦ representing the strongly collimated electrons with

energies in the range of 15 − 50 MeV (Fig. 6.2.17). Therefore in this case, there

is a substantial difference between the angular distribution and the final energies

of a horseshoe and doughnut-only focus (compare Fig. 6.2.17 and 6.2.16). Based

on above results for a doughnut-only focus in comparison to the horseshoe focus

in the high-intensity and ultra-high intensity regimes, a threshold intensity for

the plug focal region of the horseshoe focal volume is required to observe “strong

collimation” and acceleration of electrons. When there is significant amount of
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Fig. 6.2.17: (a)Angular distribution (b) Energy-Angle curve for elec-

trons ejected from a horseshoe focus with peak intensity of 1021 W/cm2

in the plug focus and 2×1019 W/cm2 in the annular region. Higher inten-

sity in the plug focus increases the “strongly collimated” component of

electrons leading to a significant difference in the electron distribution

from a horseshoe focus in comparison with a doughnut-only focus.

“strong collimation” that there is a substantial difference in the electron distri-

butions from a horseshoe and doughnut-only focus. Preliminary simulations indi-

cate that intensities well above 2× 1019 W/cm2 corresponding to ponderomotive

ejection angles less than 45◦ determines this threshold intensity for the plug focus.

In our experiments, the peak intensity in the plug region (Ig) of the horse-

shoe focus is estimated to be 8 × 1018 W/cm2 and that of the doughnut focus

(Id) is approximately in the range of (0.2 − 0.4)Ip ≈ 2 − 3 × 1018 W/cm2 (see

focal scan results in Chapter 4). Based on the simulations results and analysis

presented earlier, the ejected electrons from the shaped focal volume are expected

to be “weakly collimated” since the intensity in the annular region is marginally

greater than the threshold value of 1.2× 1018 W/cm2 required for observing mod-

ifications to the electron distribution. The experimental results (Chapter 5) are
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consistent with this conclusion since electrons from the horseshoe focus were mea-

sured to have energies marginally higher than the Gaussian focus (increase from

0.4− 0.45 to 0.55− 0.6 MeV) and the angular distribution marginally broadened

to lower angles by approximately 10◦ (from 57◦ to 48◦). Monte-Carlo simulations

were carried out by tuning the parameters of the horseshoe focus around the es-

timated values to reproduce and explain the experimental results. For this set

of simulations, the lower limit of the ionized charge states was restricted to 17.

This does not affect the simulation results since the electrons from the charge

states below 17 are primarily ejected into angles greater than 70◦ and constitute

the low-energy (< 40 KeV) background that are below the detection threshold

of the spectrometer. This helps resolve the marginal changes to the distribution

expected at lower angles.As estimated from the focal scan data, the peak intensity

and dimension of the plug region of the horseshoe focus in the simulations was set

to be equal to 8× 1018 W/cm2 and 5µm respectively. Comprehensive simulations

scanning the intensity of the doughnut focus indicate that a relative intensity ratio

(Id/Ig) of 0.4, equivalent to a peak intensity of 3 × 1018 W/cm2 in the annular

region and with an axial defocus of 150 µm from the best-focus plane, matches

the experimentally measured electron distribution’s angular extent of 48◦ (Fig.

6.2.18a). The angular extent of the distribution for the Gaussian focus with an

estimated peak intensity of 8 × 1018 W/cm2 was experimentally measured to be

57◦. The simulation for a Gaussian focus with a peak intensity of 8×1018 W/cm2

shows a peak at around 57◦ with a rapid reduction of counts at lower angles (Fig.

6.2.19a). This is consistent with the experimental data where no electron signal

was measured below 57◦ on the 52◦ and 48◦ channels of the electron spectrome-

ter.The precise matching of electron counts requires calibration of the number of
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Fig. 6.2.18: (a) Angular distribution and (b) Energy-Angle curve for

electrons ejected from the horseshoe focus with a peak intensity in

the plug and annular region of 8 × 1018 W/cm2 and 3 × 1018 W/cm2

respectively. The angular extent of 48◦ for the angular distribution is

consistent with the expermental measurement whereas the energy of

0.9 MeV is higher than the experimental value of 0.75 MeV possibly

due to focal spot distortions that lead to less effective confinement and

acceleration.

40 50 60 70 80 90 100
0

0.2

0.4

0.6

0.8

1

Ejection angle (θ)

N
or

m
al

is
ed

 e
le

ct
ro

n 
nu

m
be

r 
(N

)

 

 

0 0.5 1 1.5 2
30

40

50

60

70

80

90

Energy (MeV)

 E
je

ct
io

n 
an

gl
e 

(d
eg

re
es

)

(a) (b)

Fig. 6.2.19: (a) Angular distribution and (b) Energy-Angle curve for

electrons ejected from the Gaussian focus with a peak intensity of 8×1018

W/cm2 is consistent with the experimental measurement of 57◦ and 0.4

MeV for the angular extent and energies of electrons.
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electrons measured by the detector with the actual number ejected from the focal

volume, taking into account any shot-to-shot fluctuations and variations in sensi-

tivity of the image plate to exposure time before processing by the image reader.

The simulation reproduces the experimentally measured energy of 0.4 MeV for

electrons ejected at an angle of 57◦ from the Gaussian focus (Fig. 6.2.19b). The

energy of the peak number of electrons ejected from the horseshoe focus obtained

by simulations is higher than the experimental measurements. Simulations give

a maximum cut-off energy of ≈ 0.9 MeV (Fig. 6.2.18b) whereas 0.75 MeV was

obtained in experimental measurements for electrons ejected at 48◦ (Fig. 5.2.7b).

The maximum energy of the peak electron number extracted from the simula-

tion data is 0.75 MeV (Fig. 6.2.20) whereas 0.5 − 0.6 MeV (see Fig. 5.2.7b and

5.2.10b) was obtained from the experimental energy spectrum. This discrepancy

of around 0.15 MeV could be due to the intensity asymmetries and distortions

in the experimental focal volume (see focal scan data in Chapter 4) that causes

less effective confinement and acceleration. Unlike the focal volume, the simula-

tions were performed with a theoretically defined, perfect focal profiles without

any spatial intensity distortions or phase aberrations. The experimental measure-

ments are based on collecting electrons only along a 90◦ arc whereas the simulated

electrons are sampled over the entire three-dimensional space around focus. The

narrow collection angle biases the experimental measurements by making them

more sensitive to asymmetries in the focal volume. Since the electron spectrom-

eter used in the experimental measurement is not a charge-resolving detector,

multiple peaks appear in the energy spectrum data recorded on the image plate

due to electrons released from Xenon atoms ionized to different charge states but

closely spaced final energies. This creates inaccuracies in resolving the peak num-
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Fig. 6.2.20: Energy-angle scaling curve for the peak electron number

extracted from the simulated energy spectrum from a horseshoe focus.

The maximum energy for the peak electron number at 48◦ is 0.75 MeV,

slightly higher than the 0.5− 0.6 MeV obtained from the experimental

energy spectrum (Fig. 5.2.10b).
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ber of electrons (and the associated energy) from the measured energy spectrum.

Since the plug and doughnut focus constituting the experimental horseshoe focal

volume are not perfectly orthogonally polarized, there could also be ellipticity ef-

fects on the measured electron energy. Ionization phase can play a critical role in

the energy gained by the ejected electrons.107,109,257 The assumption made in the

barrier-supressed ionization (BSI) model that the electrons are generated instan-

taneously at the peak of the laser cycle may be violated in the experiments with

a shaped focal volume. There could be a distribution of intial phase of ionization,

convolved with a finite rate of ionization, that could lead to lower energy gains in

experiments as compared to the predictions by the simulation. The relative phase

between the two orthogonally polarized components of the horseshoe focus could

affect the energy spectrum of the electrons. It has been observed in experiments

involving two-color laser fields that the relative phase which maximizes the rate

of ionization can be different for the higher and lower energy electrons.258 This

result suggests that the energy of electrons may be sensitive to relative phase in

our experiments involving barrier-supressed ionization with orthogonally polar-

ized fields. The theoretically defined perfect phase in the simulations is probably

not a good model for the experimental far field phase resulting from near-field

phase modulations and aberrations. Estimates of the actual phase in the focal

volume based on near-field intensity and phase measurements by interferometric

and phase-retrieval techniques can provide inputs to future physics simulations.

Another probable reason for the discrepancy could be the low number of higher-

energy electron counts generated in the experiments with the horseshoe focus.

A high-energy electron will appear as a data point in the simulations; whereas

experimental counts have to be significantly higher than the detection threshold
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to be observed in the data recorded by the image plate. Since the higher-energy

electrons are generated by the higher-intensity focal regions with a smaller frac-

tional ionization volume, there could be an instrumental roll-off factor at the

higher-energy tail of the experimental data. Resolving all the above issues will re-

quire more careful measurements and experimental data points. Nevertheless the

simulation results clearly show that spatial shaping of focal volume with peak in-

tensities of the order of 8×1018 W/cm2 should lead to “weak collimation”/angular

broadening consistent with the preliminary experimental data.

6.3 Summary

In summary, Monte-Carlo simulation results and analysis of the energy and

angular distribution of electrons ejected from the Gaussian and horseshoe focus

with a peak intensity of 3 × 1019 W/cm2 confirm the possibility of acceleration

and collimation of electrons by spatial shaping of laser focal volume. The effect

of a horseshoe focal volume is correlated to the angular broadening of the angular

distribution due to electrons gaining extra energy and ejection into lower cone

angles with respect to the laser axis in comparison to a Gaussian focus. The

magnitude of broadening and energy gain is a function of the peak intensity of

the inner cavity of the horseshoe focus. Low intensities in the horseshoe focus

give rise to marginal energy gain and angular broadening. Simulations reveal that

collimated electrons follow the same theoretical energy-angle scaling law obeyed

by the electrons ejected from a Gaussian focus which makes it difficult to discern

the difference between the electron distributions obtained from a Gaussian and

horseshoe focus, unless the energy gains are significantly higher. Intensities above
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a threshold value is required for the plug and the doughnut focal regions that

constitute the horseshoe shaped focal volume, to observe significant changes in

the broadening and energy gain in comparison to the Gaussian focus. Higher

intensities leading to generation of electrons by ionization of higher charge-states

are more efficient in confinement and acceleration than the electrons from lower

charges states. Ultra-high intensities (> 1020 W/cm2) leads to extremely large

gains of the order of 100−200 MeV and forward-directed electrons emerging within

cone angles less 20◦. Simulations with parameters approximately matching the

experimental conditions to reasonably reproduce the “weak collimation” observed

in the experiments. In spite of the collimation effect due to spatial shaping,

major fraction of the electrons generated by the ionization from the low-intensity

outer edges of the horseshoe focus are low-energy, uncollimated and ejected into

peak electron. Future research could deal with increasing the relative yield of

the collimated versus the uncollimated electrons by the restricting the spatial

extent/volume expansion of the target gas to within the volume of the inner

cavity of the horseshoe focus. This can be achieved either by suitable design and

shaping of the capillary nozzle that ejects the gas jet or by using a gas-bag target.

Highly charged ion targets253,259 that are ionized only at higher intensities can

reduce the background of low energy, uncollimated electrons.
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7. CONCLUSION

Strong transverse gradients directed away from the laser axis in a Gaussian

focal volume leads to the ejection of field-ionized electrons with a large diver-

gence angle including inefficient ponderomotive acceleration due to their prema-

ture expulsion from the focal region. To collimate and accelerate electrons more

effectively than a Gaussian focus, the three-dimensional spatial intensity distri-

bution was shaped so that the focal intensity transforms from a centrally peaked

to an annular distribution along the laser propagation direction. This focal vol-

ume, termed as the horseshoe focus because of its horseshoe-shaped longitudinal

intensity map, was experimentally demonstrated on a continous-wave laser using

transmissive optics. The design is based on an incoherent combination of Gaussian

and Laguere-Gaussian modes generated from segmented optics. An all-reflective,

segmented optical system was designed and implemented on a high-power laser

system to generate a high-intensity horseshoe focus. Low-density gas-jet target

experiments were carried out with the horseshoe focus volume to study the effect

of spatial shaping on the field-ionized electrons ejected from the focal volume. Ex-

perimental measurements of energy and angular distribution of electrons ejected

from the horseshoe focus indicate angular broadening and energy gain due to the

focussing forces directed towards the laser axis. Monte-Carlo simulations were

performed to analyze and verify the collimation and acceleration of electrons.

The simulations were able to reasonably reproduce the weak collimation observed



7. Conclusion 146

in experiments and predict the possibility of generating extremely high-energy,

narrow-divergence angle electron pulses in the ultra-high intensity regime.

There are many avenues for future studies and extensions to the research per-

formed in this thesis. On the optics side, iterative techniques can be explored

to generate designs based on single phase functions to generate the horseshoe fo-

cus without any polarization transformations. For the segmented optics design,

wavefront measurement and corrections can be used to correct for the intensity

asymmetries in the experimental horseshoe focus. The flexibility of modulating

the phase and polarization before the compressors can aid in simplifying the all-

reflective optics design for high-intensity laser systems. On the physics side, an

ultra-high intensity horseshoe focus with a petawatt-class laser can be used to

demonstrate vacuum acceleration of electrons to hundreds of MeV with narrow

divergence angle and possibly attosecond electron pulses through secondary pro-

cesses in overdense plasmas.260 Other types of annular modes such as radially

polarized beams may be compared with Laguerre-Gaussian modes with respect

to the effectiveness of collimation and acceleration of electrons and positrons.261

Physics studies investigating the effect of spatially shaped focal volume on electron

transport in plasmas may be useful for fast-ignition research where the electron

source characteristics at the critical density region may play an important role.

The intensity cavity of the horseshoe focus could be beneficial for laser-based in-

jection schemes,257,262 boosting the energy of plasma-accelerated electrons with a

trailing, spatially shaped laser beam. Since in the ultra-high intensity regime the

intensity-gradient forces can be strong enough to even confine protons, there is

a possibility of increasing the collision rates in Coloumb explosions of clusters263

and antiproton production rates264,265 with a spatially shaped focal volume.
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A. DEFOCUS PHASE DERIVATION

The near-field defocus phase (Φd) that shifts the focus from f to f + ∆z is given

by,266,267

Φd (r) ' π (∆z)

λ (f)2 r2, (A.1)

where r is the radial coordinate in the aperture of the optics and f is the focal

length of the final positive focusing lens. Defining f# = f/2ωo, β = R/ωo and

using Eqn. (A.1), the peak-to-valley defocus phase (in waves) at the edge of the

aperture of the optics can be expressed as

Φd (r = R) ' (∆z) β2

8λ (f#)2 (A.2)

Comparing Eqn. (A.1) with the quadratic phase of a lens, -πr2/f , the equivalent

focal length (feq) of the defocus phase element can be expressed as

feq =
−f 2

∆z
. (A.3)

In the optical layout, the defocus phase element is implemented using a combina-

tion of positive and negative lenses each having a focal length of magnitude (f0)

and separated by a variable gap (d). The back focal length (fbl) i.e. focal length

from the last surface of such a compound thin lens system for the case f0 À d is

given by268

fbl ≈ f 2
0

d
. (A.4)
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Equating Eqs. (A.2) and (A.3), the variable gap can be expressed in terms of

axial defocus as

d ' −∆z

(
f 2

0

f 2

)
. (A.5)
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B. FOCAL ELECTROMAGNETIC

FIELDS

The Newton-Lorentz equations that are numerically solved to calculate the

temporal evolution of the spatial position (~r) and momentum (~p) of electrons in

the electromagnetic fields ( ~E, ~B) of the laser focus are given (in atomic units) by

d~r/dt = ~p/γ, (B.1)

d~p/dt = −[ ~E + (~p× ~B)/(γc)].

In terms of the cartesian components of the fields (Ex, Ey, Ez; Bx, By, Bz), equa-

tions B.2 expands to the following coupled differential equations,

dx/dt = px/γ, (B.2)

dpx/dt = −[Ex + (pyBz − pzBy)/(γc)],

dy/dt = py/γ,

dpy/dt = −[Ey + (pzBx − pxBz)/(γc)],

dz/dt = pz/γ,

dpz/dt = −[Ez + (pxBy − pyBx)/(γc)].
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These coupled equations are solved by numerical integration of the position and

momentum variables with a fifth order Runge-Kutta method250 starting from a

pre-specified intial value for the spatial co-ordinate and momentum of the electron.

The initial momentum of the electron when it is released from the atom is assumed

to be zero109 and the initial random co-ordinates within the ionization focal volume

are fixed with an uniform random number generator. The numerical integration

procedure requires specification of the laser electromagnetic fields at the spatial

location of the electron for every time-step. The fields are calculated by a pre-

defined theoretical formula for the Gaussian, Doughnut and Horseshoe focus with

a Gaussian temporal envelope [F (t)] for the laser pulse. Defining the following

normalised parameters with the subscript j = g or d referencing the Gaussian or

Doughnut fields with peak-intensity Ig and Id respectively -

x̄j = xj/ωj, ȳj = yj/ωj, (B.3)

ρ2
j = x̄2

j + ȳ2
j ,

bj = kωj, sj = 1/(kωj),

where ρj is radial distance normalised to the beam-waist (ωj) , bj is the confocal

parameter (i.e. 2× Rayleigh range), k is the wavenumber - the cartesian compo-

nent of the focal fields derived under the paraxial approximation are given by,269
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(A) Gaussian focal fields ( ~Eg, ~Bg) :

(Eg)x = (
√

Ig)(iQg)(exp[−i(Qgρ
2
g − Tg)])Fg(t), (B.4)

(Eg)y = 0, (B.5)

(Eg)z = (
√

Ig)(−i2Q2
gsgx̄g)(exp[−i(Qgρ

2
g − Tg)])Fg(t). (B.6)

(Bg)x = 0, (B.7)

(Bg)y = (
√

Ig)(iQg)(exp[−i(Qgρ
2
g − Tg)])Fg(t), (B.8)

(Bg)z = (
√

Ig)(−i2Qgsgȳg)(exp[−i(Qgρ
2
g − Tg)])Fg(t). (B.9)

(B) Doughnut focal fields ( ~Ed, ~Bd):

(Ed)x = 0, (B.10)

(Ed)y = (
√

Id)(−iQ2
dρd)(exp[−i(Qdρ

2
d − Td)])Fd(t), (B.11)

(Ed)z = (
√

Id)(−i4Q3
dsdȳdρd)(exp[−i(Qdρ

2
d − Td)])Fd(t). (B.12)

(Bd)x = (
√

Id)(−iQ2
dρd)(exp[−i(Qdρ

2
d − Td)])Fd(t), (B.13)

(Bd)y = 0, (B.14)

(Bd)z = (
√

Id)(−i4Q3
dsdx̄dρd)(exp[−i(Qdρ

2
d − Td)])Fd(t). (B.15)

(C) Horseshoe focal fields ( ~Ehs, ~Bhs):



B. Focal electromagnetic fields 181

The horseshoe focal field which is a superposition of the Gaussian and Doughnut

focal fields (B.3 - B.14) is given by,

(Ehs)x = (Eg)x + (Ed)x = (Eg)x, [∵ (Ed)x = 0] (B.16)

(Ehs)y = (Eg)y + (Ed)y = (Ed)y, [∵ (Eg)y = 0] (B.17)

(Ehs)z = (Eg)z + (Ed)z. (B.18)

(Bhs)x = (Bg)x + (Bd)x = (Bd)x, [∵ (Bg)x = 0] (B.19)

(Bhs)y = (Bg)y + (Bd)y = (Bg)y, [∵ (Bd)y = 0] (B.20)

(Bhs)z = (Bg)z + (Bd)z. (B.21)

In the above equations, i=
√−1, Fj(t) = exp(−2log2(T̄j/(ωτp))

2) defines the

Gaussian temporal envelope with τp being the full-width at half-maximum pulse

duration and Qj determines the diffractive spreading of the fields. The axial

defocus of the doughnut focus with respect to the Gaussian focus is embed-

ded in the terms T̄j and Qj. For the Gaussian case : T̄g = (Ωt − kz) and

Qg = bj/(ibj + 2z) whereas for the Doughnut case : T̄d = (Ωt − k(z − ∆z))

and Qg = bj/(ibj + 2(z − ∆z)), where ∆z is the axial defocus and Ω is the

laser frequency. In the code, the time (t) is incremented as the laser pulse prop-

agates through the focal volume and the real part of the complex laser fields

calculated using the equations (B.3 - B.14) at every time-step is the input to

the Runge-Kutta procedure for numerical integration of the position and momen-

tum variables. The field components are also used to calculate the laser intensity

(∼ |E|2 = |Ex|2 + |Ey|2 + |Ez|2) at a particular spatio-temporal location.

The longitudinal corrections to the paraxial approximation of the laser field
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is derived from the first order term in the series expansion of the solution of the

Helmholtz equation in powers of parameter sj = 1/(kωj).
270

The inclusion of longitudinal components (Ez, Bz) of the laser fields is nec-

essary for the numerically defined electromagnetic fields to satisfy the Maxwell

equations. Note that in spite of the superposition of orthogonally polarized Gaus-

sian and Doughnut fields, the presence of longitudinal fields leads to coherent

combination terms in (Ehs)z, (Bhs)z [Eqns. B.18-19]. It is also possible to cal-

culate non-paraxial approximations to the Gaussian and Doughnut fields beyond

first order by retaining higher order terms in the series expansion. These higher

order terms will give rise to non-zero (Eg)y, (Ed)x, (Bg)x, (Bd)y leading to coherent

combination terms even in the transverse (x, y) field components [Eqns. B.16-17,

B.19-20]. The non-paraxial corrections will be significant for extremely tight focal

geometries (small f# closer to 1) when the magnitude of beam-waist becomes

comparable to the laser wavelength. In our experiments the f# ≈ 3.5 and the

beam waist (5 − 10 µm) is much larger than the wavelength of 1 µm. Hence

higher-order approximations were not included in the current version of the code.

Testing the effect of higher-order corrections on the electron dynamics in a tightly

focussed shaped laser focal volume can be the subject of future research.
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C. ADDITIONAL SIMULATION

RESULTS

To observe significant modifications to the energy and angular distribution

of electrons from the horseshoe focus as compared to a Gaussian focus of the

same peak-intensity (Ig), the intensity in the annular (doughnut) region of the

horseshoe focal volume has to be greater than a certain threshold value. Monte-

Carlo simulation of electron trajectories were performed by scanning the intensity

of the doughnut focus (Id) for a fixed peak-intensity in the plug region (Ig) of

the horseshoe focus, to ascertain the threshold intensity factor α = Id/Ig. The

energy-angle curve obtained by post-processing the simulated momentum data,

for α = (a) 0.03 (b) 0.1 (c) 0.25 (d) 0.35 corresponding to Id[W/cm2] = (a) 9 ×
1017 (b) 3× 1018 (c) 7.5× 1018 (d) 1019 with Ig[W/cm2] = 3× 1019, is shown in

Figure C.1a-d. The energy-angle curve for a Gaussian focus with peak-intensity

(Ig) of 3 × 1019W/cm2 is shown in Figure C.1(e). Comparing the two set of

plots (Fig C.1a-d and Fig. C.1e) indicates that for α = 0.03 and 0.1, there

is no difference between the energy-angle curve for the horseshoe and Gaussian

focus. On the other hand for α = 0.25 and 0.35, there is a clear difference in the

energy-angle curve, with the electrons from the horseshoe focal volume ejected
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Fig. C.1: Energy-angle curves for electrons ejected from a horseshoe

focus (a-d) and Gaussian focus (e) with the same peak-intensity of

3 × 1019 W/cm2. The intensity in the annular region of the horseshoe

focus is (a) 9 × 1017 (b) 3 × 1018 (c) 7.5 × 1018 (d) 1019 W/cm2. For case

(c) and (d), the electrons from the horseshoe focus are ejected with a

significantly higher energy and lower angles than the Gaussian focus.

with a significantly greater energy and into lower angles with respect to the laser-

axis as compared to the Gaussian focus. This suggests that the collimation and

acceleration of electrons by spatial intensity shaping of focal volume occurs for

α greater than a value of approximately 0.2; corresponding to Id = 6 × 1018

W/cm2 in the doughnut focus and a peak-intensity of Ig = 3 × 1019 W/cm2

in the plug region. Similar conclusions can be drawn by comparing the energy

spectrum and angular distribution plots for the horseshoe (Fig. C.2a-d and Fig.

C.3a-d) and Gaussian focus (Fig. C.2e and Fig. C.3e) respectively. In this

case the horseshoe focus leads to an energy spectrum with higher cut-off energy

and a greater broadening of angular distribution into lower angles (< 70◦) with

respect to the laser-propagation direction than the Gaussian focus. Even for

α values greater than 0.2, the collimated electrons constitutes the tail in the
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Fig. C.2: Angular distribution of electrons ejected from a horseshoe

(a-d) and Gaussian focus (e) with the same peak-intensity of 3 × 1019

W/cm2. The intensity in the annular region of the horseshoe focus is

(a) 9× 1017 (b) 3× 1018 (c) 7.5× 1018 (d) 1019 W/cm2. For case (c) and (d),

the electron counts below 70◦ is significantly greater for the horseshoe

focus as compared to the Gaussian focus.

simulated distribution (see Fig. C.2c-d and Fig. C.3c-d) which may or may not

be experimentally detectable depending on the actual experimental counts and

detection threshold. The required value for the experimental threshold intensity

factor α may be greater than 0.2 and fall within a range. Since Id > 1.5 × 1019

W/cm2 is nearly equal (within a factor less than 2) to the peak-intensity (Ig)

of 3 × 1019 W/cm2, the upper bound on the range of α can be considered to

be approximately around 1.5/3 = 0.5. The universal scaling of α (including the

magnitude of lower and upper bound) will be a function of Ig, charge-states and

spatial-intensity distribution indirectly through the fractional ionization volume.

The barrier-supressed ionization threshold intensity of 1.2 × 1018 W/cm2 for

charge state 19 corresponds to the intensity between the transition from neglible

(α = 0.03) to significant (α = 0.25) modifications to the electron distribution.
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Fig. C.3: Energy spectrum of electrons ejected from a horseshoe (a-d)

and Gaussian focus (e) with the same peak-intensity of 3×1019 W/cm2.

The intensity in the annular region of the horseshoe focus is (a) 9 ×
1017 (b) 3 × 1018 (c) 7.5 × 1018 (d) 1019 W/cm2. For case (c) and (d),

the electrons from the horseshoe focus are ejected with a significantly

higher cut-off energy than the Gaussian focus.

This indicates that doughnut intensities well above the relativistic intensity of

1018 W/cm2 will determine the threshold intensity factor required for electron

collimation and acceleration.


