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1 Laser-driven proton sources and applications 

1.1 Laser-driven Proton sources 
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2.1 Under critical and near critical dense plasmas: laser-driven particle 

acceleration and diagnostics 

   2.1.1 Introduction 
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2.1.2 Under dense targets: electron acceleration 
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2.1.3 Near-critical targets: ion acceleration 
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2.1.4 Optical probing diagnostics for under dense/near-critical plasmas 

experiments 
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2.2 A cylindrical plasma model for Faraday rotation measurements 

Consider a plasma with cylindrical symmetry as shown in figure 1. 

 

   

                                              

   Figure 1. The cylindrical plasma model 

 

A linear polarised laser ray propagates at a distance x from the axis of the cylindrical 

plasma. A paraxial approximation is used, thus it is assumed that refraction is very small, 

so the wave path is a line along the plasma. As discussed in Appendix 1 when a linear 

polarised electromagnetic wave propagates in a magnetised plasma, it remains linear 

polarised, but the plane of polarisation is rotated by an angle given by the equation, 

 

    = 2.6312 10
−13


2

ne

l

 B dl    (1) 

 

where B is the magnetic field strength vector, dl is the element vector of the optical path 

which in our case dl = dy ,  is the wavelength of the probing beam and ne is the electron 
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number density of the plasma. All the quantities are in S.I units. If the above formula is 

normalised at 100 Tesla for the magnetic field, 1026 m-3 for the electron density, 100 µm 

for the propagation distance  and 1 µm for the wavelength, then the rotation angle can 

be written as, 
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where no and Bo are the peak values of the electron density and magnetic field strength 

respectively, n, B are the distribution functions of the electron density and the magnetic 

field respectively and i is the unit vector for the magnetic field direction. In terms of the 

current within radius r, I r( )=
2rB r( )

o

 flowing in the plasma cylinder and considering 

the line density N = 2 non r( )
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For a parabolic density profile n = 1−
r2

Ro
2 , and for a uniform current B =

r

Ro
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above integral can be solved analytically to give, 
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Therefore, the rotation angle can be written as, 

 

    = f ,No,Ro, I( )g x( ),     (5) 

where g(x) is the distribution function for the rotation angle for a parabolic density profile, 
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3 2

    (6) 

and f(,No,Ro,I) is a function which includes the plasma parameters namely the line 

density, radius and current as well as the wavelength of the probe beam, 
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The rotation angle  can now be calculated for various pinch parameters. For a plasma 

with this geometry the distribution function will be always the same. Only the function 

f(,No,Ro,I) will vary with the variation of one or more of the pinch parameters. The 

function g(x) is shown in figure 2. 

    

          Figure 2. The distribution function g(x) for a parabolic density profile 

It can be seen from figure 2 that the maximum rotation takes place at x =
Ro

2
. 
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The f(,No,Ro,I) is a linear function of the current for fixed values of wavelength, line 

density and radius. The electron line density for a fully ionised 33 µm carbon fibre pinch 

is No=6.7x1020 m-1. Figure 3 shows a representative graph for the f(,No,Ro,I) for a fully 

ionised 33 µm carbon fibre as a function of current I, for different radius Ro and for fixed 

=0.532 µm. 

 

   

 

           Figure 3 The f function for a 33 µm carbon fibre for different radius  

 

From the above figures the rotation angle can be calculated for any pinch parameters, by 

multiplying the distribution function g from figure 2 with the corresponding figures to the 

wanted pinch parameters from figure 3. For example, the rotation angle for a linear 

polarised laser beam of 0.532 µm wavelength propagating into such a plasma with 2 mm 

radius when 100 kA current is flowing through it is shown in figure 4. 
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      Figure 4. The rotation angle for =0.532 µm for a 2mm diameter pinch,  

                      with 100 kA uniform current for No=6.7x1020 m-1 

In a real plasma the density distribution function is not parabolic and the degree of 

ionisation varies. Nevertheless, the above analysis offers a quantitative estimate for the 

expected faraday rotation for a given set of plasma parameters and wavelength of the 

brobe beam. 
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2.3 Time-History Diagnostic Tool for Laser-Accelerated Protons 
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2.4 Focal-Volume Photonic Vacuum Gauge 
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3.1  Introduction to temporal coherence 
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3.3 Form factor 
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3.4 Reconstruction of Bunch charge distribution 
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5. Introduction to streak cameras and related measurements 

The Streak-Camera is a device aimed to perform high-speed time resolved 

measurement of light pulses. The high flexibility that this device can offer, 

ranging from the ns time scale up to the hundreds of fs one, the wide range of 

photon energies (IR to X-rays), makes it an essential tool in laser-matter 

interactions. The concept of the Streak-Camera has been fruitfully extended 

with laboratory prototypes to surrounding fields (attosecond science, particle 

accelerators etc.). We are going to introduce the basic inner components of 

these devices with some hints on possible applications. 

5.1 Motivation 

 

5.2 Concept 
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5.3 Implementation 
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5.4 Building blocks  

Slit 

 
 

Photocathode 
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Focusing system 

 

Deflecting system 
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Screen (MCP) 

 

Camera 
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5.5 Limitations 
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6 Ultrafast laser pulses characterization for applications  

6.1 Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

P a g e  | 100 
 

6.2 Ultrafast pulses 
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6.3 Autocorrelation 
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6.4 FROG 
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6.5 SPIDER 
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6.6 Last remarks 

The lecture sessions are aimed to present the fundamentals of ultrafast pulses 

and some of the techniques used to their characterisations. Nowadays, the 

catalogue of techniques has become very broad, including other strategies 

[1,18–20]. In addition, since there is an increasing use of pulsed beams with 

growing complexity, new techniques have been introduced in order to 

characterize not only the time evolution of the pulsed beams, but also their time 

evolving polarization [21] or spatio-temporal distributions [22], for example. 
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8. 1 Basics on scattering theory 

8.1.1 Introduction 

In this Chapter, we will provide a brief introduction to the elementary concepts and 

methodology of scattering theory. The focus lies on the introduction of the description 

of the scattering process in terms of the Hamiltonian of the scattering projectile at a 

finite range interaction potential of a single site target by the method of partial waves 

and the first Born approximation.  

 
8.1.2 Nomenclature 

In a typical scattering experiment, a homogeneous well-collimated monoenergetic 

beam of particles A is colliding with a stationary target containing particles B (the 

scatterers) as depicted in Fig. 10.17. Particles A can be photons electrons or ions while 

particles B are usually atoms. Collision experiments are conducted under the condition 

that each of the particles A collides with only one of the target scaterrers B and this 

condition will be adopted here (single collision conditions). After the collision particles 

A are detected by detectors located outside the path of the incident beam.  

 

 
Figure Geometry of a typical scattering experiment. 
 
The collision may result in various final states of the colliders. In this concept we may 

categorize the processes as 

• Elastic scattering. The two particles maintain their initial quantum state, i.e. 

𝐴 +  𝐵 → 𝐴 + 𝐵  

• Inelastic scattering. The particles A and/or B change their initial quantum state, 

for example B left in an excited state 𝐵′  

𝐴 +  𝐵 → 𝐴 + 𝐵′  
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• Reaction. The collision results into more than two particles, for example a split 

of particle B in to two particles C and D: 

𝐴 +  𝐵 → 𝐴 + 𝐶 + 𝐷  

 A channel is a possible pathway for a collision system allowed by Quantum 

Mechanics. However, the various pathways to the final states of a collision depend on 

the conservations laws (energy, momentum, angular momentum, etc.). A channel is 

termed open for a collision if it is allowed by all the conservation laws, otherwise it is 

termed closed.   For example, let us assume the collision of an electron beam with 

atomic hydrogen. For incidence kinetic energies T < 10.2 eV only the elastic scattering 

channel is open, i.e. 

𝑒 +  𝐻(1𝑠) → 𝐻(1𝑠) + 𝑒  

Increasing the collision energy to values of 10.2 ≤ T < 13.6 eV the excitation channels 

to excited hydrogen states are open, i.e.  

𝑒 +  𝐻(1𝑠) → [𝐻(𝑛𝑙)]∗ + 𝑒 

𝑒 +  𝐻(1𝑠) → [𝐻(𝑛𝑙)]∗ + 𝑒 
 

Finally, for collision energies T > 13.6 eV the ionization channel opens i.e. 

𝑒 +  𝐻(1𝑠) → 𝐻+ + 𝑒 + 𝑒  

The most important measured parameter in collision experiments is the cross section. 

It provides all the necessary information for the experimental feasibility of a certain 

channel and it is the outcome of the corresponding theoretical calculation. Theoretical 

results and measurements are compared on the grounds of cross sections. Under the 

above experimental conditions, and for the case of elastic scattering, we assume a flux 

of 𝑁 incident particles1 on a target of length 𝐿 having 𝑛 scatterers per unit volume. 

Then the elastically scattered flux is 𝑑𝑁′ to a unit solid angle 𝑑𝛺 around the scattering 

angle 𝜃 will be     

𝑑𝑁′ = 𝑁𝑛𝐿𝜎(𝜃, 𝜑)𝑑𝛺  

The proportionality quantity  𝜎(𝜃, 𝜑) is called differential cross section and is denoted 

as 

𝜎(𝜃, 𝜑) ≡
𝑑𝜎

𝑑𝛺
(𝜃, 𝜑)  

By integrating the differential cross section in all angles, results in the total cross 

section 𝜎 or simply cross section. Cross section has units of area and for Atomic 

 
1 Number of incident particles crossing perpendicular a unit area per unit time.  
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Physics it is measured in 𝑐𝑚2. Typical cross section values for ion-atom collision lie in 

the region of  10−16 − 10−21 𝑐𝑚2.  

In the more general case of inelastic collision where reaction channels are open a more 

general definition for the cross section can be imposed. Thus, the cross section for a 

certain channel is defined as the ratio of the number of events corresponding to the 

channel per unit time and per unit scatterer, to the flux of the incident particles with 

respect to the target.  Connecting this experimental approach of definition to its 

theoretical equivalent we may also state that the cross section for a certain channel is 

defined as the transition probability per unit time, per unit scatterer and per unit flux of 

the incident particles with respect to the target.    

It is also of interest to mention that since differential cross section depends on the 

scattering angles, its value will depend on the coordinate system, i.e. laboratory of 

centre of mass. Theoretical results, usually carried out in center of mass system, have 

to be transformed to the laboratory system for comparison to the experimental results 

and vice versa.  

 
8.1.3 Potential scattering 

In this chapter we shall examine the simplest collision problem, that of a non-relativistic 

scattering of a spinless particle by a potential 𝑉(𝑟). For a real and independent of time 

potential 𝑉(𝑟) the Schrödinger equation is written as 

[−
ℏ2

2𝑚
∇2 + 𝑉(𝒓)] 𝜓(𝒓) = 𝐸𝜓(𝒓)  

The well defined energy 𝐸 of the particle is  

𝐸 =
𝑝2

2𝑚
=

ℏ2𝑘2

2𝑚
  

where 𝑘  is the wave vector of the particle. Then, after introducing the reduced potential  

𝑈(𝒓) =
2𝑚

ℏ2
𝑉(𝒓)  

The first can be written in the form of  

[∇2 + 𝑘2 − 𝑈(𝒓)]𝜓(𝒓) = 0  

In the general and realistic case where the potential 𝑉(𝒓) vanishes faster than 1/𝑟, and 

is reduced to a free-particle Schrödinger equation, i.e. 

[∇2 + 𝑘2]𝜓(𝒓) = 0  
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In this case, i.e. for large distances away from the scattering center, the wavefunction 

of the scattered particle 𝜓𝒌(𝒓) can be written as the sum of an incident wave 𝜓𝑖𝑛𝑐(𝒓) 

and a scattered wave 𝜓𝑠𝑐(𝒓) as 

𝜓𝒌(𝒓)~𝜓𝑖𝑛𝑐(𝒓) + 𝜓𝑠𝑐(𝒓)  

Then, the incident beam can be represented by a plane wave since the beam is 

monoenergetic and propagating towards the direction 𝒌, along the z axis, therefore 

 𝜓𝑖𝑛𝑐(𝒓)~ 𝑒𝑖𝒌𝒓~𝑒𝑖𝑘𝑧  

It should be cleared out here that even though a plane wave has infinite wavefront it is 

appropriate for describing a well collimated particle beam. The reason is that the 

beam's extent, typically a few mm, is orders of magnitude larger than the atomic 

dimensions where the scattering process takes place and thus can be considered as 

having a comparatively infinite extent.    

 The scattered wavefunction at large distances away from the scattering center 

should represent an outward flaw of particles originating from the scattering center. 

This can be described by an outgoing spherical wave the amplitude of which is reduced 

according to the spherical geometry, thus  

𝜓𝑠𝑐(𝒓)~𝑓(𝑘, 𝜃, 𝜑) 
𝑒𝑖𝑘𝑟

𝑟
  

where (𝜃, 𝜑) are the polar angles with respect to the z axis and 𝑓(𝑘, 𝜃, 𝜑) the very 

important quantity termed scattering amplitude. Therefore, the total wavefunction of 

the collision process for large distances away from the scattering center can be written 

as 

𝜓𝒌(𝒓) = 𝐴 [𝑒𝑖𝑘𝑧 + 𝑓(𝑘, 𝜃, 𝜑) 
𝑒𝑖𝑘𝑟

𝑟
]  

where 𝐴 is a normalization constant and the asymptotic solution for the free-particle 

Schrödinger equation or in other words the asymptotic boundary condition.  

 It can be proven that the scattering amplitude 𝑓(𝑘, 𝜃, 𝜑) is related to the 

differential cross section by the formula 

𝑑𝜎

𝑑𝛺
(𝜃, 𝜑) = |𝑓(𝑘, 𝜃, 𝜑)|2  

and this is the reason why it is the most important parameter in the study of a scattering 

process. Its determination is not straightforward, especially in cases of inelastic 

scattering and reactions.  Next, we shall present two popular approaches for the 

determination of the scattering amplitude in potential scattering.  
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8.1.4 The partial waves expansion 

We shall consider the case of a central potential, i.e. a potential 𝑉(𝑟) that depends only 

on the magnitude of the vector 𝒓. In centrally symmetric potentials the scattering 

wavefunction, 𝜓(𝒓) = 𝜓(𝑟, 𝜃, 𝜑), as well as the scattering amplitude 𝑓(𝑘, 𝜃, 𝜑) must be 

symmetrical about the axis of incidence (z axis), and hence independent of the 

azimuthal angle, 𝜑. The method of partial wave expansion is inspired by the 

observation that a plane wave 𝑒𝑖𝒌𝒓 can actually be written as a sum over spherical 

waves 

𝑒𝑖𝒌𝒓 = 𝑒𝑖𝑘𝑟 cos 𝜃 = ∑(2𝑙 + 1)𝑖𝑙𝑗𝑙(𝑘𝑟)𝑃𝑙(cos 𝜃)

∞

𝑙=0

  

where the radial functions 𝑗𝑙(𝑘𝑟) are the spherical Bessel functions and the angular 

function 𝑃𝑙(𝑐𝑜𝑠 𝜃) are the Legendre polynomials connected to the spherical harmonics 

𝑌𝑙𝑚(𝜃) as 𝑃𝑙(𝑐𝑜𝑠 𝜃) = √4𝜋 (2𝑙 + 1)⁄  𝑌𝑙0(𝜃). Each term in the series is known as a 

partial wave. Following standard spectroscopic notation, 𝑙 = 0, 1, 2, ...they are referred 

to as s, p, d, ... waves. 

 For centrally symmetric potentials the Hamiltonian operator 𝐻 = −
ℏ2

2𝑚
∇2 +

𝑉(𝑟), commutes with the angular momentum operators 𝑳2 and 𝐿𝑧 and thus the 

Schrödinger equation is separable in spherical coordinates. Therefore, the 

wavefunction can be expanded in a similar way to the plane waves as 

𝜓𝒌(𝒓) = 𝜓(𝑘, 𝑟, 𝜃) = ∑(2𝑙 + 1)𝑖𝑙𝑅𝑙(𝑘, 𝑟)𝑃𝑙(cos 𝜃)

∞

𝑙=0

  

The radial wavefunctions 𝑅𝑙(𝑘, 𝑟) are determined by the solution of the radial 

Schrödinger equation 

[
𝑑2

𝑑𝑟2
+

2

𝑟

𝑑

𝑑𝑟
−

𝑙(𝑙 + 1)

𝑟2
− 𝑈(𝑟) + 𝑘2] 𝑅𝑙(𝑘, 𝑟) = 0  

Since in the radial wavefunction has to fulfill the asymptotic boundary condition its 

asymptotic solution will result from the solution of the radial Schrödinger equation 

[
𝑑2

𝑑𝑟2
+

2

𝑟

𝑑

𝑑𝑟
−

𝑙(𝑙 + 1)

𝑟2
+ 𝑘2] 𝑅𝑙(𝑘, 𝑟) = 0  

whose solutions are the spherical Bessel functions, similar to the plane wave 

expansion. The main difference to the plane wave is that the outgoing spherical wave 

will suffer a phase shift 𝛿𝑙(𝑘) that depends on the scattering potential and is recorded 

in the radial wavefunction.  After some lengthy algebra, it can proven that the scattered 

wave function outside the interaction region, i.e. at large distances, is written as  
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𝜓𝑠𝑐(𝒓) = [
1

2𝑖𝑘
∑(2𝑙 + 1){exp[2𝑖𝛿𝑙(𝑘)] − 1}𝑃𝑙(cos 𝜃)

∞

𝑙=0

 ]
𝑒𝑖𝑘𝑟

𝑟
  

Thus, the scattering amplitude is straightforwardly obtained as 

𝑓(𝜃) =
1

2𝑖𝑘
∑(2𝑙 + 1){exp[2𝑖𝛿𝑙(𝑘)] − 1}𝑃𝑙(cos 𝜃)

∞

𝑙=0

  

and the total cross section is estimated as  

𝜎 = ∫
𝑑𝜎

𝑑𝛺
(𝜃, 𝜑)𝑑𝛺 = ∫|𝑓(𝑘, 𝜃, 𝜑)|2𝑑𝛺 =

4𝜋

𝑘2
∑(2𝑙 + 1)𝑠𝑖𝑛2𝛿𝑙

∞

𝑙=0

  

The partial wave expansion method is an accurate method in the sense that if all the 

partial waves are taken into consideration then the result will be accurate. However, a 

realistic inclusion of many partial waves is a cumbersome task. Thus, the method is 

preferably useful in problems involving a few partial waves, a condition that 

corresponds to low energy collisions.       

8.1.5 The Born approximation 

We rewrite the Schrödinger equation as 

(∇2 + 𝑘2)𝜓𝒌(𝒓) = 𝑈(𝒓)𝜓𝒌( 𝒓)  

in order to explicitly include the wavefunction dependence on the wave vector k. The 

general solution can be written in an integral form known as the Lippmann-Schwinger 

equation  

𝜓𝒌(𝒓) = 𝛷𝒌( 𝒓) + ∫ 𝐺0(𝑘, 𝒓, 𝒓′)𝑈(𝒓′) 𝜓𝒌( 𝒓′)𝑑𝒓′  

where 𝛷𝒌( 𝒓) is the solution for the homogeneous equation 

(∇2 + 𝑘2)𝛷𝒌( 𝒓) = 0  

that is the known plane wave 𝑒𝑖𝒌𝒓, and  𝐺0(𝑘, 𝒓, 𝒓′) is the Green’s function satisfying 

the equation 

(∇2 + 𝑘2)𝐺0(𝑘, 𝒓, 𝒓′) = 𝛿(𝒓 − 𝒓′)  

Requiring that the wavefunction 𝜓𝒌( 𝒓) describes outgoing scattering waves, the 

Green’s function can be obtained as 

𝐺0(𝑘, 𝒓, 𝒓′) = −
1

4𝜋

𝑒𝑖𝑘|𝒓−𝒓′|

|𝒓 − 𝒓′|
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which indeed describes outgoing waves generated at the point 𝒓′ and approximating 

spherical waves of the form of Eq. 10.65 for large  |𝒓|, i.e. for |𝒓| ≫ |𝒓′|, as depicted in 

Fig.  

 
Figure Scattering geometry corresponding to the outgoing waves described by the 
Green’s function. 
 
Then the final form of the integral equation is written as 

𝜓𝒌( 𝒓) = 𝑒𝑖𝒌𝒓 −
1

4𝜋
∫

𝑒𝑖𝑘|𝒓−𝒓′|

|𝒓 − 𝒓′|
𝑈(𝒓′) 𝜓𝒌( 𝒓′)𝑑𝒓′  

which in the asymptotic form of  |𝒓| → ∞ (after approximating  
𝑒𝑖𝑘|𝒓−𝒓′|

|𝒓−𝒓′|
→

𝑒𝑖𝑘𝑟

𝑟
𝑒−𝑖𝒌′𝒓′

, 

where 𝒌′ = 𝑘�̂� ) is reduced to  

𝜓𝒌( 𝒓) = 𝑒𝑖𝒌𝒓 −
1

4𝜋

𝑒𝑖𝑘𝑟

𝑟
∫ 𝑒−𝑖𝒌′𝒓′

𝑈(𝒓′) 𝜓𝒌( 𝒓′)𝑑𝒓′  

Thus, we obtain the scattering amplitude as  

𝑓( 𝜃, 𝜑) = −
1

4𝜋
∫ 𝑒−𝑖𝒌′𝒓′

𝑈(𝒓′) 𝜓𝒌( 𝒓′)𝑑𝒓′  

However, the solution is still not reached since the wavefunction 𝜓𝒌( 𝒓) is unknown. 

Its solution can be obtained in a series of iterations. Indeed, starting from an incident 

plane wave as the zeroth order approximation then the next iterations are structured 

as follows 

𝜓𝒌
(0)( 𝒓) = 𝑒𝑖𝒌𝒓                                                                           

Detector 

Scattering Volume 

z-axis 

r' 

r-r' 

k' 

k 

k 

k' Q 

θ 

θ 

r 
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𝜓𝒌
(1)( 𝒓) = 𝑒𝑖𝒌𝒓 −

1

4𝜋

𝑒𝑖𝑘𝑟

𝑟
∫ 𝑒−𝑖𝒌′𝒓′

𝑈(𝒓′) 𝜓𝒌
(0)( 𝒓′)𝑑𝒓′   

𝜓𝒌
(2)( 𝒓) = 𝑒𝑖𝒌𝒓 −

1

4𝜋

𝑒𝑖𝑘𝑟

𝑟
∫ 𝑒−𝑖𝒌′𝒓′

𝑈(𝒓′) 𝜓𝒌
(1)( 𝒓′)𝑑𝒓′   

𝜓𝒌
(𝑛)( 𝒓) = 𝑒𝑖𝒌𝒓 −

1

4𝜋

𝑒𝑖𝑘𝑟

𝑟
∫ 𝑒−𝑖𝒌′𝒓′

𝑈(𝒓′) 𝜓𝒌
(𝑛−1)( 𝒓′)𝑑𝒓′  

This approach is actually a perturbation expansion in powers of the interaction potential  

𝑈(𝒓) known as the Born expansion or Born series.  The first order term 𝜓𝒌
(1)( 𝒓)  is the 

first Born approximation or simply Born approximation, resulting for the scattering 

amplitude in  

𝑓(1)( 𝜃, 𝜑) ≡ 𝑓𝐵1 = −
1

4𝜋
∫ 𝑒−𝑖(𝒌−𝒌′)𝒓′

𝑈(𝒓′) 𝑑𝒓′  

It is interesting to note that the quantity 𝒌 − 𝒌′ = 𝑸 is the momentum transfer as 

depicted in Fig. and that the scattering amplitude is the Fourier transform of the 

potential.   

The physical meaning behind the Born series is that each term corresponds to a 

scattering process inside the scattering volume. The zeroth order corresponds to no 

scattering, the first order to a single scattering process, and the second order to a 

double scattering process and so on and so forth. Usually higher orders that the first 

require arithmetical approaches and even though the convergence is not guaranteed 

depending on the potential and the collision energy. Thus, only the first Born 

approximation is taken into account which gives good results for high collision energies 

and weak potentials as expected.  

 

8.1.6 Electron-atom collisions 

In this last subsection, we will describe the approach on a realistic problem that of an 

electron beam colliding with an atom. We shall examine the elastic scattering from a 

hydrogen atom for simplicity.  Let us call electron 1 the electron of the beam and 

electron 2 the electron of the atom in its ground state. Then the asymptotic 

wavefunction for |𝒓1| ≫ |𝒓2| of the system is written as   

𝜓±( 𝒓1, 𝒓2)~𝐹1
±( 𝒓1)𝜓100( 𝒓2)  

where ± corresponds to the singlet (+) and triplet (-) spin states of the two electron 

system. The function 𝐹1
±( 𝒓1) is the known scattering wavefunction of Eq. 10.66  

𝐹1
±( 𝒓1) = 𝑒𝑖𝑘1𝑧 + 𝑓1

±(𝑘1, 𝜃, 𝜑) 
𝑒𝑖𝑘1𝑟1

𝑟1
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Due to the symmetry of the wavefunction it can also be written as (interchanging 𝒓1 

and 𝒓2 should not affect the wavefunction) 

𝜓±( 𝒓1, 𝒓2)~𝐹1
±( 𝒓2)𝜓100( 𝒓1)  

Therefore a correctly antisymmetrized wavefunction for the problem of the electron 

elastic scattering from the ground state of the atomic hydrogen can be written as   

𝜓±( 𝒓1, 𝒓2) = [𝐹1
±( 𝒓1)𝜓100( 𝒓2) + 𝐹1

±( 𝒓2)𝜓100( 𝒓1)]  

This is known as the static exchange method. In case where the collision energy is 

high enough to excite or even ionize the hydrogen atom then all the open channels 

should be included in an appropriately antisymmetrized wavefunction which would be 

then written as  

𝜓±( 𝒓1, 𝒓2) = ∑[𝐹𝑞
±( 𝒓1)𝜓𝑞( 𝒓2) + 𝐹𝑞

±( 𝒓2)𝜓𝑞( 𝒓1)]

𝑁

𝑞=1

  

where N is the number of states allowed by the collision conditions. This is also known 

as the close coupling approximation. It is instructive to realize that these wavefunction 

are actually approximations of the "real" wavefunction and not the only solutions to the 

problem.    

 

8.2 Electron-ion collisions and related processes 

8.2.1 Introduction 

Collisions of electrons with ions and atoms are of fundamental nature. The details of 

the involved processes enhance our understanding on the behavior of nature on the 

quantum level. Experimental data provide the most stringent tests on atomic collision 

and structure theoretical models, thus providing detailed knowledge about the 

structure and the dynamics of atomic systems. Besides their intrinsic relevance, 

electron collisions are also most important in plasma physics and applications. They 

determine the charge-state balance of atoms in the plasma and the emitted spectrum 

of electromagnetic radiation. Understanding and diagnosing the state of a plasma, 

whether of astrophysical origin or man-made, relies on information about cross 

sections and rate coefficients for electron–atom and electron–ion interactions. Elastic 

collisions of ions with cold electrons are used to cool ion beams in storage rings. 

Inelastic electron interactions with atomic ions are the dominant processes in high 

temperature plasmas such as stellar coronae. Recombination and scattering of 

electrons from ions are also important in low temperature plasmas, for example in 
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photo-ionized gases. Thus, depending on the environment, the different electron 

collision processes have varying importance and the charge state distributions of 

atoms in the environment under consideration can span a very wide range between 

almost neutral and almost fully stripped. A classic application of electron–ion collision 

data is plasma diagnostics. From the analysis of spectroscopic observations, Doppler 

shifts, line broadening and line intensity ratios, it is possible to infer plasma parameters 

such as plasma rotation velocity, ion temperature, electron temperature, and electron 

density. 

 

8.2.2 The processes 

Collision processes of electrons with charged atomic ions, noted hereafter Aq+, can be 

inferred largely from the final ionic state after the electron–ion interaction and followed 

by the possible relaxations.  

 

Elastic Scattering 

An electron scattered from a target ion may change its initial direction while the target 

ion remains in its original state. It is called direct elastic scattering and is the most 

common case found in textbooks, i.e. the Coulomb scattering or Rutherford scattering 

which can be described even by classical mechanics in case of structureless ions. The 

process of direct elastic scattering can be described as 

𝑒 +  𝐴𝑞+ → 𝐴𝑞+ + 𝑒  

 In addition, there is a different two-step pathway by which the final state can be 

reached and consequently called indirect elastic scattering. Here the first step is called 

dielectronic capture (DC) where the incident electron is captured by the ion while 

simultaneously an electron of the ion is promoted to higher energy levels. It is a 

process mediated by Coulombic electron-electron interaction and for this reason it can 

be treated as the time-reversed Auger process, or, more generally, as time-reversed 

autoionization. Due to the resonant character of the process, DC can only occur if the 

kinetic energy of the incident electron matches the difference of total binding energies 

of all electrons in the initial and final states of the ion. The second step is relaxation of 

the doubly excited intermediate state  [𝐴(𝑞−1)+]
∗∗

 by emission of an electron, following 

an Auger transition as pictorially shown in Fig. The whole process is then termed 

resonant elastic scattering (RES) and can be described as 

𝑒 +  𝐴𝑞+ → [𝐴(𝑞−1)+]
∗∗

→ 𝐴𝑞+ + 𝑒  
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RES cannot be distinguished from the direct process. As a consequence, interference 

between the amplitudes of the two routes of elastic scattering can occur. 

 

 
 

Figure Schematic energy diagram depicting the steps of resonant elastic scattering. 
  
Recombination 

When the doubly excited intermediate state [𝐴(𝑞−1)+]
∗∗

 in a DC process relaxes by the 

emission of photons, the whole process is termed dielectronic recombination (DR). It 

is a resonant process since it involves DC in the first step. It is schematically depicted 

in Fig. and can be described as 

𝑒 +  𝐴𝑞+ → [𝐴(𝑞−1)+]
∗∗

→ 𝐴(𝑞−1)+ + ℎ𝑓1 + ℎ𝑓2 + ⋯  

 

 
 

Figure Schematic energy diagram depicting the steps of dielectronic recombination. 
 

Another recombination path that does not involve a resonant first step is the direct or 

radiative recombination (RR). In this case the incident electron is captured in a bound 

ionic state while the excess of energy is carried away by a photon, i.e.  
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𝑒 +  𝐴𝑞+ → 𝐴(𝑞−1)+ + ℎ𝑓  

  

Excitation 

The excitation process is an inelastic process where the incident electron is scattered 

from an ion losing some of its initial kinetic energy, while the ion is left an excited state. 

The energy lost by the electron is the difference in energy of the initial and final bound 

states of the ion. This so called process of electron-impact excitation can be described 

by 

𝑒 +  𝐴𝑞+ → [𝐴𝑞+]∗ + 𝑒  

Similar to the elastic scattering case, the final state can be reached not only directly as 

described above but resonantly as well. In this case, the first step is a DC process 

while the second is autoionization to an excited ionic state, as shown in Fig., and 

described as 

𝑒 +  𝐴𝑞+ → [𝐴(𝑞−1)+]
∗∗

→ [𝐴𝑞+]∗ + 𝑒  

Again, the result of the resonant excitation cannot always be distinguished from that of 

the direct process. As a consequence, interference between the amplitudes of the two 

routes may occur. 

 
Figure Schematic energy diagram depicting the steps of resonant excitation. 
 
Ionization 

Electron impact on an ion with sufficiently high collision energy may result in the 

removal of one electron of the ion and the process is then termed direct electron-impact 

single ionization is schematically depicted in Fig. and can be described as   

𝑒 +  𝐴𝑞+ → 𝐴(𝑞+1)+ + 𝑒  
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Figure Schematic energy diagram depicting the steps of direct ionization. 
 

In case the electron kinetic energy high enough two or several (n) electrons from the 

ion can be emitted leading to a process termed direct electron-impact multiple 

ionization, which accordingly can be described as  

𝑒 +  𝐴𝑞+ → 𝐴(𝑞+𝑛)+ + (𝑛 + 1)𝑒  

Besides these direct knock-off processes there are indirect mechanisms. One of these 

is the excitation of inner-shell electrons of the target ion 𝐴𝑞+. As a result, the ion may 

end up in an excited state with energy that exceeds the ionization threshold for the 

removal of the outermost electron. Such a state would be autoionizing and the highly 

excited ion can hence decay by the emission of an electron instead of a photon. The 

net result of that process is ionization of the parent ion and the processes, shown in 

Fig., is termed excitation-ionization (EA), described as 

𝑒 +  𝐴𝑞+ → [𝐴𝑞+]∗ + 𝑒 → 𝐴(𝑞+1)+ + 𝑒 + 𝑒  
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Figure Schematic energy diagram depicting the steps of excitation-ionization. 

 

As before, the first step of EA may proceed via the formation of an intermediate 

resonance state involving an EA process. The resulting short lived recombined ion 

state is so highly excited that two electrons can be ejected in the relaxation process. 

In the end, the ion has lost one electron in the whole process, described as 

𝑒 +  𝐴𝑞+ → [𝐴𝑞+]∗∗ → 𝐴(𝑞+1)+ + 𝑒 + 𝑒  

Higher order processes 

Aside from the above fundamental mechanisms there are similar processes of higher 

order, the probability of which is much lower compared to the above described low 

order mechanisms.  For the sake of completeness we will mention the tri-electronic 

recombination.   Here the electron has enough kinetic energy to excite two of the ions 

electrons in one step process as depicted in Fig. If the triply excited state of the ion 

relaxes with photon decays then the process is termed trielectronic recombination.   

 

 
 

Figure Schematic energy diagram depicting the steps of trielectronic recombination. 
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Cross sections 

Indirect scattering processes may be quite complex in the case of a multi-electron 

target ion and hence, the cross-section estimation can be quite cumbersome. Next, we 

shall examine a few indicative and instructive cases.  

 
Resonant processes 
For processes associated to resonances associated with resonances the related cross 

section can be calculated by multiplying the cross section for dielectronic capture with 

the branching ratio for the particular decay path starting from the intermediate doubly 

excited state. The cross section for dielectronic capture is  

 𝜎𝑑
𝐷𝐶 = 7.88 ∙ 10−31[𝑐𝑚2𝑒𝑉2𝑠]

1

𝐸𝑒

𝑔𝑑

2𝑔𝑖

𝐴𝑎(𝑑→𝑖)∙𝛤𝑑

(𝐸𝑒−𝐸𝑟𝑒𝑠)2+𝛤𝑑
2/4

  

where 𝐸𝑒 is the electron energy and 𝐸𝑟𝑒𝑠 = 𝐸(|𝑑 >) −  𝐸(|𝑖 >) the resonance energy 

obtained from the total energies of the intermediate resonant state |𝑑 > and the initial 

state |𝑖 >, respectively. The quantities 𝑔𝑑 and 𝑔𝑖 are the statistical weights of the states 

|𝑑 > and |𝑖 >, respectively. 𝐴𝑎(𝑑 → 𝑖) is the autoionization rate of |𝑑 > for a transition 

to |𝑖 > and 𝛤𝑑 the total width of |𝑑 >.  

 Thus, for the calculation of the cross section for resonant elastic scattering, the 

cross section for dielectronic capture has to be multiplied by the Auger yield  

𝜔𝐴 = ℏ
𝐴𝑎(𝑑 → 𝑖)

𝛤𝑑
  

while for the calculation of cross sections for dielectronic recombination it has to be 

multiplied by the fluorescence yield 

𝜔𝑟 = ℏ
∑ 𝐴𝑟(𝑑 → 𝑖)𝑓

𝛤𝑑
  

of the intermediate state |𝑑 >, where the summation index 𝑓 runs over all states below 

the first ionization limit of the recombined 𝐴(𝑞−1)+ ion that can be reached from |𝑑 > by 

radiative transitions. Resonances in other reaction categories are treated accordingly. 

 
Excitation 
The total cross section for direct excitation of ions can be approximated as 

𝜎 = 2.36 ∙ 10−31[𝑐𝑚2𝑒𝑉2]
𝑓𝑖𝑗�̅�

𝐸𝑒𝐸𝑖𝑗
  

where 𝑓𝑖𝑗 is the optical oscillator strength for the transition from excited state |𝑗 >to 

ground state |𝑖 >, 𝐸𝑖𝑗 the related excitation energy, 𝐸𝑒 the electron energy and �̅� the 
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effective Gaunt factor. In the vicinity of the threshold this is reasonably well 

approximated by �̅� = 0.2. At higher energies 𝐸𝑒 ≥ 2𝐸𝑖𝑗, it scales as �̅� = 0.28ln (𝐸𝑒/𝐸𝑖𝑗).  

 The cross section has an energy dependence that is characterized by a finite 

maximum at the excitation threshold and a slow, smooth decrease with increasing 

electron energy. Along with indirect resonant channels of excitation and neglecting the 

possibilities of interference between them, the generic shape of the total cross section 

is shown in Fig. 

 
Figure Generic energy dependence of the total cross section for electron-impact 
excitation. The resonances are assumed to show no interference with the direct 
excitation channel (A. Müller, Advances in At., Mol. Opt. Phys. 55, 2008). 
 
 
Single Ionization 
The cross section for direct excitation of ions can be approximated as 

𝜎𝜈 = 4.5 ∙ 10−14[𝑐𝑚2𝑒𝑉2]
𝜉𝜈

𝛪𝜈𝐸𝑒
𝑙𝑛

𝐸𝑒

𝛪𝜈
  

where 𝜉𝜈 is the number of equivalent electrons in the 𝜈th subshell, 𝛪𝜈 the ionization 

potential of that subshell, and 𝐸𝑒 the electron energy. The total cross section has to 

summed over all the subshells that may contribute to the process. The energy 

dependence is similar to the excitation case showing a finite maximum at the ionization 

threshold and a slow decrease with increasing electron energy, much like the one 

shown in Fig.  

8.2.3 Experimental setups and techniques 

Although plasma observations with careful diagnostics of electron temperature and 

particle densities can be a source of information about plasma rate coefficients, there 

are numerous other types of experiments that provide data about rate coefficients for 

electron–atom or electron–ion collisions. The most popular ones are listed below. 

Electron gun beams 
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One of the oldest techniques to determine cross sections for electron collisions is that 

of producing an electron beam passing through a target of particles that are essentially 

at rest. Various type of electron guns (e-guns) were developed for these purposes 

including the e-guns for CRT screens and SEM/TEM electron microscopes. A typical 

CRT-type e-gun and a custom made high current e-gun are shown in Fig.   

 

             
Figure [Top] a typical CRT-type e-gun. [Bottom] Computer simulation of an electron 
gun for electron–ion crossed-beams experiments. In the interaction region (electrode 
4) the density of equipotential lines is low indicating at most small electric fields (A. 
Müller, Advances in At., Mol. Opt. Phys. 55, 2008). 
 

 
Traps 

Trapped-ion techniques for the determination of electron–ion collision cross sections 

are based on the observation of spatially confined ions that are exposed to electron 

impact. The state of the art in use of traps for electron–ion collision studies was initiated 

by the development of the electron beam ion source (EBIS). EBIS employs a very 

dense magnetically guided electron beam for trapping and for sequential ionization of 

highly charged ions. A substantial extension of the technique became possible with 

the development of a modified EBIS, the electron beam ion trap (EBIT) which facilitates 

the observation and spectroscopy of electromagnetic radiation emitted by the trapped 

ions. In both cases the electron energy is ramped over a selected range of interest 

providing signatures of electron–ion collisions either in the number of extracted ions of 

a given charge state or in the differential photon yield at a fixed angle relative to the 

electron beam. A typical design of the EBIS is sketched in Fig.  
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Figure Schematic of an electron beam ion source 
 

Quasi-free electrons 

Targets of charged particles are difficult to prepare because of space-charge 

limitations. As a consequence, the investigation of interactions between free electrons 

and ions often suffers from low signal rates. The most efficient scheme of this kind is 

the use of electrons bound in atoms. Under certain conditions electron–ion interactions 

can be studied by passing an ion beam through neutral gas. The gas atoms or 

molecules provide a dense target of quasi-stationary electrons which interact with the 

incident ions. At sufficiently high projectile velocities (𝑉𝑃 ≫ 𝑣0, with 𝑉𝑃 the velocity of 

the incident ion and 𝑣0 the orbital electron velocity) the electrons bound in target atoms 

can be treated as free particles (therefore the term "quasi free"). The active bound 

target electrons as seen from the rest frame of the incident ion are considered to 

behave like free electrons with a given momentum distribution along the collision axis 

z,  𝐽(𝑝𝑧) = ∬|𝜓(𝒑)|2𝑑𝑝𝑥𝑑𝑝𝑦, known as the Compton profile. Thus, the measured cross 

section for the ion–atom collision process 𝜎𝑖𝑜𝑛−𝑎𝑡𝑜𝑚 can be expressed as an average 

over the related electron–ion cross section 𝜎𝑒−𝑖𝑜𝑛 with the momentum distribution of 

the electrons 𝜎𝑖𝑜𝑛−𝑎𝑡𝑜𝑚 = ∫ 𝜎𝑒−𝑖𝑜𝑛 𝐽(𝑝𝑧) 𝑑𝑝𝑧. This is known as the electron scattering 

model.  
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Figure 9 Zero-degree electron spectrometer used for the measurement of electron 
scattering cross sections by employing the quasi-free-electron approach. The ion 
beam interacts with the gas target and traverses the spectrograph. The electrons 
emitted from the target area in the forward direction are energy analyzed by the 
hemispherical deflector analyzer (HDA) and recorded by the two-dimensional position 
sensitive detector (PSD) (J. Atom. Mol. Cond. Nano Phys. 3 (2016) 125).   

 
Colliding beams 

The optimum experimental conditions for electron–ion studies are those of colliding-

beams experiments providing unambiguous information about electron–ion collisions. 

The experimental setups can be in geometries of inclined or merged-beams 

arrangements as schematically shown in Fig. 10.29. Each beam is individually 

produced and characterized and then mutually colliding. The merged beams geometry 

is particularly favorable for energy resolution measurements. In that case, the two 

beams can interact over distances up to several meters where the intense electron 

beam is axially guided by magnetic fields as shown in Fig. 10.29. It is important to note 

that the merged beams setup shown in Fig. 10.29 is is actually an indispensable part 

of storage rings used for cooling the ion beams through elastic collisions of ions with 

cold electrons.  

 

 
Figure [Left] Principle of inclined beams colliding with one another at an angle. [Right] 
Typical setup for merged electron-ion beams experiments. 
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9.1 Introduction 

Investigating extremely strong shock waves in the laboratory generated by 

application of ultra-high intensity short pulse laser pulses is complicated by 

three factors. The first of these is the fact that the shock waves weaken rapidly 

once the laser pulse has ended, and therefore persist only fleetingly at 

maximum strength. The second issue is one of spatial scale: the shock waves 

form around the focus of the laser. In order to achieve such high intensities as 

we have discussed earlier, the laser is typically focused to a spot of around 5 

μm diameter. Finally the interaction between the laser and the dense plasma 

generates a range of energetic particles including relativistic ions and electrons, 

as well as electromagnetic radiation over an exceptionally broad range of 

frequency space from radio to gamma-rays. This calls for a diagnostic that has 

exceptionally high temporal and spatial resolution, and which can discriminate 

the desired signal a bright background. The diagnostic must also be capable of 

functioning in the environment of the target chamber, where electromagnetic 

pulses (EMP) generated by the laser-plasma interaction can disable some 

diagnostics. 

In addition to the difficulties of making measurements on such shock waves, 

the short pulse laser based method for shock wave generation renders the 

shock waves so produced inappropriate for some applications. Material ahead 

of the shock wave may be preheated by energetic particles and hard x-ray 

radiation generated by the interaction. Furthermore, at early times, the shock 

waves will tend to be irregular, and non-planar in character. This renders them 

poor candidates for equation of state studies, and for drawing inferences about 

more general strong shock physics; it may, for example, be challenging to 

determine, whether preheating is driven by thermal radiation from behind the 

shock front, or by radiation generated directly by the laser-plasma interaction. 

Most measurements of shock waves generated by short pulse laser systems 

have therefore focused upon measuring blast waves that have evolved for 

many tens of picoseconds, or even nanoseconds, after the laser-plasma 

interaction has occurred [1, 2]. Measurements of shock-wave dynamics at 

earlier times are scarcer. Some data may be gleaned from x-ray spectroscopy 
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[3], however such data are challenging to analyze, and there is a reliance upon 

substantial modelling for interpretation.  

It is clear that in order to better understand the hydrodynamics associated with 

the short pulse laser interaction that takes place in a fast ignition target, 

additional measurements, and more detailed simulations will be required. 

Experimental data is particularly scarce at early times, for the reasons 

mentioned. In this section we discuss a promising new diagnostic approach 

which might enable substantial data on the process of shock wave formation 

and propagation in the first few picoseconds of an intense short-pulse laser 

plasma interaction to be extracted. This in turn will support modelling efforts, by 

providing data suitable for bench-marking of simulation codes, for instance 

codes like that described in the preceding section. 

9.2 The Doppler spectroscopy diagnostic 

A recent experiment performed at the Tata Institute for Fundamental Research 

(TIFR) in Mumbai, demonstrated a novel diagnostic approach to investigating 

short pulse laser generated shock waves [4]. This approach, illustrated 

alongside sample data in figure 1, relies upon the Doppler shift of a short pulse 

of probing laser light reflecting off the shock generated by a higher energy 

“pump” pulse at earlier times. In this case the focused intensity of the pump 

laser was 5 × 1018W/cm2, at a frequency of 800nm, with a pulse length of 30fs  

and the target is 0.5mm thick optically polished aluminum. By selecting a probe 

wavelength shorter than that of the laser which drives the shock, it is possible 

to view the dynamics in plasma that is over-dense with respect to the pump 

pulse. In this experiment we chose to use a second harmonic probe (400nm). 

Using a probe of a different wavelength also enables more ready 

disambiguation from the scattered light of the pump pulse. As may be seen in 

figure 1, the frequency doubling results in a probe beam with a spectral width 

of around 2nm. 

This diagnostic has a number of interesting advantages. The probe laser pulse 

can have a very short duration, and be timed precisely with respect to the pump 

pulse, enabling plasma dynamics to be resolved at very early times. The probe 

laser is also bright enough that self-emission from the background plasma can 
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be readily over-come, yielding a clean signal. Furthermore, the probe laser can 

be focused down to dimensions similar to that of the pump laser, thereby 

effectively achieving spatial resolution on the scale of a few microns. Using 

multiple shots on similar targets enables excellent resolution of comparatively 

small Doppler shifts, in this experiment data from around 100 shots was 

averaged at each time point. The major drawback is that the diagnostic can 

only function when the shock wave is moving in plasma that is under-dense 

with respect to the probe.   

Figure 1. Showing the layout of the Doppler Spectroscopy experiment described 

in reference 11. The 5 × 1018W/cm2, 800nm, 30fs pump pulse drives 

hydrodynamics in the aluminium target. A 400nm probe pulse interrogates the 

region illuminated by the pump pulse. The reflected probe light is then directed 

onto two spectrometers which record the Doppler shift of the probe due to the 

motion of the target plasma as induced by the pump pulse.  

Since this diagnostic relies upon the Doppler Effect, it provides an unambiguous 

measurement of shock wave velocity. The degree of frequency shifting 

corresponds exactly to the velocity at which the critical surface for the probe 

pulse is moving through the plasma. As shown in figure 2, the match between 

measurements made using this diagnostic at TIFR and a coupled 1D PIC-

hydrodynamics simulation of the experiment is impressive. The diagnostic 
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provides detailed time resolved information about the plasma dynamics that 

can be readily compared with simulation output. This makes it possible to 

accurately constrain computational models used in this and other 

computational modelling codes.  

Figure 2. (a) experimental data and (b) hybrid simulation that uses a 1-D 

electromagnetic PIC simulation for the initial evolution and a hydrodynamics 

code for the later times. Calculated (c) expansion velocity and (d) acceleration 

from Doppler shift. The strong negative acceleration and associated high 

velocity around 4ps corresponds to the passage of the shock wave into the 

target launched by the high intensity laser plasma interaction 

The experimental results, taken in combination with the simulations, suggest 

that the pump pulse induces rapid heating of the intermediate density plasma 

blow-off that has previously been created by the laser pre-pulse. This heating 

rapidly launches a pressure disturbance, which is observed shortly thereafter 

propagating into the target by the Doppler Spectrometry diagnostic. After this 

pressure disturbance (which it is expected would take the form of a strong 
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shock wave) has passed, the rarefaction wave that must follow it causes the 

fluid motion to reverse. Other more recent publications explore the 

hydrodynamics of intense-short pulse laser pulses with dense plasmas in more 

detail [5-10]. 
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10.1 Introduction to diagnostics for inertial fusion 

The voyage of nuclear fusion has started about 70 years ago (Sacharov, Teller, 

…) and despite progress has provided many disillusions…60 years ago the 

laser was invented, opening the field of “Inertial Fusion” (Basov, Nuckolls, …). 

Today we still facing great difficulties but also we are probably close to the 

demonstration of ignition, the scientific feasibility of fusion, which will conclude 

the first part of this travel. 

 

Principle of Inertial Confinement (direct drive): 
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10.2 Targets for fusion 
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10.3 Characteristic instabilities 
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10.4 Physics of fusion diagnostics
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11.1 Introduction to diagnostics of shock dynamics 
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11.2 Diagnostics with radiography 
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11.3 Face contrast diagnostics 
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11.4 Conclusions 
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1 Physical principle  
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2 Types of detectors 
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3 Experimental set-up 
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4 Data analysis 
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5 Detector characterization  
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6 Time of flight at CLPU 
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7 Conclusions & bibliography 
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1 Time of flight spectrometry   

Schemes can be very different depending on: 

• Particle charge 

• Mass 

• Energy spectrum  

• Beam characteristics 
 

Typical situations: time resolved spectroscopy 

 

The simplest and most robust technique is Time of flight 
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2 Beam deflection spectrometry 
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Spherical sector analyzers 

Advantages: 

• high energy resolution 

• with TOF attached can measure spectra of each charge species 
 

Drawbacks: 

• Fixed axis of measurement and very low solid angle 

• Only for low energy particles (<1MeV) 

• No full spectrum per shot 
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3 Thomson parabola 

IN HIGH INTENSITY LASER-PLASMA PHYSICS: 

• WE MIX MAGNETIC AND ELECTRIC DEFLECTION 

• TAKE ADVANTAGE OF MAGNETIC FIELD: 

• MAIN DEFLECTION IS MAGNETIC 

• THICK SHIELDING 

• HIGH SENSITIVITY AND SURFACE DETECTORS 

 
THOMSON PARABOLA IS THE MOST STANDARD NON TOF SPECTROMETER 

IN HIGH ENERGY BEAMS 
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THE DETECTOR MUST OFFER 2D INFORMATION CAN BE PASSIVE OR 

ACTIVE, ONLINE OR NOT DOESN´T NEED TO BE FAST 
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PARTICLE TRACING SIMULATIONS 

WHEN SIMPLE CASE CONDITIONS ARE NOT FULLFILLED (ALLWAYS) 

o REAL FIELDS (NON UNIFORM) 
o REAL BEAMS (WITH DIVERGENCE) 
 
NUMERICAL SOLUTIONS OF EQUATIONS OF MECHANICS ARE NECESSARY: 

1.- INITIAL POSITION 

2.- INITIAL VELOCITIES 

3.- 3D MAPS OF THE FIELDS 
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PART A – DIAGNOSTICS FOR TW LASER SYSTEM 

Description of the Zeus Laser System at IPPL 
 

The Zeus laser system (Pulsar from Amplitude Technologies) at IPPL is a compact 

femtosecond laser source providing more than 1 J pulse energy at a 10 Hz repetition 

rate. The pulse length is about 25 fs and leads to a peak power higher than 40 TW. 

Chirped pulse amplification (CPA) 

 The system is a Titanium-Sapphire laser based on the so-called "Chirped Pulse 

Amplification" (CPA) technique. The system amplifies pulses from a Ti:Sapphire 

Oscillator and consists of a booster, a stretcher, a regenerative amplifier, 10 Hz 

multi-pass amplifiers with respective pump lasers, vacuum and air compressors.The 

CPA technique consists of temporal stretching of the ultra short pulse delivered by an 

oscillator (by a factor of 1000 to 10000), in order to safely amplify the pulses in solid 

state materials. Stretching produces a “chirped” pulse. After amplification, the laser 

pulse is temporally compressed back to duration as close as possible to its initial value. 

After the compression stage, one should obtain in principle a high intensity ultra-short 

pulse free of chirp (see Figure 1.1). 

Stretching and compression are usually achieved by means of dispersive systems 

such as gratings or prisms. The principle is to create different optical paths for each 

wavelength of the spectrum. Figure 1.2 shows a typical Stretcher design using two 

gratings and a telescope system. As shown in th is  Figure, the Blue path is longer 

than the Red one. Therefore, Blue wavelengths take more time to travel through the 

system than Red ones. 

 

Figure 1.1: Chirped pulse amplification principle. 

Figure 1.2: Stretcher principle. 
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Once stretched, the pulse can be amplified in several amplification stages, using 

regenerative and/or single-/multi-pass amplifiers. At the output of the amplifying 

system, the energy does not depend on the input pulse duration delivered by the 

oscillator. The limit comes from possible damage that could be caused to the 

amplifying material. The amplified pulse energy which can be reached without damage 

is higher if the stretched pulse is longer. 

After amplification the pulse must be compressed. A Compressor device based on a 

wavelength dispersion system similar to the Stretcher (see Figure 1.3). This 

Compressor is theoretically able to compensate for any stretching introduced into 

the pulse, but the gratings need to be perfectly aligned. Particularly, the incident angle 

onto the compressor has to be finely adjusted in order to compensate for the stretcher 

and the dispersion effects through the amplifier. 

Oscillator 
The Oscillator Femtosecond seed pulses for the CPA amplifier are provided by a laser 

oscillator. The femtosecond laser oscillator has four major components: the gain 

material, the pump laser, the feedback mirrors that form an optical resonant cavity, and 

the dispersion compensation optics. Femtosecond pulses from the oscillator cavity are 

generated by a mechanism called mode locking. To generate 10 fs pulses, the phases of 

N=106 modes must be the same. 

Contrast Ratio Booster 

In order to improve contrast ratio, an optional module is available. This module consists 

of a compact multipass amplifier to amplify the oscillator output up to the microjoule 

level. The pulse is then cleaned by a saturable absorber that removes residual ASE 

(Amplified Spontaneous Emission) background of the oscillator pulses before seeding. 

This module also contains an electro-optical device, the pulse picker, which creates a 

10 Hz pulse train from the 80 MHz oscillator pulse train.  

 

 

Figure 1.3: Pulse compressor principle. 



 

P a g e  | 268 
 

Regenerative amplifier 

The first amplification stage consists of a regenerative amplifier producing around 1mJ 

stretched pulses at 10Hz. It includes two Pockels cells: one is used to seed the stretched 

pulse into the regenerative cavity and the other dumps out the pulse at the maximum 

energy level. High power multipass amplifiers use only flat mirrors and do not 

affect the beam quality. An electronic module is installed to synchronize and switch 

the different Pockels cells involved in the system. 

Multi-pass amplifiers 

The high-power amplification delivered by the system is delivered by multi-pass 

amplifiers. The Nd:YAG CFR200 laser produces the gain in the first multi-pass 

amplifier (called Pre-amplifier). The second multi-pass amplifier is pumped by 1.2 J 

@ 532 nm delivered by one Propulse Nd:YAG laser  The main amplifier is pumped by 

5 J delivered by 2 Propulse+ Nd:YAG lasers. Due to the high average power of the 

pump beams a cryogenically cooled Ti:Sapphire mount is used in the main multi-pass 

amplifier.  

Acousto-Optic Programmable Modulators  
 

For short pulse (<30 fs) requirements, an optional Acousto-Optic Programmable 

Dispersive Filter (AOPDF) named Dazzler is added, right after the pulse stretcher. For 

standard laser systems, the Dazzler is used as a phase modulator to pre-compensate 

dispersion and phase distortions introduced throughout the laser system, but also as 

an amplitude modulator to optimize the laser output spectrum. In the Pulsar, the 

problems of phase compensation and amplitude modulation are totally de-correlated. 

The Dazzler would only be used for phase spectrum control, while another similar 

device, the Acousto-optic Programmable Gain Filter (AOPGF) Mazzler, would be used 

to optimize the amplitude spectrum. This allows decreasing the pulse duration to less 

than 25 fs. 
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Figure 1.4: Principle of the Mazzler for a simple laser resonator 

 

Figure 1.5: Schematic layout of the 40TW laser system arrangement 

 

Compressor  

(main beam) 
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Operation of the Zeus Laser System at IPPL 

Important precautions! 
1) Make sure you wear the laser safety goggles when the laser is 

on.  

2) Remove any reflective items like watches, rings, etc. 

3) Never look at the height level of the beam propagation. 

4) Always follow the instructions that will be given to you by the 

lab staff. 
At the start of the session you will be asked to sign a declaration confirming that the 

above-mentioned instructions have been transmitted to you verbally by your tutor, and 

that you undertake to follow them to the letter. 

The operation of the laser system is mainly realized from a terminal computer that 

controls and monitors several parts of the laser system (Figure 1.5). The spectrum and 

the beam quality are monitored at several stages of the laser system. The main 

controls are at two panels. 

➢ GenPulse panel communicates with the Gepulse device that  

• controls the high voltage and the trigger of the 4 Pockels Cells (Pockels) at the 

Booster and Regenerative Amplifier (Regen) 

• controls the shutter for the seed beam and for the cavity of the Regen, as well 

as the shutter output of Amplifier-1 (Ampli1) 

• controls the trigger signals for the acousto-optic modulators, Dazzler and 

Mazzler  

• controls the single-shot/burst-mode/frequency-divider shutter  

• generates the 10Hz clock signal, from the division of the Oscillator’s pulse train 

(RF), that is used for all the synchronizations. 

• supply power to several photodiodes of the system 

➢ MasterPulse panel communicates with the MasterPulse device that 

• controls the trigger signals of the flashlamps and the Pockels for all the pump 

laser, as well as their shutters. 

• generates self-clock from the RF signal and the 10Hz trigger from GenPulse to 

eliminate synchronization jitter 

• controls the trigger signals for all the cameras of the system. 

• receives external interlocks from the Cryostat system and the Vacuum 

Compressor and checks consistency of the RF signal, to disable channels in 

case of fault. 

 

GenPuls
MasterPuls

Spectromete

r 

Figure 1.5. Screen capture of the main panels for controlling and monitoring the laser system.  
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There are also other panels to control: the flashlamps voltage of the two Propulse pump 

laser, the Attenuator (Atten) of the last amplifier output (Ampli3), the vacuum and the 

motorized stages at the Vacuum Compressor chamber. 

 

Laser Diagnostics of Zeus Laser System 

For the operation of the ZEUS Laser System there are several checkpoints before the 

final exit of the beam to the experiment. More than ten cameras are used to record the 

position and the profile of the beam at several points of the beam path, as also of the 

pump beams.  

• The first check is the output power of the oscillator. If the power is less than 

expected a cleaning of the Ti:Sa crystal usually improve it, or may needed the 

reposition of the crystal due to local burn spot or slight alignment of the cavity.  

• A fast photodiode and oscilloscope are used to record the build-up of the laser 

pulses train in the Regenerative Amplifier (REGEN) during the pumping laser 

pulse. The buildup time difference with and without the seed-beam is checked to 

be as expected, a reduce of more than 50 ns on the build-up time when seeded (Fig. 

1.6). This will affect the contrast ratio of the output laser and further checks and 

actions will be needed to improve it, as probably a realignment of the seeding 

beam. The recorded intracavity beam in the REGEN is also used to check the 

properly pulse extraction (pockel-cell PC3).   

   

Figure 1.6: Photodiode signal (channel-1, yellow) of the intracavity beam in REGEN shows the pulses 

build-up time without (left figure) and with (middle figure) seed beam. The reduce time of more than 

50 ns provide sufficient intensity contrast of the REGEN pulse output. At the right figure is the 

intracavity pulses after enabling the pockel-cell PC-3 that extract the proper pulse from the cavity. A 

followed pockel-cell (PC-4) cleans the beam from afterpulses. 

• A spectrometer is used to record the spectrum of the output of the REGEN that is 

modified with the use of Mazzler to be wide (>60 nm) and flat as possible (Fig. 

1.7). If it is not acceptable, a Mazzler feedback loop procedure is usually enough 

to improve it, else realignment maybe needed. 

• The output energy measurement (value and stability) of the first amplification stage 

is a good indication of the proper operation of the former stages. The energy 

measurements are also made at the output of the following amplification stages, 

prior and after the use of the pumping lasers for consistency checking. Also, several 

irises at the beam path are used to check the beam position and assist the fine align 
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that may be needed, additionally to the cameras that record the beam profile and 

position. 

• At the exit of the pulse compressor for the probe beam (Air Compressor) an 

intensity auto-correlator (Bonsai, from Amplitude Technologies) is used to 

measure the pulse duration and set it appropriate by changing the gratings distance 

in the Compressor. The Bonsai is a compact devise that features single shot, single 

beam operation making it very simple to align and to operate. 

 

 

FIGURE 1.7: Spectrum of the regen output without (up) and with Mazzler (down). Starting 

from a spectrum FWHM of ~22 nm the Mazzler loop can lead to a FWHM of more than 70 

nm by introducing a properly generated attenuation filter. This wide spectrum after 

amplification and proper compression is able to give pulse duration below 30 fs. 

• At the exit of the pulse compressor for the main beam (Vacuum Compressor) a 

more sophisticated diagnostic system (Wizzler, from Fastlite) is used for properly 

measurement and fine adjustment of the pulse's characteristics. The Wizzler is 

based on the patented technique Self-Referenced Spectral Interferometry (SRSI) 

and delivers both spectral phase and amplitude measurements, i.e the complete 

temporal characterization of an ultrashort pulse. It provides also feedback to the 

Dazzler opto-acoustic modulator which applies phase correction to the beam at the 

output of the Stretcher in order to improve the measured pulses after the 
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Compressor. Wizzler/Dazzler feedback loops comprise a powerful compression 

optimization tool to achieve Fourier transform limited (FTL) pulses. 

• A third order cross-correlator (SEQUOIA, from Amplitude Technologies) is used 

for the high dynamic range measurement of the temporal pulse shape of the beam. 

SEQUOIA offer an intensity contrast ratio of more than 9 orders, over a temporal 

measurement range of up to 500 ps, with a time resolution of down to 17 fs. It can 

provide information of the pulse pedestal, pre- or post-pulses and the Amplified 

Spontaneous Emission (ASE) which are very important parameters for the 

characterization of high energy laser pulses. 

 

Pulse measurement/optimization with Wizzler/Dazzler 

Introduction 

The Wizzler is a pulse measurement 

system designed to measure accurately the 

spectral phase of amplified ultra-short, near 

Fourier-Transform Limited laser pulses. It is 

based on a pulse characterization technique 

invented and patented by FASTLITE: Self-

Referenced Spectral Interferometry (SRSI). It 

is single-beam, single shot, and delivers both spectral phase and amplitude 

measurements, i.e the complete temporal 

characterization of an ultrashort pulse.  

The Wizzler system is a standalone 

instrument with its hardware, implementing the optical setup that generates the SRSI 

signal and the spectrometer that records it, and its software, which extracts the pulse 

characterization from the SRSI interferogram. In case a DAZZLER pulse shaper is 

integrated in the laser chain, the software has also the capability to send the phase 

information back to this device to perform pulse optimization.  

  

Figure 1.8: Wizzler optical setup 
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Fourier-Transform Spectral Interferometry 

Fourier-Transform Spectral Interferometry (FTSI) [1][2], is the treatment of the 

frequency domain interference pattern between 2 pulses delayed in the time domain. 

Inverse Fourier transform of the spectral interferogram results in a 3 peaks structure in 

which the oscillating term in the spectral domain, centered at the delay τ between the 2 

pulses in the temporal domain, is numerically filtered. A Fourier transform convoluted 

with this filter provides information about the difference of the spectral phases and the 

product of the spectral intensities. Additionally, a similar treatment of the continuous 

term in the spectral domain, centered at delay 0 in the temporal domain, provides 

information about the sum of the spectral intensities, which enables the reconstruction 

of the 2 spectral amplitudes provided that the 2 spectral intensities do not overlap. 

 The XPW effect 

Cross-Polarized Wave Generation 

(XPW) [3][4] is a third-order 

nonlinear effect. As its name suggests, 

it is the generation of a linearly 

polarized wave, orthogonally to the 

polarization of a high-intensity 

linearly polarized input wave (see fig 

1.10). Within the slowly-varying 

envelope, the undepleted regime and 

the thin crystal approximations [5]. 

The XPW temporal amplitude is linked to the input temporal amplitude by the 

following: 

𝐸𝑋𝑃𝑊(𝑡) ∝ |𝐸𝐼𝑁(𝑡)|2𝐸𝐼𝑁(𝑡) 

As can be seen, the XPW effect acts like a temporal filter: a XPW generated pulse is a 

replica of the initial pulse, filtered by its own temporal intensity. Thus, we expect it to 

be shorter in time ie to have a broader spectrum and a flatter spectral phase than the 

Figure 1.9: Fourier-Transform Spectral Interferometry (FTSI) 

 

Figure 1.10: XPW generation 
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input pulse. This is true, according to [6], when the pulse is close enough to the Fourier 

transform limit, ie when the spectral phase is flat enough for the pulse to be filtered by 

the XPW effect. It is worth noting that XPW generation is more sensitive to the chirp 

than to higher orders of the spectral phase, and that its efficiency vanished for pulses 

chirped to above 2 times their FTL pulse duration. [6] 

Self-Referenced Spectral Interferometry 

  The Wizzler measurement technique name is "Self-Referenced Spectral 

Interferometry" (SRSI). The principle is pretty simple, and described on figure 1.11. 

From the pulse to be measured, a replica is created on a linear polarization different 

from the input one and delayed. The main pulse is used to generate a reference pulse 

with a broader spectrum and a flatter spectral phase, but with the same carrier 

frequency, via Cross-Polarized Wave Generation (XPW). This reference pulse is 

created on the perpendicular polarization, so that a polarizer can transmit the XPW 

pulse and the replica to a spectrometer which records an interference signal. 

FTSI treatment is applied to this interferogram, and both spectral phase and spectral 

amplitude of the input pulse can be extracted assuming that the spectral phase of the 

reference pulse Φ1 is known. While Φ1 is not perfectly flat, it can be set to 0 as a first 

approximation, and the algorithm shown on figure 4.5 improves the accuracy of the 

reference pulse phase value. In the Wizzler, the algorithm used includes last data 

processing development and enhancement unpublished and done by FASTLITE. 

FASTLITE has published a number of articles describing SRSI technique as well as 

Wizzler experimental results. [7][8][9] 
 
Measurerement and optimization of the pulse 
characteristics 

 

1) Set Wizzler to Specrtum mode and make fine alignment adjustment using the 

last mirror before the beam entrance in Wizzler to maximize the signal level and 

the fringes contrast. 

2) Set Wizzler to SRSI mode and see the amplitude and phase spectra as well as 

the temporal pulse reconstruction. The Signal and Goodness indicators should 

be green. 

3) Make remote desktop connection to Dazzler-PC 

and set Dazzler Phase to Polynomial only (apply 

by presing Load).  

4) Make changes of the second order parameter by 

200 fs2 and observe the changes at the wizzler 

measurements. Find the parameter for the 

optimum results, smaller duration and smoother 

amplitude/phase spectrum.  

Figure 1.11: SRSI implementation in the Wizzler 

Figure 4.5: Algorithm loop to improve 

accuracy of XPW phase value. 
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5) At Wizzler press to reset the previous feedback and press Feedback Now to sent 

feedback to Dazzler for otpimization. At Dazzler select Phase “both” and apply 

(Load).  

6) Make feedback steps again to optimize the pulses characteristics (each time 

deselect and select “both” at Dazzler before apply). The feedbakck strength can 

be adjust if neededed at the Wizzler (normally 0.6 to 0.8). 

7) Stop feedback loop when at Dazzler the real spectral tranfer function (Spectrum 

window) colored red has large difference from the programmed one colored 

black. The last feedback can be undo from the Wizzler. 

 

 

Figure 1.12: Pulse improvement by feedback to Dazzler. Before feedback (left) the best measurements 

results by changing the grating distance of the compresor or the polynomial parameters of Dazzler are 

far away from the calculated Furier Tranform Limited (FTL) and the phase spectrum is not flat enough. 

After few feedback steps to Dazzler (right) the phase spectrum is optimized and the measured pulse 

characteristics is near the ideal FTL.  

 

Pulse contrast ratio measurement with Sequoia 
Introduction 

The high dynamic measurement of the temporal contrast of the main pulse of the Zeus 

laser system is implement by a third order cross-correlator, the Sequoia from Amplitude 

Technologies. It uses the third harmonic generation to achieve the cross-corelation 

between a “delta” pulse - generated by the second harmonic - and the pulse itself.  The 

optical layout is shown in Fig.1.13. The main pulse is separated in two lines, where one 

is frequency doubled (SHG) and delayed. The two beams are recombined into a crystal 

(C02) where the sum frequency process provides the third harmonic generation (THG) 

signal which is propotional to the temporal overlap between the two incident pulses. 

The wavelength of the cross-corelated signal is easily filtered from the incident pulses 

and is detected by a photomutiplier.  The evolution of the signal with respect to the time 

delay gives the pulse temporal profile. The gain of the photomultiplier is dynamically 

controlled in order to adjust the measurement level between the noise and the saturation 

effect. The dynamic range of the measurement is also strongly increased by the use of 

calibrated neutral density (ND) filters at the Sequoia input which are dynamically 

exchanged during measurement. A computer software drives the instrument for the 

delay line setting, the gain control and data acquisition of the detector, the  exchange of 

the ND filters, as shown in Fig. 1.14. 

The high dynamic allows to detect temporal structures with power less than a factor 

10-9 below the main pulse and combined with the large delay range (>500 ps) with 

precision steps (17 fs) Sequoia offers the ability to measure: 

➢ Pules pedestal: precise measurement in the 1 ps range gives important 
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information on this essential parameter 

 

 

➢ Ghost pulses: the large temporal measurement range allows measurement of 

unwanted pre- and post-pulses, which can generated from dielectric coatings, 

birefringent optics,compression gratings etc. 

➢ Amplified Spontaneous Emission: ASE level an important parameter for the 

characterization of high amplified pulses. The duration of the ASE is generally 

several orders of magnitude of the main pulse and can represent a significant 

fraction of the total pulse energy.  

 

Measurement of the pulse contrast ratio with Sequoia 

1) Set the laser pulse energy to have 0.3-0.5 mJ before the Sequoia and align the 

beam to the entrance. 

2) Setup a telescope at the diagnostics table for reducing the beam size to be about 

4 mm before the entrance to Squoia 

3) Start the software of Sequoia and set the Density filter to zero. 

4) Open the cover of the Sequoia and align the beam to the SHG crystal.  

5) Set at the DAQ DRIVER window at the software to have continuous acquisition 

of the photomultiplier signal and set the analog output voltage to 2.5V and press 

Refresh. 

6) Fine align the beam to maximize the signal 

7) At the main window of the Sequoia software select the find max button to make 

a delay scan for finding the maximum signal where the probe beam coincides 

with the main beam (zero point). 

8) With the Density filter to zero make fine alignment or energy changes to have 

signal ~2.5 

9) Set sequntely the Density filter to 1/2/3 and make fine alignment or energy 

Figure 1.15: The software for the Sequoia 

device 
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changes to have signal about 1.2/0.75/0.4 

10) Setup the software for contrast ratio measurement. At the main window select 

Measure→Set-up and set the number of shot measurements per time-step (default 

is 10), the starting time T0 for the measurement in respect to the zero point and 

the time step (positive or negative). 

 

11) At Measure-menu select “continue” to continue writing on the previous 

measurment data or “clean” to clean the previous data. With the first option is 

possible to stop at any time the measurment and continue with different time-step 

the measurement.  

12) Pres the white arrow button to start the measurement. Press the red cycle button 

to stop the measurement. 

13) After that you can save the measurement data and an otptions window allows you 

to normalize and sort the data, as also set zero-time at the maximum of the signal 

before save to file. Also you can save the graph as an image. 

 

Bibliography & References 

➢ User manual for the Pulsar laser system, Amplitude Technology S.A. 

➢ User manual for Sequoia measurement system, Amplitude Technology S.A. 

➢ User manual for Wizzler, Fastlite 

➢ User manual for Dazzler, Fastlite 

➢ User manual for Mazzler, Fastlite 

 

[1] C.Dorrer, M.Joffre, Characterization of the spectral phase of ultrashort 

light pulses, C.R. Acad. Sci. Paris, t.2, Srie IV, p.1415-1426, 2001. 

[2] L.Lepetit, G. Chriaux, M.Joffre, "Linear techniques of phase measurement 

by femtosecond spectral interferometry for applications in spectroscopy", 

JOSA B 12, 2467-2474(1995) 

[3] N.Minkovski, G. I. Petrov, S.M. Saltiel, O. Albert, J. Etchepare, 

"Nonlinear polarization rotation and orthogonal polarization generation 

experienced in a single beam generation", JOSA B, 21, 9-1659 (2004) 

[4] A. Jullien, O. Albert, G. Chriaux, J. Etchepare, S. Kourtev, N. 

Minkovski, S. M. Saltiel, "Nonlinear polarization rotation of elliptical light 

in cubic crystals, with application to cross-polarized wace generation" 

JOSA B 22, 12-2635 (2005) 

[5] W.R.Boyd Nonlinear Optics 3rd edition, 2007. 

[6] L. Canova, O. Albert, N. Forget, B. Mercier, S. Kourtev, N. Minkovski, 

S.M. Saltiel, R. Lopez Martens, "Influence of spectral phase on cross-polarized 

wave generation with short femtosecond pulses", App. Phys. B 93, 443-453 

(2008) 

[7] T.Oksenhendler, S.Coudreau, N.Forget, V.Crozatier, S.Grabielle, 

R.Herzog, O.Gobert, D.Kaplan,, Self-referenced spectral interferometry, Appl. 

Phys.B (2010). 

[8] A.Moulet, S.Grabielle, C.Cornaggia, N.Forget, T.Oksenhendler, 

Single-shot, high dynamic-range measurement of sub-15fs pulses by self-

referenced spectral interferometry, Opt.Lett. 35 (22), 3856-3858 (2010) 



 

P a g e  | 279 
 

[9] S.Grabielle, A. Moulet, N.Forget,V.Crozatier, S.Coudreau, R. Herzog, T. 

Oksenhendler, C. Cornaggia, O. Gobert "Self-referenced spectral interferometry 

cross-checked with SPIC DER on sub-15 fs pulses.", Nuclear Instruments and 

Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors 

and Associated Equipment DOI: 10.1016/j.nima. 

 

 

PART B - LASER MATTER INTERACTION FOR HHG 
 

Theoretical background 
High-harmonic generation (HHG) provides a powerful source of ultrashort coherent 

radiation in the eXtreme UltraViolet (XUV) and soft-X-ray range and is the main 

research field in ultrafast science. Generally, when a non-linear medium is exposed to 

femtosecond laser radiation with intensities ≥1014 Wcm-2   the atoms are ionized and the 

freed electrons are accelerated by the laser field in the presence of the core potential. A 

small number of these electrons may recombine with the parent ions emitting the gained 

energy. 

 
Figure 2.1 A typical HHG process from atomic gases 

If the non linear media is centrosymmetric (e.g. atomic gases) the above process 

occurs twice per laser pulse period and thus resulting in a HHG spectrum which 

consists of the odd multiples of the fundamental photon frequency. 

Changing scale from microscopic to macroscopic, the key issue for efficient HHG 

is the coherent addition of the generated pulses also known as phase-matching both in 

temporal and spatial domain. The main reasons for phase-mismatching are the 

dispersion, when the pulses propagate in the non-linear medium and the system 

geometry. 

 

Experimental arrangements and considerations 
The laser source used is the probe beam of 45 TW laser system. In the next figure 

the basic experimental setup is illustrated 
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Figure 2.2 experimental setup 

 

 

The laser beam is directed in the gas cell and is focused in a hole on a metal surface. 

This hole is created by the focused laser beam, so the diameter is similar with the spot 

size. This hole is also the outlet of the gas cell.  

 
Figure 2.3 Gas cell. Is visible the plasma created by the focused beam on copper foil creating 

the outlet of gas cell. 

The beam focus is in the gas sell near the metal foil. The produced harmonics and the 

laser beam are directed on a pair of silicon wafers in Brewster angle in order to filter 

the laser beam.  
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Figure 2.4 The reflectance for the 800 nm is of order e-7 while for 200 nm is almost 50%. 

The XUV radiation is separated with a flat field grating and the harmonics are 

focused on a plane. 

 

 

The detection made with microchannel plate (MCP) sensor moving on the plane of 

focused harmonics.  An MCP is an array of 104-107miniature electron multipliers 

oriented parallel to one another. 
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Figure 2.5 MCP main structure and operation 

 

 

  

 
Figure 2.6 MCP on experimental setup inside the vacuum chamber. 

 

 

A typical spectrum snapshot from the CCD camera is illustrated in Figure 2.7 
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Figure 2.7 A typical spectrum snapshot from the CCD cameras. On the left are indicated the 

counts along the y-axes of the spectrum. 

But in our case using the MCP we have this picture 

 
Figure 2.8 The main experimental setup components is connected to a computer and the 

procedure was automated using the LabView software. 
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Figure 2.9 The order determination of the appeared harmonics can be uniquely identified by 

the distance between them taking in mind that  𝜆𝑞 =
𝜆0

𝑞
 and that the used grating was flat 

field. Where 𝜆𝑞, 𝜆0 and 𝑞 are the qth harmonic wavelength, the fundamental frequency 

(800nm) and the harmonic order respectively. 
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1.1  Diagnostics of metallic film targets interacting with short laser pulses 

The aim of this laboratory is to give you the opportunity to get practical experience 

on the diagnostics related with interaction of short laser pulses with metallic film 

targets. 

Two are the diagnostics we are going to explore which are guided from the basic 

interferometry and more specific the Michelson Interferometer. The first one is a single 

interferometric image analysis that will show us the surface deformation due to 

ultrasound that travel across the surface. The second one is the White Light 

Interferometry setup which will show us the “damage” that the generation of the 

ultrasound may have produce in the metallic film surface. 

 

1.2 Generation of ultrasounds and their analysis 

Here is presented the generation of ultrasounds and the analysis of the surface 

deformation by using the interferometric images. 

1.2.1 Generation of ultrasounds 

When a solid material is irradiated with short laser pulses, the absorption of the 

irradiance causes the local temperature increase and its thermal expansion which 

leads to the generation of the ultrasounds in the material. The energy that is produced 

travels in all directions (Figure 10). The laser generated Surface Acoustic Waves 

(SAWs) depend on the metallic film properties as well as the substrate properties. 

 
Figure 10 Interaction of short pulses with mater 

For ns laser pulses, the electron cloud is always in thermal balance with the grid and 

their common temperature follows the classic heat treatment equation (1): 

0
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where T is the temperature transition function, Ṫ the temperature transition and T0 

the reference temperature, k, ρ, c the constants for thermal conductivity, density and 

specific heat respectively, ε the thermal acoustic coupling constant. Q the heat 

source defined as the energy absorbed per unit volume per second. 

 

In the ns pulsed laser and mater interaction, three are the areas of interest (Figure 11), 

depending on the laser energy absorbed by the target and determine its behavior: a) 

the thermoelastic area, b) the melting range, and c) the area of ablation. 

 

 

Figure 11 Matter states during irradiation with laser pulse 

Using spherical lens, we can focus the laser pulse in the material’s surface and 

produce the SAWs (Figure 12). 

 

Figure 12 SAW production using point-focused pulsed laser 

In order to produce the SAWs and analyze the deformation that they produce in the 

material, we constructed a setup (Figure 13) that splits (BS) the ns laser pulse in two 

parts: a) The “Pump Beam” is focused in the material’s surface and produces the 

SAWs, b) The “Probe Beam” that travels in one of 4 different (by selection) optical path 

delays and ends in a Michelson Interferometer, where the one surface is the material’s 
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surface and the other is a mirror. The output of the interferometer is captured from a 

CCD camera using an electronic delay trigger for further processing. 

 

Figure 13 Simplified SAWs generation setup 

 

1.2.2 Interferometric image analysis 

The interferometric images are recorded using a customized recording software (Figure 

14). The fringes density depends on the mirror tilt in the Michelson setup. 

 

Figure 14 Interferometric Image recording 
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The recorded images are further processed using another customized software (Figure 

15) that embodies 2D FFT algorithms as well as phase unwrapping techniques. 

 

Figure 15 Software for the interferometric images processing 

As a first step is to open an interferometric image (Figure 15-a). The image is 

automatically transformed in the Fourier space, where there are two lobes appear due 

to the parallel fringe formation. The next step is to select by using a rectangle tool the 

one of the two lobes (Figure 15-b) which filters the rest of the image to black and keeps 

only the selected lobe. The invert Fourier transformation gives us next the “wrapped” 

phase of the interferometric image (Figure 15-c). By using a special algorithm, the 

phase is unwrapped (Figure 15-d) and we can extract the deformation of the surface 

using the following equation: 

4
d

 




=


 (2) 

where: λ, the wavelength of the laser source used to record the interferometric 

images 

 

1.3 White Light Interferometry 

In the White Light Interferometry, we get the advantage of the partial interference that 

appears when using broadband light sources (Figure 16). 
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Figure 16 Light sources & Coherence 

While in a coherent laser source, the total intensity is (3): 

1 2 1 2

2
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(3) 

where: λ, the wavelength and ΔL the optical path difference. 

In partial interference, the total intensity is (4): 

( )1 2 1 2 12

2
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(4) 

where: the term 
( )12 L 

 is the complex degree of coherence and gets values from 0 

to 1. 

The term 
( )12 L 

expresses the visibility of the interference fringes that appears in 

partially coherence (5): 

( ) max min
12

max min

I I

I I
L V

−
 = =

+
 

(5) 

In order to locate the maximum value of the term 
( )12 L 

 (zero optical path delay), we 

have to process the interferometric images and find the maximum of the envelop curve 

(Figure 17). 
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Figure 17 Location of the zero optical path delay 

 

1.3.1 White Light Interferometry setup and image processing 

In the White Light Interferometry setup (Figure 18), we use the same Michelson 

Interferometer we used to capture the interferometric images where instead of the 

mirror we use a Piezo-Transducer (PZT) to move the mirror in the Z-Axis. 

 

Figure 18 White Light Interferometry setup 

The moving of the PTZ mirror produces a vertical stack of images that we collect using 

a CCD camera (Figure 19-a). 
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Figure 19 WLI image capture and processing 

The stack of the images are further processed pixel-by-pixel in vertical axis (Z) using 

a custom software to extract the zero optical path delay (Figure 19-b) from each pixel. 

The resulted image can be open using an image processing software like “ImageJ” 

and get the values for the 2D profile (Figure 20), or 3D prolife of the surface (Figure 21). 

 

Figure 20 2D profile of a surface 
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Figure 21 3D profile of a surface 
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