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Introduction  

The laser-matter interaction is a subject of considerable theoretical as well 

as practical importance. The availability of extremely high-power laser beams 

has opened up new possibilities in the field of research. Laser beams can 

generate plasma from interaction with solid targets, and, in proper 

conditions, they can also trigger nuclear reactions. Thus, laser induced 

phenomena have acquired a great deal of attention from scientists working in 

a variety of areas like optics, materials science, plasma physics and nuclear 

fusion.  

The aim of this work is the experimental study of laser produced plasmas 

for nuclear astrophysics applications. 

Since the even more increasing need to find alternative methods to 

produce energy, substituting carbon fuels, important developments in fusion 

research employing high-density plasmas are required. Therefore, nuclear 

physics is one of the most promising field where laser produced plasmas can 

be employed. 

Moreover, the 99% of the matter in the Universe is plasma, which has a 

primary role in modern astrophysics. Therefore, the investigation of the 

origin of stars and related phenomena dials closely with plasma physics. The 

measurements of nuclear reaction rates and theoretical estimations in order 

to understand the origin of the chemical elements and the energy generation 

in stars is possible thanks to Nuclear Astrophysics. It is a branch of 

astrophysics, which helps the understanding of the Universe through the 

knowledge of the microcosm of the atomic nucleus. 

Therefore, Nuclear and Astrophysical research cannot be improved 

without a fully understanding of plasma physics. Although it is impossible to 
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reproduce the extreme properties of stellar matter, a methodology largely 

employed in other fields of plasma physics allows to rescale plasma 

parameters (e.g. temperature and density) in order to make similar to the real 

world our laboratory conditions. In fact, keV temperature plasmas can be 

rather easily generated in laboratory, but with densities orders of lower 

magnitude than the stellar ones. 

In order to achieve conditions of astrophysical interest and suitable for 

nuclear fusion, the plasma parameters should be optimized. 

On this purpose, nanostructured materials used as targets in laser-matter 

interaction have been studied. In particular, nanostructured targets present 

different nanowires parameters, i.e. various metal (Co, Fe, Ni and Ag), 

different geometries (length and diameter of nanowires),techniques of 

deposition and confinement. 

The optimization of the specific characteristics of nanomaterials, 

containing metal nanowires, could lead to a stagnant, hotter and denser 

plasma and to implement the above mentioned studies successfully. In fact, 

while in an typical bulk target, the laser energy is absorbed in a very thin 

(hundred of nm) layer at the target surface, nanostructured targets can absorb 

more electromagnetic energy and transport it deeper inside the material, 

forming a plasma which is expected at higher density and temperature. 

The work presented in this thesis covers the experimental results on the 

plasma produced with moderately high power laser of about 4 × 1012 W/cm2. 

The characterization of laser-produced plasma from nanostructured 

compared with Al-Bulk target has been carried out. The fundamental 

frequency (1064 nm) from a Q-switched Nd:YAG laser with 6 ns pulse 

duration is used for the present studies. Various diagnostics were employed 

for the characterization of the Laser Produced Plasma (LPP), which include 

optical imaging, X-ray emission studies, and Time of Flight (ToF) 

measurements.  
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Moreover, morphological analysis of craters formed for the laser irradiation 

was performed. 

Finally, preliminary ions energy distributions with a Thomson Parabola 

Spectrometer were carried out in order to verify the effectiveness of nuclear 

reaction rates measurements. 

The work is organized as briefly outlined below. 

Chapter 1 gives a brief introduction of the most useful concepts and 

definitions for nuclear reactions studies in astrophysics environment. 

Moreover, an overview of the relevant aspects of laser interaction with solids 

and the various phenomena taking place inside the plasma  are reviewed. 

The main atomic processes and plasma equilibrium models employed to 

describe laser produced plasmas are presented in the Chapter 2. 

Chapter 3 gives the description of the experimental apparatus: the plasma 

chamber and experimental setups for the various plasma diagnostic 

techniques are summarized. The samples preparation technique and the 

features of nanostructures are also investigated. 

Chapter 4 presents the study of the dynamics of laser-produced plasmas 

from nanostructured and ordinary bulk targets. 

 

 



 

4 
 

Chapter 1 

Laser-produced plasmas 

Laser Produced Plasmas are of great interest for Nuclear 

Astrophysics. Therefore, in this chapter an overview of the state-of-

the art of nuclear reactions studies in astrophysics environment and 

issues related to the determination of the cross sections at energies of 

astrophysical interest will be given. Then, a description of the 

fundamental proprieties of plasma in general and the basic physics of 

a nanosecond laser generated plasma will be presented.  

 

1.1. Physics case: Thermonuclear Reactions 

Performing accurate measurements of nuclear reaction rates of proton and 

alpha burning processes is essential for the correct understanding of many 

astrophysical processes, such as stellar evolutions, supernova explosions, Big 

Bang nucleosynthesis, etc. Direct and indirect measurements of the relevant 

cross sections have been performed over the years. Direct measurements 

using accelerated beams show that, at very low energies, the electrons in the 

target’s atoms partially screen the Coulomb barrier between the projectile and 

the target, resulting in an enhancement of the measured cross section 

compared with the bare nucleus cross section. Therefore, electron screening 

prevents a direct measurement of the bare nucleus cross section at the energies 

of astrophysical interest. In the last decade, the bare cross section has been 

successfully measured in certain cases by using several indirect methods. 
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However, measurements of cross-sections at extremely low energetic 

domains including plasmas effect, i.e. in an environment that under some 

circumstances and assumptions can be considered as “stellar-like”, is of 

relevant importance. 

Thermonuclear reactions play a main role in understanding energy 

production and nucleosynthesis of the elements in stars. It is possible to 

describe astrophysics environments by means of energy, density or 

temperature, which follow Maxwell-Boltzmann energy distribution. Particles 

in stars interact by means of their thermal mean energy, which is of the order 

of few keV. This energy is lower than the values of the Coulomb barrier height 

between the interacting species, typically of the order of a few MeV. 

Therefore, the reactions proceed, according to quantum mechanics, through 

the tunnel effect, which strongly reduces their cross section to values of the 

order of a few 10-9 - 10-12 barn, thus making it difficult to realize the study in 

terrestrial laboratories. 

In the following, we define the physical parameters useful to 

understanding the astrophysical nuclear processes. 

1.1.1. Coulomb barrier and penetration factor 

In stars, nuclear reactions take place between charged particles because 

the atoms are in most cases completely stripped of their atomic electrons. It 

is assumed that they are almost completely ionized because of the typical high 

temperature conditions (around a few keV at least). This high temperature is 

on the other hand needed to permit the reactions, because nuclei are 

positively charged and repel each other with a Coulomb force proportional 

to their nuclear charge. Nuclear reaction between charged particles at such 

low energies are strongly suppressed by the presence of the Coulomb barrier, 

whose height is given by: 



Laser-produced plasmas 
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𝐸𝐶 =
𝑍1𝑍2𝑒2

𝑅𝑛
 (1.1.1) 

Where Z1 and Z2 are the atomic number of the two incident nuclei and Rn 

is the nuclear interaction radius.  

Fig. 1.1.1 represents the schematic view of the effective potential resulting 

when one combines the very strong and attractive nuclear potential with the 

electromagnetic potential.  

 

Fig. 1.1.1 – Schematic representation of the combined nuclear and Coulomb potentials. 

Consequently, if this is the case, the fractions of particles whose energies 

exceeds the Coulomb barrier is negligible and it seems necessary a higher 

stellar temperature. This obstacle was removed when Gamow showed that, 

in according to the quantum mechanics, there is a small but finite probability 

for the particles with energies E < EC to penetrate the barrier even if its energy 

is lower than the barrier’s height. 

It is possible to define the penetration factor through the Coulomb barrier 

as [1]: 
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𝑇𝑙 =
|𝜒(𝑅𝑛)|2

|𝜒(𝑅𝐶)|2
 (1.1.2) 

where RC is the classical turning point and χ(r) is the radial wave function. 

It can be calculated by solving the radial part of the Schrödinger equation: 

 

 𝑑2𝜒𝑙

𝑑𝑟2
+

2𝜇

ћ2
[𝐸 − 𝑉𝑙(𝑟)] = 0 (1.1.3) 

where Vl(r)is the potential for the lth partial wave. 

At low energies or, equivalently, where the classical turning point is much 

larger than the nuclear radius, equation (1.1.2) can be approximated by the 

simpler expression giving the so-called Gamow factor: 

 𝑇 = 𝑒−2𝜋𝜂 (1.1.4) 

where η=Z1Z2e
2/ћv is the Sommerfeld parameter, which depend only on 

the relative velocity of the two interacting particles and their charges.  

1.1.2. Cross section and astrophysical factor 

Since nuclear reactions are governed by the laws of quantum mechanics, 

the cross section must be described by the energy-depend quantity: 

 
𝜎 = 𝜋𝜆𝐵

2
1

𝐸
 (1.1.5) 

where λB represents the De Broglie wavelength. 

For charged-particle nuclear reaction the cross section is strongly 

suppressed by Coulomb and centrifugal barriers and it drops rapidly for E < 

EC. It is possible to factorize the cross section as: 

 
𝜎 =

1

𝐸
𝑆(𝐸)𝑒−2𝜋𝜂 (1.1.6) 
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where S(E) is the so-called astrophysical factor and contains all nuclear 

effects. The astrophysical factor is a much more useful quantity because for 

non-resonant reactions it is a smoothly varying function of energy. 

Fig. 1.1.2 shows that S(E) varies much less rapidly with beam energy than 

the cross section and it allows an easier procedure for extrapolating the energy 

behaviour at astrophysical energies. 

 

Fig. 1.1.2 – Comparison between the energy behavior for cross section and astrophysical 

factor. While the cross section has a dramatical energy-dependence, the astrophysical factor is 

practically constant. 

1.1.3. Reaction rate and Gamow Peak 

It is important to introduce another quantity, the so-called reaction rate, 

to describe the nuclear process in astrophysical scenarios. The reaction rate is 

defined as the number of reaction per unit volume and per unit time and it is 

written in terms of cross section as: 
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𝑟 =
1

1 + 𝛿𝑥𝐴
𝑁𝑥𝑁𝐴〈𝜎(𝑣)𝑣〉 (1.1.7) 

 

where Nx and NA represent the number of projectile and target nuclei 

respectively. For identical particles the Kronecker symbol δxA is introduced, 

otherwise each pair would be counted twice. The bracketed quantity <σ(v)v>  

is referred to as the reaction rate per particles pair and it is the mean of the 

product over all the possible energies, weighted over the Maxwell-Boltzmann 

distribution: 

𝑟 =
1

1 + 𝛿𝑥𝐴
𝑁𝑥𝑁𝐴 ∫ 𝑣𝜎(𝑣)𝜙(𝑣)𝑑𝑣

∞

0

 (1.1.8) 

By introducing the center of mass energy 𝐸 
1

2
𝜇𝑣2 with μ representing the 

reduced mass of interacting particles, the reaction rate is then expressed as: 

 

𝑟 =
1

1 + 𝛿𝑥𝐴
𝑁𝑥𝑁𝐴√

8

𝜋𝜇

1

√(𝑘𝐵𝑇)3
∫ 𝜎(𝐸)𝐸𝑒𝑥𝑝 (−

𝐸

𝑘𝐵𝑇
) 𝑑𝐸

∞

0

 (1.1.9) 

By introducing equation (1.1.6) into equation (1.1.9), one obtains: 

〈𝜎𝑣〉 = √
8

𝜋𝜇

1

√(𝑘𝐵𝑇)3
∫ 𝑆(𝐸)𝑒𝑥𝑝 (−

𝐸

𝑘𝐵𝑇
− (

𝐸𝐺

𝐸
)

1 2⁄

) 𝑑𝐸
∞

0

 (1.1.10) 

where EG is the so-called Gamow energy. The integrand, because of the 

limited dependence of S(E) from E, is governed by the combination of two 

exponential terms: the first represents the Maxwell-Boltzmann distribution 

and the second one is the probability of tunneling through the Coulomb 

barrier. The maximum of the integrand is reached at an energy E0: 

𝐸0 = (
𝑘𝐵𝑇

2
)

3 2⁄

𝐸𝐺
1 2⁄

 (1.1.11) 



Laser-produced plasmas 

 

10 
 

The convolution of the two functions results into a peak, the so-called 

Gamow peak, centered near the energy E0 and generally much larger than 

kBT. 

As it can see from Fig. 1.1.3 the Gamow peak has an effective width Δ , 

which is referred as Gamow window, wherein most of reactions take place: 

𝛥 =
4

√3
√𝐸0𝑘𝐵𝑇 (1.1.12) 

 

 

Fig. 1.1.3 – The Gamow peak is the result of the convolution of two functions: the 

Maxwell-Boltzmann distribution and the quantum mechanical tunneling function through 

the Coulomb barrier. The energetic region relevant for the astrophysical investigation (the zone 

with gray lines) is around the value E0. 

Usually the effective energy for thermonuclear reactions ranges from few 

keV to about a hundred keV depending on both the reaction and the 

astrophysical site in which the reaction occurs. However, the nuclear 

processes of astrophysical interest occur at energies that in general are too 

low for direct measurement in laboratory. These difficulties are related to 

different problems and usually the standard solution is to measure the cross 

section or, equivalently, the S-factor over a wide range of energies and to the 
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lowest energies possible and then to extrapolate the data downward to E0 with 

the help of theoretical arguments and other methods. 

1.1.4. The electron screening effect 

A relevant source of uncertainty in the extrapolation of the astrophysical 

factor down to zero energy is the enhancement of S(E) due to the electron 

screening effect. Up to now, it was assumed that the interacting nuclei be 

completely stripped of electrons, so the Coulomb potential is typically 

expressed as in equation (1.1.1), being essentially bare nuclei. On the 

contrary, when nuclear reactions are studied in a laboratory, the projectile is 

usually in the form of an ion and the target is usually a neutral atom or 

molecule surrounded by their electronic cloud [2]. The atomic electron cloud 

surrounding the nucleus acts as a screening potential and consequently the 

total potential goes to zero outside the atomic radius (Ra): 

𝑉𝑒𝑓𝑓 =
𝑍1𝑍2𝑒2

𝑅𝑛
−

𝑍1𝑍2𝑒2

𝑅𝑎
 (1.1.13) 

Then the projectile effectively sees a reduced Coulomb barrier. As a 

consequence, at low energies the cross section for screened nuclei, σs(E), is 

enhanced, with respect to the cross section of the bare nucleus σb(E), by a 

factor: 

 
𝑓(𝐸) =

𝜎𝑠

𝜎𝑏
∝ 𝑒𝑥𝑝 (𝜋𝜂

𝑈𝑒

𝐸
) (1.1.14) 

where Ue, representing the screening potential for the studied reaction, 

must be taken into account to determine the bare nucleus cross section. 

Because of the high temperature of stars, atoms are generally completely 

ionized, and one can imagine that electron screening has no effect on nuclear 

reactions in stars. However, nuclei are immersed in a sea of free electrons, 

the so-called plasma, resulting in an effect similar to the one discussed above. 
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The shielding effect reduces the Coulomb potential as in laboratory and it 

increases the reaction rate, or equivalently the cross section, by a factor g(E) 

according to the equation: 

〈𝜎𝑣〉𝑠 = 𝑔(𝐸)〈𝜎𝑣〉𝑏 (1.1.15) 

It is necessary to know the electron screening factor in the laboratory in 

order to extract the bare nucleus cross section from the σs(E).Then the proper 

stellar screening factor should be applied to that (1.1.15). One of the most 

important uncertainties in experimental nuclear astrophysics derives from 

this procedure and, because of this, more exhaustive and precise 

determinations of σb are needed at energies as low as possible.  

 

1.2. Introduction to laser-produced plasmas 

When a pulsed laser beam is focused onto a solid target a plasma is rapidly 

created from a thin surface layer of the target, provided the intensity of the 

beam on the target is sufficiently high (over 1010 ÷1012 W/cm2). The physical 

processes through which the initial ionization takes place starting from the 

cold, solid-state material, strongly depend upon the intensity and the 

temporal profile of the laser beam [3]. 

LPPs have more than 50 years of research history. The study of ablation 

plumes by photography was initiated by Ready [4] in 1963, employing 

millisecond lasers pulse length.  

Later, Basov and Krokhin [5] made the first suggestion of laser fusion, and 

as higher power lasers were used, vacuum ultraviolet [6] and X-ray emissions 

[7] were detected. Higher power also led to the observation of multiply 

charged ions [8] and to two- [9] and three-photon [10] photoemission. 

Measurable neutron fluxes from laser-heated targets were first reported in 

1968 [11].  
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Finally, of great importance in terms of modern applications of ablation, 

the first laser deposition of thin films was demonstrated by Smith and Turner 

[12] in 1965, employing LPP on a wide range of solids targets with several 

types of lasers (Ruby, Neodynium and Carbon Dioxide Lasers). 

To generate a plasma the irradiance must be about ≥ 107 W/cm2 with a 

pulse duration of 0.5 ms [3]. Nanosecond Lasers Pulses (6 – 9 ns) have been 

introduced with Q-switched Ruby lasers invention, in the 60′ s. This 

immediately leads to raise the available laser irradiance to become on the 

order of 109 −  1013 W/cm2; ions emission having different charge states with 

energies up to some keV ′ s is then obtained [3]. 

The development of more powerful lasers and with very short pulse widths 

leads to even more complicated laser-matter interactions (nanosecond lasers 

can easily generate 10 ps pulses with 1016 −  1018 W/cm2 of output power, 

introducing in this way the use of Picosecond Lasers pulses). In this case, the 

produced plasma is characterized by relativistic electron oscillations in the 

intense electromagnetic field of the laser light wave, and electron-phonon 

interactions must be taken into account. Significant influence of the 

ponderomotive force is also expected [13]. Today picosecond lasers have 

been mostly substituted by Femtosecond Laser pulses, which reach power 

densities higher than 1018 W/cm2. In this regime the plasma is strongly 

influenced by nonlinear ponderomotive forces acting on the plasma; this 

mechanism is described by weak plasma oscillations. LPP by Femtosecond 

laser are mostly employed for ion acceleration [14]. 

1.2.1. Basic plasma parameters 

Plasma conditions span a very wide range of temperatures and densities, 

as demonstrates in Fig. 1.2.1. For example, whereas the interstellar gas 

contains only a few particles/cm3, white dwarfs have of the order of 1030 
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particles/cm3. Similarly the temperatures range from room temperatures in 

non-neutral electron plasmas to 108 K in plasmas in magnetic fusion 

experiments.  

 

Fig. 1.2.1– Different kinds of plasmas as a function of temperature and density [15]. 

All these different types of plasma share a common definition: a plasma is 

a collection of ionized matter that admits quasi-neutrality and exhibits 

collective behavior [16]. The term quasi-neutrality implies ionized assembly 

is neutral enough so that the electron and ion charge densities are 

approximately equal over a large scale. Collective behaviour implies 

existence of long ranged electromagnetic force in a large collection of charged 

particles. Then the motion depends not only on local conditions, but on state 

of plasma in remote regions as well [17]. 

The basic parameter that characterizes the plasma behavior is the so-called 

Debye length λD, defined by [18]: 

𝜆𝐷 = √
휀0𝑘𝐵𝑇𝑒

𝑒2𝑛𝑒
 (1.2.1) 
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where ε0 is the permittivity of free space, kB is the Boltzmann constant, Te 

is the plasma temperature (in eV), e is the electron charge and ne is the electron 

density (in m-3). 

An extension of the Debye length is the Debye sphere, i.e. the sphere with 

a radius equal to the Debye length, outside which the electric field of the 

enclosed charge is zero (fully shielded). The number of electrons, ND, inside 

the Debye sphere is then given by [19]: 

𝑁𝐷 =
4

3
𝜋𝜆𝐷

3 𝑛𝑒 (1.2.2) 

 

The conditions for the existence of a collective behavior are that λD >> L, 

where L is the length of the plasma, and that the number of particles in the 

Debye sphere is very high, i.e. ND >> 1. 

The collective response of the plasma manifests itself as a wave–like 

motion of the particles within the plasma. If by some mechanism the electrons 

are displaced by a small distance, the electrons will tend to move back to their 

equilibrium positions. The equation of motion of the electrons is found to 

have an oscillatory solution corresponding to the collective motion of the 

electrons. This so called electron wave oscillates with a frequency, ωp, given 

by: 

𝜔𝑝 = √
𝑛𝑒𝑒2

𝑚𝑒휀0
 (1.2.3) 

This plasma frequency plays an important role in almost all plasma 

processes. 

1.3. Absorption mechanisms 

When a laser pulse is incident on a material, the first question that arises 

is how this laser energy is coupled to the material or plasma so formed.  The 



Laser-produced plasmas 

 

16 
 

absorption of laser light in plasma is rather complex and many different 

processes take place simultaneously [20-22]. The most instinctive mechanism 

for the dissipation of laser energy is via collision between electrons and ions. 

This mechanism is more dominant in case of long duration pulses or very 

high-density plasmas. Significant absorption is, however, possible even in 

collisionless or weakly collisional plasmas. 

1.3.1. Waves in plasma 

An important property of plasmas is their ability to transmit collective 

waves, which in the simplest case are just fluctuations in the electron or ion 

density. In the following, the different types of waves will be investigated. 

The linear dispersion relationship for an electromagnetic wave in a plasma 

with a uniform density is influenced by the presence of the free electrons and 

is given by: 

𝜔2 = 𝜔𝑝
2 + 𝑘2𝑐2 (1.3.1) 

where ωp is the electron plasma frequency (1.2.3). This relation implies that 

an electromagnetic wave at frequency ωL can propagate inside the plasma only 

in regions where ωL > ωp, that can also be expressed as function of the critical 

density ncr: 

 
𝑛𝑒 < 𝑛𝑐𝑟 =

4𝜋2𝑐2𝑚𝑒휀0

𝑒2𝜆𝐿
2 ≈

1.1 × 1021

(𝜆𝐿(𝜇𝑚))2
𝑐𝑚−3 (1.3.2) 

Thus, inside a plasma electromagnetic wave can only propagate in the 

under-dense region and reflected back from the critical density. 

A plasma can support the propagation of longitudinal waves, consisting 

in oscillations of the charge density. Due to the difference in mass between 

electrons and ions, their respective oscillations have a quite different 

behavior. The electron density longitudinal oscillations, called Langmuir 

waves, fulfills the dispersion relation given by: 
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𝜔2 = 𝜔𝑝
2 + 3𝑘𝐵

2𝑣𝑡ℎ
2  (1.3.3) 

Due to their inertia, the ions can be regarded, on the time scales involved 

in this oscillations, at rest, so that only the electrons motion  have to be 

considered in a periodic fluctuations of the charge in the plasma. 

The longitudinal waves at lower frequency, the so-called ion-acoustic 

waves, involve the periodic fluctuation of the ion density, with the electrons 

closely following the ion motion so as to preserve the charge neutrality. The 

dispersion relation is: 

𝜔2 = 𝑘2
𝑍𝑘𝐵𝑇𝑒 + 3𝑘𝐵𝑇𝑖

𝑚𝑖
 (1.3.4) 

where Z is the atomic number, Te and Ti are the electron and ion 

temperature and mi is the ion mass. 

It should be noted that Langmuir waves and ion acoustic waves are 

longitudinal waves, whereas electromagnetic waves are of transversal 

character. 

The detailed derivation of these dispersion relations is reported in [23]. 

1.3.2. Inverse Bremsstrahlung absorption 

Inverse bremsstrahlung absorption is an essential mechanism for coupling 

laser energy to the plasma. Laser light is absorbed near the critical surface via 

this mechanism. In particular, the electrical field induced by the laser the 

causes electrons in the plasma to oscillate. This oscillation energy is converted 

into thermal energy via electron-ion collisions.  

The electron-ion collision frequency for a Maxwellian distribution of the 

electrons can be written as [19]: 

 

𝜈𝑒𝑖 = (
2𝜋

𝑚𝑒
)

1 2⁄ 4𝑍2𝑒4𝑛𝑖

3(𝑘𝐵𝑇𝑒)3 2⁄
ln 𝛬 (1.3.5) 
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where lnΛ is the so-called Coulomb logarithm for the electron-ion 

collision. The absorption coefficient of the laser wave due to this mechanism 

can be written as: 

𝑘𝑖𝑏 =
𝜈𝑒𝑖

𝑐

𝜔𝑝
2

𝜔𝐿
2 (1 −

𝜔𝑝
2

𝜔𝐿
2)

−1 2⁄

 (1.3.6) 

 

and substituting the expression for the collision frequency (1.3.5), one 

obtains: 

𝑘𝑖𝑏~
𝑍

𝑇𝑒
3 2⁄

𝑛𝑒
2

𝜔𝐿
2 (1 −

𝜔𝑝
2

𝜔𝐿
2)

−1 2⁄

 (1.3.7) 

This expression shows that inverse Bremsstrahlung is most efficient in 

high density and low temperature regions. The fraction of laser energy 

absorbed through this mechanism during the propagation up to the critical 

density depends on the electron density profile, temperature and the 

Coulomb logarithm. The difficult is that all these values are time-dependent. 

However, for laser pulses of 1 ns duration or longer with intermediate 

intensities (<1014 W/cm2), the electron temperature and Coulomb logarithm 

can be assumed to constant. Therefore, for a linear density profile, Ginzburg 

[16] showed that the analytical solution for the absorption coefficient is given 

by: 

𝛼𝑖𝑏 = 1 − 𝑒𝑥𝑝 [−
32

15

𝜈𝑒𝑖(𝑛𝑐)𝑙

𝑐
] (1.3.8) 

 

and Kruer [23] demonstrated that for an exponential profile one obtains: 

𝛼𝑖𝑏 = 1 − 𝑒𝑥𝑝 [−
8

3

𝜈𝑒𝑖(𝑛𝑐)𝑙

𝑐
] (1.3.9) 

where l is the propagation distance. 
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Although inverse bremsstrahlung is an important absorption process in 

plasmas, it is not the only one. Inverse bremsstrahlung absorption is only 

efficient if enough collisions take place. However, from Eq. (1.3.5) it follows 

that the collision frequency νei scales as Te
−3/2. This means for higher 

temperatures inverse bremsstrahlung becomes less and less effective. This 

effect has been verified in many experiments in which the absorption 

coefficient for a low-Z solid like aluminum was measured for different laser 

input energies [19]. Fig. 1.3.1 shows the different behavior between the long 

pulse duration (of the order of 1 ns) for different laser wavelength (1 μ m, 1/2 

μ m, 1/3 μm, 1/4 μ m) and short laser pulses (of about 100 fs) with a 

wavelength of 0.8 μ m.  

 

Fig. 1.3.1 – Experimental data of the laser absorption in solid low-Z targets [19]. 

However there are other processes that couple the energy of the laser light 

at higher laser intensities into the plasma; in particular, resonance absorption 

and parametric instabilities, which we consider in the following two sections. 
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1.3.3. Resonance absorption 

Inverse Bremsstrahlung becomes inefficient in a hot plasma due to the 

rapid decrease of the electron-ion collision frequency with temperature. 

Collective effects in the plasma then determine the absorption of laser light. 

 

Fig. 1.3.2 – Possible absorption mechanisms and the domain of wave – wave interactions 

along the density profile. 

As illustrated in Fig. 1.3.2, the plasma that is created by the interaction of 

the laser with a solid target has an inhomogeneous density profile comprising 

both underdense and overdense regions. Whenever light meets a plasma with 

these characteristics, electrostatic waves are excited if any component of the 

electric field of the light coincides with the direction of the density gradient 

(p-polarized interaction). Light absorption via collective processes occurs 

most efficiently for densities near the critical density nc, where the local 

electron plasma frequency ωp equals the radiation frequency ωL. In this case, 

the electric field becomes very large near the critical surface, and it is here 
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that waves are resonantly excited. In this way, energy is transfered from the 

electromagnetic into plasma waves. Because these waves are damped, energy 

will eventually be converted into thermal energy, thus heating the plasma. In 

[16, 24-26] a model description for resonance absorption is reported.  

The resonance absorption can dominate over inverse bremsstrahlung 

absorption for high plasma temperatures, low critical densities, and short 

plasma scale-length.  

The main feature of the this mechanism is the creation of hot electrons, 

since only a minority of the plasma electrons acquires most of the absorbed 

energy in contrast to collision absorption (inverse bremsstrahlung), which 

heats all of the electrons. 

1.3.4. Parametric instabilities 

As already mentioned, a hot plasma supports the excitation of waves. 

Waves can enhance absorption, which would be a desirable effect, but can 

also reduce the absorption of the laser light. Here, we briefly report the main 

conclusions relative to the most important instabilities occurring in laser-

plasma interactions, with particular attention to matching conditions and 

laser intensity thresholds. 

 The energy and momentum conservation in the wave–wave interaction is 

described by the following equations: 

𝜔0 = 𝜔1 + 𝜔2               𝒌0 = 𝒌1 + 𝒌2 (1.3.10) 

where ω0 and k0 are the frequency and wave number of the pumping laser 

field that decays into two waves (ω1, k1) and (ω2, k2). Using these conservation 

laws and the dispersion relations (1.3.1), (1.3.3) and (1.3.4), the wave–wave 

interactions are induced in the following domain. 
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Stimulated Brillouin Scattering (SBS) 

A laser pump with frequency ωL >> ωp may decay into a photon and an 

acoustic wave, resulting in backscattering and thus reduced laser absorption. 

SBS contains a low-energy ion wave that takes only a small fraction of the 

laser energy, while the rest of the energy can be scattered out of the plasma. 

The instability occurs at ne < ncr.  

In general, SBS can cause large rejection of the incident laser radiation 

leading to a strong reduction of plasma heating. The threshold intensity of 

the SBS instability in terms of the electron density scalelength L (μ m), the 

plasma electron temperature Te (eV), and the laser light wavelength λL (μ m), 

is [27]:  

 

𝐼𝑆𝐵𝑆 = 7 × 1012
𝑇𝑒

𝐿𝜆𝐿

𝑛𝑐𝑟

𝑛𝑒
 𝑊 𝑐𝑚2⁄  (1.3.11) 

 

Stimulated Raman Scattering (SRS) 

A laser pump with frequency ωL > 2ωp may decay into a photon and a 

plasmon, leading to laser scattering, including backscattering. This instability 

reduces the laser absorption and  occurs at ne << ¼ ncr.  

Again, in the case of inhomogeneous plasma and in the limit of ne ¼ ncr, 

the (back-scattering) threshold intensity is [27]: 

𝐼𝑆𝑅𝑆 =
4 × 1017

𝐿𝜆𝐿
𝑊 𝑐𝑚2⁄  (1.3.12) 

We observe that, in contrast with the SBS threshold, the SRS threshold 

does not depend upon the electron temperature. This equation holds provided 

that the electron density is sufficiently small compared to the upper limit 

density at which the instability can occur. 
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Two-Plasmon Decay (TPD) 

A laser pump with frequency ωL ≈ 2ωp may decay into two plasmons, 

inducing laser absorption. This phenomenon happens at an electron density 

ne ≈ ¼ ncr. 

The inhomogeneous threshold intensity is given by [27]: 

𝐼𝑇𝑃𝐷 = 5 × 1012
𝑇𝑒

𝐿1/4𝜆𝐿
 𝑊 𝑐𝑚2⁄  (1.3.13) 

where L1/4 (μm) is the electron density scalelength at ne ≈ ¼ ncr. A 

signature of the occurrence of two plasmon decay in laser plasma interaction 

experiments is the production of electromagnetic radiation at a frequency 

corresponding to half-integer harmonics of the incident laser light, and in 

particular at the three-half harmonic.  

1.3.5. Plasmonic resonance 

In order to enhance the laser–plasma coupling, in the last years, large 

efforts were dedicated to testing nanostructured targets.  Evidences of a larger 

absorptivity of laser radiation and of an enhancement of X-ray emission, 

higher than that obtained by standard flat targets [28-36], and of a higher 

amount and temperature of the hot electrons generated [29, 37-40] has been 

obtained for nanostructured targets. The mechanisms able to produce an 

enhancement of the absorptivity of a nanostructured, depending on the 

geometry and dimensions of the structures, are related to the enhancement of 

the local electric field due to the presence of plasmonic resonances in the 

absorption spectrum [41-45]. 

Plasmons are collective electron excitations formed on the surface of 

metals, caused by electromagnetic radiation. Due to plasmonic excitations, a 

metal nanowire exposed to electromagnetic radiation acts as a waveguide, 

despite being much smaller than the incident wavelength: photons can be 
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absorbed at one end of the nanowire, transported through its length as an 

electrical impulse, and re-emitted as photons (with some loss in intensity) at 

the opposite end [46]. 

Plasmons, which can be treated as quasi-particles, propagate with specific 

wavelength and polarization, and nanowires have their own resonant 

frequency, which is strongly dependent on geometrical characteristics of the 

nanostructures. Therefore, photon-plasmon coupling is dependent on 

wavelength, and nanostructures' parameters can be tuned - at least in 

principle - to absorb specific wavelengths  [46]. 

Light absorption of nanowires depend on incidence angle, favoring 

absorption along the nanowires (NWs) axis. This is favorable for our 

applications, since alumina pores (and thus nanowires grown in them) are 

normal to the surface, and will transport light deep inside the material. The 

specific absorption spectrum of nanowires depend on a great number of 

parameters, such as geometry, NWs metal and surrounding material (NWs 

freed from alumina have a remarkably different behavior) [47]. 

Many experiments were performed by irradiating a nanowire target with 

an ultra-short pulse and an interesting effect is the capability of plasmonic 

effect to transfer energy delivered by laser beam from the surface to the 

interior of a target. This allows volumetric instead of superficial heating of 

matter, which is of great interest for dense plasma formation [48].  
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Chapter 2 

Atomic processes and Equilibria 

models in Plasmas 

The key atomic processes prevalent in laser-produced plasmas will be 

summarized along with the main plasma expansion and plasma 

equilibrium models employed to describe laser produced plasmas. 

2.1. Atomic Processes in plasma 

In a plasma, atoms and ions undergo transitions between their quantum 

states through radiative and collisional processes. Among these processes, the 

most important are spontaneous radiative transitions and collisional 

transitions induced by electron impact (collisions) [49]. In the following, we 

review this processes. 

2.1.1. Collisional processes 

In LPP electron-neutral collision are important for excitation and de-

excitation processes of plasma particles and are related to emission of 

radiation. Ionization processes have a primary role in the early stage of the 

plasma formation, when the temperatures are very high and high charge 

states can be produced. Moreover, electron-ion collisions limit electron 

thermal conduction, which then affects the cooling rate of the plume during 

it’s expansion. Binary collision are essentially due to two different type of 

atomic processes, called Bound-Bound transitions (B-B) and Free-Bound 
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transitions (F-B). The firsts occur when an electron occupying a discrete 

energy level in an atom or ion, is promoted or demoted to another discrete 

energy level during a collision with another electron or by emission (or 

absorption) of a photon. Bound-Free processes occur when an ion receives 

enough energy to eject one of its bounded electrons into the continuum, 

thereby incrementing its ionization state by one, or an electron in the 

continuum loses energy and falls into a discrete energy level of an ion thereby 

reducing its ionization state by one. These processes are hence classified in: 

Electron Impact Excitation and De-excitation  

Electron Impact Excitation occurs when some or all of the kinetic energy 

of a free electron is transferred to a bound electron exciting it to a higher 

energy level [50]. The energy gained by the bound electron is equal to the 

energy lost by the free electron. 

Conversely, Electron Impact De-excitation occurs when a bound electron 

in an excited state loses energy and is demoted to a state of lower energy upon 

collision of the host atom or ion with (usually) a free electron. The kinetic 

energy of the free electron will be increased by the same amount or quantum 

of energy that lost by the bound electron in the collision. 

The balance equations for these processes is given by: 

 

𝐴 + 𝑒(휀1) ⇔ 𝐴∗ + 𝑒(휀2) (2.1.1) 

where A represents the atom/ion in a lower energy state, A* denotes the 

atom/ion in an excited state, and ε1 and ε2 denote the free electron kinetic 

energies before and after the collision respectively. If equation (2.1.1) is read 

from the left-hand side to the right-hand side, it describes the process of 

electron-impact excitation, vice-versa it describes the process of electron-
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impact excitation for electron-impact de-excitation. Fig. 2.1.1 shows 

schematically the atomic processes described above.  

 

Fig. 2.1.1 – Schematic diagram of the electron impact excitation (left) and electron impact 

de-excitation (right) atomic processes which occur in laser produced plasmas [50]. 

Electron Impact Ionization and Recombination 

When a free electron collides with an atom or ion, enough energy may be 

transferred from the free electron to a bound electron to overcome the 

ionization potential of the atom/ion. The bound electron will then be ionized 

and enter the free electron continuum. The energy gained by the bound 

electron is equal to the energy lost by the free electron. This process is known 

as electron impact ionization [13] and is described by: 

𝐴𝑧 + 𝑒1 ⇔ 𝐴𝑧+1 + 𝑒1
′ + 𝑒2 (2.1.2) 

where Az+1 is an ion in charged state z+1, Az is the ion of charge state z, e1 

and e’
1 are the free electron before and after (lower energy) the collision and 

e2 is the bound electron. This process is predominant in low density plasmas. 

The inverse of this process is known as 3-body recombination and usually 

occurs in high density plasmas where the probability of two electrons entering 

the Debye sphere of an ion becomes relatively high. In 3-body recombination, 

one free electron is captured into an outer level of an ion. The second electron 

gains the energy lost by the captured electron. The balance equation for 3-

body recombination is given by: 

𝐴𝑧+1 + 𝑒1(휀1) + 𝑒2(휀2) ⇔ 𝐴𝑧 + 𝑒1(휀1
′ ) (2.1.3) 
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where e1(ε1) and e2(ε2) are the free electrons before the interaction and e1(ε
’
1) 

is a free electron with increased energy after the capture of the other free 

electron by the ion. Fig. 2.1.2 illustrates these processes graphically. 

 

Fig. 2.1.2 - Schematic diagram illustrating the electron impact ionization (left) and 3-

body recombination (right) atomic processes that occur in laser produced plasmas [50]. 

2.1.2. Radiative processes 

Radiation processes are of fundamental importance in LPP, because the 

emission of radiation is related to line emission spectra and hence to the 

evaluation of the plasma temperature and the plasma density. Moreover, the 

inverse process, i.e. absorption of photons, includes the understanding of 

plasma ignition through the interaction with the laser photons.  

Atomic radiative processes are generated from Bound-Bound transitions, 

Free-Bound transitions and Free- Free transitions. 

Spontaneous Decay and Resonant Photoabsorption 

Spontaneous Decay occurs when an electron drops from an excited state 

to one with lower energy releasing a photon in the process. The energy of the 
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liberated photon is equal to the energy difference of the electron before and 

after the transition. This process can be described by the formula: 

𝐴∗ → 𝐴 + 𝛾 (2.1.4) 

where A* denotes the atom/ion in an excited state, A represents the 

atom/ion in a lower energy state and γ  represents the photon released during 

the transition. 

Conversely, photoabsorption occurs when a photon is absorbed by an 

electron in a low energy state that is consequently promoted to a state of 

higher energy. In this case, the energy difference of the electron before and 

after its transition is equal to the photon absorbed energy. This process can 

be described by the formula: 

𝐴 + 𝛾 → 𝐴∗ (2.1.5) 

The two processes are reported in Fig. 2.1.3. 

 

Fig. 2.1.3 – Schematic illustration of the photoabsorption (left) and spontaneous decay 

(right) atomic processes which occur in laser produced plasmas. E1 and E2 are lower and upper 

electron energy states of the atom/ion respectively [50]. 

Radiative Recombination and Photoionization 

Radiative Recombination occurs when a free electron is in the vicinity of 

an ion, it can be captured by the ion and consequently recombine with the 

atom. During the process a photon is released with an energy equal to the 

energy difference of the electron before and after the transition. Radiative 

recombination can be described by: 
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𝐴𝑧+1 + 𝑒 ⇔ 𝐴𝑧 + 𝛾 (2.1.6) 

where e is the free electron, Az+1 and Az represent ions in charge state z+1 

and z respectively and γ  is the emitted photon. 

The inverse process to Radiative Recombination is the Photoionisation, 

i.e. the well know photoelectric effect. In this process, the absorption of a 

photon by a bound electron results in the release of the electron into the 

continuum. The photoelectric effect is described by the equation: 

 𝐴𝑧 + 𝛾 ⇔ 𝐴𝑧+1 + 𝑒 (2.1.7) 

Fig. 2.1.4 illustrates the two bound to free processes. 

 

Fig. 2.1.4 – Schematic illustration of the Radiative Recombination (left) and 

Photoionization (right) atomic processes that occur in laser produced plasmas. E1, E2, E3…En 

are bound electronic states of the atom/ion [50]. 

2.2. X-ray emission 

Once the plasma has gained thermal energy, part of this energy is 

converted into e.m. radiation in the X-ray spectral range. Three different 

processes, namely Bremsstrahlung, recombination and line emission 

contribute to the X-ray emission.  
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In the first mechanism, free electrons interacting with the Coulomb 

potential of the ions, radiate in a continuum electromagnetic spectrum. The 

second process consists in the transition from initial free electron states to 

bound electron states and produces a continuum electromagnetic spectrum. 

The third emission mechanism produces a line spectrum as a result of 

transitions between discrete (bound) levels of ionized atoms [51]. In the 

following, we will discuss of these mechanism in detail. 

2.2.1. Bremsstrahlung 

Bremsstrahlung (free-free emission) produces a continuum of radiation 

where the logarithm of the x-ray energy spectrum is a straight line when the 

electron distribution is a Maxwellian. Often, laser-produced plasmas are best 

represented using a bi-Maxwellian structure due to the presence of hot 

electrons. The plasma is described by two temperature components, a thermal 

(or ‘cold’) temperature, Tc, representing the bulk of the plasma electrons, and 

a suprathermal (or ‘hot’) temperature, Th, describing the smaller  number of  

high energy electrons produced by the interaction of the laser electric field 

with the plasma. 

The free-free emission from plasma can be calculated using [52]: 

휀𝐵(𝜔, 𝑇𝑒) ∝
𝑍𝑛𝑒

2

√𝑇𝑒

𝑒𝑥𝑝 (−
ħ𝜔

𝑘𝐵𝑇𝑒
) (2.2.1) 

To account for a two-temperature electron distribution, Eq.(2.2.1). is 

calculated for both temperatures and the total emission is given by the 

summation, taking into account the smaller number of hot electrons, nh, in 

comparison to the number of cold electrons, nc, by introducing a relative 

fraction, f, such that nh=f nc. 
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2.2.2. Recombination emission 

Recombination radiation (free-bound) occurs when a free electron 

recombines with an ion initially at a charge state Z + 1, to form an ion having 

charge state Z. Defining Ek
e the kinetic energy of the electron and EZ

n the 

energy of the final atomic state, the emitted photon has an energy: 

ħ𝜔 = 𝐸𝑘
𝑒 + 𝐸𝑍

𝑛 (2.2.2) 

Since the initial electron energies can take values over a continuum, the 

radiation is emitted in a continuum frequency spectrum. However the 

contribution of each transition to the continuum satisfies the condition ħ𝜔 ≥

𝐸𝑍
𝑛 (recombination edge), so that the continuum recombination spectrum is 

characterized by "jumps", corresponding to different recombination stages. 

The contribution of this kind of process to the X-ray spectrum of a laser-

plasma can be understood by using the following formula for the spectral 

emission coefficient [52]: 

휀𝑟(𝜔, 𝑇𝑒) ∝ 𝑊𝐵

𝑍3𝑛𝑒
2

√𝑇𝑒
3

∑
1

𝑛3

∞

𝑛=1

𝑒𝑥𝑝 (
𝑍2𝐸𝐻

𝑛2𝑘𝐵𝑇𝑒

−
ħ𝜔

𝑘𝐵𝑇𝑒

) (2.2.3) 

where EH =13.6 eV is the Hydrogen ionization energy. 

2.2.3. Line emission 

Spectral line emission (bound-bound) is emitted when an electron decays 

from an excited state Eu to a lower energy level El, emitting a photon with 

energy ħ𝜔0 = 𝐸𝑢 − 𝐸𝑙  equal to the difference between the levels. Its rate 

coefficient is the Einstein coefficient: 

 

𝐴𝑢𝑙 =
4

3ħ𝑐
𝑚𝑒𝑟0𝜔0

3𝑔𝑙 ∑|⟨𝑓|𝑥𝑗|𝑖⟩|
2

3

𝑗=1

 (2.2.4) 
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where r0 is the classical electron radius, ⟨𝑓|𝑥𝑗|𝑖⟩ is the matrix element of 

the xj operator between the final and the initial states and gl is the degeneracy 

of the final state.  

The emission coefficient due to the spontaneous decay , that is, the specific 

power radiated per unit volume, solid angle and frequency interval, 

corresponding to the transition from the upper state u to the lover state l is: 

 

휀(𝜔) =
ħ𝜔

4𝜋
𝐴𝑢𝑙𝑁𝑍

𝑢𝐿(𝜔 − 𝜔0) (2.2.5) 

 

where NZ
u is the density of the ions in the upper state and L(ω-ω0), which is 

normalized to 1, is the line shape. In this formula, the energies of the levels 

and the Einstein coefficient are intrinsic properties of the radiating ions or 

atoms, and tabulated values [53] have been obtained by quantum mechanics 

calculations and confirmed by indirect measurements. On the contrary, both 

NZ
u and L(ω-ω0) depend on the physical conditions of the plasma in which the 

radiating atoms or ions are embedded. In particular, populations are 

determined by the dynamical balance of several collisional and radiative 

processes inside the plasma. 

Three main physical processes determine the line shape:  

a. the finite radiative lifetime of the bound states involved in the 

transition (natural broadening); 

b. the thermal motion of radiating atomic systems (Doppler 

broadening);  

c. the interaction of radiating systems with the rest of the plasma 

(pressure broadening).  

Natural line broadening is determined by the sum of transition 

probabilities for all spontaneous transitions originating from both upper and 
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lower levels involved in the transition. In this case the line shape is a 

Lorentzian: 

 

𝐿(𝜈 − 𝜈𝑢,𝑙) =
𝐿0

1 + [
2(𝜈 − 𝜈𝑢,𝑙)

𝛥𝜈𝑁
]

2 
(2.2.6) 

 

where the characteristic width is determined by the mean lives of the two 

levels τl and τu according to the following expression: 

 

𝛥𝜈𝑁 =
1

2𝜋𝜏𝑙
+

1

2𝜋𝜏𝑢
 (2.2.7) 

Doppler broadening depends on the Maxwellian (thermal) velocity 

distribution of ions and leads to a normalized Gaussian line profile written 

as: 

𝐿(𝜈 − 𝜈𝑢,𝑙) = 𝐿0𝑒𝑥𝑝 [− (
2√ln 2 (𝜈 − 𝜈𝑢,𝑙)

𝛥𝜈𝐷
)

2

] (2.2.8) 

with 

𝛥𝜈𝐷 =
2𝜈𝑢,𝑙

𝑐
√

2 ln 2 𝑘𝐵𝑇

𝑀
≅ 6.65 × 10−9√

𝑇𝑖(𝑒𝑉)

𝐴
 (2.2.9) 

where the FWHM depends upon the ionic temperature Ti and the atomic 

mass number A. 

Pressure broadening is the result of collisions that reduce the effective 

lifetime of a state, leading to broader lines. The characterizing parameter of 

this phenomenon is ν P, i.e. the collisions frequency between atoms. 

Considering negligible the collision duration compared to the lifetime of 

atomic levels, for an interaction with a cross section σ , the line shape is 

essentially a Lorentzian and the FWHM is given by: 
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𝛥𝜈𝑃 =
1

2𝜋𝜏𝑃
≈

𝜎𝑣𝑟𝑒𝑙𝑛𝑃

2𝜋
 (2.2.10) 

 

where np is the number density of the perturbers and vrel is the relative 

velocity of the interacting atomic systems. 

The so-called Stark broadening is the most important pressure broadening 

mechanisms in a plasma. It is due to the interaction of the radiating system 

with the microscopic electric fields produced by the surrounding particles. 

2.3. Equilibria in Plasma 

The first issue to be addressed in the study of emission of radiation from a 

plasma is the kind of equilibrium to be considered. The degree of interaction 

among the three plasma sub-systems, namely electrons, ions and radiation, 

must be specified in order to determine the population of all available energy 

levels. Consequently, one can determine the spectral distribution of radiation 

energy emitted via bound-bound, free-bound and free-free transitions.  

There are a number of approximations that can be used in order to 

establish the population distribution within plasma at a specific temperature.  

In the following, a summary of the main results on plasma equilibria will be 

given with emphasis on the conditions to be fulfilled, in terms of density and 

temperature, for the various types of equilibria to hold.  

2.3.1. Complete Thermal Equilibrium - CTE 

When radiation cannot escape from the plasma volume due to re-

absorption effects (the so-called opacity) within its volume, the plasma is said 

to be optically thick and every atomic process occurring in the plasma is 

balanced by an equal and opposite process (for example the rate of collisional 

excitation equals the rate of collisional de-excitation). In this case, the plasma 
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is said to be in CTE - Complete Thermal Equilibrium: it is an ideal case for 

low energy laser expanding plasmas. 

Although this kind of equilibrium does not apply to laboratory plasmas 

and is only approached in stellar interiors, it can be considered as a reference 

condition in the limit of high plasma density. 

A plasma is said to be in CTE when electrons, ions and radiation are 

strongly coupled to each other and share the same temperature. 

The CTE can be assumed when [49]: 

a. all particles follow to the Maxwell velocity distribution law: 

 

𝑓(𝑣) = 4𝜋𝑛𝑒𝑣2√(
𝑚𝑒

2𝜋𝑘𝐵𝑇𝑒
)

3

𝑒𝑥𝑝 (−
𝑚𝑒𝑣2

2𝑘𝐵𝑇𝑒
) (2.3.1) 

 

b. the population distributions over the states of any atom or ion are 

given by the Boltzmann formula: 

 

𝑁𝑧−1(𝑝)

𝑁𝑧−1(𝑞)
=

𝑔𝑧−1(𝑝)

𝑔𝑧−1(𝑞)
𝑒𝑥𝑝 (−

𝜒𝑧−1(𝑝)

𝑘𝐵𝑇𝑒
) (2.3.2) 

where n(p), n(q), g(p) and g(q) are respectively the populations and 

statistical weights of states labeled with p and q, and χz−1(p) is the 

energy difference between levels p and q; 

c. the number of ions in a charge state Z relative to the number in 

state Z-1 is given by the Saha equation: 

 

𝑁𝑧𝑛𝑒

𝑁𝑧−1
= 2√(

2𝜋𝑚𝑒𝑘𝐵𝑇𝑒

ℎ2
)

3 2𝑔𝑧

𝑔𝑧−1
𝑒𝑥𝑝 (−

𝜒𝑧−1

𝑘𝐵𝑇𝑒
) (2.3.3) 
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where Nz and Nz−1 are the ion stage populations, gz and gz−1 are the 

statistical weights associated to the energetic levels within these 

ion stages, Te is the electron temperature, χz−1 is the ionization 

potential of the ion of charge z – 1. 

d. the radiation intensity distribution as a function of frequency and 

temperature can be described by the black body radiation 

distribution function: 

 

𝐼(𝜈, 𝑇) =
2ℎ𝜈2

𝑐2 [
1

𝑒𝑥𝑝 (
ℎ𝜈

𝑘𝐵𝑇𝑒
) − 1

] (2.3.4) 

 

Since the laser plasma is a highly dynamical system, CTE cannot exist, as 

clearly evidenced by the emitted radiation and by the velocity 

distributions. For more practical reasons, equilibrium models have been 

developed to describe plasmas in different regimes with less demanding 

requirements respect to CTE.  

2.3.2. Local Thermal Equilibrium – LTE 

The LTE model is very close to CTE and is applicable to high density and 

hot plasmas, such as solar interiors, and laser plasmas at the early stage of 

their expansion. LTE is assumed when the plasma density increases to very 

large values (> 1015 cm− 3) and the rate of collisions prevails on radiative 

processes. This minimizes the amount of energy losses and thus the system is 

locally approximated to a thermodynamic equilibrium system. 

LTE is distinguished from complete thermodynamic equilibrium in that 

the temperature need not be the same everywhere, and the spectrum is not 

characteristic of a pure blackbody. 
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Due to the mass difference, the electrons have larger velocities than the 

ions, being more collisional. They are therefore responsible for the bulk 

plasma collisional transitions, which rate is used to determine the electron 

temperature. 

The expression of electrons density required to obtain the LTE is: 

 

 𝑛𝑒 ≥ 1.6 × 1014𝑇𝑒
1 2⁄

𝜒(𝑝, 𝑞)3𝑐𝑚−3 (2.3.5) 

 

where the electron temperature, Te, and the highest ionization energy of 

any atoms or ions, χ (p, q), are expressed in eV. 

2.3.3. Coronal Equilibrium – CE 

For relative low density plasmas LTE cannot be applied, since the electron 

density decreases drastically. The solar corona for example, has a high 

temperature (106 K) but is usually at low density (108 cm− 3). In this case, the 

relative populations of high energy levels are controlled by the collisions 

between particles. In this case, coronal equilibrium prevail. 

CE can be applied if [49]: 

 

 
𝑛𝑒 ≤ 5.9 × 1010𝑍6𝑇𝑒

1 2⁄
𝑒𝑥𝑝 (

𝑍2

10𝑇𝑒
) 𝑐𝑚−3 (2.3.6) 

 

This expression is valid for hydrogen-like ions assuming as upper limit the 

level n=6. 
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2.3.4. Collisional Radiative Equilibrium – CRE 

CRE describes a middle range of density values between LTE and CE: it 

tends to the CE at low density and to LTE at higher plasma density. Both 

collisional (only involving electrons) and radiative processes are taken into 

account. The velocity distribution is still supposed to be Maxwellian: the 

electron-electron relaxation time is smaller than electron heating time. Ion 

populations of charge z+1 must not change dramatically when the quasi-

steady-state population of ions of charge z has been established. Moreover, in 

CRE the plasma is supposed optically thin to its own radiation.  

Fig. 2.3.1 illustrates and summarizes the range of validity of each model 

for a range of plasma densities and temperatures. 

 

Fig. 2.3.1 - Ranges of validity for the application of the different plasma equilibrium 

models. 
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For a Nd:YAG laser plasma with electron density on the order of 1∙1018 

cm− 3 < ne < 5·1019 cm− 3, with low charge states, on the order of 1 < z < 5 the 

validity of the model is listed as follow:  

a. LTE model applies for electron temperatures on the order of 10 < 

Te < 100, i.e. in the early stage of the plume expansion;  

b. CR model applies only for higher temperatures, up to Te = 30eV ;  

c. CRE model applies only for very low temperatures, hence when 

the plasma cools down, i.e. at later expansion stages, for density 

values between the validity range of LTE and CR. 

2.4. Dynamics of laser ablation 

Laser ablation of solids with nanosecond pulses of high intensity leads to 

complicated interactions of the laser beam with both the solid and the ablated 

material. There exist a number of processing parameters, which determine 

the dynamics of ablation and properties of the generated plasma [54-58] . 

Some of the fundamental physical features such as the nature of the laser 

absorption in the vaporized material and acceleration mechanism for the ions 

are not yet fully understood.  

Interaction of a nanosecond laser pulse on a solid surface causes heating 

and melting of the irradiated volume.  The rapid rise in temperature leads to 

intense evaporation of atoms and molecules from the solid surface that is to 

the formation of an expanding plasma. The laser power density critically 

controls the basic properties of these plasmas. Generated plasma also depends 

on other laser parameters like, pulse width, intensity profile and the material 

characteristics. Even at relatively low intensities near the threshold for 

ablation, it is observed that the ablated material is significantly ionized and 

the ions in the plasma plume have energies ranging up to several hundred 

electron volts (eV). After the initial ionization, it is the field strength and the 
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quiver motion of free electrons that enables further ionization of matter, 

forming a dense 'free' electron cloud. If the electron density is high enough in 

the Debye-sphere, the plasma behaves in a collective manner. The first salient 

aspect of the laser-induced plasma is its fast dynamics, along with its 

inhomogeneity in density, temperature and flow velocity. The laser 

interaction itself is characterized by a limiting electron density beyond which 

no electromagnetic propagation is possible i.e., beyond critical density where 

laser is efficiently absorbed by the electron population through collisional 

inverse bremsstrahlung [59-61]. This property is the main reason for laser 

plasmas to be very hot and more or less close to ideality, and is responsible 

for sharp density variations in the transition zone from under-dense to over-

dense plasma. 

Initially the expansion of the plume is primarily driven by the plasma 

pressure gradients [62], but there may be an additional contribution from 

coulomb repulsion between the ions if there is significant net loss of the more 

mobile electrons. In any case, when the plume has propagated more than a 

few hundred millimeter from the target surface, major part of the initial 

thermal energy in the plasma is converted to the directed kinetic energy of the 

ions, which are much more massive than the electrons. 

The adiabatic expansion models of Anisimov et al. [54] and Singh and 

Narayan [55] have proved to be very useful for the understanding and 

interpretation of the laser ablation experiments.  
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Fig. 2.4.1 – A schematic view of the processes that take place during ablation by a ns laser 

pulse. Light absorption in the solid, ejection of the ablated material in a plasma plume and 

the interaction of the light with the plume, and the plasma expansion. 

 

Different stages of laser-matter interaction and plasma formation 

mechanisms (Fig. 2.4.1) are explained in the coming sections of this chapter. 

2.4.1. Laser-Target interaction 

When the intense laser beam strikes the target surface, part of the energy 

is reflected back and the remaining part is absorbed by the electrons in the 

target. Once inside the material, absorption causes the intensity of the light to 

decay with depth at a rate determined by the material’s absorption coefficient  

α . In general, α  is a function of wavelength and temperature, but for constant 

α , intensity I decays exponentially with depth z according to the Beer–

Lambert law: 
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𝐼(𝑧) = 𝐼0𝑒−𝛼𝑧 (2.4.1) 

 

where I0 is the intensity just inside the surface after considering reflection 

loss. 

The primary heating of the target leads to strong evaporative ejection of 

material. Since the heating is extremely fast, surface temperatures close to the 

thermodynamic critical temperature can be reached. After a period of tens of 

picoseconds, the electrons and atoms in the solid equilibrate which leads to a 

strong heating of the irradiated volume. The removal of the material from the 

target by laser irradiation depends on the coupling of the beam with the solid. 

Intense heating of the surface layers by high-powered nanosecond laser pulses 

occurs, resulting in melting and/or evaporation of the surface layers, 

depending on its energy density. These thermal effect of nanosecond 

interaction of laser beams with metals have been dealt with extensively in the 

literature [63, 64]. Essentially, it involves the solution of one-dimensional 

heat flow equation with appropriate boundary conditions taking into account 

the phase change in the material. Heating rate, melting, evaporation during 

pulsed-laser irradiation are influenced by the laser parameters, i.e. laser 

intensity, pulse duration and wavelength, and thermo-physical properties of 

the material. In addition to this, the behavior of the plasma expansion also 

depends on the initial plume dimensions and background gas pressure. 

During the rising edge of the laser pulse, radiation is absorbed by electrons 

in the so-called skin depth layer, raising them to higher energy states in the 

conduction band. These electrons then pass this energy on to the lattice 

during collisions, which quickly heat and melt the surface. This results in a 

decreased reflectivity of the surface, thereby increasing the proportion of the 

laser-light that is absorbed by the target. The skin depth hence represents the 

length in which the laser EM field can penetrate into the solid target.  
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For aluminum target irradiated by a Nd:YAG laser with wavelength of 

1.064 μm, δ  ≃ 5nm. 

For nanosecond time-scale pulses a significant amount of heat is 

conducted from the skin depth layer into the bulk of the material, to a depth 

known as Lth, called diffusion length or heat penetration depth [65]: 

 

𝐿𝑡ℎ = √2𝐷𝑡ℎ𝜏 (2.4.2) 

 

where τ  is the duration of the laser pulse and Dth is the material’s thermal 

diffusivity. Under such conditions the energy of the laser pulse is stored inside 

a hole that can be approximated to a cone having the base diameter equal to 

the ablation spot size, and height comparable to the diffusion length. Hence, 

Lth fixes the depth of the crater produced by the laser pulse interacting with 

the target. By adding to the diffusion length the skin depth we obtain the total 

absorption depth Z= Lth +δ . In the nanosecond pulse regime, generally Lth is 

on the order of some μm, hence the relation Lth ≫ δ  is valid. 

2.4.2. Laser-Matter interaction 

In the second stage, the material from the heated volume is ejected from 

the target but continues to absorb energy from the laser beam, resulting in the 

formation of a thin layer ionized of vapor on the surface of the target. In the 

early experiments, the physical mechanisms involved in the absorption of the 

laser energy by the evaporating material were identified as the source for very 

high temperature (~1 keV) plasma. 

The high surface temperature induced by laser irradiation leads to 

emission of positive ions and electrons from free surface. The flux of ions and 

electrons as a function of temperature can be predicted by the Richardson and 
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Langmuir-Saha equations [66-68] respectively. Both of these equations show 

an exponential increase in the fraction of ionized species with temperature.  

Different mechanisms can play an important part in the ionization of the 

laser-generated species. Impact ionization and other mechanisms, especially 

photoionization, thermal ionization of photon-activated species and 

electronic excitation may affect the concentration of the excited species.  

The evaporated material from the target is further heated by the absorption 

of the laser radiation. The heating of the evaporated material is controlled by 

the plasma absorption coefficient, which depends on the concentration of the 

ionized species, on the plasma temperature and on the laser wavelength. The 

absorption coefficient of the plasma can be expressed as: 

 

𝛼𝑝 = 3.69 × 108 (
𝑍3𝑛𝑖

2

𝑇0.5𝜈3) [1 − 𝑒𝑥𝑝 (−
ℎ𝜈

𝑘𝐵𝑇
)] (2.4.3) 

 

where Z, ni and T are the average charge, the ion density, and the 

temperature of the plasma respectively. 

The laser radiation is highly absorbed if the value of the product αL, where 

α is the absorption coefficient and L is the plume dimension in the plane 

perpendicular to the target surface, is large. However since α is proportional 

to the plasma density, the strongest absorption occurs near the target surface 

and the subsequent heating of the evaporated material is strongly related to 

its value. 

Because of the high expansion velocities of the leading plasma edge, the 

electron and ion densities decrease very rapidly with time and space, which 

makes the plasma transparent to the laser beam for large distance away from 

the target surface. The laser radiation again reaches the target. These 

processes merge into a smooth self-regulating regime with the generation, 
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heating and expansion of plasma taking place throughout the length of the 

laser pulse. 

2.4.3. Plasma expansion 

After the end of the laser pulse, quick electrons are the first vaporized 

particles that escape from the plume; they are then followed by accelerated 

ions of different charge states. In this early expansion stage, several Double 

Layers (DLs) [69] can be formed and strong electrostatic fields creating 

plasma instabilities can break the plasma quasi neutrality over lengths larger 

than λD. DLs are known as localized electrostatic potential structure created 

by two equal opposite space-charge layers, which are capable of sustaining 

high potential drops in collisionless plasmas. In a low power density regime 

(∼ 2 −  25J/cm2), a DL structure can manifest through double-peaked time-

of-flight ion signals, as studied by Bulgakova [70]. Increasing the laser 

fluence, a transition region is observed and more than one DL can be 

observed [71]. 

The presence of DLs in LPP can be supposed when the simultaneous 

existence of hot and cold electron population (which is indicated with TET-

Two Electron Temperature) is detected. However also in a SET-Single 

Electron Population plasma DL can be formed [70]. 

After the termination of the laser pulse, no particles are evaporated and 

injected into the inner edge of the plasma. An anisotropic adiabatic expansion 

occurs where the temperature, T, decreases with the plasma dimension, in 

accordance with the adiabatic thermodynamic equation given by [55]: 

 

𝑇[𝑋(𝑡)𝑌(𝑡)𝑍(𝑡)]𝛾−1 = 𝑐𝑜𝑛𝑠𝑡 (2.4.4) 
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where X(t), Y(t) and Z(t) are the dimensions of the expanding plasma in the 

three orthogonal directions, and γ  is the ratio of the specific heat capacities 

at constant pressure and constant volume. 

The thermal energy is rapidly converted into kinetic energy, with plasma 

attaining supersonic expansion velocities. 

Finally, when the plasma becomes spatially broadened, the free streaming 

of the plasma plume starts during its last stage of expansion. The plume 

becomes collisionless since L/λL>>1, where L is the plasma length and λL is 

the mean free path. In this last stage the plasma expands isothermally. Then 

the plasma decays into the free flight and no longer collisions occur. 
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Chapter 3 

Experimental set-up 

In this chapter, a report of experimental technique for the spatio-

temporal evolution of the laser produced plasma and the various 

diagnostics needed for the experiments are given. 

Moreover, the samples preparation technique and the features of 

nanostructures investigated will be discussed. 

3.1. Laser setup 

In the present work, studies on plasma formed by the interaction of a 

focused laser beam on different nanowires targets are described.  

The laser used in our experiment is a Q-switched Nd:YAG laser having a 

maximum energy of 2 J, a fundamental wavelength of 1064 nm, a duration 

of 6 ns and a repetition rate of 10 Hz. 

The laser pulse is focused onto a flat target by means of a plano-convex 

lens with 75 mm focal length, and 25 mm diameter. The interaction with the 

target occurs inside a vacuum chamber, where a pressure of about 10− 5 mbar 

is kept by means of a turbo-molecular pump. The laser beam impinges on the 

target with an angle of 30° with respect to the normal. This is the axis along 

which the expansion direction of the plasma occurs. The best focusing 

condition of the laser beam on the target was obtained by varying the lens-

target distance in order to maximize the soft X-ray yield. The total intensity 

reached was in the range 1012-1013 W/cm2. 
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The vacuum chamber is cylindrical stainless steel tube with diameter 80 

cm and is provided with appropriate windows for laser beam entrance and 

light collection. 

A schematic representation of the vacuum chamber and relative 

diagnostics is shown in Fig. 3.1.1.  

 

Fig. 3.1.1 – Schematic view of the experimental setup showing the main diagnostics used 

in the experiment. 

A metal target holder has been employed to keep the target in position and 

to connect it to an externally controlled X-Y-Z motor. The z-axis 

movimentation is used to change the distance between the lens and the target 

in order to find the focus position; while movimentation along x and y-axis 

is need to avoid errors due to local heating and drilling by providing fresh 

surface for ablation. 

Several detectors for visible and X-ray radiation and ionic component 

studies (described in detail in the following sections) are connected to the 

vacuum chamber. All the diagnostic is equipped with an external trigger 

signal, which is synchronized with the beginning of the laser pulse. 
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3.2. Optical fast imaging 

Time resolved optical imaging of laser produced plasmas with fast framing 

cameras has been a useful and widely used diagnostic over the past three 

decades [72-74].  

The detector used for the optical fast imaging is an Intensified Charged 

Coupled Device (ICCD), comprised a gated intensifier coupled to a front 

illuminated (CCD) camera via a high quality relay lens system (Fig. 3.2.1), 

which was supplied by Andor Technology.  

 

Fig. 3.2.1 – Sketch of an Intensified CCD. 

The CCD chip consist in 1024×1024 pixels with a pixel size of 13 μ m and 

an effective active area of 13.3×13.3 mm2. 

The Image Intensifier tube is an evacuated tube, which comprises a 

Photocathode, a Microchannel plate (MCP) and a Phosphor screen, as 

shown in Fig. 3.2.2, and the properties of these determine the performance of 

the device [75]. 
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Fig. 3.2.2 – Overview of Image Intensifier construction. 

The photocathode is coated on the inside surface of the input window and 

it captures the incident image. When a photon of the image strikes the 

photocathode, a photoelectron is emitted, which is then drawn towards the 

MCP by an electric field. The MCP is a thin disc (about 1 mm thick) which 

is a honeycomb of glass channels typically 6-10 μm, each with a resistive 

coating. A high potential is applied across the MCP, enabling the 

photoelectron to accelerate down one of the channels in the disc. When the 

photoelectron has sufficient energy, it dislodges secondary electrons from the 

channel walls. These electrons in turn undergo acceleration, which results in 

a cloud of electrons exiting the MCP. The degree of electron multiplication 

depends on the gain voltage applied across the MCP, which can be controlled 

in the camera. 

The output of the image intensifier is coupled to the CCD typically by a 

fiber optic coupler.  

The high temporal resolution means that the plasma can be tracked over 

time and subsequently the images processed to extract important information 

such as their spatio-temporal distributions and velocities. 
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The ICCD is equipped with an internal Digital Delay Generator (DDG). 

An external trigger source activates the DDG, so that it can control the image 

intensifier for gating applications.  

The bright plasma emission was observed through a window 

perpendicularly placed to the plasma expansion direction. 

3.3. X-Ray emission characterization 

Due to the strong X-ray emissivity of laser-produced plasmas, a CCD-

camera in X-rays domain coupled with an array of pinhole is a fundamental 

diagnostic tool.  

The CCD camera, by Andor Technology, consists of a 26.7×6.7 mm2 

CCD device with 1024×256 X-ray sensitive silicon pixels, allowing the direct 

detection of X-ray photons. Each pixel is 26 μ m size and it is back 

illuminated; in this way the absorption of X-rays in the low-energy domain is 

minimized. The CCD can be cooled down to a temperature of 100 °C (under 

vacuum) obtaining a strong reduction of the dark-signal [76].  

The Quantum Efficiency (QE) of the CCD is an important parameter 

because it allows deducing the probability that incident photons are absorbed 

in the depletion region of the sensor. Although there are other factors, which 

effect the final shape of the QE curve, such as the different materials and their 

different absorption coefficient and the reflectance of the silicon, the most 

dominant and straightforward impact on the sensor QE is the structure of the 

CCD [77]. The QE for our detector is the green dashed curve in Fig. 3.3.1. 

To note is the discontinuities or edges seen in the QE are the result of the 

intrinsic properties of the silicon, the absorption edges L-edge at 100.6 eV and 

K-edge at 1.8 keV. 
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Fig. 3.3.1 – QE curve for X-ray detection. 

The camera was equipped with a pinhole array in order to allow the 

detection of simultaneous signals, as shown in Fig. 3.3.2. Each pinhole, with 

1 mm diameter, was filtered to be sensitive to a different spectral region by 

using Al-made attenuators of increasing thicknesses, ranging from 3 to 20 μm. 

 

Fig. 3.3.2 – An eight-pinhole array on the left and Al-made attenuators on the right. 

The X-ray transmission curves for different Al thickness are plotted in Fig. 

3.3.3 as a function of the X-ray photon energy in the range from 100 eV to 10 

keV [78]. The imaging channels filtered with 'thin' Al foil (2 – 10 μm) are 

sensitive to photon energies under 1 keV, while higher thicknesses are 

sensitive to energies above approximately 3 keV.  
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Fig. 3.3.3 – X-ray transmission curves of 3 - 10 - 15 - 20 μm thick Al foil. 

3.4. Time of Flight studies 

Time-of-flight measurements allow to collect the passing electrons or ions 

(depending on the polarity of the bias voltage). By knowing the exact moment 

in which the laser strikes the target surface, the velocity distribution of 

charged particles escaped from the plasma can be calculated.  

For this measurement, LEMO connectors at negative voltage have been 

used as ion collectors. Signals from the LEMO were amplified outside the 

chamber and sent to a digital oscilloscope, which register them as a change 

in current.  

Ion collectors at different distances have been placed inside the chamber, 

one approximately 15 cm from the target (ToF near) and one approximately 

30 cm (ToF far), to about 5° respect to the plasma direction propagation. 
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3.5. Thomson Parabola Spectrometer  

The Thomson Parabola Spectrometer (TPS) has been employed to 

characterize ion beams.  

The working principle [79-83], is based on parallel electric and magnetic 

fields acting on a well-collimated ion beam propagating orthogonally to the 

fields themselves. The Lorentz force splits the different ion species of the 

according to their charge-to-mass ratio and energy. The result is a series of 

parabolic traces on a detector, each of them corresponding to a well-

determined ion species. 

Ions enter the TPS through two pinholes. The first one is 1 mm in diameter 

and 2 cm thick double layer matrix of brass and lead in order to collimate the 

ions beam and to shield the detector from γ - and x-rays.  The second is 100 

µm in diameter and 1 mm thick aluminum layer; it is responsible for the 

spatial and energetic resolution of the spectrometer. The pinhole distance is 

10 cm. Later, a deflection sector composed by parallel electric and a magnetic 

field partially overlapping with each other is placed. The magnet length is 15 

cm and the iron is H shaped in order to provide a field as uniform as possible 

along the particle trajectory. While the electrodes are copper plates with a 

length of 7 cm. The distance of the fields centers is 6 cm long, so the 

overlapping zone is 5 cm long and the electric field end 2 cm after the 

magnetic one. 

The vacuum chamber is connected to an independent camera operating at 

a pressure of 10-6 Torr, to provide differential pumping and isolation from the 

target chamber. After passing the drift region, which allows to increase the 

particles deflection and separation among different traces, the ions position is 

detected using a imaging system. In our case, a microchannel plate coupled 

to a phosphor screen 2 cm in diameter (MCP-PH) and a reflex camera has 

been used to acquire the produced light. 
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The full spectrometer layout is reported in Fig. 3.5.1, with the distances of 

each sector from the collimator to the detector. 

The TPS was placed in backward direction, rotated 30° angle to incidence 

direction of laser beam and at a distance of the MCP-PH from the target of 

137 cm.  

 

Fig. 3.5.1 – Thomson Parabola Spectrometer layout. 

3.6. Nanostructured targets 

The plasma is produced by interaction of laser with nanostructured 

targets. Therefore, in the following section, we will briefly describe the 

fabrication technique of metal nanowires and the features of nanostructured 

targets used. 

3.6.1. Sample preparation technique 

A well-established strategy for NWs fabrication is electro-chemical 

deposition in Porous Anodized Alumina Templates. 

Porous Alumina (aluminum oxide, Al2O3) is obtained by electrochemical 

anodization in sulphuric or oxalic acid solutions (depending on desired 

diameter) of pure aluminum sheets, producing a layer of porous oxide with 

highly regular geometry (honeycomb-like hexagonal cell structure, as can be 

seen in Fig. 3.6.1). The pores - or channels - created this way are 

perpendicular to the surface and have a narrow distribution of diameter and 
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length. Due to this, they can be used as "guides" for deposition of metals, 

allowing the fabrication of nanowires [84]. 

 

 

Fig. 3.6.1 – SEM image of view from above nanoporous alumina. 

Several geometrical parameters of the alumina template can be controlled 

by anodization conditions (Fig. 3.6.2): 

 The distance between the centers of adjacent pores called interpore 

distance dint; 

 The pore diameter dp; 

 The barrier thickness, i.e. the thickness of continuous oxide layer at 

the bottom of channels; 

 The wall thickness, i.e. the thickness of oxide forming a wall 

between the pores. 

 

Fig. 3.6.2 – Idealized structure of anodic porous alumina (A) and a cross-sectional view of 

the anodized layer (B). 
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Once a nanoporous matrix with the desired geometry has been obtained, 

the pores are filled with metal through electrodeposition. The 

electrodeposition method consists in the growth of a metallic material on top 

of a conducting substrate, by electrochemically reducing metal ions present 

in an electrolyte solution. 

Since alumina is non conductive, the barrier layer at the bottom of the 

pores prevents electrodeposition using DC current.  

Therefore, AC deposition is used. This is possible because the barrier acts 

in a similar way to a capacitor and current rectifier, allowing growth of 

nanowires in the pores. NWs deposited in AC are insulated from each other 

and the aluminum substrate. 

In order to allow DC deposition, it is necessary to remove the barrier by 

detaching the whole oxide layer from the aluminum substrate. The barrier 

can be removed from the bottom in mechanical or chemical way, but this 

requires a thick oxide layer to survive the process. A different approach to 

barrier layer opening is electrochemically etch the barrier from the pores side. 

DC deposition can be used to grow NWs independently of total oxide 

thickness, and without detachment from the bulk aluminum. It should be 

noted that the electrical behavior of the resulting material is affected in that  

the nanowires deposited in DC directly contact the aluminum substrate. 

Changing anodization and deposition conditions allows control over the 

resulting NWs shape and structure. Moreover, many different metals can be 

deposited in the pores [85-88]. In this way, it is possible to investigate the 

behavior of plasma produced by laser-nanomaterial interaction with different 

features.  
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3.6.2. Irradiated samples  

The samples were produced at the INFN nanotechnology lab in Bologna 

with the aim to compare the main variables of interest: nanowires 

composition, nanowires diameter, nanowires length, alumina thickness. A 

sample of bulk aluminum was also irradiated, to be used as reference. 

Nickel NWs were produced changing the following parameter: 

 NWs diameter: nanowires of different diameters can be produced 

by using different electrolytes during anodization. In this case, 20 

nm diameter NWs were obtained via sulphuric acid anodization, 

while 50 nm NWs via oxalic acid anodization. 

 NWs length: nanowires of different length can be obtained 

adjusting deposition times.  

 Metal contact: the base of nanowires can be in direct contact with 

the aluminum substrate, or separated by an insulating oxide layer 

few tens of nm thick. Most samples have been produced without 

electrical contact (via AC deposition), but one sample has been 

produced via DC deposition, so its NWs are directly in contact 

with the aluminum substrate. 

 NW confinement: for most samples, the alumina template is left 

intact after NWs deposition, so NWs are "confined" in the 

alumina. For the DC sample, the alumina layer was dissolved by 

chemical attack in a limited region, leaving the nanowires 

"freestanding". This could be done only to a sample with contacted 

NWs, since non contacted NWs collapse without support from the 

template. 
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Moreover, in order to compare the performances of nanowires 

composition, the samples were filled with four different metals (cobalt, iron, 

nickel and silver), and similar other parameters. 

All targets irradiated with relative parameters are listed in Table 3.6.1. 

 

NWs metal Al-

Bulk 

Co-

Thin 

Fe-

Thin 

Ni-

Thin 

Ag-

Thin 

Support label Al04 Ad7 Ad10 Ad3 AlN4 

NWs diameter [nm] / 20 20 20 40 

NWs length [μm] / 10 10 10 8 

Al2O3 Thickness [μm] / 10 10 10 12 

Metal contact / No No No No 

NWs confined / Yes Yes Yes Yes 

 

NWs metal Ni-

Long 

Ni-

Short 

Ni-

DC 

Ni-

Free 

Support label Ad20 Ad20 Ad22 Ad22 

NWs diameter [nm] 50 50 50 50 

NWs length [μm] 10 5 10 10 

Alumina Thickness [μm] 15 15 15 15 

Metal contact No No Yes Yes 

NWs confined Yes Yes Yes No 

Table 3.6.1 – Irradiated  samples and relative parameters. 
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3.7. Crater morphology and composition studies 

After laser irradiation, the morphology and composition of craters in 

targets were studied at INFN lab in Bologna with a Huvitz HDS-5800 optical 

microscope. It offers a range of magnification between 240x and 5800x, and 

it allows target movement with 2 μm precision in the x-y plane (parallel to 

target surface) and 100 nm precision in the z axis (normal to surface). 

The microscope has very useful image manipulation capabilities: in 

particular, it allow to stitch together several images in order to produce a 

composite image of a large surface and quickly take several (dozens or 

hundreds) of images at different Z position, to determine the focal plane from 

each, and to generate a composite 3D-model of a surface. See Fig. 3.7.1 as 

examples of the generated models. 

The capability to easily build 3D models of the craters and to measure 

their geometrical parameters (such as ablated volume and depth) has allowed 

qualitative observation and quantitative comparison of the craters formed on 

different targets. 

 

Fig. 3.7.1 – 3D model in colour view (left) and mesh view (right) generated by the optical 

microscope. This kind of models allow geometrical measurement with μm precision 

Resolution of 3D models created by the microscope is limited by optical 

considerations, capabilities of the model-building software and artifacts. 
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Chapter 4 

Experimental data: 

characterization of laser- 

produced plasmas 

The experimental results regarding the characterization of plasmas 

produced by interaction of laser with aluminum-bulk and 

nanostructured materials expanding in vacuum will be presented in 

this chapter. 

Preliminary calculations of nuclear reaction rates will be also shown. 

4.1. Optical fast imaging 

Fast photography provides two-dimensional snap shots of the three-

dimensional LPP propagation. It is one of the versatile diagnostic tools for 

understanding the expansion dynamics of laser created plumes.  

In laser-produced plasmas, the physical and chemical properties [89, 90] 

of the target are one of the governing factors determining the ion charge state, 

velocity, particle density, etc. Hence, depending upon the target material, the 

generated plume’s ion emission features (velocity, flux) as well as plasma 

properties (temperature, density) will vary even at constant laser intensity. 

Therefore, we have investigated the behavior of plasma produced by 

interaction with different targets. 

Fig. 4.1.1- Fig. 4.1.5 give typical time-resolved images for Al bulk and 

nanostructured targets (nanowires of Co, Fe, Ni and Ag). All these images 
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are spectrally integrated in the region 200–700 nm, while each image is 

obtained from a single laser shot and normalized to its maximum intensity in 

order to easily compare them to each other. A 2 ns gate width was used to 

image plasma at early times (<50 ns) and at later times a gate width 

increasingly large was used. In fact, a shorter gate width was more desirable 

during early expansion times to minimize spatio-temporal mixing and 

optimize the imaging of internal structures. Plasma properties are no longer 

rapidly changing at later times; therefore, a longer gate width is acceptable 

and used for compensating the reduction in plasma intensity with time. 

The colors in the ICCD camera images indicate different radiation 

intensity values. Higher counts observed in the images may correspond to 

areas of high temperature and particle density in the plasma plume. 

 

Fig. 4.1.1 – Time sequence of fast photography images showing the spatio-temporal 

evolution of the Al-Bulk plume at various delays.  
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Fig. 4.1.2 – Time sequence of fast photography images showing the spatio-temporal 

evolution of the Co-Thin plume at various delays. 

 

Fig. 4.1.3 – Time sequence of fast photography images showing the spatio-temporal 

evolution of the Fe-Thin plume at various delays. 
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Fig. 4.1.4 – Time sequence of fast photography images showing the spatio-temporal 

evolution of the Ni-Thin plume at various delays. 

 

Fig. 4.1.5 – Time sequence of fast photography images showing the spatio-temporal 

evolution of the Ag-Thin plume at various delays. 
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Collisions inside the plasma play a major role in determining the spatio-

temporal evolution: when the particle densities are high enough collisions 

induce the formation of a thermalization layer called Knudsen layer (KL) 

within a few mean free paths from the target surface, investigated by Kelly 

and others [91-93]. The formation of the KL results in stopped or backward 

moving material close to the target, as noticeable from fast photography 

image at 40 ns for all targets. The backward moving particles are either re-

condensed or reflected from the target surface. The KL formation is followed 

by strongly forward peaked velocity distributions away from the target 

surface with an Unsteady Adiabatic Expansion (UAE) of the plasma. 

Detailing the spatio-temporal evolution, Al-bulk and nanostructured 

targets show the same behavior in the first 40 ns. At early times, the plume 

front is spherical with a spot size of about 300 μ m; as time evolves, the plume 

front becomes sharpened and expands in height until to 40 ns. 

After this time, the Al-bulk target expands with a duration of about 100 

ns. Instead, at later time, nanostructured targets show internal structures, 

with a central region more dense and hotter and tails directed sideways at 

lower densities and temperatures, and the plume appears more confined. The 

lifetime of the plasma plume is found to be higher respect to Al-bulk plasma. 

Plots of the emission intensity as a function of distance along the 

longitudinal expansion direction at different times provide a useful insight 

into the internal structures in the plume (Fig. 4.1.6 - Fig. 4.1.10). 

For easier comparison, each profile has been normalized to its maximum 

intensity.  
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Fig. 4.1.6 – Intensity counts obtained from the ICCD images for various times during the 

evolution of the plasma for Al Bulk target. 

 

Fig. 4.1.7 – Intensity counts obtained from the ICCD images for various times during the 

evolution of the plasma for Co-Thin target. 
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Fig. 4.1.8 – Intensity counts obtained from the ICCD images for various times during the 

evolution of the plasma for Fe-Thin target. 

 

Fig. 4.1.9 – Intensity counts obtained from the ICCD images for various times during the 

evolution of the plasma for Ni-Thin target. 
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Fig. 4.1.10– Intensity counts obtained from the ICCD images for various times during the 

evolution of the plasma for Ag-Thin target. 

The emission intensity profiles show a single peak distribution indicating 

uniform emission along the target normal. However, at higher delays, some 

nanostructured targets outline a double peak due to the hot central region and 

to the tails that expand laterally.  

Moreover, increasing the delay, the center of mass shift away from the 

target. 

In order to obtain a better understanding of the plasma expansion and 

evolution, position-time plots of the luminous front are created. In this way, 

it is possible to study the expansion velocity of the visible plasma plume, 

deduced from fit of the R-t plots. 

Since the plasma imaging shows significant uncertainty in recording 

plume front positions, we consider its position based on a 90% reduction in 

the maximum intensity. 
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The R-t plots show a linear trend until about 40 ns, followed by a flat 

region, and finally, by increasing the temporal delay, the plume-front distance 

enhances again. This behavior reflects that observed in spatio-temporal 

evolution imaging.  

At the same time, the flux obtained by integrating the visible image for 

each temporal delay and by normalizing for the exposure time was 

represented. An increasing of integral visible flux is highlighted where the R-

t trend changes slope. This is further confirmation of the KL formation. 

 

 

Fig. 4.1.11 – Position-time (R-t) and integral flux plots obtained from the ICCD images 

for Fe-Thin target. 

Fig. 4.1.12 shows the R-t plots for all targets. One can separate the 

contribution due to the early times from that obtained at higher delays: for all 

targets, the plasma expansion velocity in the first region (slow component) is 

the same within the error, while it is different in the second region (fast 

component), as highlighted in Table 4.1.1. 
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Fig. 4.1.12 –R-t plots for all targets. 

 

Target Fast velocity  

[m/s]×104 

Slow velocity  

[m/s]×104 

Al-Bulk 4.18±0.95 1.07±0.24 

Co-Thin 2.42±0.30 1.14 ±0.15 

Fe-Thin 1.56±0.23 0.93±0.09 

Ni-Thin 3.54±0.67 1.04±0.11 

Ag-Thin 2.45±0.25 0.99±0.10 

Ni-Short  1.09±0.08 1.02±0.13 

Ni-Long 1.42±0.12 0.95±0.07 

Ni-DC 1.16±0.27 1.08±0.10 

Ni-Free 1.45±0.95 1.19±0.04 

Table 4.1.1 – Plasma expansion velocity obtained from the slope of linear line fit for each 

target. 
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These data confirm the observations of the imaging. The Al bulk target 

provides a slightly higher velocity than the nanostructured targets filled with 

different metals, whereas substantial differences are observed when compared 

with the velocity of the other nanostructured targets, for which the plasma 

evolves more slowly and has a longer life. This could be evidence of plasma 

stagnation, which implies a hotter and more dense plasma.  

Detailed comparisons in relation to the geometry and to the deposition 

technique of the samples are given in section 4.5. 

4.2. X-ray 

The time integrated X-ray flux with appropriate spectral selection is 

employed in order to gather valuable physical information on laser-matter 

interaction process. 

Fig. 4.2.1 shows a typical X-ray image taken by using a 10-channel 

pinhole-camera, which points out the effect of different filtering conditions: 

thinner absorbers have a higher flux than the larger thicknesses. 

 

Fig. 4.2.1 – X-ray images of a plasma obtained simultaneously from a single shot by 

using a 10-channel pinhole-camera, where each channel indicates a different spectral region. 

 

The X-ray signal was acquired over the entire duration of plasma because 

the X-ray pulse duration is comparable with that of the laser pulse producing 

the plasma [94, 95], while the minimum acquisition time for the detector is 

10 μs. 



4.2 - X-ray 

 

73 
 

The flux through each channel was estimated by selecting a Region Of 

Interest (ROI) with the same size for all channels. 

Table 4.2.1 contains the mean X-ray flux for each absorber thickness 

considered. 

Because Al absorbers are sensitive to certain photon energies, as shown in 

Fig. 3.3.3, the flux through a channel is the integral over the spectral region 

of the CCD sensor sensitivity (Fig. 3.3.1), with the effect of the filters. For 

this reason, in order to assign a spectral value to each channel, the 

deconvolution between the X-ray flux and the quantum efficiency curve of 

the CCD-camera is carried out. 

In this way, it was possible to plot the X-ray flux as function of the 

extrapolated energy by 10% of the transmission curve for different thickness 

absorber, as can be seen in Fig. 4.2.2.  

 

 

Fig. 4.2.2 – X-ray flux for all targets as function of the extrapolated energy by 10% of the 

transmission curve for different thickness absorber. 
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 X ray flux [counts]×102 

Target 
Absorber Thickness [µm] 

3 5 6 

Al-Bulk 62.5 ± 15.7 22.8±2.3 13.0 ± 3.5 

Co-Thin 598.9 ± 46.7 248.9 ±42.1 178.7 ± 31.1 

Fe-Thin 319.1 ± 45.7 107.3 ± 16.0 74.2 ± 10.9 

Ni-Thin 313.2 ± 83.9 124.2 ± 49.5 90.4 ± 37.7 

Ag-Thin 242.3 ± 27.1 83.6 ± 2.5 69.4 ± 6.4 

Ni-Short 314.0 ± 32.8 112.4 ± 10.6 75.0 ± 7.1 

Ni-Long 329.9 ± 33.1 118.3 ± 11.3 79.8 ± 8.2 

Ni-DC Sat.  558.1 ± 122.0 460.1 ± 132.2 

Ni-Free Sat. Sat. Sat. 

Target 
Absorber Thickness [µm] 

9 15 17 

Al-Bulk 4.1 ± 2.4 2.5 ± 0.9 1.2 ± 0.6 

Co-Thin 20.9 ± 3.3 14.7 ± 2.3 4.8 ± 0.6 

Fe-Thin 9.0 ± 1.4 6.0 ± 0.9 2.2 ± 0.3 

Ni-Thin 12.3 ± 5.1 7.8 ± 3.1 2.9 ± 1.1 

Ag-Thin 10.3 ± 2.1 4.6 ± 0.6 2.0 ± 0.4 

Ni-Short 14.0 ± 1.1 7.6 ± 0.6 2.96± 0.2 

Ni-Long 14.2 ± 1.1 7.8 ± 0.6 2.7 ± 0.2 

Ni-DC 93.3 ± 39.2 38.9 ±14.9 8.6 ± 2.6 

Ni-Free 259.9  ± 30.3 88.2  ± 12.6 12.2  ± 0.3 

Table 4.2.1 – X-ray flux for each absorber and for each target. 
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First, it is reasonable to say that, for every target, X-ray energies greater 

than 1.3 keV can be reached. Moreover, for all nanostructured targets, the X-

ray flux is higher than that of Al-bulk target. About that, some considerations 

are necessary: the relative yield due to three main processes responsible for 

the X-ray emission from plasmas, as discussed in section 2.2, depends upon 

the atomic number Z of the target material.  

For medium values of the atomic number (Z ≤ 20, as Al-bulk target), the 

plasma produced is predominantly populated by H-like through Be-like ions. 

In these conditions, a single emission line can carry a significant fraction (a 

few %) of the total X-ray emission energy between 0.5 and 10 keV. Due to 

the sharpness of emission lines (Δυ /υ  ≈ 104), their intensity can overcome 

continuum emission by several orders of magnitude.  

When high Z targets materials (Z ≥ 20, as nanostructured targets) are used, 

the plasma is populated by ions with several bound electrons. The resulting 

spectrum consists of a complex series of emission lines, typical of many-

electron systems. The density of emission lines in the spectrum is so large that 

they merge, giving rise to a quasi-continuum emission.  

According to the preceding discussion, the X-ray conversion efficiency is 

also found to strongly depend upon the target atomic number.  

Fig. 4.2.3 shows the total X-ray yield between 0.7 and 20 keV and the 

conversion efficiency (in % of the laser energy) for plasmas produced from 

different Z targets in conditions similar to those used in this work: the plasma 

was generated by 8ns Nd:Glass laser pulses focused in a 100μm diameter 

focal spot at an intensity of 4×1013 W/cm2 [96].  
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Fig. 4.2.3 – Yield of x-ray emission between 0.7 keV and 20 keV as a function of the 

atomic number of the irradiated target. Maxima of emission are measured when the atomic 

configuration is optimum for the excitation of resonance lines from K-, L- and M shells [96]. 

The emission exhibits four maxima as the atomic number of the target is 

progressively increased from Z=4 (Beryllium) through to Z=92 (Uranium). 

The physical reason of this characteristic behavior is that, as the Z of the 

target increases for fixed interaction conditions, the atomic configuration is 

optimum for the generation of resonance line emission from the K-, L-, M- 

and N-shells. In general, the behavior of the X-ray yield as a function of the 

atomic number depends upon the considered spectral range because the 

contribution of resonance emission from different shells lies in different 

regions of the spectrum for different atomic numbers. 

Therefore, the comparison between bulk aluminum and nanostructures 

filled with different metals could be explained in relation to different chemical 

composition, even if it is important to take into account that, in the 

nanostructured targets, only 10-15% of the oxide layer is filled with metal. 
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Moreover, another feature to point out is that the nanostructure surface is 

dark, then is much less reflective than Al-bulk. Consequently, this could lead 

to a higher X-ray flux for nanostructured targets.  

In the light of these considerations, the differences in X-ray fluxes can be 

explained. However, targets with the same atomic number (namely Ni), but 

different geometry and deposition technique, produce different amounts of 

X-ray flux. In section 4.5, details on X-ray flux trends by varying the 

nanostructure parameters will be given. 

4.3. Time of flight measurements 

The time of flight (TOF) measurements provide excellent technique to 

determine the velocity distribution of the plasma. The TOF profiles as a 

function of distance from the target surface were investigated. 

An example of TOF ion profile obtained by placing the probe closest to 

the target surface for a Co nanostructured target is shown in Fig. 4.3.1 

 

Fig. 4.3.1 – Time of flight ion signal obtained for ToF closest from Co-Thin target. 
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. The time of flight signal exhibits a double peak structure, associated to 

that observed by fast imaging. Therefore, emitted ions may be divided into 

two groups: fast ions and slow ions. 

However, from ion profile of farthest TOF to the target surface, the double 

peak structure disappears, as shown in Fig. 4.3.2, because the probe is not be 

able to distinguish particles in flight with different velocities. Indeed, the peak 

ion velocity of the far probe is intermediate between the fast and slow peak 

velocities of the near ToF. 

 

Fig. 4.3.2 – Time of flight ion signal obtained for ToF farthest from Co-Thin target. 

 

The peak of each profile corresponds to the maximum probable arrival 

time of ion flux into the collector. Therefore, the velocities of ions in near and 

far ToF was estimated for all targets, as listed in Table 4.3.1 -Table 4.3.2. 

Ions at very large distances evolve with velocities higher than those 

estimated from plume expansion in the visible (on the order of 104 m/s). 
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Target Fast  

ion velocity 

 [m/s]×105 

Slow  

ion velocity 

 [m/s]×105 

Al-Bulk 3.84 ± 0.26 3.38 ± 0.22 

Co-Thin 3.96 ± 0.26 3.40 ± 0.23 

Fe-Thin 3.81 ± 0.25 3.24 ± 0.22 

Ni-Thin 3.83 ± 0.25 3.36 ± 0.22 

Ag-Thin 3.59 ± 0.24 3.25 ± 0.22 

Ni-Short 3.95 ± 0.26 3.40 ± 0.23 

Ni-Long 4.03 ±0.27 3.43 ± 0.23 

Ni-DC 4.10 ± 0.27 3.50 ± 0.23 

Ni-Free 3.93 ± 0.26 3.56 ± 0.24 

Table 4.3.1 – Fast and slow component of ion velocity of near-ToF. 

 

Target Ion velocity 

[m/s]×105 

Al-Bulk 3.54 ± 0.11 

Co-Thin 3.74 ± 0.12 

Fe-Thin 3.59 ± 0.11 

Ni-Thin 3.66 ± .011 

Ag-Thin 3.33 ± 0.10 

Ni-Short 3.71 ± 0.12 

Ni-Long 3.77 ± 0.12 

Ni-DC 3.72 ± 0.12 

Ni-Free 3.59 ± 0.11 

Table 4.3.2 – Ion velocity of far-ToF. 
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The velocities for all targets are equal within the uncertainty; this means 

that the ToF are quite far from the target for which the plasma expand freely. 

 

4.4. Morphological analysis 

Most observed craters have a sharp circular shape, with diameters ranging 

between 150 and 180 μm. A crater's depth (measured at the deepest point) is, 

in most cases, greater than its radius but a little smaller than its diameter (the 

exception being Al-Bulk, which has greater radius than depth). The crater 

bottom is hemispherical in general shape, but often displays a structure called 

"channel", (see  Fig. 4.4.1) a straight narrow indentation, resembling a knife 

cut, which begins at the center of the crater and points downward, toward the 

same direction as the parallel component of the incoming laser beam. 

 

Fig. 4.4.1 – The channel structure, common in craters of all targets, seen from top (left) 

and side (right). As can be seen, the channel is a strongly asymmetric deep indentation in a 

mostly hemispheric crater. In this image, the laser beam arrived from the right. 

This structure is certainly related to the inclination of the incoming laser 

beam, but surprisingly it is usually much more narrow (few tens of μ m) than 

the spot size of the beam, so it seems unlikely to be a direct consequence of 

the spatial distribution of laser intensity. While its exact origin is unsure, 

optical observation led to hypothesize that it originates from a rapid cooling 

of convection patterns at the crater bottom. 
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Since the advantage of nanostructured materials compared to bulk 

aluminum lies in the volumetric heating of matter, it was decided to simply 

measure depth and volume of the craters. They have been measured in the 

following way: 

 Depth: one chooses a line along which the crater's depth profile 

will be measured. The line was parallel to the laser beam direction 

and passing through the point of maximum depth. Since surface 

outside the crater is quite flat (within two μm) for all considered 

targets, depth is simply calculated as the height difference between 

a point well outside the crater (in order to exclude local swelling 

and other near-crater features) and the deepest point of the crater. 

 Volume: a 2D measurement region and a reference level were 

defined to measure the volume. Reference level is taken at the 

surface, while the 2D region was defined simply selecting a circle 

a few tens of µm wider than the crater in order to avoid ambiguities 

in the exact criteria for crater edge definition. 

Empty volume will be calculated below the reference level, and 

only in the selected region. 

 

In the following table, depth and volume data from all the irradiated 

targets are presented [97]. 
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Target Depth 

[μ m] 

Volume 

[μ m3/106] 

Al-bulk 139±3 3.67±0.13 

Co-Thin 184±3 4.52±0.05 

Fe-Thin 171±4 3.39±0.09 

Ni-Thin 160±3 3.99±0.08 

Ag-Thin 145±3 4.40±0.20 

Ni-Short 180±4 4.67±0.05 

Ni-Long 203±10 5.32±0.24 

Ni-DC 189±4 4.20±0.07 

Ni-Free 172±10 3.69±0.24 

Table 4.4.1– Average depth and value of craters for each target. 

 

As expected, of all considered targets Al-Bulk has the lowest mean value 

for crater depth. It also has a lower crater volume compared to most targets, 

exceptions being the iron NWs target and the freestanding NWs target, due 

to lower crater radius in those targets. Moreover, greater volume does not 

necessarily imply greater plasma production, since matter can be removed at 

liquid or gaseous state. 

4.5. Discussion of results 

Targets with different parameters were developed at the INFN 

nanotechnology lab in Bologna in order to investigate the LPP behavior and 

to understand by means of which metals and geometries is achieved a more 

hot and dense plasma. 
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Targets were compared with each other in terms of: 

 NWs metal: three targets with similar atomic number (Ni-Thin, 

Co-Thin and Fe-Thin) and a target with larger atomic number 

(Ag-Thin) were prepared to study the different response to 

irradiation; 

 NWs diameter: for this comparison, oxalic acid (Ni-Long target, 50 

nm diameter) and sulphuric acid (Ni-Thin target, 20 nm diameter) 

have been used. 

 NWs length: NWs of different length have been grown on the same 

target by rising it partly out of the solution during 

electrodeposition. In this way, two regions with NWs 5 and 10 µm 

long have been obtained (Ni-Short and Ni-Long), with every other 

parameter being equal. 

 Electrical contact: in order to study the effect of the absence of oxide 

layer between the NWs bottom and the aluminum substrate, a 

single target with contacted NWs (Ni-DC) has been produced and 

compared with Ni-Long target, which is AC produced and has 

similar other parameters. 

 NWs confinement: for DC targets, the alumina layer can be 

partially dissolved by a chemical attack without destroying the 

NWs. In order to study the role of alumina in the laser-target 

interaction, it has been dissolved leaving "freestanding" NWs in 

target Ni-Free and was compared with the confined ones. 

4.5.1. Comparison between NWs metals 

Comparisons of ablation depth, plasma expansion velocity from optical 

fast imaging and from ToF measurements for nanostructured targets filled 
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with different metals are shown in Fig. 4.5.1. In order to collate different 

diagnostics, each data set is normalized to its maximum. 

From morphological analysis, it has been found that craters in Co are the 

deepest and greatest in volume; they are about 15% larger than in Fe, Ni and 

Ag, indicating that most of the volume gain is due to deeper ablation, with 

little difference in crater radius. 

Comparing the plasma expansion velocity for the different metals turns 

out that Fe, Co and Ag expand slower than Ni. In particular, the lowest 

velocity is obtained for Fe-Thin target; the reasons for this is that, observing 

the spatio-temporal evolution images, plasma produced by interaction with 

Fe target expands more in radial direction rather than longitudinal direction. 

Furthermore, the craters in Fe have the smallest radius among all targets. 

Concerning the ToF, no differences are observed depending on the metal. 

 

Fig. 4.5.1 – Comparison of ablation depth and plasma expansion velocity estimated by 

visible and ToF diagnostics for nanostructured targets filled with different metals, each 

normalized to its maximum. 
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Then, visible and X-ray fluxes were compared in order to investigate their 

behavior depending on metal nanowires, as shown in Fig. 4.5.2 -Fig. 4.5.3. 

 

 

Fig. 4.5.2 – Visible flux as function of time (up) and integrated flux over the time (down) 

for nanostructured targets filled with different metals. 
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Excluding the behavior of Fe, one can be observe that the Ag has the 

higher visible flux than other targets, while Co and Ni are comparable with 

each other. 

 

Fig. 4.5.3 – X-ray flux for nanostructured targets filled with different metals as function of 

the extrapolated energy by 10% of the transmission curve for different thickness absorber. 

Conversely, the X-ray flux of Co, for all absorbers, is about twice than that 

of the other metals, which are comparable.  

The results obtained for visible and X-ray flux are consistent between 

them: for a given nanostructured material, smaller optical fluxes correspond 

to larger X-ray fluxes, which implies that the spectral energy of the plasma is 

shifted towards larger energies, namely in EUV and X-ray domains. The 

apparent differences can be ascribed at the different craters morphology.  

Co target seems to be, eventually, the better metal for further 

investigations. 
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4.5.2. Comparison between NWs diameter 

The targets chosen for this comparison were Ni-Thin (sulphuric, ~20 nm) 

and Ni- Long (oxalic, ~50 nm). It should be noted that Ni-Long has a thicker 

alumina layer compared to Ni-Thin, which could affect the reliability of the 

comparison. 

 

Fig. 4.5.4 – Comparison of ablation depth and plasma expansion velocity estimated by 

visible and ToF diagnostics for targets with different NWs diameter, each normalized to its 

maximum. 

As can be seen in Fig. 4.5.4, morphological data show a considerably 

larger depth for craters in Ni-Long. According to these results, visible plasma 

expansion analysis shows a velocity for Ni-Thin almost two times greater 

than the Ni-Long ones. It means that plasma created at greater depths 

expands more slowly, thus resulting stagnant. 

While from ToF investigations no difference are deduced, velocities are 

equal within uncertainty. 
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Fig. 4.5.5 – Visible flux as function of time (up) and integrated flux over the time (down) 

for targets with different NWs diameter. 
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Fig. 4.5.6 –X-ray flux for targets with different NWs diameter as function of the 

extrapolated energy by 10% of the transmission curve for different thickness absorber. 

 

Both in optical and in X-ray flux comparison, no difference are evident, 

fluxes are equal within uncertainty. 

Although the craters analysis and plasma expansion velocity could lead to 

hypothesize that nanostructured targets with bigger diameter are more 

suitable to form hotter and denser plasmas, the results derived from visible 

and X-ray fluxes are in disagreement with the above. One possible 

explanation for these discrepancies could be correlated to the resonance 

effect: since has been demonstrated that transmission of light through 

nanowires arrays has resonant peaks for wavelength multiple of the array 

period (namely interpore distance in our case, which is linked with NWs 

diameter), the oxalic geometry might be closer to resonance conditions 

compared to that sulphuric. 
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4.5.3. Comparison between NWs length 

For NWs length comparison targets Ni-Short and Ni-Long are used. 

 

Fig. 4.5.7 – Comparison of ablation depth and plasma expansion velocity estimated by 

visible and ToF diagnostics for targets with different NWs length, each normalized to its 

maximum. 

Even for nanostructured targets with different length, morphological data 

show an increase in depth for craters in Ni-Long. While visible plasma 

expansion analysis shows a velocity for Ni-Short smaller than the Ni-Long 

ones. This could be related to the spatio-temporal evolution, which, as for Fe, 

shows a plasma that expands mainly in radial direction, hence is 'more' 

confined in longitudinal direction. 
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Fig. 4.5.8 – Visible flux as function of time (up) and integrated flux over the time (down) 

for targets with different NWs length. 
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Fig. 4.5.9 – X-ray flux for targets with different NWs length as function of the 

extrapolated energy by 10% of the transmission curve for different thickness absorber. 

From comparison of both optical and X-ray flux no difference between 

lengths of NWs target are deduced. 

Therefore, nanowires length is not of relevant importance for the 

production of a plasma adapted for nuclear astrophysics studies. 

4.5.4. Comparison between AC and DC deposition 

AC/DC comparison is based on targets Ni-DC and Ni-Long, that have 

identical nominal parameters (~50 nm diameter, 10 μm long NWs). To 

change is the deposition technique:  target Ni-DC has been fabricated via 

direct current electrodeposition, instead of alternate current like all the other 

targets. Therefore, for DC target, there is no continuous oxide layer between 

the base of NWs and the aluminum substrate, which means that NWs are in 

electrical continuity with the metal substrate. 
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Fig. 4.5.10 – Comparison of ablation depth and plasma expansion velocity estimated by 

visible and ToF diagnostics for targets with different deposition techniques, each normalized to 

its maximum. 

 

Differences of craters depth and plasma expansion velocity between the 

targets are below uncertainty, as shown in Fig. 4.5.10. The expansion of Ni-

DC plasma proceeds more slowly than Ni-Long plasma, but is not 

statistically significant. 

Nevertheless, enormous differences are highlighted in terms of both visible 

and X-ray flux in agreement to each other: while optical flux of Ni-DC target 

is five times smaller (Fig. 4.5.11), the X-ray measurements show a flux five 

times higher than Ni-Long target (Fig. 4.5.12). 

Therefore, DC deposition seems a promising approach for future targets. 
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Fig. 4.5.11 – Visible flux as function of time (up) and integrated flux over the time (down) 

for targets with different deposition techniques. 
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Fig. 4.5.12 – X-ray flux for targets with different deposition techniques as function of the 

extrapolated energy by 10% of the transmission curve for different thickness absorber. 

4.5.5. Comparison between Confined and Freestanding NWs 

Ni-DC and Ni-Free are compared to study the effect of the alumina layer 

on laser-target interaction. Since Ni-Free target has been obtained by 

chemically removing alumina on the same physical sample of Ni-DC, except 

for confinement, the two targets are identical. 

As shown in Fig. 4.5.13, confined craters show a slightly larger (not 

statistically significant) depth and much larger volume. Free NWs craters 

have smaller volume compared to any other sample. This is probably due to 

the reduced thermal conduction and shockwave propagation in absence of 

the alumina matrix. 
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Data from visible expansion velocities show that plasma produced by laser 

interaction with Ni-DC target expands slowly than Ni-Free plasma, which, 

however, has a large uncertainty due to the limited data available. 

 

Fig. 4.5.13 – Comparison of ablation depth and plasma expansion velocity estimated by 

visible and ToF diagnostics for confined and freestanding NWs, each normalized to its 

maximum. 

Comparison of visible fluxes emphasizes that a large amount of plasma is 

produced in laser - Ni-Free target interaction, about two-and-a-half times 

respect to Ni-DC. 

Conversely, X-ray data show a flux much higher (of about a factor 2) for 

the free NWs target, compared to the flux of the confined NWs region. The 

first three thicknesses of Al-absorbers in Ni-Free are saturated; therefore, this 

target produces by far the highest X-ray flux in any target tested. Although 

this is an interesting result, it should be considered that the almost complete 
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lack of oxide layer in the free NWs region is very likely to lead to a higher 

measured flux due to a reduced self-shielding. 

 

 

Fig. 4.5.14 – Visible flux as function of time (up) and integrated flux over the time (down) 

for confined and freestanding NWs. 
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From a target production point of view, it is not yet clear if freestanding 

NWs are a more attractive target for plasma production compared to 

confined ones, but the high X-ray flux is promising, and understanding the 

differences between freestanding and confined nanowires could lead crucial 

insight on the role of the oxide layer in plasma formation. 

 

Fig. 4.5.15 – X-ray flux for confined and freestanding NWs as function of the extrapolated 

energy by 10% of the transmission curve for different thickness absorber. 

4.6. Spectrograms analysis 

The investigation of ion energy spectra plays a very important role to 

better understand the nuclear fusion process in a plasma. Ion kinetic energy 

distribution signals for each charge state were measured using the TPS.  

A typical spectrogram contains a bright halo, which constitutes the origin 

of the parabolic ion traces, due to X-radiation and neutral particle produced 

by the laser-plasma interaction propagating straight through the 
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electromagnetic field, and parabolic traces associated to protons and other 

ions outgoing from the bright region, as shown in Fig. 4.6.1.  

 

 

Fig. 4.6.1 – Typical TPS spectrograms. 

 

Since the TPS is optimized to work at higher energies (in the MeV range), 

the resolution of lower energies (of the order of keV) is poor: is not possible 

to distinguish nor different ionic species, nor various charge states, which are 

overlapped to each other. Therefore, investigations are carried out only in 

aluminum bulk target. 

Preliminary results of ion emitted by laser interaction with Al-bulk target 

allow to observe two separate regions: one related to some ion species 

characterized by a very narrow energy spread, and the other one that has to 

be related to the plasma core. 

The production of very narrow energy spread protons from aluminum 

target was predicted in the past [98, 99] and represent the plasma plume multi-

fragmentation process, producing bunches of fast ions. In fact, other than the 

classical hydrodynamic expansion of the plasma, some non linear processes 

driven by the formation of Double or Multy-layers also occur, all boosted by 
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the fast expulsion of prompt electrons during the early stage of the laser-target 

interaction. 

The first region is made of small spots characterized low energy spread, 

which selecting apposite cuts highlight a Gaussian-like distribution with very 

small energy spread. Each of them with different charge states was fitted and 

the mean energy was extracted. In Table 4.6.1 the energies of these spots with 

different charge state are listed. 

 

Ions Energy [keV] 

Al
4+

 
34.5 ± 6.2 

Al
5+

 
36.6 ± 3.6 

Al
6+

 
36.7 ± 4.2 

Al
7+

 
37.0 ± 2.9 

Table 4.6.1 – Energy of ion bunches with different charge states in Al-bulk targets. 

Since the plasma core shows a Maxwellian distribution, it is possible to fit 

the spectra of the different ion species with a given charge state and to obtain 

the temperature parameter, listed in Table 4.6.2 for each charge state. 

Ions Temperature [keV] 

Al
9+

 11.9 ± 0.3 

Al
10+

 12.0 ± 0.4 

Al
11+

 11.7 ± 0.3 

Al
12+

 11.7 ± 0.3 

Al
13+

 13.8 ± 0.3 

Table 4.6.2 – Temperature parameter for some state charge of Al. 
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4.6.1. Considerations on fusion reaction rates 

The next aim is to realize nanostructured deuterated target in order to 

study the d-d reaction, which can occur through one of the two equal probable 

reaction channels: 

 𝑑 + 𝑑 → 𝑇(1.01 𝑀𝑒𝑉) + 𝑝 (3.02 𝑀𝑒𝑉)  

 𝑑 + 𝑑 → 𝐻𝑒3 (0.82 𝑀𝑒𝑉) + 𝑛 (2.45 𝑀𝑒𝑉)  

Therefore, is of crucial importance to calculate the total number of fusion 

reaction for the future measurements of d-d reaction rates in plasma. 

As is well-known, the effectiveness of a fusion fuel is characterized by its 

reactivity <σv>. Curves of the reactivity as a function of the temperature, 

obtained by numerical integration of Eq. (1.1.10) with the best available 

cross-sections, are shown in Fig. 4.6.2 for the reactions of interest to 

controlled fusion. The d-d reaction is the second most probable, at 

temperatures T <25 keV. 

 

Fig. 4.6.2 – Fusion reactivity, in terms of the average of the fusion cross-section σ over the 

relative velocities v, vs. plasma temperature for different reactions. 
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The estimated plasma temperatures with TPS are good in order to expect 

the occurrence of nuclear fusions. For this reason, the investigation of 

nanostructured materials is of fundamental importance to optimize their 

characteristics and to obtain a plasma suitable for nuclear fusion. 

However, the effect due to the plasma electrons should not be neglected.  

Since the ES is not directly measurable, only by comparing the experimental 

fusion rates with the simulated numbers (with and without screening) it is 

possible to determine how large is the ES influence. 

The procedure to realize deuterated targets consists in a "sealing" process 

in deuterated water of the target with nanowires deposited in the alumina 

matrix [100]. In detail, the sample is immersed in boiling deuterated water (at 

100° C at atmospheric pressure) for at least 30 minutes. This allows the 

formation of deuterated hydrates of alumina, which completely seal the tops 

of the alumina channels, over the nanowires. 
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Conclusions  

High power laser interaction with solids has become an important 

technique in several scientific disciplines, going from matter science to 

nuclear physics, to many industrial applications. It is well-established that the 

absorption of laser light from a solid material leads to very rapid heating of 

it, resulting in formation of a plasma with high temperature and density.  

Laser produced plasma has a very short temporal existence and is transient 

in its nature, with a fast evolution of the characteristic parameters that are 

heavily dependent on the irradiation conditions such as incident laser 

intensity, irradiation spot size, ambient gas composition and pressure, but 

also they depend on target material.  

 The investigations made in this work are centered around the 

characterization and dynamics of plasma generated during Nd:YAG laser 

ablation in ns domain of bulk and nanostructured targets, with the aim to 

demonstrate the effectiveness in the production of laser-produced plasmas 

more hot, dense and stagnant by interaction with nanostructured materials.  

Results for different targets are compared in terms of optical and X-ray 

emission, ion velocity distribution and ablation depth of the produced 

plasma.  

The nanostructured targets used in this study are metamaterials consisting 

in aligned metal nanowires grown by electrodeposition into a porous alumina 

matrix, obtained on a thick aluminum substrate. These materials were 

developed with specific geometrical parameters in order to maximize 

absorption in the visible and IR wavelengths.  
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In particular, to study which parameters lead to stagnant plasmas, highest 

X-ray flux and ablation efficiency, nanowires were produced with different 

length, diameter, metal and deposition technique. 

Large differences have been found among the studied targets. 

The first immediate results comes from spatio-temporal evolution in 

visible region of different plasmas: the Al-Bulk plasma has a shorter duration 

than all other: this is an evidence of plasma stagnation. At the same times, all 

nanostructured targets have shown a large increase in both X-ray fluxes and 

ablation efficiency compared to bulk aluminum.  

Substantial differences were also observed between nanostructured targets 

with different characteristics. 

In particular, comparing nanostructured target filled with different metals 

one can observes that cobalt nanowires have a two-fold increase in X-ray flux 

compared to nickel, iron and silver nanowires, and deeper craters. 

An even larger difference, a factor of five, has been obtained when two 

different nanowires deposition techniques, alternate current vs. direct current, 

are applied. Even optical and morphological data  are in agreement with X-

ray emission measurements. Therefore, DC deposition is promising 

approach. 

The differences highlighted in these measurements between bulk 

aluminum and nanostructured materials cannot be easily explained 

considering only the properties of the elements present in the targets, like 

different atomic number or thermal conductivity of the nanowires. Nor even 

are related to different reflectivity of targets, since nanostructured targets, 

with the same absorbance, show divergent characteristics.  

A possible explanation for the observed differences is the so-called 

plasmonic effect, that plays an important role in electromagnetic energy 

absorption. Due to this effect, the light pulse is converted into an electrical 

pulse (at the top of the nanowire) and it propagate along the nanowire.  
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Therefore, differences among targets could be explained in terms of 

different plasmonic propagation lengths, which is dependent on geometrical 

parameters of the nanowires and electrical conductivity. 

All these experimental evidences and valuations on plasma temperature 

lead to deem that stagnant plasmas with high temperature and density can be 

obtained by means of nanostructured materials, with potential application in 

the study of d-d reaction. 

Nanostructured targets filled with deuterium hydrates will be realized in 

collaboration with INFN nanotechnology lab in Bologna. Neutrons detectors 

will be placed outside the vacuum chamber to detect the residual neutrons 

produced in the reaction. 

The experiment will give the opportunity to investigate the electron 

screening in a stellar-like environment. 
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