
Chapter 1

Introduction

Since the first implementation of a Laser system by Maiman [1] in 1960,

there has been immense technological advancements in the field in the past sixty

years. With the introduction of the path-breaking Chirped-Pulse Amplification

(CPA)[2] technique, production of amplified femto-second duration pulses with

petawatts of power have become a reality. When these high-intensity lasers

are made to interact with any material, ionization of the material occurs

almost instantly forming plasma. The plasma generated by the laser field

can sustain high electromagnetic fields and is a rich area for many physical

mechanisms. With the use of very high intensity lasers, any plasma electron

in the laser field in a single laser period acquires velocity close to the velocity

of light. The relativistic limit for electrons are exceeded with lasers of peak

intensity, I0 ∼ 1018 − 1023Wcm−2. Led by the particle-driving potential of these

high-powered lasers, a diverse new field- “laser-driven particle acceleration”

emerged and flourished in the recent years. These advanced particle accelerators

which uses an ultra-short, ultra-intense laser pulse interacting with a plasma,

stands as a potent alternative to conventional radio-frequency oscillators such

as linear accelerators (Linacs), cyclotrons, synchrotron etc. The maximum

acceleration gradient achieved using a linac is of the order of MeV/m, compared

to MeV/µm [3] accelerating gradients provided by a picosecond pulsed intense

laser pulse in plasma [4, 5, 6, 7, 8]. A room-sized (few metres), state-of the

art laser system thus immensely cut down the size of the accelerator system,

which is a huge advantage over kilometres-long standard particle accelerators.

Apart from the generation of high energetic particle beams, the study of matter

in presence of an intense laser field and the motion of the particles has led to

the generation of x-ray free-electron lasers (x-FELs) [9, 10, 11], spontaneous
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magnetic field formation [12, 13], high harmonic generation [14, 15, 16], several

instabilities and non-linear structure formation [17, 18], etc.

1.1 An overview on laser-driven particle accel-

erators

The concept of plasma-based particle acceleration was introduced by

Vladimir Veksler in 1957 [19] even before the creation of laser. Tajima

and Dawson [20], thereafter, proposed the first idea of a laser-based

electron accelerator where the electromagnetic field of the laser drives

a plasma wakefield that traps electrons and drive them to high energies.

The motivation behind the innovative idea to utilise the extraordinary

properties of lasers and plasma to accelerate particles comes from certain

limitations of conventional particle acceleration mechanisms. The break-

down voltage of about 100MV/m requires the Linacs to have massive

kilometre-long beam-lines. The huge manufacturing and maintenance cost

limits its application in the somewhat lower (sub-GeV) energy sector.

As the plasma is not limited by any breakdown voltage, extremely high

accelerating gradients could be achieved in plasma in a much smaller re-

gion. It has been found that gradients of several TV/m [3] could be

achieved in plasma which accelerates electrons to several GeVs of ener-

gies and protons to several MeVs of energies.

The electrons can directly acquire energy from the presently available in-

tense lasers, however, ions, due to their higher masses usually depend

on the electron motion to get accelerated. The laser intensity at present

is not enough to directly drive ions to relativistic speeds. The strong

quasi-static charge separation field created due to the displacement of

the relativistic electrons causes the ions to dash along the direction of

electron motion. The first experimental observation of multi-MeV protons

using solid targets of few micron thickness was made independently by

three groups in the year 2000 [21, 22, 23]. Special attention was gar-

nered by Snavely, et al. [23] where 58 MeV protons were produced from
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the rear-side (opposite to the laser-irradiated side) of the target in a well

collimated manner. They used a wedge shaped target with the flat sur-

face getting exposed to the laser pulse and found two beams of protons

emitting perpendicular to the two rear edges. The theoretical explanation

of the process was given by Wilks, et al. [24] in 2001 by introduc-

ing the model of Target Normal Sheath Acceleration (TNSA), where the

protons are accelerated along a direction normal to the surface of the

target rear-side. In TNSA, the electrons heated up by the laser pulse

travel through the target length and form a negatively charged sheath

near the rear surface of the target. The ions (predominantly the protons

present as impurities) are accelerated from the target bulk towards the

rear-side sheath to restore the charge neutrality. This mechanism is the

most well-researched and well-understood way of accelerating ions till date

although having certain shortcomings like, low energy scaling and broad

energy spectra. Additionally there are several other acceleration processes

like the Radiation Pressure Acceleration, Shockwave Acceleration, Coulomb

Explosion etc. to name a few. A detailed discussion on each will be

made in the upcoming sections of the chapter.

All the studied mechanisms of accelerating ions fall short in attaining a

desirable energetic ion beam having all-round beam properties. These ion

acceleration schemes require further improvements in terms of beam en-

ergy and flux. To attain these goals, the target and laser parameters are

extensively tuned. It is found that the ion beam characteristics depend

on the laser and target parameters immensely and in a complicated man-

ner. Laser-driven ion acceleration has been proven to be a fertile and

growing field of research that requires further studies and optimization

for the cultivation of the energetic ions in certain applications.

1.2 Current and prospective applications of

laser-driven ions

Several application sectors can get benefited by the inclusion of laser-

driven energetic ions because of their easy accessibility and high tun-
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ability. Some of such applications which can utilise such ion-beams are

discussed below:

Hadron therapy

One of the most fantastic features of protons of MeV strength is their

ability to deposit a large amount of the energy at the end of their path

inside matter. When a fast moving charged particle travels inside matter

it loses its energy to the surrounding material via collisions. The colli-

sion cross-section is inversely proportional to the energy of the particle,

which reaches a peak at a certain distance in its path. This peak is

known as the Bragg peak. Unlike electrons and gamma radiations, for

ions, the Bragg peak is located at the end of their path making an ion

beam suitable in tumour therapy [25] [Fig.1.1]. The localized treatment

using protons and heavier ions reduces the collateral damages to healthy

surrounding tissues in a significant manner. Depending on the site, size

and stage of development of the cancerous growth, an ion beam of suit-

able initial energy can be administered to the patient requiring radiation

treatment. Fig 1.2 shows the use of ion beams instead of conventional

radiations in the treatment of malignant growth.

Such hadron therapies has now been successfully performed mostly with

protons and carbon ions to patients in many countries across the globe.

The conventional hadron therapy centres require cyclotrons or synchotrons

for the acceleration of the ions. These ions are directed in beamlines

with huge magnets to the treatment centre. These are then bent at

appropriate angles using a large gantry depending upon the location of

the cancer in the patient’s body. The bulky accelerator system and the

extensive beamline infrastructure has a very high installation and main-

tenance cost (exceeding 100M USD) which makes the treatment very ex-

pensive for the patients.

Laser plasma accelerated ions has the potential to reduce the issue

of high cost because of its compressed size [28, 29, 30, 31]. The laser

parameters could be easily tuned to adjust to the requirements of a par-

ticular patient. The ion source can also be varied which makes the en-
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Figure 1.1: Dose deposition curve for X-rays, electrons, neutrons, and ions. The electrons,
neutrons and X-rays have a continuous curve with high energy deposition outside of the targeted
tumour region. The Bragg peak of the ion can be adjusted by varying the initial energy of
the beam. For a larger target area the ions of different energies are modulated to form the
Spread-out Bragg peak (SOBP) [26]

Figure 1.2: Radiation-therapy versus proton-therapy: The X-rays penetrate the tissue and
deposit their energy continuously along the path. In contrast, a proton beam can be subjected
to a localized region inside the body to destroy the malignant cells with a high precision.
The healthy surrounding tissue gets minimally affected. The colour intensity represents the
strength of the dose deposition. [27]

tire system highly customisable. Moreover, the laser beam can be guided

using mirrors which may significantly reduce the use of bulky magnets

and complex gantry systems. These factors provide an upper hand to

these plasma-based accelerators over the conventional ones leading to an

increased interest on these alternate acceleration studies among the re-

search community. The affordability and the degree of precision that
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could be provided by these laser-acceleration based therapy centres can

greatly help mankind in its fight against cancer. However, these laser-

based ion sources are still in the basic level of research, far from reaching

the medical centres on a commercial platform. This is mainly because

of the high energy spread and low energy of the ion beams than that

required for medical treatment. The treatment of a deep-lying tumour

inside the human body requires mono-energetic (energy spread ≤ 5%)

protons of energy ∼ 250 MeV or carbon ions of energy ∼ 400 MeV.

Moreover, to properly destroy the cancerous cells, a dose of 2 − 10 Gy

(1 Gy = 1 J/kg) in a few minutes is essential. This means a dose con-

sisting of ∼ 1010 protons per second of energy ∼ 250 MeV is required.

Although at present such a high number of protons can be generated

in a single shot, the repetition rate of most high power laser system is

much lower than the requirement. Therefore, the broad (almost 100%)

energy spread and low ion energies along with the low repetition rate of

the lasers are the major hindrances that need to be addressed for the

laser-driven ion beams to be commercially applicable in cancer therapy.

Proton radiography

The spatial and temporal resolution of the laser-accelerated proton

beams make them a fine agent for proton probing. Reported in 1968,

it was found that with a proton beam of range equal to the thick-

ness of the object, a high contrast radiographic film can be generated

[32]. The individual protons act like point sources and any object placed

in front of these sources are probed to form images of high resolution.

This technique can be utilised for the detection of electric and magnetic

fields inside the plasma by tracing the deflections of the proton beams

[33, 34, 35, 36]. The differential attenuation or scattering of the ion

beam inside the target sample helps in the evaluation of its areal den-

sity. The detector system coupled with radio-chromic films (RCFs) or

CR39 determines the energy range of the probe beam using the spatial

intensity distribution on each layer. The energy spread also enables a

multi-frame capacity to the imaging technique. As the target sample is
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located at a finite distance from the probing source, a difference in the

proton energy results in a difference in their time of arrival at the sam-

ple. Each layer of the detector stack retains information of individual

times of the protons hitting the sample. Therefore, the imaging can be

temporally resolved with discretized time frames. A typical schematic of

the proton radiography set-up from laser-accelerated protons is shown in

Fig. 1.3(a). The second laser (CPA2) hits the proton target and causes

the protons to accelerate and emit in the form of a beam. The emitted

proton beam then probes the plasma that is created by the first laser

pulse (CPA1). The stack of RCF records the electric field evolution in

time and generates the multi-frame image depending on the energy of

the emitted protons.

Compared to conventional proton sources, laser-plasma sources are bet-

Figure 1.3: (a) A schematic of the experimental set-up of the proton radiography tech-
nique using lasers-plasma interaction [37]. (b) Ionographic image of a spider web with insects
attached. The web hairs of width smaller than 1µm are resolved [38].

ter at resolving small objects with excellent sensitivity whose sizes are

of the order of the attenuation length of the proton kinetic energy. Fig

1.3(b) shows the ionography images of a spider web where the different

structures are visible with resolutions less than 1µm [38].

Generation of warm dense matter

The studies on extreme states of matter mimicking the stellar envi-

ronment is of great interest for unravelling the mysteries of space and

astrophysics. Such states having immensely high temperatures and densi-
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ties break through the known regimes of both condensed matter physics

and weakly coupled plasma physics. Such exotic matter has relevance

in the context of fusion processes. The warm dense matter (WDM) is

created by uniformly heating a solid material of large volume. Due to

the high density of the target, lasers can penetrate and heat it only

upto the skin depth making it unsuitable for the creation of WDM. On

the contrary, ion beams have a penetration length and their Bragg peak

at a larger depth inside the target helps in a much stronger volumetric

heating. It is important to keep the duration of heating below the time

scale of a significant hydrodynamic expansion. Hence the heating process

is termed as ‘isochoric heating’. Conventionally-accelerated ion beams have

a notoriously high beam pulse duration which causes a premature expan-

sion of the target without reaching the chosen temperature. The short

pulse duration of the laser-accelerated ions serve beneficial in uniformly

heating the target material without causing significant target expansion.

A focused ion beam was reported to produce a warm dense plasma state

of volume 500µm3 having temperature higher than 20 eV [39].

Fast ignition of fusion fuel

One of the methods to achieve fast ignition of fusion fuel is the in-

ertial confinement fusion (ICF) where the Deuterium-Tritium (DT) fuel

is compressed to ultra high densities (1026cm−3). The extreme compres-

sion ignites the centre of the fuel to high temperatures so that the

Coulomb barrier is penetrated and the deuterium and tritium atoms can

fuse to form helium atoms and release a substantial amount of energy

(17.6 MeV). A degree of symmetry is essential to uniformly compress

and reach a stage of ignition in the micron-sized spherical fusion pel-

let. A way of relaxing this stringent condition is a mechanism called

‘fast ignition’. Here, the fusion pellet is first compressed using a bunch

of synchronized high power laser. Thereafter, a burst of energy wave is

made to hit the pre-compressed fuel which ignites and starts fusion re-

action at the centre. Laser-accelerated particles could provide the energy

boost required to initiate the fusion conditions [40, 41, 42]. Electrons
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driven by a second intense and short laser pulse hits after the sym-

metrical compression of the pellet. However, the near-exponential energy

deposition curve of the electrons make it difficult to focus the energy at

a fixed spot to attain ignition. Protons on the other hand are capable

of getting rid of this obstacle due to their localised Bragg peak, and

were therefore proposed as an alternative fast ignitor [43]. Laser-driven

protons of energy in the MeV range are focused on the hot point of the

fuel to attain temperatures required for fusion. The temporal dispersion

of the proton beam has been shown to enhance the heating of the fuel

core [44, 45]. Apart from protons, other massive ions (especially carbon

ions) have also shown increased efficiency as an ignitor in the fast ig-

nition scheme [46, 47]. The requirement to use laser-driven ions as a

fast ignitor for a standard pellet size is that the beam should be mono-

energetic with an energy spread
∆ε

ε
< 10% with proton energy around

10 − 30 MeV and carbon energy ∼ 450 MeV. A schematic of the fast

ignition arrangement is shown in Fig. 1.4.

Figure 1.4: Fast ignition of fusion fuel using laser accelerated proton beam. The proton
beam is focused on the compressed pellet using a shaped laser target [43].

1.3 Electromagnetic waves in Plasma

Plasma as a state of matter comprises of charged particles (both pos-

itive and negative), with their motions governed by the long-ranged self-
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consistent electrostatic force between the components [48]. A plasma state

is achieved in presence of extremely high temperatures or electric fields.

Therefore, the irradiation of a super-intense laser field immediately ionises

the target material and create plasma. The ionization threshold of the

target material is very low compared to the peak intensity of the laser

pulse and as a result the target is transformed to a plasma state even

before the laser peak hits it.

The laser, essentially being an intense electromagnetic wave, is governed

by the Maxwell’s equations, (in cgs system)

∇⃗.D⃗ = 4πρ (1.1)

∇⃗.B⃗ = 0 (1.2)

∇⃗ × E⃗ = −1

c

∂B⃗

∂t
(1.3)

∇⃗ × B⃗ =
4π

c
J⃗ +

1

c

∂E⃗

∂t
(1.4)

Here, E⃗ and B⃗ are the electric and magnetic fields; ρ and J⃗ are the

charge and current densities respectively, and c is the velocity of elec-

tromagnetic wave in vacuum. D⃗ is the electric displacement vector and

D⃗ = E⃗ for a fully ionized propagating media.

The equation of the electromagnetic wave derived from the Maxwell’s

equations is thus given by,

∇2E⃗ − ∇⃗(∇⃗.E⃗) =
4π

c2
∂J⃗

∂t
+

1

c2
∂2E⃗

∂t2
(1.5)

For a linear polarized wave of angular frequency ω and wave number k

propagating along z⃗ with the polarization of the electric field along x̂,

the solution of the wave equation (1.5) is given by

E⃗ = x̂E0e
−i(ωt−kz), (1.6)

B⃗ = ck⃗ × E⃗

ω
, (1.7)

k⃗ × E⃗ = 0 (1.8)
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While the electromagnetic wave is propagating inside a plasma medium,

the constituent charged particles of the medium (predominantly the elec-

trons due to their high charge by mass ratio), starts responding to the

electromagnetic field. The ions are considered immobile for this treat-

ment as they have a much higher response time. The motion of an

electron with mass me having velocity v⃗ is determined by the Lorentz

force equation,

me
dv⃗

dt
= me

[
∂v⃗

∂t
+ v⃗(∇⃗.v⃗)

]
= −e

[
E⃗ +

1

c
(v⃗ × B⃗)

]
(1.9)

For weak electric fields, the electron velocity is significantly low and the

second-order terms in the force equation (v⃗(∇⃗.v⃗ and v⃗ × B⃗)can be ne-

glected. Thus,
∂v⃗

∂t
= − e

me

E⃗ (1.10)

Thus the current density of the electrons in the plasma medium of den-

sity n0 will be,

J⃗ = −en0v⃗ (1.11)

and
∂J⃗

∂t
= −en0

∂v⃗

∂t
=

n0e
2

me

E⃗ (1.12)

The above equation can be re-written using the electron plasma oscilla-

tion frequency ωpe =

√
4πn0e

2

me

as

∂J⃗

∂t
=

ω2
pe

4π
E⃗ (1.13)

Using equation (1.6), the above equation becomes,

J⃗ =
iω2

pe

4πω
E⃗ = σE⃗ (1.14)

Here, σ =
iω2

pe

4πω
is the plasma high-frequency conductivity. To deduce

the dispersion relation of an electromagnetic wave of frequency ω inside

a uniform plasma medium (∇⃗.E⃗ = 0) of electron plasma frequency ωpe,
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equation (1.12) is substituted in equation (1.5) and using equation (1.6),

ω2 = ω2
pe + k2c2 (1.15)

The dispersion relation states that the propagation of the electromagnetic

wave (k2 > 0) inside the plasma medium occurs only if ω > ωpe. On

the contrary, if ω < ωpe, the electrons obtain enough time to respond

and shield the fields of the incident wave. As a result, the wave be-

comes evanescent (k2 < 0) and the energy gets absorbed inside such a

plasma medium [49]. The electric field exponentially decays inside the

medium and the characteristic length is called the collisionless skin-depth

δs = c/ωpe. These two conditions define a limiting criterion where k⃗ = 0

i.e. ω = ωpe. This condition is fulfilled when the plasma density is of

a critical value termed as ‘critical density’, nc =
meω

2

4πe2
. Thus, when a

plasma has density greater than the critical density, the wave gets ab-

sorbed inside the medium and the plasma is termed as ‘overdense’. Con-

versely, the incident wave propagates inside an ‘underdense’ plasma with

density less than the critical density. The critical density is obtained for

a plasma when its density becomes equal to (1.11× 1021λ−2
µm)cm

−3, where

λµm is the wavelength of the incident wave in micrometres. The prop-

agation or absorption of the electromagnetic wave inside the plasma is

determined by the electron-plasma frequency and the refractive index of

the plasma for a wave of frequency ω is η ≃
√
1−

ω2
pe

ω2
.

1.3.1 Single electron interaction with a laser field

For a simplified understanding, the impact of the laser field on a single

electron is considered [50]. A plane polarized wave will have

E⃗(z⃗, t) = E0e
−i(ωt−kz)ζ̂ (1.16)

where, ζ̂ is a complex polarization vector. For linear polarization, ζ̂ = x̂

and for circular polarization, ζ̂ =
1√
2
(x̂ ± ŷ). Considering weak electric

field strengths, v ≪ c and thus the second order term in the Lorentz
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force equation may be neglected. Solving the equation,

v⃗ = − ie

meω
E⃗ ⇒ r⃗ =

e

meω2
E⃗ (1.17)

For linear polarization, the electron trajectory is a straight line along the

direction of polarization, and for circular polarization, it is a circle in the

x-y plane. To represent the threshold where the non-linear effects start

appearing, a dimensionless parameter is defined, viz, the laser strength

parameter, a0, which is the ratio of the maximum quiver velocity of the

electron to the velocity of light in vacuum,

a0 =
eE0

meωc
(1.18)

For lasers with a0 < 1, the electron motion remains non-relativistic,

whereas for lasers with a0 > 1 the non-linear terms start contributing

and the electron motion becomes relativistic. In practical terms, a0 can

be defined as

a0 = 0.85

(
I0λ

2
µm

1018Wcm−2

)
(1.19)

For lasers with a0 > 1 corresponding to peak laser intensity I0 > 1.37 ×
1018Wcm−2, the magnetic field is strong enough to start contributing

in the electron motion. The electron velocity becomes relativistic and

the Lorentz relativistic factor γ =

√
1 +

a20
2

becomes significantly high.

The solution to the electron trajectory now require the fully non-linear

treatment. Considering the wave with vector potential,

A⃗ = A0[x̂ςcosϕ+ ŷ(1− ς2)1/2sinϕ] (1.20)

Where, ϕ = (kz − ωt) and ς ≤ 1 defines the polarization of the incident

wave so that ς = 1 or 0 corresponds to linear polarization along x̂ or ŷ

respectively. For circular polarization, ς = ± 1√
2
. Solving the equation of
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motion, the trajectory of the electron can be obtained implicitly as

x̂ = −ςa0sinϕ (1.21)

ŷ = a0(1− ς2)1/2cosϕ (1.22)

ẑ =
a20
4

[
−ϕ−

(
ς2 − 1

2

)
sin2ϕ

]
(1.23)

As a result, for a linearly polarized case, the electron motion will be

Figure 1.5: (a) Electron trajectory in a single-frequency plane-polarized wave of dimen-
sionless amplitude a0. (b) The electron trajectory in a presence of a circularly polarized wave
of a0 = 2. (Adapted from [50])

oscillatory along the polarization direction. In the longitudinal direction,

there is a superposition of oscillatory motion at twice the laser-frequency

and a drift motion along the propagation direction. For higher laser am-

plitudes (a0 ≫ 1), the magnetic field dominates the electron motion and

linear term in ϕ give rise to an effective displacement of the electron in

the longitudinal direction with a drift velocity given by vd =
ca20

a20 + 4
. The

longitudinal drift motion along with the transverse oscillatory motion re-

sults in a figure-8 pattern in the electron frame of reference. The electron

motion in presence of such relativistic fields is shown in Fig 1.5. For cir-

cularly polarized lasers, the electron attains a longitudinal drift along the

otherwise transversely circular motion. This results in a helical trajectory

with a longitudinal axis having radius Rc =
a0√
2k

=
a0λ

2
√
2π

in the x-y

plane. For a continuous laser, an electron in vacuum does not gain any

energy from the laser as the amount of energy gained is immediately

reverted back to the field as the laser passes (the Lawson-Woodward
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theorem). However, this “no-acceleration” theorem can be avoided by the

use of a focused, short envelop of laser field. Such laser pulsed may

help the electron to de-phase from the laser field. Now, when the laser

is stopped in its course as it reached the critical layer of the plasma

medium, the excited electron may propagate uninhibited inside the plasma

attaining the energy from the laser pulse. Such focused lasers may gen-

erate electrons with MeVs of energies in a single optical cycle.

1.4 Ponderomotive force and potential

In reality, the laser used for the interaction studies are not continuous

and perfectly monochromatic, and are rather spread out in both space

and time as small bunches of strong electromagnetic radiations. Such

packages or pulses help in setting up a finite motion of the interacting

electrons. These laser pulses have variations in the intensities both spa-

tially (i.e. along the directions perpendicular to the laser motion) and

temporally (i.e. along the laser propagation direction). The spread in the

transverse and longitudinal directions define two important parameters of

the laser, viz, the spot size and the temporal pulse duration respectively.

Usually, a laser pulse has a Gaussian shape both spatially and tempo-

rally and these parameters are defined by the full-width at half-maxima

(FWHM) of the corresponding spatial and temporal spreads. These types

of variations in the intensities of the laser give rise to a non-linear force

known as the ‘Ponderomotive force’ which explicitly arises due to the

interaction of an electron with an inhomogeneous electromagnetic field.

For an electromagnetic wave having a spatial variation in the electric

field, E⃗ = E⃗s(r⃗)cosωt. Solving the Lorentz force equation, for an initial

position r0,

v⃗1 = − e

meω
E⃗ssinωt (1.24)

δr⃗1 =
e

meω2
E⃗scosωt (1.25)
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The v⃗ × B⃗ in the first order becomes zero because both the vectors

individually vanish at equillibrium, leaving the first order values v⃗1 , B⃗1

and r⃗1. Now, expanding E⃗(r⃗) about r0,

E⃗(r⃗) = E⃗(r⃗0) + (δr⃗1.∇⃗)E⃗|r⃗=r⃗0 + ... (1.26)

The second order part of the Lorentz force equation may be written as

me
dv⃗2
dt

= −e

[
(δr⃗1.∇⃗)E⃗ +

v⃗1 × B⃗1

c

]
(1.27)

Using Maxwell’s law to obtain the value of B⃗1,

B⃗1 = − c

ω
∇⃗ × E⃗s|r⃗=r⃗0sinωt (1.28)

Substituting these values in equation [1.27] and taking the time average,

me

〈
dv⃗2
dt

〉
= − e2

2meω2
[(E⃗s.∇⃗)E⃗s + E⃗s × (∇⃗ × E⃗s)] (1.29)

Using the vector identity

E⃗s × (∇⃗ × E⃗s) =
1

2
∇⃗E2

s − (E⃗s.∇⃗)E⃗s (1.30)

Thus, the time-averaged non-linear force on a single electron may be

written as 〈
f⃗p

〉
= me

〈
dv⃗2
dt

〉
= − e2

4meω2
∇⃗
〈
E2

s

〉
(1.31)

The corresponding ponderomotive potential is given by

Φp =
e2

4meω2
E2

s =
mec

2

4
a20 (1.32)

The cycled-average energy attained from the laser field by an oscillating

electron is the quiver energy and is given by

kBTe = mec
2(γ − 1) = mec

2

(√
1 +

a20
2

− 1

)
(1.33)
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The total force on the electrons per unit volume in a plasma of electron

density ne is

F⃗p = ne

〈
f⃗p

〉
= −

ω2
p

16πω2
∇⃗
〈
E2

s

〉
(1.34)

The ponderomotive force becomes dominant as the laser intensity becomes

relativistic. This force is proportional to the electron charge density and

the gradient of the square of the electric field. Moreover it is directed

opposite to the gradient of the electric field. As a consequence of this

ponderomotive force, the electrons are expelled from regions of high field

intensities. As this force is proportional to e2, it is charge independent

but the presence of the mass-term in the denominator makes its effect

on heavier ions rather small. When the electrons are influenced by the

ponderomotive force, their displacement creates a charge separation field

E⃗cs. Therefore, the total force experienced by the electrons,

F⃗e = −eE⃗cs + F⃗p (1.35)

Since F⃗p is small in case of ions, the total force experienced by the ions

F⃗i = eE⃗cs (1.36)

Thus, the total force on the system

F⃗total = F⃗p (1.37)

In case of a Gaussian shaped laser pulse, the gradient of the electric

field is directed inwards and therefore, due to the effect of the pondero-

motive force electrons are ejected out of the Gaussian pulse both in the

transverse and longitudinal directions as seen in Fig 1.6.

The polarization of the laser determines the oscillation characteristic of

the ponderomotive force. For linear polarization, E⃗ = x̂E⃗s(r⃗)cosωt. There-

fore,

f⃗p,LP = − e2

8meω2
∇⃗[E2

s (r⃗)(1 + cos(2ωt))] (1.38)

17
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Figure 1.6: Ponderomotive force on electrons in presence of a Gaussian pulse. The electrons
are ejected from the pulse centre both in the transverse and longitudinal directions.

And, for circular polarization, E⃗ =
1√
2
[x̂E⃗s(r⃗)cosωt ± ŷE⃗s(r⃗)sinωt] and

therefore,

f⃗p,CP = − e2

4meω2
∇⃗E2

s (r⃗) (1.39)

The ponderomotive force in the linear case consists of a slow varying

steady component (the first term) and an oscillating component (second

term) with frequency 2ω. On the other hand, the circularly polarized

case consists of only a slow varying steady term.

1.5 Relativistic laser effects

When the field amplitudes of the laser are sufficiently high (a0 > 1)

and the electron motion becomes relativistic, the dispersion relation of an

electromagnetic wave in a plasma medium (equation 1.15) gets modified

to accommodate the relativistic correction in the electron mass as

ω2 = ω′2pe + k2c2 (1.40)

Here, ω′pe =
ωpe√
γ

=

√
4πn0e

2

γme

is the relativistically modified plasma fre-

quency. Therefore in the relativistic case, the plasma frequency is re-

duced by a factor of
√
γ, but since γ is dependent on a0, the cycled-

average value γ =

√
1 +

a20
2

is considered. Correspondingly, the critical

density is also modified as ncr = γnc. Thus for relativistic laser in-
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1.6. Ultrashort intense laser pulses

tensities, the critical density layer gets shifted towards higher density

and the intense laser can penetrate for a longer distance in a plasma

medium of increasing density. This effect of intense laser is termed as

the ‘relativistically-induced transparency’. The relativistic correction modi-

fies the optical properties of the plasma medium through the alteration of

the refractive index given by η =

√
1−

ω′2pe
ω2

. With a Gaussian-like spa-

tial variation in the laser intensity profile where the intensity is peaked

at the axis (r = 0), then γ(r = 0) > γ(r > 0). As a result, the η(r) will

have a maximum on axis. The phase velocity will thus have a spatial

variation, with the wave travelling slower where intensity is higher (high

a0) leading to an inward curvature in the laser wave-front, causing the

laser to converge. The spatial variation in the laser intensity results in

the optical guiding of the laser and this phenomena is known as the ‘rel-

ativistic self-focusing’. The threshold power above which the self-focusing

effect occurs is given by Pc = 17

(
nc

ne

)
GW . The focusing effect continues

till it reaches the diffraction limit of the laser. The self-focusing phenom-

ena consequently leads to self modification of the spatial and temporal

profiles of the laser inside the plasma medium. As discussed in the pre-

vious section, the use of a Gaussian shaped pulsed laser ejects out the

electrons radially from the laser centre by the action of the pondero-

motive force. The electron evacuation process ultimately effects the ion

motion due to the charge-separation field. This creates a density drop

on the axis [ne(r = 0) < ne(r > 0)]. As a result, the refractive index at

the axis will get modified which will lead to the focusing of any trailing

pulse propagating inside the medium. This ‘ponderomotive self-focusing’

enhances the effect of the self-focusing induced due to relativistic fields

of the laser.

1.6 Ultrashort intense laser pulses

The generation of intense ultra-short pulse was an extremely challeng-

ing job before the invention of the Chirped Pulse Amplification (CPA)

technique by Mourou and Strickland [2]. As the laser intensity (I0) is in-
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versely proportional to the laser pulse duration (τ), compressing the laser

pulse beyond the nanosecond limit using cascaded amplifiers makes the

peak intensities extremely high. As a result, the non-linear portion of the

refractive index becomes significantly high which leads to non-linear ef-

fects like self-focusing and damages the optical medium. The introduction

of CPA helped in getting rid of these issues and compressed femtosecond

pulses having peak power of the order of petawatts could be generated.

In CPA-laser systems, an ultrashort laser pulse of moderate intensity is

first stretched temporally and then amplified to the targeted intensity,

before compressing it back to achieve an ultrashort pulse of high in-

tensity. Although seemingly simple, the proper implementation of a CPA

procedure is full of challenges. The compressibility of the pulse is limited

by the material damage threshold of the pulse compressor grating which

is subjected to extremely high energetic laser beams. Although it is a

widely known concept that a laser is a coherent, monochromatic beam

of electromagnetic radiation, any laser pulse as a matter of fact has a

finite frequency bandwidth. The pulse duration (τ) is dependent on the

bandwidth (∆ω) of the laser gain media as τ ≥ k

∆ω
, where the constant

k is dependent on the shape of the pulse. For a Gaussian pulse with

temporal profile ∝ e−(t/τ)2 , τ∆ω ∼ 1. Therefore an extremely short pulse

will have a broad bandwidth.

The existence of the finite temporal spread in the pulse causes the target

to encounter irradiances starting from zero to the peak value as the laser

propagates. A clean Gaussian ultrashort pulse is realistically difficult to

obtain. The presence of any structure in the intensity profile at a earlier

time before the arrival of the peak laser can ignite the solid target at

the interaction region and create plasma. Such structures are referred to

as ‘pre-pulses’ and are often caused by the amplified spontaneous emis-

sion (ASE) of the amplifiers or due to leakage from Pockel cells and may

spread out upto nanoseconds in time. These prepulses are advantageous

where target heating is essential and facilitates efficient generation of hot

electrons. The prepulses also aids the production of x-rays. However,

their presence has a negative impact in those cases where keeping the
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1.7. Laser absorption mechanisms in plasma

solid target intact is crucial. For such cases, the prepulse intensity must

be kept below the ionization threshold of the target material to avoid

plasma production in the interaction site before the arrival of the pulse

peak. The intensity of the ASE is defined by a term known as the

contrast ratio which is the ratio of the peak pulse to the ASE intensity.

A high contrast ratio laser pulse is used to prevent the production of

the preplasma. A typical temporal profile of an intense ultrashort pulse

is shown in Fig 1.7.

Figure 1.7: Typical temporal profile of an intense ultrashort laser pulse. Figure taken from
[51].

1.7 Laser absorption mechanisms in plasma

The propagation of the laser pulse stops upon reaching the critical

density layer and a fraction of the laser energy is absorbed inside the

plasma. The electrons, having the highest charge to mass ratio, responds

quickly to the laser action and carries the absorbed energy from the laser

thus heating the interaction region. These excited electrons are known

as the hot or fast electrons. Using the currently available lasers, only

electrons can be subjected to relativistic motion directly from the lasers.

For protons, which have mass mp ≈ 1868me, the laser intensities required
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to set them in a relativistic oscillatory motion is about 5 × 1024Wcm−2

for a laser of wavelength 1µm. This is much higher than the irradiances

of currently available lasers (1018 − 1022Wcm−2µm2). There are several

absorption mechanisms responsible for the transfer of energy from the

laser pulse to the hot electrons. These mechanisms depend greatly on

the laser intensity, polarization, pulse duration, angle of incidence, plasma

density and scale length, etc.

1.7.1 Inverse bremsstrahlung heating

It is a collisional type of absorption mechanism and takes place in cases

of low intensity laser pulse (I0 < 1015Wcm−2). The electrons interact with

the laser field and start oscillating and in turn transfer momentum to

the surrounding plasma ions due to collisions. The electron-ion collision

frequency is given by νei =
Zne

T
3/2
e

where Z is the degree of ionization

of the plasma and Te is the temperature of the excited electrons. The

inverse bremsstrahlung effect is strong for low electron temperature. The

number of collisions decreases as the electron energy increases and thus

for higher laser intensities other collisionless methods starts governing the

laser energy absorption into the plasma.

1.7.2 Resonance absorption

Resonance absorption occurs when a p-polarized laser (the polarization

vector on the plane of incidence) of moderate intensity (I ≤ 1017Wcm−2)

is obliquely incident on a plasma of long density scale length. It is a

collisionless absorption mechanism where the laser energy directly couples

with the plasma forming electron-plasma waves. The obliquely incident

(θ > 0) wave propagates inside the plasma with density gradient ∇⃗ne

until it reaches the critical density layer beyond which it gets reflected.

However, due to the obliquity of the laser, the critical density layer gets

modified to nccos
2θ. At the point of reflection, the electric field has a

direction parallel to the density gradient which cause the plasma electrons

to oscillate at the laser frequency. The resonance condition (ωp = ω) ex-

cite a strong electron plasma wave that carry the laser energy along the

direction of plasma gradient. A schematic representation of the process

22



1.7. Laser absorption mechanisms in plasma

is shown in Fig. 1.8. This mechanism require large density scale lengths

Ls =
ne

∇⃗ne

because if the scale length is less than the plasma wave am-

plitude, electron will escape to the vacuum breaking the resonance. The

plasma wave delivers the energy to the remaining plasma due to wave-

breaking or by collisions. This type of absorption does not occur in

case of s-polarized lasers (polarization vector perpendicular to the plane

of incidence) as E⃗.∇⃗ne = 0 and no density perturbation is created at the

laser reflection site.

The component of the electric field driving the electron wave along the

Figure 1.8: Schematic of resonance absorption of a p-polarized laser in long density gradient
plasma

density gradient is obtained as [49]

E⃗d =
E⃗√

2πωLs/c
ϕ(t′) (1.41)

Here, ϕ(t′) ≃ 2.3t′e−2t′3/3 and t′ =

(
ωLs

c

)1/3

sinθ. Thus, E⃗d vanishes as

t′ → 0 which asserts that resonance absorption is suppressed as Ls → 0

and θ → 0. However, E⃗d becomes negligible even for large values of t′

where the laser field has to travel a large distance before reaching the

critical density layer. An optimal condition of laser absorption is achieved

when θ ≈ sin−1

[
0.8

(
c

ωLs

)1/3
]

[49].

Although resonance absorption is suppressed for higher laser intensities,

its study is important due to the presence of the pre-pulses which have
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the ability to produce plasma at the interaction region and isothermally

expand the front side of the target creating a plasma gradient of large

scale length.

1.7.3 Vacuum/Brunel heating

For steep density gradients (Ls ≪ λ) in the plasma, where the electron-

plasma wave amplitude is greater than the plasma scale-length, the vac-

uum heating has a significant contribution in the absorption of the laser

pulse. This mechanism was developed by Brunel [52] (hence it is also

known as Brunel heating) as the “not-so-resonant, resonant absorption”.

Brunel heating is an extension of the resonant absorption process that

accommodates plasmas of shorter scale-length. Similar to the previous

mechanism, the p-polarized laser is incident at an angle θ which sets up

the electron oscillation at the reflecting surface. However, as the density

scale length is less than the electron amplitude, the electron is pushed

out of the plasma to the vacuum. In the meantime, inside the over-

dense plasma, the laser electric field amplitude decays exponentially with

a skin-depth δs. The electron ejected out to the vacuum is then pulled

back inside the plasma in the next half-cycle of the laser. However, as

the laser field is evanescent at the overdense region, the electron can

travel farther inside the plasma than the laser field. In this way the

energetic electrons escape the restoring force of the laser field and prop-

agate inside the target with a frequency ωp ≈ ω. The mechanism of

vacuum heating is schematically shown in Fig 1.9.

1.7.4 J ×B heating

The J⃗×B⃗ heating becomes effective at relativistic laser intensities (a0 >

1). This mechanism requires an almost step like density profile. The high

value of the laser magnetic field B⃗ and the relativistic electron velocity

makes the v⃗ × B⃗ term of the Lorentz force significantly high. Due to

this term the electron displays an oscillating motion along the direction

of the laser propagation with a frequency 2ω [from equation (1.23)] for a

linearly polarized laser. In this mechanism, the electron motion is driven

in the longitudinal direction by the magnetic field of the laser which
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1.8. Ion acceleration due to laser-plasma interactions

Figure 1.9: Schematic of vacuum/Brunel heating mechanism of a p-polarized laser in short
density gradient plasma

is in contrast with the vacuum heating where the driving agent is the

electric field. The J⃗×B⃗ effect is most efficient at normal laser incidence.

In case of circularly polarized laser, the oscillating component in the

equation (1.23) vanishes and therefore the electrons are pushed inside the

target in a steady manner. This mechanism of producing hot electrons is

suppressed for circular polarized laser, and thus, circularly polarized lasers

are used in the interaction studies where the target heating is required

to be kept minimal.

1.8 Ion acceleration due to laser-plasma inter-

actions

The basic concept of accelerating ions using intense lasers to MeV ener-

gies is by creating quasi-static electric fields high enough to pull protons

and other heavy ions from the target. With the direct absorption of laser

energy the fast electrons create the necessary charge separation field for

the acceleration of the ions. With the presently available laser intensities

electrons act as the medium for energy exchange between the laser and

the eventual ions. Depending on the different laser and target conditions,

a number of ion acceleration schemes have been identified and studied,

25



Chapter 1. Introduction

some more extensively than the others. Some of these ion acceleration

mechanisms are discussed in the following sub-sections. Usually, two or

more of these acceleration processes act together in synergy to yield the

energetic ions. The dominant acceleration processes are crucially governed

by the different laser and target parameters.

1.8.1 Target Normal Sheath Acceleration

As already mentioned in Section 1.1, this is the most widely-studied

mechanism of accelerating ions using an intense laser pulse. Both

simulations and experiments have shown that when an intense pulse of

relativistic intensities (I0 > 1018Wcm−2, a0 ≥ 1) is incident on a mi-

crometre thick foil target of solid density, the strong field of the rising

edge of the pulse ionizes the interaction region at the laser-irradiated

surface of the target and creates plasma. The laser pulse propagation is

inhibited inside the overdense plasma and a portion of the laser energy

is absorbed by the electrons creating a population of hot electrons.

The energy of these hot electron can be given by the ponderomotive

or Wilks’ scaling [53] kBTe = mec
2(γ − 1) = mec

2

(√
1 +

a20
2

− 1

)
. These

hot electrons cross the target and escapes from the rear-side of the

target. This creates a negatively charged sheath field at the target rear

surface that extends upto a few Debye lengths λdh =

√
kBTh

4πneh

. The

strength of the sheath electric field is sufficient to ionize the target

rear side which is Es ≈ kBTh

eλdh

. The ions are pulled towards the target

rear-side to neutralise the charge separation field. The protons that

are usually present in the target either as target constituents or as

impurities are favourably accelerated due to their higher charge by mass

ratio, compared to other heavier ions. These ions (mostly protons) travel

along a direction normal to the electrostatic sheath, hence providing the

name Target Normal Sheath Acceleration. The ions are accelerated as

long as there is the production of hot electrons and so the time-scale

of acceleration is usually of the order of the laser pulse duration. The

acceleration mechanism is shown in Fig. 1.10.
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1.8. Ion acceleration due to laser-plasma interactions

Figure 1.10: Schematic of the TNSA mechanism with the intense laser irradiating a solid
target of micron sized thickness causing the generation of heated electrons that accelerates the
protons (present as contaminants) normal to the negative sheath field.

In order to explain the acceleration mechanism and to provide a scal-

ing of the proton energies several analytical and numerical models were

proposed [24, 53, 54, 55, 56, 57]. The free expansion of plasma into vac-

uum was presented by Mora [57] using a 1D plasma model. The proton

spectrum was predicted to be an exponentially decreasing one having a

sharp cutoff value, given by

εmax = 2ZkBTe[ln(τ +
√
τ + 1)]2 (1.42)

Here, τ =
ωpit√
2eN

, where ωpi =

√
4πZne0e

2

mi

is the ion-plasma frequency

of ion mass mi and eN = 2.71828.... Here, Z is the degree of ionization

and Zne0 is the original ion density before expansion. Considering the

acceleration time ‘t’ to be high enough to ensure heating of the electrons

by the laser pulse at the target front surface, the condition ωpit ≫ 1 is

assumed to be true. Therefore, the cutoff energy can be calculated us-

ing εmax ≃ 2ZkBTe[ln(2τ)]
2. The acceleration time t ∼ 1.3τL is found

to provide a satisfactory prediction of the energy scaling as reported in

[58]. Mora extended the plasma expansion model using thin targets in

[59]. The model considers the adiabatic cooling of the electrons due to

the transfer of energy to the ions which causes the co-existence of two-
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temperature electron populations. The dependence of the ion energy on

the target foil thickness provided by this model agrees with the exper-

imental scenarios and introduce a limitation on the foil thickness. In

another model to describe the TNSA mechanism, a scaling of the final

ion energy with the laser power and pulse duration is given in [60].

Several experiments have been performed to understand the acceleration

mechanism in micrometer thick foil targets [61, 62, 63, 64, 65, 66]. Al-

though protons are preferentially accelerated due to their higher charge

to mass ratio, it is found that heavier ions could be accelerated in a

similar manner by suppressing the number of protons present in the im-

purity layer. This is done by removing the impurity proton layer by

pre-heating the target [61]. Moreover, it is found that the removal of

contaminants from the rear-side greatly reduce the proton number in the

target, whereas their removal from the front side has no significant ef-

fect on the proton beam [67]. The use of thin targets (∼ 1µm) has

resulted in a considerable increase in the maximum energy by restricting

the electron movement in a confined space between the front and the

rear target surface [55]. As a result, the hot electron population tra-

verses several rounds inside the target thereby enhancing the number of

hot electrons. This process of hot-electron recirculation assists the pro-

duction of stronger electrostatic fields and hence increase the maximum

energies of the ions. To optimise the generation of hot-electrons, a higher

absorption of the laser energy to the electrons is essential. This can be

ensured by using properly timed pre-pulses which can create pre-plasma

at the target front. The optimum target thickness is found to be highly

dependent on the pre-pulse duration [68]. The influence of the plasma

scale-length was demonstrated in [69] where it is reported that the pres-

ence of a density gradient at the rear-side of the target degrades the

proton beam energy.

The scaling of the maximum energy with the laser peak intensity for

TNSA mechanism is given by εmax ∝ a0 ∝
√
I0. This makes the conver-

sion efficiency for this scheme quite low. The exponential energy spectra

makes the energy spread extremely broad (∆ε/ε ≈ 100%) which limits its
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1.8. Ion acceleration due to laser-plasma interactions

pertinence in certain applications requiring mono-energetic ions.

1.8.2 Radiation Pressure Acceleration

Another promising technique of accelerating ions is the Radiation Pres-

sure Acceleration (RPA) and as the name suggests it utilises the strong

light pressure of a high intensity laser. This mechanism of accelerating

ions thus require extremely high laser intensities. The pressure exerted

by an electromagnetic wave of intensity I on a plane surface at rest is

given by

Prad = (1 +R− T )
I

c
= (2R + A)

I

c
(1.43)

where R, T, A are the reflection, transmission, and absorption coeffi-

cients respectively and therefore R + T + A = 1. These coefficients are

functions of the refractive index of the medium and thus depend upon

the wave frequency. Since the radiation pressure is directly related to

the steady component of the ponderomotive force of the laser, its in-

fluence is stronger on the electrons than the ions (fP ∝ 1

m
, m is the

particle mass). The displacement of the electrons due to the laser pres-

sure results in the development of a charge separation field. This field

further pulls the ions ahead of the laser pulse causing them to acceler-

ate. For a laser of peak intensity I0 ∼ 1020Wcm−2, laser pressure can

exceed 100 Gbar which is well over the plasma thermal pressure of the

solid-density target. The RPA is found to be dominant over the TNSA

process with lasers of intensities exceeding 1023Wcm−2 [70]. Considering

the presently available laser intensities, RPA generated protons are diffi-

cult to attain using linearly polarized lasers. However, it was observed

that by using a circularly polarized laser, instead of a linear one, the

intensity required for the onset of the radiation pressure action gets re-

duced to I0 ∼ 1020Wcm−2 [71, 72]. Such laser intensities could easily be

obtained at present. When a linearly polarized laser is incident normally

on an opaque plasma target, the ponderomotive force becomes the cycled

average of the v⃗ × B⃗ force, resulting in a strong absorption of the laser

and subsequent hot electron generation. However for a steady drive of

the electrons, it is essential for the plasma interface to act like a mirror
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to the incident pulse. Therefore, radiation pressure action requires the

plasma heating to be minimal. This condition could be taken care of

by the use of a circularly polarized incident pulse. In case of a nor-

mally incident circularly polarized pulse, the oscillation component of the

ponderomotive force vanishes. As a result the electrons remain at a lo-

cally balanced condition between the electrostatic force and the radiation

pressure force. The comparatively low hot-electron temperatures using a

circularly polarized laser result in a focused beam of ions and a narrow

energy spectrum [73, 74].

The RPA mechanism causes a volumetric acceleration of the ions which

Figure 1.11: Representation of the RPA mechanism with an intense laser pulse (I0 >
1020Wcm−2 for a circularly polarized laser) irradiating a solid foil target. (a) Hole-boring:
The plasma electrons from the thick (∼ µm) foil target are pushed by the laser pulse in a
steady manner. The resultant charge separation field created due to the displaced electrons
pulls the ions forward. (b) Light-sail: The electrons are completely expelled from the thin foil
(∼ nm) by the action of the laser pressure. This results in the acceleration of the target as a
whole.

is in contrast to the TNSA where ions are accelerated from the rear-

surface. This property greatly reduces the energy spread of the RPA

generated ion bunch. The scaling law with intensity εmax ∼ Im0 where

m ≥ 1 also suggests a favourable scaling compared to TNSA. Depending

on the thickness of the foil target, radiation pressure acceleration may

be categorized into two regimes. If the plasma target is thick (∼ µm),

the RPA falls under the hole-boring (HB) regime. On the other hand,

when the target is thin (of the order of the plasma skin-depth ∼ nm),
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1.8. Ion acceleration due to laser-plasma interactions

the acceleration mechanism falls under the light-sail (LS) regime.

Hole-boring regime: Thick targets

The radiation pressure of the highly intense laser pulse pushes the

plasma electrons inwards (into the target). The initially immobile ions

experience a quasi-static charge separation field which is peaked at the

separation layer between the displaced electrons and the lagged ions. This

field pulls the ions towards the end of the electron layer causing the

density to pile up in the region. The hole-boring process is shown in

Fig.1.11 (a). The term “hole-boring” comes from the boring-effect caused

by the laser pulse creating a parabolic density depression in the target

front-surface. The velocity at which the density peak travels determines

the final energies of the accelerated ions. The propagating density peak

reflects ions present in the unperturbed plasma. These ions are then ac-

celerated ahead of the hole-boring (high-density) layer. The quasi-constant

velocity of the density spike, known as the hole-boring velocity vhb is de-

rived by equating the radiation pressure and reflected-ion pressure in the

unperturbed region of the plasma in the hole-boring frame [75]. Consid-

ering the plasma surface to be perfectly reflecting,

2nimiv
2
hb =

2I

c
(1.44)

Here, mi = Amp and ni = Zne are the mass and density of the reflected

ions and I is the intensity of the electromagnetic wave. Therefore,

vhb
c

=

√
I

nimic3
=

√
Π (1.45)

Here, Π =
I

nimic3
=

menc

mini

a20 =
Zmenc

Ampne

a20. The velocity of the reflected ions

in the lab-frame thus becomes vi = 2vhb = 2

√
I

nimic
. Correspondingly, the

ion energy (εi) for this non-relativistic case in the lab-frame is given

by εi = 2mic
2Π. Implementing relativistic corrections to the theory, the

expressions for the hole-boring velocity and the ion energy have been
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modified as [76, 77],

vhb
c

=

√
Π

1 +
√
Π

(1.46)

εi = 2mic
2 Π

1 + 2
√
Π

(1.47)

The scaling of the ion energy with the laser intensity suggests a prefer-

ential scaling in the non-relativistic case where εi ∝ I compared to the

relativistic case where εi ∝
√
I.

The hole-boring action of the laser can take place only if the plasma tar-

get is overdense. Considering the high intensity of the laser, the critical

layer for the laser propagation gets modified to γnc (relativistic trans-

parency) where γ is the electron Lorentz relativistic factor. However, it

was found that the laser propagation stops even with ne < γnc. The

compression layer at the target front-surface creates a high-density region

which allows hole-boring mechanism to take place even with an originally

less dense target [78]. This suggests protons of energy around 200MeV

could be achieved using hole-boring acceleration of ions using a laser of

intensity I0 ∼ 1021Wcm−2 [79].

Light-sail regime: Thin targets

The light sail regime acts on the ions in a much thinner (usually of

the order of the skin-depth, δs) foil compared to the hole-boring case.

In this situation the target is thin enough so that all the ions inside

the target are accelerated before the edge of the laser pulse reaches the

rear-surface of the target. The boost from the laser’s radiation pressure

on the target, having a large surface area, low thickness and, low mass

makes it act like a “light-sail” that sweeps though vacuum ahead of the

laser pulse. The compressed electron and ion double-layer gets completely

detached from the foil target and gets accelerated as a separate plasma

entity [70]. As these segregated ions are no longer shielded by the back-

ground plasma ions, they can get accelerated to very high energies. This

regime is manifested in case of lasers having ultra-high contrast ratios

and ultra-short pulse duration. This is to ensure that the foil remains
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intact for the peak of the laser. The light-sail mechanism is schematically

represented in Fig. 1.11 (b). In the non-relativistic limit, the acceleration

of the ions from a foil target of density ρ = mini and thickness d is

given by,
dvls
dt

=
(1 +R)

ρdc
I =

(1 +R)

minidc
I (1.48)

Therefore, in the light-sail regime, the velocity of the ions scale linearly

with the laser intensity, which would imply that their energy follows a

scaling law εi ∝ I2. In the relativistic case, the Doppler down-shift needs

to be taken into account which would modify this expression of acceler-

ation [80]. It can be inferred therefore, that, for an ultra-thin target of

very low density, the energy yield will be very high. However, it should

be noted that for the radiation pressure of the laser to act upon the

target, it must be overdense. Moreover, in case of an extremely thin

target, the interaction with the intense laser runs the risk of knocking

out the electrons completely from the target. This may cause the elec-

trons to dissociate from the ions, thus breaking the balance between the

radiation pressure force and the electrostatic force. Therefore, there must

exist a limiting thickness dm beyond which all the electrons escape from

the interaction leaving behind a positively charged target core. Assuming

there is no transverse heating due to the spatial spread of the laser,

the minimum thickness of the foil for the light-sail action to play while

getting impinged by a circularly polarized laser of strength parameter a0

is given by

dm
λ

=
a0
π

√
(1 +R)

2

nc

ne

(1.49)

This limiting thickness is evaluated considering a one-dimensional model

which unrealistically simplifies the scenario. In the multi-dimensional ge-

ometry, the expansion of the plasma in the transverse dimension will lead

to an early onset of transparency in the target and therefore inhibit the

effect of the light-sail mechanism.
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1.8.3 Collisionless Shock Acceleration

The density steepening caused due to the ponderomotive action of the

laser at the surface of the target may give rise to electrostatic shocks.

Theoretically, a shock is generated by the propagation of a physical per-

turbation with a velocity greater than the sound velocity in that par-

ticular medium [81]. Thus for a shock propagating with velocity vs, the

Mach number M =
vs
cs

> 1. Here, cs =

√
ZkBTe

Amp

is the ion-acoustic veloc-

ity in the medium. A sudden jump in the plasma density that originates

at the interaction layer and propagate through the plasma bulk might

lead to the generation of an electrostatic shock wave. These shocks are

collisionless as they are supported by charge-separation fields, which make

them different from hydrodynamic shocks which are sustained by colli-

sions and viscous drag effects. The ions that are in the unperturbed

region of the plasma (upstream of the shock) might get reflected elas-

tically from the shock front and acquire velocities upto twice the shock

velocity (vi = 2vs) in the laboratory frame of reference. The condition

for reflection of the upstream ions from the shock front having an elec-

trostatic potential barrier height ϕes is Zeϕes >
mv2i
2

; vi being the ion

velocity in the shock frame. The ions after getting reflected from the

shock acquire energy (per nucleon) εCSA = 2mpv
2
s , considering the shock

velocity vs to be non-relativistic. The shock accelerated ions are found to

have a very narrow energy bandwidth in the ion spectra, showing strong

potential for application purposes. Haberberger et al. [82] were able to

generate highly mono-energetic (∼ 1% energy spread) protons with energy

22MeV using CO2 lasers and a hydrogen gas jet as the target. They

also suggested that using a CO2 laser of intensity ∼ 1018Wcm−2 has the

capacity to produce protons with energy exceeding 200MeV .

Collisionless shock acceleration (CSA) as a mechanism to accelerate ions

from an overdense plasma target using highly intense lasers was reported

by Denavit [75] using 1D simulations and showed that the target heat-

ing by the laser pulse governs the shock formation. Later it was found

by Silva et al. [83] that using thin targets can cause refluxing of the
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1.8. Ion acceleration due to laser-plasma interactions

electrons leading to enhanced electron temperatures. This facilitates the

generation of a fast shock (M = 2−3; vs > 0.1c) which can reflect ions to

very high energies. The shock accelerated ions might get a further boost

due to the rear-side TNSA field while travelling through the plasma.

This accounts for a staged CSA-TNSA process that contribute to the

highest energetic ions in the energy spectrum [84, 85]. The maximum

energy of the ions depend on both the mechansims with the fastest ions

travelling with velocity vi = 2vs + vsheath, with vsheath being the contri-

bution from the rear-surface sheath field [86]. The ions are dominantly

accelerated by CSA if the velocities attained from the shock front is

higher than the velocity provided by the sheath field, i.e. 2vs > Vsheath.

A thinner target facilitates the CSA mechanism preferentially over TNSA.

The resultant ion velocity provided by this mechanism causes a broader

energy spread and is characterized by a plateau in the ion spectra [83].

Since CSA could be achieved using a overdense target which also sup-

ports the generation of hole-boring conditions, it is essential to state that

the shock travels faster than the hole-boring density layer, i.e. vsh > vhb.

This makes CSA capable of providing higher energies to ions, as com-

pared to RPA. However, to maintain a narrow energy spread of the ions,

it is necessary that the number of ions accelerated from the shock re-

mains low. A large number of shock reflected ions will cause the shock

to lose energy in the long run (because of momentum transfer) and at

later stages of the acceleration process, the ions will be reflected with

lesser energy causing the energy spectrum to broaden [87]. Detailed de-

scriptions of the shock acceleration mechanisms are dedicated in the up-

coming chapters of this thesis for specific scenarios.

1.8.4 Breakout Afterburner: Relativistically transparent

targets

The Breakout Afterburner (BOA) or the Relativistically Induced Trans-

parency (RIT) ion acceleration scheme comes into action when the tar-

get density drops from being over-dense to a relativistically transparent

(ne = γnc) regime after getting impinged with a superintense laser pulse.
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This mechanism was first reported by Yin et al. [88, 89] and the rel-

ativistic modification to the theoretical model was made by Albright et

al.[90]. The interaction of an intense linearly polarized laser pulse with

a thin foil target, under appropriate conditions, can have three phases of

acceleration. Initially as the foil is opaque to the laser pulse, the ab-

sorption of the laser at the skin depth layer transfers the energy to the

electrons which generates the electrostatic sheath field at the rear surface,

required for the TNSA process. Now as the foil is sufficiently thin, a

very large number of electrons are thermally agitated leading to plasma

expansion. This brings forth the second phase of the acceleration pro-

cess: the enhanced TNSA phase. As a consequence of plasma expansion

the plasma density drops from its initially overdense value so that the

plasma skin depth is of the order of the target thickness. Once the den-

sity drops below γnc (relativistically critical density), the laser pulse can

propagate inside the expanded hot plasma, causing the onset of breakout

afterburner. Contrary to TNSA being a surface phenomena, BOA takes

into account all the electrons present inside the plasma making it a vol-

umetric phenomena. With the ions already flowing along the laser prop-

agation direction due to the TNSA processes (both normal and enhanced

TNSA), they are now joined by the hot electrons (caused by the BOA

process) accelerating in the same direction from the target bulk. The

thermal electrons move with relativistic velocities that are much higher

than the ion velocities (non-relativistic). The difference in the velocities

of the flowing ions and the electrons result in a two-stream instability,

known as the Buneman instability [91]. The instability resonates with

the ions, and in an effort to reduce the relative drift velocity, supplies

energy to the ions from the electrons. The electrons losing energy to the

ions are again reheated from the propagating laser pulse and the process

can continue for a long time till the laser field dies out. The ions draw

out a broad energy distribution in the spectra with very high cutoff en-

ergies. A stronger coupling of the laser energy into electrons and the

eventual translation to fast ions make the BOA/RTI acceleration scheme

a promising phenomena for an efficient ion source.
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1.9. Advanced target geometries

1.8.5 Coulomb Explosion

When the target size is sufficiently small or the laser intensity is very

high, the laser ponderomotive effect can blow off the entire electron pop-

ulation from the target bulk. The unbalanced positive ions remaining in

the bulk region will thus explode isotropically due the strong Coulombic

repulsion among the ions. The explosion provides high kinetic energy to

the ions, with the fastest ions acquiring tens of MeV s of energies [92].

The characteristic energy spectra of the ions accelerated through Coulomb

explosion is such that the number of ions per unit energy
dN

dε
increases

as
√
ε [93] before reaching a cutoff energy given by

εC =
4π

3
Z2e2niR

2
t (1.50)

Here Rt is the radius of the spherical ion cloud of density ni. An

anisotropy can be introduced to the Coulomb exploded ions by condi-

tioning the laser pressure to push the plasma ions preferentially in the

longitudinal direction. This provides a directionality to the ions and re-

duces their energy spread in the ion spectra [94].

1.9 Advanced target geometries

Typically, most of the initial experiments dedicated to the generation

of energetic ions by accelerating them with the help of an intense laser

use extended flat foils of solid density (having transverse dimensions much

greater than the laser focal area). However, it was found that by using a

target with transverse dimension comparable to the laser focal spot, the

laser energy coupling to the electrons increases significantly. The increase

in the laser absorption is eventually translated to an enhancement in the

maximum energies of the ions [95]. This is because of the reduced lat-

eral expansion of the hot electrons from the interaction site which leads

to a confinement of the laser energy onto a localised region, generating a

powerful accelerating field [96, 97, 98]. Therefore, in the last decade or

so, the ion acceleration studies using intense laser pulses have shifted at-
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tention on to such targets of reduced dimensions, termed as mass-limited

targets (MLTs).

The geometry of the target has an important role to play in the gen-

eration of energetic ion bunches. Several simulation and experimental

works have suggested spherical targets for the generation of fast ions

[99, 100, 101, 102, 103]. If the target diameter is of the order of the

laser spot size, the loss in laser energy is minimal and the fast electron

generation also helps in increasing the ion energy [95]. The curved front

surface of the target helps in converging the ions into a narrow region

and quasi-monoenergetic structures can be observed in the ion spectra

[100, 104]. A focused ion beam is essential for several applications, and

therefore studies on diverse target geometries have been made to enhance

the collimation of the fast ions along with their maximum energies. Con-

cave parabolic shaped targets [105] are reported to enhance the acceler-

ating electric fields, and laser intensities required for optimum action of

RPA mechanism is found to get suppressed by more than an order of

magnitude using dual parabolic targets [106]. On the other hand, con-

vex targets help in maintaining a uniform acceleration through RPA for

a longer duration of time compared to conventional flat targets [107].

Such bulged targets also helps in guiding the accelerated proton bunch

along the laser axis[108]. Modified conical targets have also been used for

their strong electron heating and efficient ion guiding system [109, 110].

Protons of maximum cutoff energy 67.5 MeV was obtained from the ex-

perimental study using a flat-top hollow microcone target as reported by

Gaillard et al. [111]. The curved walls of the cone focuses the laser

pulse as it moves through the expanded plasma before interacting with

the flat-top region. A resultant enhancement in the number of hot elec-

trons aids in increasing the maximum proton energy.

38



1.10. Methodology: Particle-In-Cell (PIC) simulation

1.10 Methodology: Particle-In-Cell (PIC) sim-

ulation

The complex nature of plasma and its intricate properties and condi-

tions makes it usually difficult for non-linear analytical treatment. This

has inspired a branch of plasma physics termed as plasma simulation,

which complements the growth in experimental studies of plasma envi-

ronments. Laser-plasma experiments, specifically, can sometimes be too

expensive, or might require very high laser intensities which are presently

unavailable. In such scenarios, simulation studies might be extremely

helpful for comprehension of the real system in a virtual experiment.

Moreover, computer simulations can also be used for the designing and

prediction of future experiments.

The Particle-In-Cell simulation method is a popular and effective way to

solve many-body systems interacting with long-range forces (eg. plasmas).

The PIC simulation codes are used to completely simulate the dynamics

of the electrons and ions of the plasma in presence of electromagnetic

fields (the laser). The fundamental aspect of PIC simulation is to divide

the computational space into distinct cells, and the intersecting points of

the cells are known as the mesh points or grid points. The discretiza-

tion has to be done by considering the stability condition, ∆t <
∆x

c
√
d
,

known as the Courant stability condition; where, ∆t is the time step,

∆x is the smallest cell size, c is the velocity of light and d = 1, 2, 3 cor-

responding to 1, 2 and 3-dimensional problems respectively. The plasma

particles (both electrons and ions) are grouped together in sets, known as

the macroparticle (or the super-particle). Each macroparticle represents a

number of real plasma particles and have the same charge to mass ratio

as the original particle that it represents. The Lorentz force equation is

solved for each macroparticle, instead of each real particle, reducing the

computational load.
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The PIC-cycle

One complete cycle of the simulation scheme can be represented as Fig.

1.12. The following points sum up the process:

� The particle positions (xi) and velocities (vi) are discretized to

charge and current densities (ρ and J respectively) that are cal-

culated at the grid points by an interpolation method called the

weighting.

� The calculated charge densities and the current densities now be-

comes the source terms in the Maxwell’s field equations. The elec-

tric and the magnetic fields are thus computed at the grid points.

� The electric and magnetic fields are then utilized to solve the dis-

cretized Lorentz equation to calculate the force on the macroparticle.

� The force is then integrated to determine the updated set of ve-

locities and positions for the new time-cycle. The entire cycle is

then repeated for the entire time of simulation (till the maximum

time-step is reached) for each individual macroparticle.

Figure 1.12: A typical time-cycle of the PIC simulation of a single macroparticle [112]

Solving the field equations

The advancement of the electric (E⃗) and magnetic (B⃗) fields are made

by solving the Maxwell’s equations which are discretized in space. In
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1.10. Methodology: Particle-In-Cell (PIC) simulation

a three-dimensional geometry, the three components of the field vectors

along the three perpendicular directions are computed on the grid points.

The Yee cell [113] represents the alignment of these field quantities [Fig.

1.13]. The Finite-difference Time-domain (FDTD) method is utilised to

solve the Maxwell’s equations that are discretized in space and time as a

center-difference form and the electric and magnetic fields are separated

in time by half a time increment. With the time increment in each PIC

cycle given by ∆t, the electric field is calculated at integral values of ∆t

as (..., (n − 1), n, (n + 1), ...) whereas the magnetic fields and the current

densities are determined at half-integral values of ∆t as (..., (n− 1
2
), (n+

1
2
), (n+ 3

2
), ...). The grid size along the three directions ∆x, ∆y, ∆z are

used as the units to define the positions.

Figure 1.13: A typical Yee cell. The components of E, B and J are attached to the cell with
vertex (i,j,k). These components are displaced by half times the cell dimension. The J and
E components are calculated at the edges of the cell, while the B components are associated
with the face of the cell. The charge q is calculated at the grid points. [113]

The x-component of the magnetic field at the grid point (i,j,k) is ad-

vanced from time step (n − 1/2) to (n + 1/2), and for that, the values

of Ey and Ez and Jx of the surrounding grid points at time-step n are

required. Using the Yee cell, x-component of the curl of the electric field

41



Chapter 1. Introduction

at a grid point (i,j,k) is expressed as,

En
z(i,j+1,k) − En

z(i,j,k)

∆y
−

En
y(i,j,k+1) − En

y(i,j,k)

∆z
= −1

c

B
n+1/2
x(i,j,k) −B

n−1/2
x(i,j,k)

∆t
(1.51)

In a similar manner, for the advancement of the x-component of the

electric field at grid point (i,j,k) from time step n to (n+1), the values

of By, Bz and Jx of the neighbouring grid points at time-step (n+1/2)

are utilized. The x-component of the curl of the magnetic field at a

grid point (i,j,k) is expressed as,

B
n+1/2
z(i,j,k) −B

n+1/2
z(i,j−1,k)

∆y
−

B
n+1/2
y(i,j,k) −B

n+1/2
y(i,j,k−1)

∆z
=

4π

c
J
n+1/2
x(i,j,k) +

En+1
x(i,j,k) − En

x(i,j,k)

c∆t
(1.52)

The momentum advance

The momentum advancement is made using the Lorentz force equation

which can be expressed in the central-difference form as

p⃗n+1/2 − p⃗n−1/2 = q

[
E⃗n∆t+

1

c

{
v⃗n × B⃗n

}]
(1.53)

Here, the momentum and fields are separated by half a time-step. The

En and Bn calculated at the grid points are now computed at the

macroparticle positions by means of a trilinear interpolation that is car-

ried out relativistically using the Boris method [112].

The position advance

For each macroparticle, its position is now advanced using
∂r⃗

∂t
= v⃗

which can be written in a central-difference form as

r⃗n+1 − r⃗n = v⃗n+1/2∆t (1.54)

The process is done using the leap-frog mechanism shown in Fig. 1.14
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Figure 1.14: The leap-frog integration scheme which uses time-centering of the force (F⃗ )

to advance the velocity (F⃗ ) and then time-centering of t(v⃗) is done to advance the position (r⃗)
[112].

Particle weighting

An interpolation method called Weighting is used to evaluate the charge

densities at the grid points from the known positions and velocities of

the particles nearest to the grid point, at the given time-step. Under

this method, an assumption is made that the charged particles are rigid

clouds of finite size that move freely through the cells [see Fig. 1.15].

Considering a single dimension, the particle of charge qc and size ∆x

is assumed to be of uniform density. Therefore, the amount of charge

assigned to a grid point j for a particle positioned at xi is

qj = qc

[
∆x− (xi −Xj)

∆x

]
= qc

[
Xj+1 − xi

∆x

]
(1.55)

and to grid (j+1) is

qj+1 = qc

[
xi −Xj

∆x

]
(1.56)

The particles’ position at time n and n + 1 and the velocities at time

(n + 1
2
) are then used to interpolate the current densities at the grids

averaged over the time-steps. For a particle at position xi having velocity
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Figure 1.15: First order weighting process to calculate the charge densities: (a) The fraction
of the charge cloud inside the jth cell is interpolated as Xj [fraction (a)] and the fraction of
the charge cloud inside the (j + 1)th cell is interpolated as Xj+1 [fraction (b)]]. (b) The grid
density nj(xi) at xi as the particle move past Xj displaying the effective particle shape S(x)
[112].

v⃗
n+1/2
i , the current density J⃗n+1/2 at grid j is written as

J⃗
n+1/2
j =

∑
i

qiv⃗i
n+1/21

2

[
S(Xj − xn+1

i ) + S(Xj − xn
i )
]

(1.57)

Here, S(x) is a spatial interpolation function.

The weighting of fields and force are done in a similar manner. In the

linear interpolation method, for a particle at xi, the electric field E⃗ is

interpolated as

E⃗(xi) =

[
Xj+1 − xi

∆x

]
E⃗j +

[
xi −Xj

∆x

]
E⃗j+1 (1.58)

Higher-order weighting schemes further smoothens the particle shape and

reduces noises in the evaluation of density and fields. This comes at the

cost of higher computation power.

In the PIC scheme, the distribution functions of the particles are sta-

tistically represented in phase space. Relativistic effects are often incor-

porated in the treatment of the particles with very less approximations.

This helps in holding the physics true a great deal of time. Despite sev-

eral advantages, there also exists some disadvantages of PIC mechanism.

The numerical heating in the system decays as
1√
N

for N number of
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macroparticles. So, for a smooth, noise-free distribution, the number of

particles should ideally be very large. Moreover, due to the constraints

on ∆t and cell size, simulating high N particles with high density for a

long time-scale in a large simulation domain requires extremely powerful

computation resources and are very costly. However, this cost can be op-

timized by cleverly choosing the real and simulation parameters without

losing much of the actual physics.

1.11 Thesis structure

In this thesis, efficient acceleration of protons from a spherical

micrometre-sized plasma target is studied after interaction with an ul-

trashort intense laser pulse. The spherical shape of the target assists the

formation of an energetic proton bunch which is a result of synergy be-

tween various acceleration processes. Different target density distributions

are introduced and their influence on the subsequent proton dynamics is

analysed.

The present thesis has been laid out in the subsequent chapters as fol-

lows:

In Chapter 2, a spherical plasma of uniform density having dimensions

comparable to the laser focal spot has been analysed after interaction

with a short intense laser pulse. The 3D PIC simulation is dedicated to

identify the acceleration processes of the plasma ions.

In Chapter 3, the plasma sphere is considered to be pre-exploded due to

interaction with a laser pre-pulse. The modification in the density pro-

file due to the target pre-expansion is analysed and the consequent ion

dynamics is studied after interaction with the high-intensity main pulse.

In Chapter 4, a Gaussian variation is considered in the density distri-

bution of the plasma sphere. The low peak density at the centre results

in a fast expansion of the target after interacting with the laser pulse.

The expansion mechanism is studied in this chapter keeping the focus on

fast proton generation.

In Chapter 5, the study on the Gaussian shaped density distribution is
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extended for steeper gradients. A comparison is also made with a flat

foil target and the energetic proton yield is found to be higher for the

sphere targets.

Finally, in Chapter 6, a summary of the work included in this thesis is

provided with a brief discussion on the future prospects related to this

study
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