
Chapter 2
Introduction on High Intensity Laser-Plasma
Interaction and High Field Plasmonics

This dissertation dealsmanlywith the attempt to extend the study of plasmonic effects
in the ultra-high intensity (beyond 1018 W/cm2) laser-matter interaction regime. Plas-
monics, which is the study of surface plasmons, is a mature research field. However,
surface plasmons are generally excited with low-intensity laser pulses. The study of
plasmonic effects when ultra-high intensity lasers are involved is an almost com-
pletely unexplored ground. In this regime, which will be referred as High Field
Plasmonics in the following, relativistic, strongly non-linear effects are expected to
take place.

This chapter is intended to provide a concise overview on laser-matter interaction
in this intensity regime and to introduce the topic of High Field Plasmonics.

Section2.1 provides an overview of high intensity laser technology. In Sect. 2.2
we give a brief introduction on the theory of laser-matter interaction in the high
field regime, characterized by relativistic and strongly non-linear effects. Finally,
Sect. 2.3 provides a synthetic theoretical introduction onwhat is meant for High Field
Plasmonics, highlighting in particular possible future developments and foreseen
difficulties.

2.1 Evolution of High Intensity Laser Technology

Since the realization of the first laser1 in 1960 [3], laser technology underwent a
tremendous development. An impressive and yet unbroken series of innovations has
led to the realization of a wide variety of laser systems with very different features,

1The first Laser was preceded by the first Maser in 1953 [1], operating in the microwave region of
the electromagnetic spectrum. Basic laser physics is beyond the scope of this dissertation and the
interested reader is referred to [2].
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8 2 Introduction on High Intensity Laser-Plasma Interaction and . . .

enabling a broad range of applications [4], so that today the use of lasers is pervasive
in both science and technology.

In this document, we take a very partial view on the history of lasers: the brief
overview given in Sect. 2.1.1 will be limited to ultra-high intensity laser systems.

2.1.1 Overview

Figure2.1 shows synthetically the development of high intensity laser systems over
time. Starting from1960, intensity increased at a fast pace for approximately a decade.
This evolution was marked by two main innovations: Q-switching [7] and mode-
locking [8]. These schemes allowed to increase the peak intensity of laser irradiation
by orders of magnitude. Q-switching strategy is based on the sudden variation of the
quality factor of the resonator cavity containing the laser active medium (this allows
for more electrons to reach the excited state). The mode-locking strategy instead
relies on the phase coherence of the cavity modes in the resonator. Both schemes
result in a pulsed rather than a continuous emission.

Fig. 2.1 In this graph, the maximum intensity reached by laser systems is shown as a function of
time. The main innovations leading to higher intensities are highlighted. The red horizontal curve
represents the current record (see [5]). The terminal part of the trend line (the black curve) is based
on estimations formulated around 2000, which have proven to be over-optimistic. The picture was
adapted from [6] (Color figure online)
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Fig. 2.2 This graph
illustrates the electric field as
a function of time for a
chirped pulse. The
instantaneous frequency of
the pulse is evidently a
function of time. In this case
the instantaneous frequency
grows linearly with time and
the pulse is called upchirped
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In order to reach high intensities, the laser emission of the resonator cavity can
be fed into a sequence of amplifying stages. Indeed, if coherent radiation is made
to pass through an excited active medium, it stimulates further coherent radiation
emission. Thus a laser pulse can be coherently amplified extracting energy from the
active medium.

Of course the possibility to reach extremely high intensities is strongly linked to
the pulse duration. Presently the highest peak power of a laser system is of the order
of 1PW, which can be sustained at most for few ps or tens of ps (most PW class laser
system have a pulse duration of only tens of fs).2 The requirement on pulse duration
is a strong limit for the active medium since the well known inequality �τ�ω ≥
1/2 forces the active medium to operate in a large frequency range �ω (i.e. it should
have a large gain bandwidth) in order to have a short �τ . Three main technologies
are exploited for high intensity laser systems: Titanium:Sapphire [10] lasers (the
active medium is a Sapphire, Al2O3, crystal doped with Titanium ions), CO2 lasers
[11–13] (with a gaseous active medium containing CO2) and Nd:YAG lasers [10]
(based on neodimium doped yttrium-aluminium garnet crystal). The shortest pulse
durationswhich can be obtainedwithNd:YAG lasers andCO2 lasers are, respectively,
in the ps range and in the 100 fs range, whereas Ti:Sapphire lasers can provide pulses
with durations down to∼10 fs. The record peak powers for Nd:YAG and Ti:Sapphire
systems are in thePWrange,whileCO2 lasers are approaching the 100TWmilestone.
Here we will be mainly concerned with Ti:Sapphire laser systems, since for High
Field Plasmonics very short pulse durations are needed.

Despite the rapid growth in the sixties, as shown in Fig. 2.1 the maximum focused
intensity remained flat for decades, until mid-eighties, when Chirped Pulse Ampli-
fication (see [14]) opened the way for a new fast-pace increase of peak focused
intensities of laser systems.

For long time further improvements of laser peak intensities were prevented by
the material limits of the laser chain. Indeed, increasing the pulse intensity would
have damaged the optical components. Moreover, the amplification process itself is
inefficient for very short, intense pulses. Chirped Pulse Amplification (CPA) allowed
to overcome these difficulties.

2For a comparison, the average electrical power produced on Earth is ∼2–3 TW [9]. Thus a PW
class laser system is hundreds of times more powerful than the total electric output of the Earth.
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Fig. 2.3 A typical implementation of CPA is show. In this case the pulse stretching is obtained
with a couple of gratings. After the first stage, the long chirped pulse is amplified through a series
of power amplifiers. Finally the pulse is compressed again with a couple of gratings. These last
gratings are typically very large, in order to avoid damage. This last stage of the optical chain is
called compressor. The figure is reproduced from [15]

CPA consists essentially in increasing the temporal length of laser pulses intro-
ducing a chirp (see Fig. 2.2): spectral components of the pulse are dispersed in time
according to their frequency (this stretching can be achievedwith a couple of gratings
or with a long optical fibre). A laser pulse whose spectral components are dispersed
in time according to their frequency is called chirped.3 A stretched pulse is easier
to amplify efficiently and with lower damage risks for the optical components. Dis-
persion of spectral components can be reversed after the amplification stages with
a couple of gratings in the compressor stage. In Fig. 2.3 a scheme of a typical CPA
system is illustrated.

Currently, the record focused peak intensity for modern CPA-based laser systems
is 2 × 1022 W/cm2, reached by a 300 TW Ti:Sapphire laser (see [5]).

2.1.2 A Typical High Intensity Ti:Sapphire Laser System

A typical High Intensity Ti:Sapphire laser system is roughly described by Fig. 2.3.
An oscillator is responsible for producing a high-quality short pulse. These devices
operate usually at a very high frequency (∼ MHz), far beyond the capabilities of the

3An audio signal with similar properties recalls the chirping of birds.
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other stages of the chain,4 thus a single pulse is selected for further amplification.
The pulse is then stretched and amplified in a sequence of stages. Typically, the active
medium of these stages is efficiently pumped (i.e. excited) with other lasers, in order
to prevent excessive heating. The amplified chirped pulse is finally compressed with
a couple of gratings and sent to the interaction chamber, where the laser is focused
on a target with a parabolic mirror.

Since several amplification stages are usually involved, care should be taken in
order to avoid gain narrowing, which could increase pulse duration.

The laser pulse sent to the experimental room usually needs further optimizations.
In particular, an inherent issue of high-power laser systems is the emission of intense
prepulses both on the ns and the ps time scale before the main pulse. These pre-pulse,
though sometimes useful, are typically detrimental for the experimental activity.
Especially for High Field Plasmonics, for which the laser is made to interact with
a solid structured target, a careful control of pre-pulses is needed. Control of pre-
pulses is usually performed with plasma mirrors [16, 17]: the laser is focused on a
transparent medium and the prepulses are either transmitted or absorbed. The plasma
mirror is designed in such a way that a plasma is formed just before the main pulse,
which is reflected with moderate losses. Most modern systems use a double plasma
mirror. At the price of loosing∼50% of the initial pulse energy, with a double plasma
mirror a contrast of 1010 can usually be achieved.

Finally, adaptive optics techniques are usually needed for focal spot optimization,
in order to reach the highest possible focused intensities.

2.1.3 Towards 10 PW Laser Systems

Several projects to design and build ultra-intense laser systems able to overcome the
PW limit are currently ongoing. A recent review on the current status and foreseen
developments for ultra-high intensity laser technology can be found in [18]. PULSER
laser atGIST (Gwangju,Republic ofKorea) should soonoperate in themulti-petawatt
regime (4 PW are expected), since the upgrade from 1PW is already in progress [19].

Apollon laser is being built in France with a target power of ∼10 PW [20].
Though the construction works have been delayed, also RAL-CLF facility (UK) has
prepared plans for a 10 PW upgrade of Vulcan laser [21] and is currently involved in
the validation of the concept. Both Apollon project and Vulcan upgrade project are
based on on the Optical Parametric Chirped Pulse Amplification technique (OPCPA,
see [22–24]).

Finally, in 2014, the large European project ELI (Extreme Light Infrastructure)
has awarded a contract for the development and delivery of a 10 PW system to an
industrial and academic consortium and also the Shanghai Institute of Optics and
fine Mechanics (SIOM) is currently working on a 10 PW laser system [25].

4Ti:Sapphire laser systems operate in the 1–10 Hz frequency range (i.e. one shot every 0.1–1s),
mainly due to issues related to the amplifying stages.
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If compared to the rapid development of high-intensity laser technology in the past
decades, achieving the 10 PWmilestone is requiring an amount of time significantly
greater than expected. This might suggest that we are approaching the fundamental
limits of current technology. However, some radically different schemes are currently
being developed, tough being still a concept at the moment. An example is the multi-
fibre laser, whose development is currently pursued by the International Coherent
AmplificationConsortium. This laser system should consist in a large bundle of fibre-
based lasers which are coherently combined to achieve extremely high intensities
with a reasonable efficiency.5 If the technical issues will be tackled, the proponents
claim that this scheme could provide an efficient, high repetition rate 100 PW laser6

concept (see [28, 29]).

2.2 Relativistic Laser Plasma Interaction

This section is intended to provide an introduction on Laser-Plasma interaction at
ultra-high intensities. A natural starting point is single particle motion in a relativis-
tic laser field. The study of ionization processes, which would be very important for
lower laser intensities (I < 1016 W/cm2), is completely ignored here: at relativistic
intensities, at least the outer electron shells of any atom are ionized within one laser
cycle7 [30]. Section2.2.1 deals with single particle motion in intense laser fields.
Electromagnetic (EM) waves propagation in a plasma is discussed in Sect. 2.2.2.
Kinetic theory in the relativistic regime is briefly introduced in Sect. 2.2.3, whereas
the importance of intense irradiation due to charged particle motion and QED effects
at extremely high intensities are discussed in Sect. 2.2.6. Finally, possible applica-
tions and foreseen future developments of laser-plasma interaction are covered in
Sect. 2.2.7.

The reader interested in Laser-Plasma interaction is referred to [30–32] which
cover the topic extensively. For the Relativistic Kinetic theory a comprehensive ref-
erence is provided by [33].

2.2.1 Single Particle Motion

We start with a simple derivation of the non-relativistic quiver motion of an electron
in an oscillating electric field. The equation of motion is simply:

5Fibre-based lasers can operate in the kW regime with a wall-plug efficiency ∼30%.
6Possible applications of a laser built according to this concept include space debris control [26]
and production of Tc 99m [27], a radioactive isotope of medical interest.
7The critical intensity for ionization of any material with single photon processes is ∼3.5 ×
1016 W/cm2.
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d2x

dt2
= −e0

m
E0 cos(ωt) (2.1)

We can integrate onceEq.2.1,which leads to the following expression for the velocity
as a function of time:

v = e0E0

mω
sin(ωt) (2.2)

we define a0 as:

a0 = v

c
= e0E0

mωc
(2.3)

The adimensional a0 parameter is crucial in Laser-Plasma interaction, since its value
characterises the interaction properties: a0 � 1 means no relativistic effects, a0 � 1
is a regime with weakly relativistic effects, a0 ≥ 1 defines the fully relativistic
regime.

Equation2.2 is oversimplified, since the effect of the magnetic field component
is completely neglected. If v � c this approximation is justified: the strength of the
force exerted by the magnetic field component is indeed suppressed by a factor v/c.
However, if v ≈ c, as in relativistic laser-plasma interaction, the magnetic and the
electric field components become equally important. An exact solution of electron
motion in an electromagnetic plane wave field can be found and the derivation is
reported hereunder (closely following [30] and [31]).

The equations for particle momentum p and energy E = meγc2 read as follows:

dp
dt

= −e0(E + v
c

× B) (2.4)

d

dt

(
meγc

2
) = −e0v · E (2.5)

with p = γmv and γ = √
1 + p2/m2c2.

We consider an elliptically polarized plane-wave, described by the vector potential
A, travelling along x̂ (k = kx̂):

A(ω,k) = (0, δa0 cosφ,
√
1 − δ2a0 sin φ) (2.6)

where φ = ωt − kx is the phase. The δ parameter controls the pulse polarization
(δ = 0,±1 means P-polarization, while δ = ±1/

√
2 means C-polarization).

Since E=− 1

c
∂tA and B = ∇ ×A (equal to x̂×∂xA) we can re-write Eq.2.4 as:

dpx
dt

= −e0
(
∂tA + v

c
× ∇ × A

)
|x (2.7)

dp⊥
dt

= −e0
(
∂tA + v

c
× ∇ × A

)
|⊥ (2.8)

where the momentum p is broken down into its longitudinal and transversal compo-
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nents. Using the fact that A = A⊥ (i.e. A doesn’t have a longitudinal component)
and that v × ∇ × A = −vx∂xA⊥, from Eq.2.8 we get:

d

dt

(
p⊥ − e

c
A

)
= 0 (2.9)

which states the conservation of canonical momentum (related to translational invari-
ance in the transverse plane).

It can be shown that a second conservation law can be written, replacing A in
Eq.2.5:

d

dt
(px − meγc) = 0 (2.10)

so that the particle motion is completely determined by the two constants of motion

p⊥ − e

c
A and px − meγc.

Considering that the electron is initially at rest leads to the following solution,
which depends parametrically on δ:

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

x̂

a20
= 1

4

[
−φ −

(
δ2 − 1

2

)
sin 2φ

]

ŷ

a0
= −δ sin(φ)

ẑ

a0
= (

1 − δ2
)1/2

cos(φ)

(2.11)

where the coordinates have been normalized with respect to 1/k. Figure2.4 shows
the trajectory of an electron in intense, P-polarized and C-polarized laser pulses. We
immediately notice that in both cases there is a systematic drift of the electron along
x̂ . It is evident from the graph that for P-polarization the electron is confined on the
xy plane, while for C-polarization it spirals around the x̂ axis.

2.2.2 Propagation of EM Waves in a Plasma

After having derived the behaviour of a single electron in an intense oscillating EM
field, the natural prosecution is the study of the propagation of EMwaves in plasmas.
For simplicity only the propagation of EM waves in cold, non-magnetized plasmas
will be considered.8

The equation which describes the propagation of an EM wave reads as follows:

8The interested reader can found a thorough discussion of the rich physics of EMwaves propagation
in plasmas in [34].
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Fig. 2.4 Trajectory of a charged particle under the effect of a relativistic C-polarized (upper panel)
or P-polarized laser pulse

(
∇2 − 1

c2
∂2
t

)
E − ∇(∇ · E) = 4π

c2
∂tJ (2.12)

The derivation of the dispersion relation for EMwaves in a cold plasma can be found
in several standard textbooks [34, 35], thus only the result of the derivation will be
reported here:

− k2c2 + ε(ω)ω2 = 0 (2.13)

where

ε(ω) = 1 − ω2
p

ω2
(2.14)

In the previous equation, ωp is the plasma frequency, defined as follows:

ωp =
√
4πe2ne
me

(2.15)

Consequently, when ω > ωp an EMwave is free to propagate in the plasma, whereas
if ω < ωp the EM wave is exponentially damped in the plasma. Given a fixed EM
frequencyω the critical density nc is defined as the plasma densitywhichmakesωp =
ω. For a laser wavelength∼800 nanometers,9 the critical density nc ∼ 2 ·1022 cm−3.

The previous derivation is valid for a non-relativistic case. Relativistic laser-
plasma interaction is significantly more challenging to study. Indeed, the strongly

9As for a typical Ti:Sapphire laser system.
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non-linear effects lead to the complicated regime of non-linear optics.10 However, at
least for circularly polarized EM waves, an exact solution exists, provided that finite
time and finite space effects are disregarded. In this last case the correct dispersion

relation can be obtained with the replacement me → γeme, where γe =
√
1 + a20/2.

This means that, in general, for a given frequency ω, relativistic effects raise the
critical density nc to γenc. This phenomenon is called relativistic transparency.

2.2.3 Relativistic Kinetic Equations

In several physical scenarios, kinetic effects cannot be neglected. Here a synthetic
derivation of relativistic kinetic equations is given (a comprehensive treatment can
be found in [33]).

The relativistic one-particle distribution function f (x, p) is the probability of
finding a particle within a small�4x around four-position x and a small�4 p around
four-momentum p (following reference [33], a classical picture is adopted, thus all
quantum effects are neglected).

Given a collection of identical particles with mass m, f (x, p) is defined as a sta-

tistical average of
N∑

i=1
δ3 (x − xi (t)) δ3 (p − pi (t)), where xi (t) and pi (t) are, respec-

tively, the three-position and the three-momentum of particle i at time t11:

f (x, p) =
〈

N∑

i=1

δ3 (x − xi (t)) δ3 (p − pi (t))

〉

(2.16)

Using f (x, p), particle four-flow density can be defined as:

Nμ = c
∫

d3 p

p0
f (x, p) (2.17)

We will now derive the collisionless kinetic equation for the evolution of f (x, p)
without any external force. We can define the scalar quantity �N (x, p) as follows:

10Phenomena like self-focusing, higher frequency generation …may take place and concepts like
the refraction index and the dispersion relation cannot be ported straightforwardly in this regime.
11Though not manifestly covariant, f (x, p) can be proven to be a Lorentz scalar using the ancil-
lary function N (x, p) = 1

p0
δ(p0 − √

p2 + m2c2) f (x, p). It is possible to show that N (x, p) =
1

mc

∫
dτ 〈

N∑

i=1
δ4 (x − xi (t)) δ4 (p − pi (t))〉, which is a Lorentz scalar (τ is the proper time). More-

over, it is trivial to show that θ(p0)δ(pμ pμ −m2c2) = δ(p0 − √
p2 + m2c2)

2p0
. Finally, since using

the previous result N (x, p) = θ(p0)δ(pμ pμ − m2c2) f (x, p), we can conclude that f (x, p) is a
Lorentz scalar.
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�N (x, p) =
∫

�3σ

∫

�3 p
d3σμ

d3 p

p0
pμ f (x, p) (2.18)

where d3σμ (time-like four-vector) is an oriented three-surface element of a plane
space-like surface.�N (x, p) can be interpreted as the number ofworld lines crossing
the surface element �3σ with a four-momentum within a volume �3 p centred on
pμ.

After some time, the same number of world lines will cross the surface element
�3σ̂. Thus we get:

∫

�3σ̂

∫

�3 p
d3σμ

d3 p

p0
pμ f (x, p) −

∫

�3σ

∫

�3 p
d3σμ

d3 p

p0
pμ f (x, p) = 0 (2.19)

The bundle of word lines crossing �3σ and �3σ̂ defines a word line tube, whose
enclosed four-volume is �4x . Since there are no collisions, world lines cannot cross
the borders of the tube. Exploiting Gauss theorem we can write

∫

�4x

∫

�3 p
d3σμ

d3 p

p0
pμ∂μ f (x, p) = 0 (2.20)

which immediately leads to

pμ∂μ f (x, p) = 0 (∂t + u · ∇) f (x, p) (2.21)

Equation2.21 simply describe the free-streaming of the distribution function (u is
the three-velocity u = p/(γm0)).

A very similar derivation can be carried out also if an external force Fμ is present.
In this case, a particle following a world line between�3σ and�3σ̂ changes momen-
tum as follows: pμ → pμ + Fμ�τ , where τ is the proper time.

Omitting the full derivation (details can be found in [33]), the final result for the
relativistic kinetic equation is:

pμ∂μ f (x, p) + mFμ ∂

∂ pμ
f (x, p) = 0 (2.22)

Equation2.22 is valid only if Fμ doesn’t alter the rest mass m0 of the particles

(pμFμ = 0) and if
∂Fμ

∂ pμ
= 0. It is worth to mention that these conditions are satisfied

for the electromagnetic force Fμ = − q

mc
Fμν pν (where Fμν is the electromagnetic

tensor).
Equation2.22 can be rewritten as

(∂t + u · ∇ + F · ∂

∂ p
) f (x, p) = 0 (2.23)
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2.2.4 Energy Absorption with Overdense Targets

In the previous subsection we have shown that an EM wave cannot penetrate in an
overdense plasma. When fully ionized, solid density targets are strongly overdense
(ne/nc � 100) for Ti:Sapphire fs lasers. This means that a laser pulse is usually
reflected from these targets, unless they are so thin that the laser is able to break
trough them.

Even if the laser is reflected back, a significant fraction of its energy may be
transferred to the electrons of the target. Indeed “fast electrons” with energies of a
few MeVs can usually be observed for ultra-high intensity laser-matter interaction.
The typical order of magnitude of the hot electron energies as a function of the a0

parameter can be estimated12 as Ehot = mec2
(√

1 + a20/2 − 1

)
, so that laser-solid

interaction with a a0 = 5 (typical for 100TW laser systems) the expected energy
for the hot electron emission is ∼1.4MeV. Depending on the irradiation conditions,
several heating processes exist and the most relevant for ultra-high intensity laser
interaction with solid density plasmas are listed below (see [31, 36] for a more
detailed discussion). Electron heating is strongly dependent on the pulse parameters
(polarization, angle of incidence, intensity) and on the target properties (density of
the plasma, steep interface or smooth density gradient).

The study of electron heating processes is important because the expansion of the
heated electrons leads to very intense electrostatic fields, which in turn can accel-
erate ions (see Sect. 2.2.7). Since high energy ion sources are of interest for several
applications, understanding and controlling these processes may be beneficial for the
optimization of laser-based ion sources.

Resonance Absorption
A possible mechanism for electron heating in laser-plasma interaction is resonance
absorption, which can take place in a region of the plasma where the plasma fre-
quency ωp is equal to the laser frequency ω. Indeed, in these conditions, the laser
can efficiently couple with the normal modes (bulk plasmons) of the plasma, which
propagate with a frequency ωp. Of course, if a solid target is (even partially) ionized,
ωp � ω. However, intense laser pulses are frequently preceded by a less intense
prepulse on the ps (or even ns) timescale. If the pre-pulse is sufficiently intense, it
may lead to a pre-expansion of the target, forming a density gradient. The resonance
absorption mechanism can then take place in the region of this plasma gradient in
which the resonance condition is satisfied.

A simple electrostatic model of the process is described in [31] and is reported
here.

The EMwave is described as an external oscillating fieldE = Re
(
Ẽde−iωt

)
. The

EM wave propagates in a plasma with a background density which is a function of
the position n0 = n0(x). The following system of equations can be written for this
physical scenario, combining Gauss’s law for the electric field with fluid equations

12This estimated energy is called the “ponderomotive energy”.
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for the plasma: ⎧
⎪⎪⎨

⎪⎪⎩

∇ · E = −4πe(ne − n0)

∂t ne = −∇ · (neu)

(∂t − u · ∇)u = − e

me
(E + Ed)

(2.24)

Linearising the previous equations in the limit ux � L/ω (i.e. density is considered
to be uniform over the electron oscillation amplitude) we get:

δne = 1

4πe

(E + Ed) · ∇n0
n0(x) − nc

(2.25)

Equation2.25 indicates that there is a resonance when the plasma density is equal
to the critical density, unless E · ∇n0 = 0. This means that P-polarization and
oblique incidence are required. Actually, the previous derivation should be modified
for oblique incidence (the laser pulse is reflected back at a density lower than nc,
possibly preventing the coupling with bulk plasmons). A detailed analysis of this
effect is however beyond the scope of this section.

Vacuum Heating
Vacuum heating is an electron absorption process which takes place in high intensity
laser-plasma interaction when steep plasma gradients are involved. This mechanism
was first proposed by Brunel [37]. Essentially the combined electric field of the
incident pulse and the reflected pulse is responsible for dragging the electrons out of
the target.After a half-oscillation, the electrons are injected in the target at high energy
(the oscillation energy) and, since the EMfield is evanescent in the overdense plasma,
they are free to propagate further in the target. This mechanism should produce a
high-energy electron bunch every laser cycle (the properties of these bunches can be
studied as described in [38]).

Aminimal 1Dmodel of the process can be provided (see [31, 36, 39]), considering
a step-like plasma with ion density ni = n0�(x) and an EM field E = Ee + Ed ,
where Ee is the electrostatic component and Ed is the oscillating external driver field
Ed = E0 sin(ωt) (only the x̂ component of the fields is considered).

Adopting a fluid description of the plasma, the following equations can bewritten:
⎧
⎪⎪⎨

⎪⎪⎩

∂x Ee = 4πρ = 4πe [n0�(x) − ne]

∂t ne = −∂x (nevx )
dvx

dt
(∂t + vx∂x ) vx = − e

me
(Ee + Ed)

(2.26)

As described in [31], switching to Lagrangian variables (x = x0 + ξ, τ = t and
dξ/dt = vx ) leads to the following solution:

ξ = −x0 + ud (sin(ωt) − sin(ωt0)) − ud cosωt0
1 − (ω/ωp)2

(t − t0) + udω

2
(t − t0)

2 sin(ωt0) (x0 + ξ < 0)

(2.27)
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where ud = eẼe/(me/ω). The last term of Eq.2.27 shows that the electrons expe-
rience a secular acceleration (they enter the plasma with a velocity ≈ ud ). In the
relativistic regime, a reasonable approximation of the kinetic energy of the re-entrant
electrons is given by the ponderomotive energy. The third term of Eq.2.27 instead
shows that there is a resonance when ω ∼ ωp.

Vacuum heating relies crucially on longitudinal field components, which are
absent for S-polarized laser pulses or for normal incidence.

It can be shown (see [30] for the detailed derivation) that a good estimation of the
laser absorption efficiency with the vacuum heating process (in the limit ω � ωp,
far from the resonance) can be obtained solving the following implicit equation:

η = 1 + √
1 − η

πa0

[(
1 + a20 sin

2 θ(1 + √
1 − η)2

)1/2 − 1

]
sin θ

cos θ
(2.28)

where η is the absorption efficiency and θ is the angle of incidence of the pulse.
Equation2.28 is obtained assuming that the energy of the re-entrant electrons is the
ponderomotive energy and taking into account self-consistently the reduction of the
amplitude of the accelerating field due to the absorption process. A few solutions
of Eq.2.28 are represented in Fig. 2.5. For small a0 the absorption efficiency peaks
at grazing incidence, while for large a0 the model predicts η to reach 1 at smaller
angles of incidence.

Fig. 2.5 The solutions of Eq.2.28 are shown for severala0, ranging froma0 = 0.01 (non-relativistic
regime) to a0 = 100 strongly relativistic regime
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J × B Heating

J × B heating mechanism [40] is similar to vacuum heating, since it requires a very
steep plasma gradient. While in vacuum heating the electrons are extracted from the
target and accelerated in the vacuum by the electric field of the pulse, J×B relies on
the v × B term of the Lorentz force. At normal incidence, J × B can be considered
as a form of vacuum heating where Ed is replaced by v × B/c. The main difference
between the two processes is that Ed varies with a frequency ω, while the frequency
of v × B/c is 2ω.

It can be shown that the longitudinal force exerted via J×Bmechanism is propor-
tional to (1−cos(2ωt)). The constant term is simply the ponderomotive force, while
the oscillating term is responsible for accelerating electron bunches into the target
with a frequency equal to 2ω. It can be shown that J×B heating has a resonance for
ω = 2ωp (see [31]).

J×B heating applies for S and P polarization, also at normal incidence, while for
C-polarization and normal incidence it can be shown that this mechanism is totally
suppressed.

The absence of efficient electron heatingmechanisms for C-polarization at normal
incidence is exploited in ion acceleration schemes which rely solely on the radiation
pressure on the target. In these schemes indeed, the generation of hot electrons is
usually detrimental, since it may lead to an early disruption of the target.

2.2.5 Target Normal Sheath Acceleration (TNSA)

In the previous subsection, it was mentioned that electron heating processes in solid
density targets may lead to ion acceleration. Here, the most studied ion acceleration
mechanism, TNSA (Target Normal Sheath Acceleration) is exposed in some detail.
Other interesting ion acceleration schemes exist and they are briefly mentioned in
Sect. 2.2.7. The interested reader is referred to [31, 36].

Ions are at least ∼2000 times heavier than electrons. Unless the laser pulse inten-
sity exceeds 1024 −1025 W/cm2 (far beyond what can be achieved with modern laser
technology), the electric field of the pulse cannot accelerate directly the ions.

However, intense laser pulses can transfer a significant fraction of their energy to
the electrons of the target, whose expansion leads to strong electrostatic fields. Ions
can be accelerated up to high energies (∼60MeV at the moment) by these fields.
The observation of these high energy ions dates back to the early 2000 (these experi-
ments where performedwith high energy “long” ns pulses, only recently experiments
performed with fs Ti:Sapphire lasers have matched these results).

When an intense laser pulse interacts with a solid-density plasma, it transfers a
significant fraction of its energy to a hot electron population. When hot electrons
escape from the rear side of the target, they produce a sheath field Es normal to

the target surface. The magnitude of the sheath field can be estimated as Es = Th
eLs

,
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where Th ∼ mec2(
√
1 + a20/2−1) is the hot electron temperature, e is the elementary

charge and Ls is the scalelength of the sheath field. Ls can be roughly approximated
as Ls ∼ LD , where LD = √

Th/4πe2nh is the Debye length of the hot electrons.
Assuming a 10% laser absorption efficiency, a solid density plasma and a pulse

intensity of ∼1020 Wcm2 the aforementioned estimations lead to a sheath field of
∼6 × 1010 V/cm, which is orders of magnitude larger than what can be obtained in
a conventional particle accelerator. Of course the sheath field decays rapidly after a
fewµm. Nonetheless, it is strong enough to ionize the impurities at the target surface
(mainly carbon and hydrogen) and accelerate them up to a few tens of MeVs per
nucleon. The acquired energy can be simply estimated as E ∼ ZeEs Ls , where Z is
the atomic number of the ion. Replacing the formulae for Es and Ls in the previous
expression, we obtain a scaling law E ∼ I 1/2, where I is the laser intensity. This is a
rather unfavourable scaling, compared to other acceleration schemes like Radiation
Pressure acceleration.

Reference [41] provides an extensive comparison of the theoretical models for-
mulated for TNSA, concluding that the quasi-static approach [42] is particularly
reliable to predict the energy of the accelerated ions.

2.2.6 Radiation Reaction Force and QED Effects

Laser-matter interaction with ultra-intense laser pulses leads to extreme electron
acceleration, which become ultra-relativistic in a single laser-cycle. As widely
known, an accelerated particle irradiates EM energy. The back-reaction force exerted
on the particle due to this EM emission is called Radiation Reaction force (RR). Tak-
ing into account RR is important since it may significantly affect electron dynamics
in laser matter interaction at intensities exceeding I ∼ 1023 W/cm2, which will be
available in the upcoming, next-generation laser facilities. Also the simulation of
astrophysical scenarios involving ultra-relativistic plasmas may require RR to be
considered.

RR can be considered as an additional term to the Lorentz fore:

dp
dt

= −e
(
E + v

c
× B

)
+ frad (2.29)

Considering the power dissipated by an accelerated charged particle:

Prad = 2e2

3c3
|v̇|2 = 2e2ω2

c

3c3
ν2 (2.30)

we may naively write an expression for frad , so that
t∫

0
frad ·vdt ′ = −

t∫

0
Praddt ′. This

approach leads to
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frad = 2e2

3c3
v̈ (2.31)

which is however unsatisfactory, since it allows runaway solutions.
In [43], the following expression for RR is derived:

frad = 2r2c
3

{
−γ2

[(
E + v

c
× B

)2 −
(v
c

· E
)2

]
v
c
+

+
[(

E + v
c

× B
)

× B +
(v
c

· E
)
E

]
− γ

mec

e

(
Ė + v

c
× Ḃ

)}
(2.32)

where Ė = (∂t + v · ∇)E and Ḃ = (∂t + v · ∇)B. The expression for RR of Eq.2.32
does not lead to runaway solutions.

A simple and effective numerical technique to include RR effects in PIC codes is
presented in [44]. Despite its simplicity, this approach is able to reproduce the exact
solution of Eq.2.29 (obtained with expression 2.32 for frad [45]).

The description given for RR is completely classical. This means that this treat-
ment is not valid when the laser field approaches the Schwinger limit in the reference
frame co-moving with the electron:

Es = mec2

λc
= 1.3 × 1016Vcm−1 (2.33)

In this regime the electric field becomes high enough to generate electron-positron
pairs from the vacuum. In the laboratory frame, the Schwinger limit corresponds to a
laser intensity of ∼1029 W/cm2 (for Ti:Saphphire lasers), which is extremely higher
than what can be achieved with present and foreseen laser technology. However,
in the reference frame co-moving with the electron, the electric field is up-shifted
by a factor 2γ. This means that, in specific conditions, the onset of QED effects in
laser-plasma interactions may be observed at much lower intensities [46].

2.2.7 Applications

In this section a condensed summary of the main trends in intense laser-plasma
interaction research is given. An exhaustive treatment of these topics is far beyond
the scope of this document. The following list is provided in order to account for the
variety of this research field.

Electron Acceleration
Electron acceleration is a long-standing topic in intense laser-plasma interaction.
The idea of exploiting a laser-induced wake in an under-dense plasma for electron
acceleration dates back to 1979 [47]. This scheme is known as Laser WakeField
Acceleration (LWFA)
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For Ti:Sapphire laser systems, targets with n < nc are normally in gaseous form
(gas jets synchronized with the laser pulse are used). Essentially, with a laser pulse
propagating in a sub-critical plasma it is possible to induce periodic perturbations
of the electron densities (this is due to the ponderomotive force). These density
perturbations (see Fig. 2.6) are associated with a longitudinal electric field. Some
electrons (coming from the plasma or externally injected) can be trapped inside the
lower density region and, under the right conditions, they canbe accelerated up to very
high energies. Several different strategies have been explored in this field and in 2004
electron energies of ∼200MeV (see [48]) were reached, while the current record is
in the multi-GeV range (see [49]). The most attractive features of these plasma based
accelerators are the extreme compactness of the source (the acceleration takes place
in a fewmillimetres of plasma) and the very high intensity of the accelerated electron
bunch (this is due to the fact that the bunch is extremely short in time, few 10s fs).
Due to these properties, LWFA is also attractive as a secondary source of radiation.

A significant research effort in this field is currently focused onmulti-stage LWFA
accelerators [50], in which an electron bunch generated with LWFA is injected in
another laser-driven wakefield. The final goal of this research line is achieving per-
formances comparable with conventional accelerators (tens or hundreds of stages
are though to be required for this purpose).

Recently, approaches able to exploit the foreseen advancements in laser technol-
ogy have been proposed (e.g. multi-fibre lasers), like plasma wakefield accelerators
driven by an incoherent combination of laser pulses [51].

It is worth to mention here that, though not based on a laser driven wakefield,
plasma wakefield accelerators (PWFA) have been tested successfully to boost the
energy of electron bunches accelerated by a conventional Linac (see [52] for a recent
result). The main idea behind PWFA is very similar to LWFA, except that the wake-
field is generated by the electron bunch itself.

Fig. 2.6 Laser WakeField Acceleration. Laser induced electron density perturbations are clearly
visible. Strong longitudinal electric fields are associated with these perturbations
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Fig. 2.7 Target Normal Sheath Acceleration principle. Reprinted figure with permission from A.
Macchi, M. Borghesi, and M. Passoni, Reviews of Modern Physics 85, 751 [36]. Copyright 2013
by the American Physical Society

Ion Acceleration
Besides electrons, also ions can be accelerated by means of laser plasma interaction
(see [36, 53] for a review). Normally, solid targets are used in this research field.
The interaction of the laser pulse with solid targets results in the generation of a very
high density plasma (typically ∼300 nc).

Ions are too heavy to be accelerated directly by the laser pulse (even for the
laser systems which will come online in the next years). Thus their acceleration
is essentially due to the electrostatic field generated by the electrons. In a typical
scenario, the so-called Target Normal Sheath Acceleration (TNSA), thin solid targets
are used. The interaction of the laser pulse at the target surface generates a population
of hot electrons. These electrons are expelled from the target, generating a very
intense longitudinal electrostatic field at the back side. This electric field in turn
accelerates the ions coming from the back side of the target13 (see Fig. 2.7 for an
artistic representation).

Several other ion acceleration schemes exist. Some are variations of the TNSA
scheme which use structured targets to improve hot electron generation (coupled
foam-solid targets or targets with a micro-structured surface).This topic will be cov-
ered extensively in Chap.5.

Other schemes, such as Radiation Pressure Acceleration (RPA), differ signifi-
cantly from the TNSA picture. In RPA, indeed, electron heating is suppressed and a
charge separation is directly induced by the radiation pressure exerted on the electrons
of the target (see Chap. 6).

Normally ion acceleration schemes are able to accelerate ions up to a few tens of
MeV per nucleon. As for electron accelerators, laser-based ion acceleration schemes

13Normally a layer of hydrocarbon contaminants is always present on the target surfaces.

http://dx.doi.org/10.1007/978-3-319-44290-7_5
http://dx.doi.org/10.1007/978-3-319-44290-7_6
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are interesting for their compactness. Moreover, if significant improvements over
present laser plasma accelerators were achieved, they could become attractive for
medical purposes. In fact, ions in the energy range of 100s MeV are routinely used
for cancer treatment in several medical facilities in the world (the technique is called
hadron-therapy). Ions are useful for cancer treatment because they release most of
their energy at the Bragg peak. This means that it is possible to carefully select the
ion energy in order to maximize the tissue damage on the cancer region, sparing the
healthy tissues.

Medical facilities able to treat cancer with hadron-therapy use traditional accel-
erators (which are very expensive and require very large facilities). However, before
plasma based accelerators could compete with traditional accelerators in this field,
several important improvements should be achieved. In particular, laser-accelerated
ions exhibit a cut-off energywhich is still too low to be ofmedical interest.Moreover,
their spectrum is extremely broad, while a quasi mono-energetic spectrum would be
required. Finally, reliability of these plasma based systems should be improved.

Besides the medical use envisaged for laser-based ion sources, other interesting
applications in material science may significantly relax the requirements for the
accelerated ions. Indeed, present laser-based ion acceleration schemesmaybe already
suitable or not too far from being suitable for some of these applications. This topic
will be discussed in more detail in Chap.5.

High Harmonic Generation
High Harmonic Generation (HHG) (see [54]) is a vibrant research field, stemmed
from the study of laser-matter interaction. Irradiating a gaseous target with relatively
intense ultra-short laser pulses results in the generation of high-order harmonics. The
semi-classical recollision model [55] is helpful to get an insight of the process. In
the intense laser field, an electron can tunnel through the atomic potential into the
vacuum, where it can be accelerated by the laser. After a half optical cycle the laser
is reversed and the electron can recombine with its parent atom, emitting a burst of
radiation.

The most attractive feature of HHG is the possibility to tune the process to gen-
erate extremely short laser pulses, down to the attosecond timescale [56], which are
very attractive as a diagnostic tool for ultra-fast electronic processes in atoms and
molecules.

In order to generate high-order harmonics and then attosecond pulseswith gaseous
targets, the intensity of the laser pulse cannot be greater than ∼1016 W/cm2, which
prevents the generation of high intensity attosecond pulses (the maximum energy
of an intense attosecond pulse is ∼1µJ [57]). A possible route to higher-intensity
attosecond pulse sources consists in using overdense plasma surfaces and ultra-
high intensity laser pulses [58, 59]. There are currently ongoing efforts to optimize
harmonic generation with this scheme and to produce and isolate attosecond pulses.
The topic will be covered more extensively in Chap. 6.

Intense Gamma Sources

http://dx.doi.org/10.1007/978-3-319-44290-7_5
http://dx.doi.org/10.1007/978-3-319-44290-7_6
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Electrons accelerated via the LWFA process may be exploited as a secondary source
of radiation. Schemes based on Thomson scattering may be implemented to obtain
compact and intense x-rays/gamma sources (see for example [60]).

Recently, a laser-based γ source set the record for the highest peak brilliance in
the multi-MeV energy range: ∼2 × 1020 photons s−1mm−2mrad−2 (see [61]). This
value exceeds by several orders of magnitude the peak brilliance that can be obtained
with conventional sources available in that energy range.

Laser-Based Neutron Sources
Laser-based particle acceleration (both of electrons and ions) opens interesting per-
spectives for compact, ultra-intense and ultra-short laser-based neutron sources.

Two mechanisms can be exploited: laser-based electron acceleration for photo-
neutron generation and nuclear reactions induced by laser-accelerated ions. As far
as the first mechanism is of concern, Bremsstrahlung photons are generated with
electrons in the in the multi-MeV or 10sMev energy range interacting with a suitable
solid target. The energy spectrum of these photons extends up to the initial electron
energy [62] and it is thus suitable for photoneutron generation. Laser-based sources
of photoneutrons were described in the past [63] and recently a few experiments have
reported very high intensity neutron fluxes, exceeding several other bright neutron
sources [64–66]. As far as the second mechanism is of concern, a “traditional” laser
based ion acceleration scheme is coupledwith a suitable target for neutron generation
(see [66]).

As pointed out in [64], such short and intense pulsed neutron sources may have
significant applications for the Fast Neutron Resonance Radiography technique [67]
(which is useful for activematerial interrogation [68–71]).Moreover neutron sources
based on laser systems foreseen in the near future may even allow to study nucle-
osynthesis processes in extreme astrophysical scenarios [72].

Laboratory Astrophysics
The availability of high intensity laser sources allows to test mechanisms relevant
for astrophysics in a laboratory environment (the so-called laboratory astrophysics).
This allows to study physical scenarios which otherwise would be beyond reach
for direct experimental testing. Several questions concerning crucial astrophysical
processes are indeed still open and the research effort on this topicmay take advantage
from experimental tests. Scaling the parameters of astrophysical plasmas down to the
laboratory scale can be done rigorously (see [73]). Typical laboratory astrophysics
experiments involve the study of shocks and/or counter-streaming plasmas (see [74]).

Recently the generation of neutral and high-density electron-positron pair plasmas
in the laboratory was demonstrated [75] and numerical studies [76] indicate that
upcoming laser facilitieswill be able to provide pair plasmaswith parameters suitable
to test astrophysical scenarios.

Finally, energetic ns beamswere used in the past to compress matter much beyond
what can be achieved with diamond anvils (see [77] for an example): NIF facility
(USA)was recently able to reach a pressure of∼1Gbar [78]. These studies are useful
to understand the properties (crystalline structure, conductibility …) of matter in
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conditions analogous to those found in planetary cores. Recent results with nano-
structured targets [79] suggest that extremely high pressures suitable for High Energy
Density physics studies can be achieved even with ultra-high intensity fs lasers.

Laser-Plasma Interaction at Extreme Laser Intensities
The advent of future laser facilities should allow to the observation of physical
processes at energy scales beyond those of atomic physics (see [80] for a thorough
review). For instance, laser intensities exceeding 1023 W/cm2 should be high enough
to observe an electron dynamics strongly dominated by RR. Even higher intensities
may allow in the future to test QED phenomena such as QED cascades and vacuum
polarization.

2.3 High Field Plasmonics

The excitation and control of Surface Plasmons (SPs) is a vibrant research field [81,
82], with several present and foreseen applications, ranging from extreme light con-
centration beyond diffraction limit [83] to biosensors [84] and plasmonic chips [85].

SPs are collective excitations of the electrons at the interface between a metal and
a dielectric. “Classical” plasmonics schemes involve the interaction of low inten-
sity (I < 1012 W/cm2) laser pulses with sub-wavelength structured targets (target
structuring is required for SP excitation).

Some configurations of classical plasmonics may be extended into the high inten-
sity laser-matter interaction regime. Plasmonics in this regime, where strongly non-
linear effects are expected, is essentially unexplored.14 SP excitation at relativistic
intensities poses new questions and might open new frontiers for manipulation and
amplification of high power laser pulses.

Section2.3.1 provides an introduction on SP physics with an eye towards high
field regime. An overview of classical plasmonics schemes is provided in Sect. 2.3.2,
while in Sect. 2.3.3 the outlook for the research on high field plasmonics is discussed.

2.3.1 Excitation of Surface Plasmons

In this section, only an introductory theoretical background on SP will be given. For
a thorough treatment the interested reader is referred to [87, 88] (see instead [89] for
a discussion on High Field Plasmonics).

SPs are electron oscillation modes which are confined at a steep interface between
a metal and a dielectric material. We will first derive their dispersion relation before
discussing their properties and how they can be excited.

14The excitation of surface waves in relativistic laser-matter interaction was first proposed in [86]
but the topic has remained essentially unexplored up to now.
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In a wide range of frequencies (far from the absorption regions and neglecting
damping), the dielectric function of a metal can be approximated with the dielectric
function of a plasma: εr (ω) = 1 − ω2

p/ω
2, where ωp is the plasma frequency. We

will consider a perfectly flat interface between a metal (ε2 = εr (ω)) and a generic
dielectric medium, characterized by the dielectric constant ε1. We will adopt the
reference frame of Fig. 2.8: x̂ is perpendicular to the surface, while ŷ is the direction
of propagation along the interface. The system is taken to be invariant along ẑ.
Throughout the derivation subscripts 1 and 2 will be used to indicate, respectively, a
field in the dielectric region (x > 0) or in the metal region (x < 0).

Given the system of Fig. 2.8, the following conditions for the EM field should be
imposed: ⎧

⎪⎪⎪⎨

⎪⎪⎪⎩

E‖1 = E‖2
B‖1 = B‖2
ε1E⊥1 = ε2E⊥2

B⊥1 = B⊥2

(2.34)

Subscripts ⊥ and ‖ indicate, respectively, the field component perpendicular to the
surface and the field components parallel to the surface. It can be shown that no
transverse electric modes (TE) can exist with these conditions (see [88]). We thus
consider a transverse magnetic (TM) mode, for which we make the following ansatz
(monochromatic SP):

{
B = B0ẑe−qxei(ky−ωt)

E = (E0x x̂ + E0y ŷ)e−qxei(ky−ωt)
(2.35)

where q may be different in the two regions.

Using ∇ × B = μ

(
4π

c
J + ε

c

∂E
∂t

)
and performing a Fourier transform with

respect to timewe get∇×B̃ = −iωεẼ/c (no current, magnetic permeability μ ∼ 1).
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Fig. 2.8 Schematic representation of the surface oscillation mode of the electrons at the steep
metal-dielectric interface. The figure is reproduced with permission from [89]
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If we insert the ansatz in Eq.2.35 we finally get:

Ẽ = −c

ωε

[
kx̂ − iqŷ

]
B0 (2.36)

Imposing the boundary conditions of Eq.2.34 we find:

q1
ε1

= q2
ε2

(2.37)

Since we are looking for solutions bounded to the interface, q1 and q2 should be real
and with opposite sign (q1 should be positive, q2 should be negative in order to avoid
divergences at x = ±∞). This is only possible if ε1 and ε2 have opposite sign (i.e.
if one medium is a dielectric and the other one is a metal).

In general, in amediumwith dielectric function ε(ω), themagnetic fieldB satisfies

Helmholtz equation

(
∇2 + ε

ω2

c2

)
B = 0. This implies:

q2 − k2 + ω2

c2
ε = 0 (2.38)

Since k should be the same for the metal region and the dielectric region:

q2
1 + ω2

c2
ε1 = q2

2 + ω2

c2
ε2 (2.39)

using Eq.2.37 in 2.39 we get q2
1 = −ε21

ω2

c2
1

ε1 + ε2
. Plugging this last result into 2.38

and solving in region 1, we finally get the dispersion relation for a SP:

k(ω) = ω

c

√
ε1ε2

ε1 + ε2
(2.40)

For the specific case of an interface between a metal and the vacuum (in which we
will mainly interested) Eq.2.40 becomes:

k(ω) = ω

c

√
1 − ω2

p/ω
2

2 − ω2
p/ω

2
(2.41)

Figure2.8 shows the propagation of a SP. The upper material is the dielectric, while
the lower material is a metal. It is worth to remark that the electromagnetic field
extends very little into the metal. In fact, the decay length is essentially the electron
skin depth in this case.

The dispersion relation of Eq.2.41 has an evident singularity when ω → ωp/
√
2.

Then there’s a gap for ωp/
√
2 < ω < ωp where k(ω) is imaginary and finally there’s
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another branch of the dispersion function for ω > ωp. For SPs only the lower branch

is of interest
(
ω < ωp/

√
2
)
, since the upper branch describes the propagation of

very high frequency EM waves in the metal.
The previous derivation was performed for a metal. However it is valid also for a

cold plasma, provided that relativistic effects are disregarded.
When ω < ωp/

√
2, k(ω) > ω/c. This implies that coupling between an EMwave

in vacuum and a SP is impossible. In fact, the matching condition for an EM wave
with an angle of incidence θ reads as follow:

kEM(ω) sin(θ) = kSPP(ω) −→ ω

c
sin(θ) = kSP(ω) (2.42)

Equation2.42 cannot be satisfied if ω < ωp (in the previous equation kEM and kSP
are, respectively, the k vector for the EM wave and the SP).

In general, the excitation of a surface plasmon by direct illumination of a flat
interface can be proven to be impossible. Thus several schemes have been developed
in order to excite a SP with an electromagnetic wave.15 In the so-called Otto con-
figuration, a dielectric prism is in direct contact with a metal thin surface. When an
EM field is reflected at the dielectric-metal interface, its evanescent field component
is responsible for the excitation of a surface plasmon on the back side of the metal
thin foil. Kretschmann configuration is a very similar scheme, but it this case the
aforementioned components are arranged is such a way to introduce a thin air gap
between the prism and the metal. In this case the SP is excited by the evanescent
EM field on the face of the metal foil facing the prism. These strategies are crucially
based on the use of a dielectric.

The aforementioned schemes are clearly unsuitable for the aim of extending the
study of plasmonics effects in high intensity laser-matter interaction. Indeed during
the interactionwith a high intensity laser pulse any dielectric becomes a strongly con-
ductive plasma. Therefore, we must rely on other common schemes in “traditional”
plasmonics involving a structuring of a metal interface. Among these techniques a
widely used scheme consists in using metal surfaces with a shallow modulation of
period d (if the modulation of the surface is not shallow, the dispersion relation of the
SP can be strongly affected). The SP dispersion relation is then folded with period
q = 2π/d in the k − ω plane and the matching condition hence reads:

15Without using an EM wave, a SP can be excited also with accelerated charged particles.
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KEM(ω) sin(θ) = kSPP(ω) ± n
2π

d
(2.43)

where d is the groove spacing and n is an integer number.
A solution for the matching condition of Eq.2.43 can then be found. For a given

value of ω, the condition of Eq.2.43 depends only on the period of the grating d and
the angle of incidence of the EM wave φi :

± nλL/d =
√

(1 − ω2
p/ω

2)/(2 − ω2
p/ω

2) − sin(φi ). (2.44)

For a strongly over-dense plasma (ωp � ω), if we restrict to the solution with
n = +1, the conditions for d and φi becomes:

λL

d
= 1 − sin(φi ). (2.45)

Thematching condition is represented graphically in Fig. 2.9. Equation2.45 is plotted
in Fig. 2.10. Some selected values are highlighted.

Fig. 2.9 Pictorial representation of the excitation of a SP by a plane wave shining on a metal
interface. The figure is reproduced with permission from [89]
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Fig. 2.10 Relation between grating resonance angle and groove spacing d
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The theory presented so far is valid for non-relativistic laser-plasma interaction. It
is important to stress that we are mainly interested in the extension of Plasmonics in
the High Field regime, where we expect relativistic effects to be strong. Thus there’s
no “a priori” guarantee that the theory which we’ve exposed will hold at relativistic
intensities. Indeed, a complete and convincing theory for surface plasmon polaritons
in the relativistic regime (High Field Plasmonics) is still lacking in the literature.

2.3.2 Overview of Plasmonic Schemes and Applications

The impressive development of plasmonics in the last decades has led to the realiza-
tion of a large amount of interesting schemes. Figure2.11 gives an idea of the variety
of Plasmonics schemes and its applications.

Fig. 2.11 A few selected applications of plasmonics, which illustrate the variety of the field. Pic-
ture 1 shows a nanofocusing device, picture 2 shows a plasmonic metamaterial made of metallic
nanorods, picture 3 shows the use of a plamonic device for biosensing: the high field confinement
achieved in plasmonic schemes is exploited to enhance biomolecules detection. Picure 1 is repro-
duced fromOno et al. Surface Plasmon Excitation and Localization byMetal-Coated Axicon Prism.
Micromachines,3 (2012) [90].Copyright 2012by the authors, released under aCC-BY license http://
creativecommons.org/licenses/by/3.0/. Picture 2 is reproduced from Vasilantonakis et al. Laser &
Photonics Reviews,9 (2015) [91]. Copyright 2015 by the authors, released under a CC-BY license
http://creativecommons.org/licenses/by/3.0/. Picture 3 is reproduced from Nguyen et al. Surface
plasmon resonance: a versatile technique for biosensor applications. Sensors, 15 (2015) [92]. Copy-
right by the authors, released under aCreativeCommons attribution license http://creativecommons.
org/licenses/by/4.0/
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In the the left upper panel, a device conceived to achieve plasmonic nanofocusing
is shown.While propagating EMwaves cannot be focused below the diffraction limit
λ/2, surface plasmons are evanescent modes and can be concentrated much further.
A variety of devices able to concentrate surface plasmons in structures much smaller
than the wavelength of the exciting EM have been developed [93] (nanotips, tapered
waveguides, kissing cylinders …) leading to extreme field enhancements.16 Plas-
monic nanofocusing in metallic tips is currently exploited for technological applica-
tions such as the Scanning Near-field Optical Microscopy (SNOM) technique [94].

Plasmonic metamaterials [95] (see the top right panel of Fig. 2.11) are mate-
rials structured on a sub-wavelength scale which exploits plasmonics effects to
achieve peculiar optical properties,which are not found in conventionalmaterials. For
instance, a plasmonic metamaterial may behave as a negative refraction index mate-
rial. Suitably prepared plasmonics meta-surfaces may show unconventional optical
properties as well (see [96]).

Plasmonic elements can be integrated intomicrofluidic lab-on-chips. The replace-
ment of traditional electronic components with plasmonics equivalents is also an
active research field [85].

An important technological application of SP is represented by biosensors (see
[97]): a surface plasmon in excited on a suitably coated surface and the analysis of
the reflected light can be used to gather information on the adsorbed molecules. The
bottom panel of Fig. 2.11 provides a schematic of this technique.

Finally, the light trapping properties of SPs have been exploited to enhance the
efficiency of solar cells [98].

Provided that plasmonics can be extended into the relativistic regime, the large
variety of schemes already developed in traditional plasmonics could represent an
interesting source of inspiration.

2.3.3 Outlook for Relativistic Plasmonics

The perspective of extending some schemes borrowed from classical plasmonics
into the high field regime is certainly interesting. For instance, energy concentration
schemes are particularly attractive, since they may lead to extreme laser intensities,
currently out of reach formodern laser systems.Moreover, finemanipulation of ultra-
high fields with structured targets may open the way for interesting possibilities.

Though potentially far-reaching, the advent of High Field Plasmonics could be
hindered by fundamental difficulties inherent to high intensity laser-matter interac-
tion. Indeed, several plasmonics schemes require sub-wavelength structuring of the
targets: shallow gratings are required for laser coupling to surface plasmons, sub-
wavelength taperedwaveguides (or simlar subwavelength structures) are required for
light concentration beyond diffraction limit, subwavelength holes are required for
plasmonic transparency schemes…However, in laser-matter interaction at relativistic

16Field enhancement exceeding 100× are reported in the literature.
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intensities, electrons reach almost the speed of light in one laser cycle. This means
that they can be displaced by≈ λLaser in a single laser cycle, which raises the concern
that the subwavelength structures may not survive long enough.

Despite this issue, a few promising experimental results have been obtained
recently with grating targets irradiated at relativistic intensities (see Chap. 4 for an
extensive treatment). For instance, in a first experimental campaign in 2012 at CEA-
Saclay, grating targets were irradiated with intense (I > 1019 W/cm2) laser pulses at
the resonant angle for SP excitation. This configuration was proven to enhance the
cut-off energy of protons accelerated from the rear surface of the target [99]. A second
experimental campaign was performed at the same facility in 2014 [100, 101]; the
activity was focused on the effects of SP excitation on electron emission from grating
targets. A strong emission of multi-MeV electron bunches was observed along the
target surface only when a grating target was irradiated with an angle close to the one
expected for the resonant SP excitation. Especially this second experimental cam-
paign provides compelling evidence of SP excitation (a theoretical model together
with 3D numerical simulations confirm that SP are involved in the electron acceler-
ation process). These scheme represents a potentially attractive electron source for
a few applications (see Chap.4).

In addition, plasmonics effects can be identified in the Light Sail regime of Radia-
tion pressure ion acceleration scheme (see Chap.6 for a detailed discussion). Exper-
imental evidence of complex structures in RPA ions was found in a few experiments
[102], suggesting that the RPA scenario is prone to surface rippling instabilities, and
structures closely resembling those determined by Rayleigh Taylor Instability were
observed in several numerical studies. However, the scalelength of the structures
observed in the simulations (close to the laser wavelength) cannot be explained with
classical Rayleigh Taylor Instability theory. It is possible to show (both theoretically
and numerically) that the plasmonic resonant coupling of the laser light with the tar-
get rippling affects the growth of RTI driven by the radiation pressure, determining
the scale of the target rippling. These results are of interest because target rippling
is possibly detrimental for the RPA scheme (since it may lead to an early onset of
transparency).

In conclusion, though probably not all the schemes from traditional plasmonics
can be easily ported into the high field regime, experimental and numerical evidence
strongly supports SP excitation in relativistic laser-matter interaction. Besides their
specific interest, these results open theway for further developments and supportHigh
Field Plasmonics as an emerging field in ultra-high intensity laser-matter interaction.
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