
HAL Id: tel-03716363
https://theses.hal.science/tel-03716363

Submitted on 7 Jul 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Experimental and theoretical study of hot electrons in
the context of the shock ignition approach to inertial

confinement fusion
Alessandro Tentori

To cite this version:
Alessandro Tentori. Experimental and theoretical study of hot electrons in the context of the shock
ignition approach to inertial confinement fusion. Physics [physics]. Université de Bordeaux, 2022.
English. �NNT : 2022BORD0046�. �tel-03716363�

https://theses.hal.science/tel-03716363
https://hal.archives-ouvertes.fr


Thesis

SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS

FOR THE DEGREE OF

Doctor of Philosophy in Plasma Physics
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Chapter 0

Introduction

Controlled nuclear fusion is a promising form of power generation that can overcome the
problematic related to the exploitation of conventional oil and coal-based sources. In
2020, the global energy consumption was based on oil (31%), coal (27%), natural gas
(25%), nuclear fission (4%) and renewable sources (13%) [1]. The exploitation of fossil
fuels is based on chemical reactions that produce a copious amount of CO2:

C + O2 → CO2 +Q (Q = 3.6 eV) ,

CH4 + 2O2 → CO2 + 2H2O +Q (Q = 9.22 eV).
(1)

In the equations, Q represents the amount of energy released by the reaction. Since these
are based on the association or dissociation of molecules (i.e. chemical reactions), the
Q values are of the order of ∼eV. This low value of released energy imposes the need of
burning a considerable amount of fuel to satisfy energy demand. This poses important
concerns regarding the global warming and the air pollution, since the CO2 produced re-
mains in the atmosphere trapping the heat. Moreover, the world population growth makes
the fossil fuels an insufficient resource for satisfying the energy demand on long time scales.

The renewable energy, notably solar, wind, tidal power and pumped hydro emit less green-
house gases compared to fossil fuel, but they present other issues difficult to overcome.
In particular, the aleatory nature of the source makes the produced power discontinuous
and the grid load must be supplied using baseline reactors based on fossil or nuclear fuel.

Nuclear fission represents a very efficient form of energy production, since the energy
released by nuclear reactions is ∼106-107 times greater than the energy released by the
chemical ones. From a practical perspective, the fission of 1 gram of Uranium 235 pro-
duces the same amount of energy as the combustion of 3 tons of coal [2]. As an example,
the uranium-235 fission reaction reads:

235U + n→ F1 + F2 + νn +Q (Q = 211 MeV), (2)

where Fi are the fission fragments and ν is the number of neutrons released during the
reaction. Despite that nuclear fission power plants do not produce significant air pollu-
tants, a large disadvantage comes from the spent fuel treatment. In particular, the spent
fuel is composed of highly radioactive nuclei that present a radiation hazard for extended
periods of time. Long-lived fission products must be isolated from biological systems for
time scales of the order of 105-106 years. Several schemes have been proposed to achieve
this isolation, but no system has yet been adopted that can guarantee isolation over this
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0.1. NUCLEAR FUSION

long time period.

Nuclear fusion could be one of the solutions to the energy problem, because it offers
ecological and safety advantages compared to the exploitation of fossil or fissile fuels. Fu-
sion fuel can be extracted from seawater and no long-lived radioactive waste is produced
(particular care should be however given to the choice of the chamber material to avoid
activation). There is one considerable disadvantage, however: to be combined, two light
nuclei should overcome the Coulomb barrier. This can be done by giving the nuclei a
high initial kinetic energy, i.e. accelerating the nuclei to high velocities. To reach a high
number of reactions, it is thus necessary to raise the bulk temperature of the material. In
this way, the Coulombic repulsion can be overcome and the short-range attractive nuclear
force comes into play.

Although it is quite easy to obtain nuclear reactions in laboratory, nowadays it is still
not possible to generate more energy from the fusion mechanism than what is invested
in the experiment [3]. This happens because, at such high temperatures, matter tends to
disassemble as a consequence of the high pressure. As such, it is necessary to confine the
reactants in some way. In the sun, the confinement is driven by the gravitational force.
On earth, the two main schemes being investigated to confine a plasma and to keep it at
temperatures sufficiently high for the reactions to occur are the Magnetic Confinement
Fusion and the Inertial Confinement Fusion. In magnetic confinement, the plasma is con-
fined by a carefully designed magnetic field configuration and heated by external sources,
such as resistive heating or cyclotron heating. In inertial confinement, a solid fuel shell
is compressed from many directions with intense laser (or particle) beams. The fuel is
heated and ignited from the mechanical work done on the gas inside the target during the
compression, or using other methods. Nuclear fusion research as conceived for civilian
purposes started in 1950s and it continues nowadays [4].

0.1 Nuclear Fusion

In every atomic nucleus, the mass of the system is smaller than the sum of the masses of
its constituents, if measured separately. Namely, the energy mass of a nucleus is less than
the sum of the masses of protons and neutrons that constitute it. For a given nucleus, the
binding energy, which is the energy needed to separate all the nucleons, is easily calculated
according to the mass defect law :

B(Z,N) = [Zmp +Nmn −m(Z,N)] c2, (3)

where mp and mn are the proton and the neutron mass respectively, m(Z,N) the mass
of the nucleus and c is the speed of light. The binding energy per nucleon B(Z,N)/A as
a function of the mass number is shown in Fig. 1. This quantity increases quickly with
A for light nuclei and decreases slowly from 8.5 MeV down to 7.5 MeV, after A ' 60.
This illustrate that the fusion of two light nuclei produces a nucleus with greater binding
energies, releasing thus the energy in excess. Similarly, breaking heavier nuclei into light
nuclei also releases energy. In this latter case, the energy gain is nearly 1 MeV per nu-
cleon, and thus about 200 MeV are gained in each event (See eq. (2)).

Considering nuclear fusion, the choice of the fuel influences the confinement requirements.
As mentioned above, in order to produce energy, it is necessary to confine the plasma at
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high temperature for a time window long enough for a sufficient number of fusion reactions
to occur. Naturally, one would like to keep the temperature reached by the fuel as low as
possible. The hydrogen isotopes, deuterium and tritium, have smaller Coulomb barrier
to overcome compared to other elements. As such, even if their energy output is less,
they are the best candidates for current fusion applications. Furthermore, deuterium can
be produced from sea water, while tritium can be generated by bombarding lithium with
neutrons directly in the reactor. For what concerns the radiation hazard, tritium is a beta
emitter with half-life of 12.32 years, however much less compared to the ∼ 104−105 years
that characterize the elements in the spent nuclear fuel coming from a fission reactor. The
fusion reactions of interest are:

D + T→ α (3.52 MeV) + n (14.06 MeV) (Q = 17.58 MeV) ,

D + D→ T (1.01 MeV) + p (3.03 MeV) (Q = 4.04 MeV) ,

D + D→ He3 (0.82 MeV) + n (2.45 MeV) (Q = 3.3 MeV) ,

He3 + D→ p (14.67 MeV) + α (3.67 MeV) (Q = 18.3 MeV) .

(4)

When two nuclei fuse, a compound nucleus is formed that splits immediately into the two
reaction products. Since the reacting particles have energies in the range of 1-10 keV,
the reaction products carry a total kinetic energy that is equal to Q and it is possible to
write:

1

2
mbv

2
b +

1

2
mY v

2
Y ' Q, (5)

where m and v are the final masses and velocities of the two products b and Y . The
momentum conservation reads:

mbvb ' mY vY (6)

and the two particles are emitted in opposite direction. From these two conservation
equations, it is clear how the lighter product takes the larger amount of energy:

1

2
mbv

2
b =

Q

1 +mb/mY

,

1

2
mY v

2
Y =

Q

1 +mY /mb

.

(7)

Figure 1: Binding energy per nucleon as function of atomic mass A, from [5].
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In a hypothetical fusion reactor, it will be necessary to convert this kinetic energy into
thermal energy to produce electrical power.

An important figure of merit that characterizes nuclear reactions is the cross section
σ(v). This quantity expresses the probability of having a reaction when two particles
collide. Fig 2 (a) shows the behaviour of the cross sections as a function of the center
of mass energy, considering the DT and the DD reactions. In general, the cross sections
increase with the center of mass energy up to a maximum, but then they start decreasing
because of the reduction of the interaction time between the two particles. In particular,
the DT cross section shows a maximum of 5 barn for center of mass energies around
60 − 70 keV. This maximum is due to the 5He compound nucleus formation. The DD
cross section presents values about 100 times lower compared to the DT ones.

A fusion reactor will have a net energy gain if the energy released exceeds the energy
losses and the initial energy investment to heat the fuel. Following the Lawson’s paper
[6], we report the criteria which should be satisfied to obtain an energy gain greater than
one. In particular, as done in [6] and in the books [5] [7], the energy balance is computed
neglecting the thermal conduction and the bremsstrahlung losses and considering only the
energy invested to heat up the fuel and the output energy. The power output of a nuclear
reactor is related to the Reaction Rate, defined as the probability of having a reaction
per unit time and unit volume. If a gas of particles 1, characterized by a distribution
in velocity g1(v1), collides with a gas of particles 2, characterized by a distribution in
velocity g2(v2), the reaction rate reads:

R12 = n1n2

∫
dv1

∫
dv2g2 (v2) g1 (v1) |v1 − v2|σ (|v1 − v2|) = n1n2〈σv〉12

[
1

cm3s

]
. (8)

Here n1 and n2 are the densities of the species 1 and 2, respectively. Considering
n1=n2=N/2 and introducing the mass density ρ =

∑
j njmj = Nm̄, where m̄ is the

average nuclear mass, this quantity is proportional to the square of the density mixture,
i.e.:

R12 =
ρ2

4m̄2
〈σv〉12. (9)

This equation indicates the role of the fuel density in achieving efficient release of fusion
energy. Multiplying the reaction rates by Q and considering as an example an ion density
of 1015 cm−3, the volumetric power output is:

Pout =
N2

4
〈σv〉Q

[
W

cm3

]
. (10)

Fig. 2 (b) reports the power output for the reactions D-T and D-D, considering the
particle velocity described by the Maxwell Boltzmann distribution function:

g (v) = N
( m

2πT

)3/2

e−mv
2/2T . (11)

In this equation, m is the mass of the particles and T the temperature.

Considering now the bremsstrahlung losses for a plasma in which particles are described in
velocity by a Maxwell-Boltzmann distribution function (eq. (11)), the volumetric power
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(a) (b)

Figure 2: (a) Cross sections as function of center of mass energy for the reac-
tions T(D, n)He4, D(D, n)He3, D(D, p)T. Data is taken from [8]. (b) Comparison of
bremsstrahlung losses with power output of D-D and D-T reactions, for interacting par-
ticles characterized by a Maxwellian distribution function in velocity with temperature T
(see eq. (11)). Quantities are calculated considering an ion density of ∼1015cm−3. Data
is taken from Ref.[5].

radiated reads [5], [6]:

Pbr = 0.5× 10−30Z2NneT
1/2

[
W

cm3

]
. (12)

Here T is the plasma temperature in keV and N and ne are the ion and the electron
densities in 1/cm3. The bremsstrahlung losses as a function of T are reported by the
violet line in Fig. 2 (b). From the figure, it is possible to see that there is a temperature
at which the fusion output exceeds the bremsstrahlung losses, which is of the order of 4
keV for D-T and 50 keV for D-D reactions. This suggests that, in the temperature region
that is likely to be achievable in a thermonuclear fusion reactor (1- 10 keV, T ∼107-
108 Kelvin), the D-T reaction is the favored one. To calculate the energy balance for a
thermonuclear fusion reactor, as done in the Lawson paper [6] [5], the bremsstrahlung
term is neglected and the energy needed to heat the plasma is compared to the energy
output. We are thus considering plasma temperatures for which the volumetric power
output is greater compared to the bremsstrahlung losses (see Fig. 2 (b)). The energy
needed to heat up a plasma composed by ions and electrons (ni = ne = N) is:

Ek = 3NT, (13)
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where T is the temperature reached. As such, to have a positive gain, it is necessary that:

Poutτ > 3NT,

τN > 3NT ⇒ Nτ >
12T

〈vσ〉Q
,

(14)

where τ is the confinement time. This relation is called Lawson criterion and it allows to
estimate the minimum product of ion density and confinement time to obtain an energy
gain greater than one. In the case of DT fuel at 5-10 keV, the Lawson criterion becomes
τN ' 1014 − 1015 s cm−3. As previously mentioned, the two main approaches that have
been pursued in the last decades to obtain fusion energy are the magnetic and the inertial
confinement fusion. Magnetic confinement tries to fulfil the Lawson criterion confining low
density plasmas (1014 cm−3) for long time (τ ∼ 1− 10 s). In inertial fusion, confinement
times are extremely short < 10−10 s, but the densities reached by the fuel are typically
greater than 1025 cm−3. Let us remark that these criteria are derived under optimistic
assumptions and they are necessary, though not sufficient for the successful operation of
a thermonuclear reactor. More detailed calculations in which the bremsstrahlung and the
conduction losses are accounted are shown in Ref. [8].

0.2 Inertial Confinement Fusion

In inertial confinement fusion, a small amount of fuel material is compressed to very
high densities and temperatures by exploiting the radiation produced by high-power laser
beams. The scheme was first proposed by Nuckolls [9] and Basov [10] in 1972. Starting
from energy considerations, a fusion reactor can be operational only if the energy ex-
tracted from the process exceeds the input energy. When the mechanism was proposed,
it was believed that 60 kJ of laser energy would have been sufficient to generate an equal
thermonuclear energy. Unfortunately, several inefficiencies have had to be taken into ac-
count during the years. First of all, not all the laser energy heats up the fuel and the
implosion by rocket effect has low efficiency. Several unwanted mechanisms such as hot
electron production or light backscattering reduce the quantity of light absorbed, causing
a reduction of the implosion performance. Furthermore, the efficiencies by which the fu-
sion target chamber and subsequent turbines convert fusion output to electricity should
be accounted. Finally, the conversion of electric energy into laser energy is also heavily
inefficient.

Simple calculations of the requirements to be fulfilled by an hypothetical fusion reac-
tor are shown by Rosen (1999) [11]. Let Pin be the amount of electric power supplied
to run the driver (the laser) and ηD the efficiency through which this latter converts the
input energy into the energy delivered on the target. If G is the target gain, the output
fusion power reads Pout = GηDPin. If ηth is the conversion efficiency of output fusion en-
ergy to electricity (i.e. turbine and target chamber efficiency) and f the recycle fraction
to run the driver, the following relation is obtained:

Pin = Poutf = PinfηDGηth ⇒ fηDGηth = 1. (15)

Considering reasonably ηth ∼ 0.4 and f ∼ 0.25, the criterion on the gain and on the driver
efficiency is GηD > 10. If ηD ∼ 0.1, the criterion requires a gain of ∼ 100. To obtain such
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Figure 3: Schematic of power flow on an electric plant.

high values of gain, it is necessary to burn a considerable fraction of fuel. The burnt fuel
fraction reads [12] [11]:

fb =
ρR

ρR + 8
√
m̄DT cs/〈σv〉

, (16)

where cs is the speed of sound, ρR the areal density of the fuel, m̄D is the mass of a “DT”
nucleus (∼2.5 AMU) and 〈σv〉 the average reactivity, as defined in eq. (8). The function
Hb = 8

√
m̄DT cs〈σv〉 depends on the fuel temperature, and it has values around 6-9 g/cm2

in a temperature range that goes from 10 up to 100 keV [11] [8]. Taking Hb = 6, the
formula (16) becomes:

fb =
ρR

ρR + 6
. (17)

The fuel burn up required to obtain sufficiently high gains is around 1/3 [11]. Consider-
ing this requirement, a condition on the fuel areal density from formula (17) is obtained:
ρR = 3 g/cm2. In each implosion, the energy released should be of the order of GJ, in
order to not damage the reactor vessel. If we assume a burn-up of 30% and consider-
ing that the energy per gram produced by the DT fusion is 3.4×1011 J/g, one should
limit the fuel mass to a few mg. Some considerations on the compression level can be
drawn recasting the capsule mass formula as a function of ρR: for a spherical target
M = 4π

3
ρR3 = 4π

3
(ρR)3/ρ2. Fixing the product ρR = 3 g/cm2, burning 5 mg of fuel would

require ρ ∼190 g/cm3. As such, considering that the initial cryogenic fuel density is 0.250
g/cm3, a compression factor of ∼ 1000 should be achieved. If 5.5 ×108 J are produced
by burning 5 mg of fuel (considering the 30% of fuel burn-up), 5 shots per second would
provide an energy of ∼3 GW of fusion power. Taking into account all the losses and the
fraction of energy required to run the driver, 1 GW of power delivered to the electric grid
would be realistic.

The historical and standard approach to ICF is the hot-spot ignition. In this scheme,
only a small mass of the target is brought to the required conditions of density and tem-
perature to initiate the reactions. Subsequently, the α particles produced will heat up the
dense cold shell around the hot-spot, igniting the remaining fuel part. During the years,
several target and laser configurations have been proposed to achieve the goal [13] [8] [14]
[15]. Usually, ICF capsules are spheres of 1.5 - 3 mm radius, composed by an external
high Z ablator of tens of µm which contains a DT-ice cryogenic shell of hundreds of µm
and density of ∼0.25 g/cm3. The central part of the sphere is filled with DT vapour at
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∼0.0005 g/cm3. As the laser interacts with the ablator, this latter ionizes and vaporizes
in a process called ablation. The pressure resulting from the ablation at the shell surface
reaches values around 100 Mbar. Because of momentum conservation, the inner part of
the capsule moves inward and the center is compressed to high densities and tempera-
tures. The mechanism is explained in detail in the following.

Compression must be achieved following the isentropic curve as closely as possible. Ac-
cording to the second law of thermodynamics, the variation of the internal energy e of an
amount of matter, due to an heat transfer dq = TdS and a work done −pdV reads:

de = TdS − pdV. (18)

Here ds is the specific entropy, p the pressure and V the specific volume of the amount of
matter. In an isentropic compression, the term TdS is zero, thus minimizing the invested
energy. Compressions as closest as possible to the isentropic are provided in ICF using a
sequence of shocks of increasing strength. As shown in Sec. 1.3.2, shock waves produce
large amounts of entropy and it is not possible to compress indefinitely the matter using
a single shock wave. As such, these shocks should be carefully timed in order to coalesce
in the inner part of the shell [8] [7]. This is needed to avoid shell preheat or the formation
of rarefaction waves. If the inner part of the shell is preheated by the premature arrival of
shocks or by other mechanisms, the compression will be more difficult. Pressure increase
from a few Mbar up to 100 Mbar can be achieved either using a continuous low intensity
foot pulse [continuous-pulse (CP) design] [14] [16], or by launching a sequence of shocks
of increasing strength using laser pickets [multiple-shock(MS) designs] [15] [17]. These
pre-compression beams will launch a compression wave propagating through the ice-DT
shell. When this wave breaks out into the shell inner surface, the latter expands forward,
launching a shock in the gas and a rarefaction wave in the shell. When the rarefaction
wave arrives at the shell outer surface, the latter starts accelerating and the so-called ac-
celeration phase begins. Before the breaking out of compression wave into the vapour, the
pulse power is risen rapidly, originating a second shock that merges with the previous in
the inner surface of the ice layer. This will keep the shell close to the shock front travelling
inside the gas. When the laser is turned off, the shell is travelling at approximately con-
stant velocity. The inward motion of the shell originates a shock wave that propagates in
the vapour region. This shock is reflected at the centre of the capsule and it bounces back
encountering the incoming inner shell surface, which in turn is impulsively decelerated.
The shock experiences a series of reflections and the shell decelerates at each reflection, in
the so-called impulsive deceleration phase [18]. After some reflections, the shock becomes
weak and the gas and the shell develop a fairly uniform pressure creating the so called
hot spot. At this stage, the inner shell is not completely stopped and it decelerates up
to stagnation acting like a rigid piston that heats up the hot spot thanks to the pdV
work [18] [19]. Here the kinetic energy of the imploding capsule is converted into internal
energy and the hotspot pressure and temperature keep increasing. The hot spot mass also
increases because of the ablation of the shell inner surface. When the deceleration phase
ends, the shell stagnates and the pressure is almost constant throughout the hot spot and
the shell [20] [21] [22]. If the areal density of the region surrounding the hot-spot is suffi-
ciently high, the α particles generated by fusion reactions will deposit energy triggering an
outward burning wave. This phase is called ignition and burning phase. During this time,
a very high pressure is created and the remaining fuel will blow apart, ending the ICF cy-
cle. Fig. 4 reports an example of target configuration and pulse shape as proposed in [15].
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(a) (b)

Figure 4: Capsule configuration and pulse shape proposed in Ref [15]. The design
predicts a gain of 48 with 1.5 MJ of laser energy.

One of the potential issues that can compromise the implosion is the shell preheat due
to the presence of hot electrons. In particular, the high intensity reached by the main
driver (∼8 × 1014 W/cm2) overcomes the threshold for the generation of different mech-
anisms that generate electrons with suprathermal velocities, the so-called hot electrons
(see Chap. 1). These electrons can move from the ablation front up to the center of the
target, preheating the fuel and making it less compressible. As an example, a preheat
deposited energy equal to the Fermi energy of the fuel would mean the need of a double
pressure to obtain a given density [12]. An important figure of merit that characterizes
the implosion performance is the shell adiabat α. The adiabat is defined as the ratio
between the shell pressure and the Fermi pressure of the electron gas. Preheat effects due
to a not correct shock timing or due to hot electron energy deposition will increase the
shell pressure, causing an increase of the adiabat. This implies lower shell compressibility
and thus greater laser energy to maintain the performance. Calculations show that the
energy required for the shell to ignite scales as ∼ α1.88 [16] [22].

0.3 Shock ignition approach to inertial confinement

fusion

The Shock Ignition approach (SI) is an alternative ICF scheme based on the separation
of the compression and ignition phase. The scheme was first proposed by Shcherbakov in
1983 [23] and subsequently reconsidered by Betti [24] as a possible application in NIF-
scale facilities. Here the cryogenic shell is initially imploded at low velocity using a laser
pulse of ∼ 1014 W/cm2 and successively ignited with strong spherically convergent shock.
This strong shock is generated by a high intensity laser spike at the end of the laser
compression pulse. The ignitor launching time should be carefully chosen in order to
maximize the shock pressure after its interaction with previously launched shocks. High
values of pressure are obtained thanks to the collision of the ignitor shock with the return
shock, generated by the pre-pulse, at the shell inner interface. As a result of the collision,
two new shocks are generated: one moving inward and another moving outward. The
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(a) (b)

Figure 5: Capsule configuration and pulse shape proposed by Betti [24].

inward shock accelerates the inner shell surface, rising the pressure of the hot spot. As
such, differently to the conventional ICF scheme, the stagnating core is composed by a
non isobaric assembly with a peaked pressure in the hot spot.

In the original design proposed by Betti, the compression pulse consisted of an isentropic
compression pulse with a peak power of 110-130 TW. The ignitor spike has intensities
around 1015-1016 W/cm2, for a total power of 550 TW delivered in 100-300 ps. Both the
compression and the ignition pulse can be delivered by the same laser system. Fig. 5
shows a typical target and laser pulse configuration employed in SI.

There are several potential advantages of such approach compared to the conventional
ICF scheme. First of all, the lower implosion velocity and the possibility of using thicker
targets make the hydrodynamic instabilities less dangerous. Furthermore, lower ignition
threshold and higher gains are predicted by the non isobaric assembly of the fuel with
peaked values of pressure in the central hot spot [8][25][26]. Such higher gain comes from
the fact that smaller energy is required to compress the cold fuel, which does not need
to be in pressure equilibrium with the hot spot. Since 2007, several experimental and
theoretical investigations were performed to study the feasibility of the scheme [27] [28]
[29] [30] [31].

As already mentioned in Sec. 0.2 for the conventional ICF scheme, possible issues in
SI can come from the hot electrons generated by the laser-plasma interaction considering
the high intensities of the ignitor pulse (i.e. 1015 - 1016 W/cm2). According to their
energy, these electrons can propagate beyond the shock front and penetrate in the dense
shell, preheating it [32]. Moreover, hot electrons can increase the hotspot mass by ablat-
ing the inner shell interface, changing the condition of the hot spot [33]. These two effects
are deleterious for the SI scheme and they can increase the energy threshold for ignition.
On the other side, if they are not too energetic, hot electrons can assist in the formation
of the shock, increasing the shock pressure with beneficial effects for the implosion [34].
Therefore, a critical step for assessing the feasibility of shock ignition is the characteriza-
tion in terms of energy and intensity of the hot electron population and to understand its
effects on the hydrodynamic evolution of the target.
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0.4 Goal of the thesis work

As explained in Sec. 0.3 and 0.2, the role of hot electrons generated by the high intensity
laser driver in the implosion schemes is controversial and nowadays debated. These elec-
trons can propagate up to the inner part of the cryogenic shell, preheating and ablating
it. In the conventional ICF scheme (Sec. 0.2), the presence of hot electrons is generally
considered deleterious and it should be limited as much as possible [35][36]. In the case of
shock ignition, the ignitor spike is launched after the compression phase, when the target
areal density has already reached high values. In particular, if the outer part of the shell
presents sufficiently high values of ρR, it stops hot electrons that can in turn contribute
to the shock pressure. On the contrary, if the shell is not dense enough and electrons are
too energetic, they propagate up to the inner part of the cryogenic fuel preheating it. As
such, a critical step for answering the feasibility of the two schemes is the characterization
in terms of energy and intensity of the hot electron beam, understanding its effect on the
capsule implosion.

As shown in Chapt. 2, in the last decades an important effort has been made by the
scientific community to characterize and understand the role of hot electrons in ICF and
in particular in SI regimes. Experimental campaigns in spherical and planar geometry
were devoted to their characterization and to study their effect on the target hydrody-
namic. For this purpose, several diagnostics are being built and the understanding on their
performance is constantly increasing. Moreover, hydrodynamic codes are being developed
to interpret these experiments and to model the entire implosion scheme. The increase of
the computational power at disposal allows to build more and more complex and detailed
codes. Having in mind of simulating the entire implosion process, these numerical tools
should treat the laser-plasma interaction, the hydrodynamic evolution of targets and the
transport of fusion products. In particular, considering the possible issues related to the
presence of hot electrons, an adequate modelization of the hot electron transport in fusion
targets will allow to assess the problem with more confidence and more robust implosion
schemes can be proposed.

On this basis, the thesis work develops in two parts. The first part is dedicated to
the experimental characterization of hot electrons emitted by the laser plasma interac-
tions in condition relevant for SI. We will present results coming from experimental cam-
paigns conducted in different facilities, thus exploring different laser-plasma conditions.
A methodology for the interpretation of these experiments is presented, coupling different
numerical tools. Special emphasis is given to the post-processing techniques of different
x-ray spectrometers. A brief discussion on the influence of hot electrons on the shock
dynamics is also presented.

The second part of the thesis work is devoted to the development of a hot electron trans-
port model, with the aim of future implementation in 3D hydrodynamic codes. In partic-
ular, we chose a 3D Monte-Carlo method to describe the electron propagation in ionized
or partially ionized targets. This model will be useful to study the effect of hot electrons
in SI schemes, but also to interpret future planar or spherical target experiments. An
initial evaluation on the preheat effect driven by hot electrons on a typical SI implosion
scheme is performed using this model.
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0.5 Manuscript Outline

The manuscript is organized as follows:

• Chapter I: Laser Plasma interaction in the context of Inertial Confine-
ment Fusion

The first chapter provides the theoretical description of different quantities and phe-
nomena relevant for the thesis work. In the first part, the chapter introduces some
basic plasma quantities and three different mathematical descriptions of plasmas.
These concepts are particularly useful in modelling the laser plasma interaction and
the hot electron propagation in ICF targets. Then we give a brief outline of differ-
ent mechanisms that characterize the laser plasma interaction for regimes relevant
to ICF and in particular to SI. Special emphasis is devoted to the processes that
are involved in hot electron generation. A simplified mathematical description of
these mechanisms is given, reporting also some relevant results of recent numerical
investigations. Finally, a short digression on the hydrodynamic evolution and shock
dynamics considering ICF targets is presented.

• Chapter II: State of the art of hot electrons in Shock Ignition: effects
and characterization

The chapter presents and critically discusses a list of theoretical and experimen-
tal investigations on the role of hot electrons in ICF. In the first part, we report the
results of experiments in which the effect of hot electrons on shock formation was
investigated, considering different laser conditions. Then some experimental and
theoretical investigations performed in the last decade on the role of hot electrons
in the context of the SI scheme are presented. This allows to better understand
the background and the objectives of the thesis work. Thereafter, a brief descrip-
tion of the principal diagnostics involved in laser-plasma experiments is reported,
focusing the attention on the x-ray spectrometers. In the last part of the chapter,
we summarize the results of several experiments aimed at characterizing the hot
electrons in conditions relevant to ICF. These experiments are grouped according
to the laser facility in which they were conducted. Different laser facilities provide
different laser characteristics and thus different interaction regimes. We report in
particular experiments conducted at PALS (Prague Asterix Laser System, Czech
technical university in Prague), OMEGA (Laboratory for Laser Energetics, Univer-
sity of Rochester) and NIF (National Ignition Facility, Livermore).

• Chapter III: Experimental characterization of hot electrons in SI relevant
regime

This chapter presents the results of recent experimental campaigns aimed at char-
acterizing hot electrons in SI regime, considering different laser-plasma conditions
according to the capabilities of the facility.

We report the results of an experimental campaign conducted on OMEGA-EP in
2018, in which hot electrons and the shock dynamics were characterized using dif-
ferent diagnostics. In particular, we present a detailed description of the diagnostic
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techniques and we propose a post-processing methodology to analyse the x-rays spec-
trometers. These spectrometers were used to characterize hot electrons in terms of
energy and intensity, and their response was simulated using Monte-Carlo methods.
The hot electron characteristics inferred using the spectrometers were then used as
input to model the hot electron source in hydrodynamic simulations, in order to
study the hydrodynamic evolution of the target.

The same methodology is applied to analyse spectrometer data coming from other
experimental campaigns conducted at PALS and at LMJ (Laser Megajoule, CEA,
Bordeaux). It is important to remark that only the capabilities of LMJ allow to ex-
plore plasma conditions (in terms of coronal scale length and temperature) peculiar
of SI.

• Chapter IV: A 3D Monte-Carlo method to study the transport of hot
electrons in the context of Inertial Confinement Fusion

We present, in this chapter, a Monte-Carlo method to simulate the hot electron
transport in ionized or partially ionized target. This model will be implemented in
3D hydrodynamic codes, and it will be useful to study the effects of hot electrons
on the implosion schemes and to interpret future experimental campaigns.

In the first part of the chapter, the relevant physical mechanisms and quantities
are discussed critically. In particular, a discussion on the physics of the background
material (a laser irradiated target) is presented in the first section, showing the
models used to calculate the ionization degree. Thereafter, a discussion on the elec-
tron scattering phenomena that occur in ionized matter is shown. In particular, we
propose an analytical differential cross section that describes the collision between
a hot electron and a partially ionized atom in plasma. Subsequently, the stopping
power formulas which describe the electron energy losses are reported. In the two
last sections of the chapter, we report on the algorithm followed to build the code
and its benchmark against other MC methods.

• Chapter V: Plasma MC method: Two cases of study

This chapter reports on two numerical studies conducted using the MC code pre-
sented in Chap. IV and developed during this thesis work at CELIA. The analysis of
laser-plasma experiments aimed at characterizing hot electrons, presented in Chap.
II and III, is based on “cold” MC codes, i.e. codes in which several features of
a laser irradiated target are neglected. In particular, these cold MC methods do
not account for the hydrodynamic evolution of the target and the ionized state of
the atoms composing it. As such, it is important to understand which is the mar-
gin of error introduced in analysing such experiments using cold codes. For this
purpose, we reconsidered the analysis of the OMEGA-EP experiment presented in
Chap. III using our plasma MC method developed in Chap IV. In particular, the
propagation of hot electrons in cold or in laser irradiated target is compared and a
detailed study is conducted to understand which are the processes which influence
the electron transport in the two cases.

In the second part of the chapter, we present a numerical investigation on the effect
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of hot electrons on a typical implosion scheme, evaluating the DT shell preheat as
a function of the hot electron characteristics.

Conclusions of this work are presented in Chap VI.
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Chapter 1

Laser Plasma interaction in the
context of Inertial Confinement
Fusion

In this chapter, we will give a theoretical description of various phenomena relevant for
ICF which are useful to understand the subjects covered in the thesis work. In Sec. 1.1
we present some relevant features of plasma physics in order to be able to understand the
coronal laser-plasma interaction, the hot electron propagation and the shock dynamics.
First, the Debye-Huckel and the collision theory are presented, stressing the validity limits
for the two models. Then a brief description of three plasma models is successively re-
ported: the kinetic, the multi-fluid and the single-fluid models. In particular, the kinetic
model is at the foundation of the hot electron transport code presented in Chap. 4, while
the multi-fluid model is useful to give a first analytical description of different mecha-
nisms that occur in the corona during the laser-plasma interaction. In Sec. 1.2, these
mechanisms are described, focusing the attention on the processes related to hot electron
generation. Finally, a description of the hydrodynamic evolution of a laser irradiated
target is given in Sec. 1.3. In particular, a brief discussion on the ablation pressure and
the shock waves propagation in planar geometry is presented, considering the single-fluid
plasma model. The single fluid hydrodynamic model is at the foundation of the CHIC
hydrodynamic code [37], widely used in this thesis work.

1.1 Plasma Physics

In this section, we present some features of plasma physics, considering quantities that are
relevant to describe the laser-plasma interaction and the hot electron propagation in the
ICF regime. We also present three mathematical models that can be used to describe a
plasma: kinetic, multi-fluid and single fluid models. The hot electron propagation model
presented in Chap. 4 is based on the resolution of the kinetic equation, while the fluid
models are used in the description of the hydrodynamic evolution of a laser irradiated
target.

1.1.1 Debye-Huckel theory

A plasma is a ionized gas consisting of charged particles that show collective behaviour.
The gas is quasi-neutral, meaning that the Coulomb forces between the particles tend
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to neutralize the local charge imbalance. The quasi-neutrality is expressed through the
formula:

ne =
∑
α

nαZα, (1.1)

where ne is the electron density, nα and Zα are the ion density and the ionization state
for the specie α, respectively. In plasma, the behaviour of the electrostatic potential φ
generated by a point charge q differs from the potential generated by the same charge in
vacuum (i.e. φ = q/r). This is due to the charge density that accumulates around the
point charge. In particular, let us consider a two species plasma composed by electrons and
ions of charge Z, distributed according to Maxwell-Boltzmann statistics with a common
temperature T . The charge density in the vicinity of the probe particle q = +Ze located
at x=0 is:

ρc = Zeδ(0)− nee exp

(
eφ

T

)
+ nieZexp

(
−eZφ

T

)
, (1.2)

where e is the electron charge and δ indicates the Dirac delta distribution. Considering
this, the Poisson equation reads:

∇2φ = −4πρc = −4π

[
Zeδ(0)− nee exp

(
eφ

T

)
+ nieZexp

(
−eZφ

T

)]
. (1.3)

In the case of weakly coupled plasma, the soultion of this equation can be obtained ana-
lytically. In such plasmas, ions and electrons move almost freely in space and the motion
of one of these particles weakly affects the motion of the others. This happens for high
temperature, low density plasmas. In this case, the condition |qφ| � T holds and, after
the series expansion of the exponentials, eq. (1.2) becomes:

ρc = Zeδ(0)− e2φ

T

(
ne + niZ

2
)
. (1.4)

Recasting now eq. (1.3) in spherical coordinates, (i.e. assuming that the charges are
distributed according to spherical symmetry) and introducing the Debye length [38]:

λ−2
D = 4π

e2

T

(
ne + niZ

2
)
, (1.5)

eq. (1.3) writes:
1

r

d

dr

(
r2 dφ

dr

)
= −4πZeδ(0) +

φ

λ2
D

. (1.6)

The solution of this equation, considering φ → 0 for r → ∞ and φ = q/r for r → 0, has
the form of Yukawa potential [39]:

φ(r) =
q

r
exp

(
− r

λD

)
. (1.7)

Eq. (1.7) displays that the potential of any given charge in a plasma falls exponentially,
decaying faster than if the charge would have been in vacuum. That is due to the formation
of a polarization charge in the sphere of radius λD around the probe particle q. This
polarization charge screens the electric field generated by the point charge q, that has
influence only in the region included in the Debye sphere (i.e. the sphere with radius λD
centred on q). For a multi-species plasma, the Debye length reads:

λD =
1√

4πe2
(
ne
Te

+
∑

α
nαZ2

α

Tα

) , (1.8)
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1.1. PLASMA PHYSICS

where α labels the quantity related to the specie α. For a coronal plasma created by a
laser interaction in ICF regime, λD has values around ∼ 10−6 - 10−7 cm [40].

Eq. (1.2) is valid only if there are numerous particles within the Debye sphere, i.e.:

ND = (ne + ni) (4π/3)λ3
D � 1, (1.9)

where ND is called plasma parameter. In particular, a plasma is known as ideal plasma
when the number of particles in the Debye sphere is much lager than 1. If the ion density
increases, the Debye length may become smaller than the average distance between ions
Ri:

Ri =

(
4π

3
ni

)−1/3

, (1.10)

and the Debye-Huckel theory is no longer valid. This is due to the fact that, at such high
densities, the Debye sphere contains on the average less than one ion and the statistical
treatment of equation (1.2) cannot be justified. Considering also the condition |qφ| � T ,
it follows that the basic assumption of the Debye theory is valid in low density high
temperature plasmas, where the average interionic distance is large and the Coulomb
interaction of a given ion with other plasma particles is relatively small [41] [42].

1.1.2 Collision theory

In plasma, the particle motion is influenced by collisions. A basic description of the col-
lision theory is given in this section, considering a rarefied plasma in which the Coulomb
elastic scattering is dominant and external fields are absent. When the plasma is not
dense, small angle-scatterings are predominant over large angle deflections, as showed in
the following.

A probe particle (electron) that moves with velocity v in an homogeneous plasma, will ex-
perience Coulomb collisions only with particles inside the Debye sphere λD. As such, the

Figure 1.1: Interaction volume of a charged particle that moves in a plasma with velocity
v. The particle interacts with other plasma particles contained in the cylinder of radius
λD. For an impact parameter between λD and b0 the particle experiences small angle
deflections, while for impact parameters less than b0 large angle deflections occur.

3



1.1. PLASMA PHYSICS

number of collisions which the electron undergoes in a time t will be related to the number
of particles in the cylinder of height vt and radius λD (see Fig. 1.1). The frequency of
collision is thus given by the relation:

ν =
Nπλ2

Dvt

t
= Nπλ2

Dv, (1.11)

where N is the plasma density. According to classical physics, the scattering angle in the
center of mass between two colliding charged particles q1 and q2 follows the Rutherford
relation:

tan

(
θ

2

)
=
q1q2

µv2

1

b
, (1.12)

where b is the impact parameter, µ is the reduced mass of the two particles and θ the
scattering angle. Introducing the Landau parameter :

b0 = 2
q1q2

µv2
, (1.13)

the Rutherford relation (1.12) can be written as:

tan

(
θ

2

)
=
b0

2b
. (1.14)

From this equation, it is easy to see that the Landau parameter gives an order of mag-
nitude for the impact parameter at which collisions cause a large-angle deflection. As
an example, if b=b0, the scattering angle is 53◦. As such, the collision frequency for
large-angle scattering phenomena can be written as:

νL = Nπb2
0v, (1.15)

and the small-angle collision frequency reads:

νS = Nπ
(
λ2
D − b2

0

)
v. (1.16)

If λD � b0, soft collisions are predominant over hard collisions. The figure of merit to
evaluate the validity of this condition is the so-called Coulomb logarithm:

ln (Λ) = ln

(
λD
b0

)
. (1.17)

Considering an electron that moves with thermal velocity vth=
√

2T/me colliding with
fixed ions (µ ∼ me, v ∼ vth), the Landau parameter (1.13) reads:

b0 =
2e2

mev2
th

=
e2

T
=

1

4πNλ2
D

, (1.18)

and the Coulomb logarithm is:

ln (Λ) = ln
(
4πNλ3

D

)
. (1.19)

For typical ICF coronal plasma parameters (i.e. N ' 1020 [cm−3] , λD ' 7 × 10−7 [cm]),
we obtain Λ ' 400 and ln(Λ) ' 6. This indicates that small scattering angle collisions
are more frequent than large angle collisions, i.e. νS � νL. For ln(Λ) ∼ 4 hard collisions

4



1.1. PLASMA PHYSICS

Figure 1.2: Schematical representation of the evolution of the velocity distribution
function for a system of particles with initial velocity v0 that collide with immobile ions.
The three curves refers to three different times t0 < t1 < t2.

can not be neglected.

To evaluate the overall effect of small-angle scatterings on the velocity distribution of
the incident particle, it is necessary to look at the standard deviation of the perpendic-
ular velocity < ∆v2

⊥ >. Because of symmetry, the mean perpendicular velocity remains
zero < v⊥ > = 0, but < ∆v2

⊥ > grows in time (see Fig. 1.2). It is possible to define the
frequency νc as the growth rate of < ∆v2

⊥ > due to soft collisions [43]:

νc =
1

v2

d

dt
< ∆v2

⊥ > . (1.20)

For electrons that scatter on immobile ions, the centre of mass frame corresponds to the
laboratory frame, and each collision produces a variation in the perpendicular velocity
given by:

∆v2
⊥ = v2sin2(θ) ' v2θ2 ' v2 b

2
0

b2
(1.21)

(considering the Rutherford relation for small scattering angles (1.12)). Since the scatter-
ing events are independent from each other, the standard deviation due to Nb collisions
with parameter b writes:

< ∆v2
⊥ >b= Nb∆v

2
⊥ = Nbv

2 b
2
0

b2
. (1.22)

Considering the ion density N , the number of collisions that the probe particle experiences
in the time t with impact parameter between b and b + db reads (see Fig. 1.1):

< ∆v2
⊥ >b= 2πNv3tb2

0

db

b
. (1.23)

Integrating this quantity between the maximum impact parameter λD (because particles
placed at distances greater than λD do not have any influence on the incident particle)
and the minimum impact parameter b0 (according to the small-angle scattering approxi-
mation), we obtain:

< ∆v2
⊥ >=

∫ λD

b0

< ∆v2
⊥ >b=

∫ λD

b0

2πNv3tb2
0

db

b
= 2πNv3tb2

0ln

(
λD
b0

)
(1.24)
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1.1. PLASMA PHYSICS

and thus from eq. (1.20):

νc =
8πNq2

1q
2
2

m2
ev

3
ln (Λ) . (1.25)

This is the small-angle collision frequency that modifies the perpendicular velocity distri-
bution of the incident beam. Comparing this quantity with the hard scattering collision
frequency (1.15), one has:

νc
νL

= 2lnΛ. (1.26)

Since Λ >1, we can conclude that a large deflection of the beam is produced mainly by
the cumulative effect of many small collisions rather than by a single hard collision.

Considering now scattering between electrons and fixed ions (i.e. q1 = −e, q2 = Ze, µ ∼
me, v ∼ ve, n = ni = ne/Z) and considering that electrons move with thermal velocity
ve =

√
2Te/me, equation (1.25) gives:

νfixedei =
8πe4

23/2m
1/2
e

Zne

T
3/2
e

ln (Λ) . (1.27)

A general formula that describes the collision frequency between two species in plasma ji
was derived by Spitzer (1963) [44] and reported also in Ref. [45], and it reads:

νij =
8 (2π)1/2 njZ

2
i Z

2
j e

4lnΛ

3mimj

(
Ti
mi

+
Tj
mj

)−3/2

. (1.28)

Atzeni [8] reports the formulas for collision frequencies between electrons and ions and
between ions, respectively, as:

νei =
4 (2π)1/2 niZ

2
i e

4lnΛe

3m
1/2
e (Te)

3/2
; νii =

4 (π)1/2 niZ
4
i e

4lnΛi

3m
1/2
i (Ti)

3/2
. (1.29)

The differences in the coefficients between the formulas (1.27) and (1.29) are due to the
fact that the first considers static ions, while the second integrates over all the possible
particles velocities. In case of plasma composed by multiple species, the average collision
rate is determined by substituting in the formulas the effective charge Zeff = 〈Z2〉 / 〈Z〉.
Here 〈〉 denotes the average over all the ion species [46].

1.1.3 Kinetic and Fluid description of plasma

Several mathematical descriptions of a plasma can be found in literature, which differ
according to their complexity and level of detail. We present here the kinetic and the
fluid descriptions, which are particularly useful to model the phenomena of our interest.

Kinetic Description

The kinetic approach is a statistical method that allows to describe the microscopic evolu-
tion of plasma in space and time. This is achieved considering the evolution of the distri-
bution function fα (r,v, t), which describes the α-particle density in a small 6-dimensional
volume drdv centred at the point (r,v). In the case of collisional plasmas, fα satisfies the
Boltzmann equation [47]:

∂fα
∂t

+ v · ∂fα
∂x

+
qα
mα

(
E +

v×B

c

)
· ∂fα
∂v

= Cα, (1.30)

6



1.1. PLASMA PHYSICS

where the term Cα describes the collision of the specie α with all other species. In
particular, Cα is a term of source or sink that models the particles that enter or exit from
the volume drdv because of collisions. If the plasma is composed by multiple species, Cα
is the sum of all the collisional terms of the specie α with the other species:

Cα =
∑
β

Cαβ. (1.31)

The kinetic equation (1.30), coupled with Maxwell’s equations, is a complete description
of the plasma, and allows to describe phenomena for which the knowledge at the mi-
croscopic scale is required (for example the Landau Damping). If Cα=0 the plasma is
collisionless and eq. (1.30) is named Vlasov equation. On the contrary, it is possible to
model the term Cα according to the Fokker-Planck theory [48] [43]. In this case, eq. (1.30)
is named Fokker-Planck equation. The transport of ions and electrons in matter obeys the
kinetic Fokker-Planck equation. In the literature, it is possible to find electron transport
models and codes based on the solution of this equation [49]. A detailed derivation of the
plasma kinetic theory and its application can be found in Refs.[50] [51] [52].

Multi-Fluid Description

If one is interested in phenomena which vary on hydrodynamic length scales L much
greater than the particle free paths, and if the collision frequency is much less than the
oscillation frequency, the plasma can be treated as a continuous medium. In this case, the
molecular and the microscopic structure can be neglected. The plasma is thus described
by macroscopic hydrodynamic quantities (like velocities, density, pressure... ).

The fluid equations are derived considering higher momenta of the Boltzmann equation
(1.30). Considering the first two momenta, the mass and the momentum equations for
the specie α are [52] [43]:{

∂nα
∂t

+∇ · (nαuα) = nα 〈Cα〉 ,
mαnα

(
∂
∂t

+ uα · ∇
)
uα +∇ : Pα − qαnα

(
E + uα

c
×B

)
= mαnα 〈Cαv〉α .

(1.32)

Here nα is the density for the specie α, uα is the fluid velocity and Pα is the pressure
tensor. The collisionals term 〈Cα〉α and 〈Cαv〉α are obtained integrating the term Cα in
the velocity space and they read:

〈Cα〉α =
1

nα

∫
Cαdvα =

1

nα

∑
β

∫
Cαβdvα, (1.33)

〈Cαv〉α =
1

nα

∫
Cαvdvα =

1

nα

∑
β

∫
Cαβvdvα. (1.34)

Let us notice that, if only Coulomb collisions are considered (i.e. chemical or nuclear
reactions are not present), 〈Cα〉α=0. This states that the number of particles of the α
specie in the plasma does not vary because of Coulomb collisions. The term 〈Cαv〉α
describes the momentum transfer from the specie α to all other plasma species. Since the
total momentum is conserved, in a two species plasma ij the terms Cij should satisfy the
following condition: ∫

miviCijdvi +

∫
mjvjCijdvj = 0. (1.35)
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1.2. ELECTROMAGNETIC WAVE PROPAGATION IN PLASMA AND
LASER-PLASMA INTERACTION

The momentum transfer from the population i to the population j equals the momentum
transfer from the population j to the population i.

As shown in the next section, these equations are useful to derive a first mathemati-
cal treatment of the various processes that characterize the laser-plasma interaction that
occurs in corona in ICF regime (see Sec. 1.2).

Single Fluid Description

In some cases, a simpler description of the plasma seen as a single fluid can be useful,
loosing the information on the single population. This is accomplished by introducing the
quantities: 

ρ =
∑

αmαnα mass density

u = 1
ρ

∑
αmαnαuα center of mass velocity

j =
∑

α qαnαuα current density

(1.36)

and then by adding the equations (1.32) for all the species. In the absence of electric and
magnetic fields and neglecting the anisotropic part of the pressure tensor, the Single fluid
equations are [41] [53]:

∂ρ
∂t

+∇ · (ρu) = 0

ρ
(
∂u
∂t

+ u · ∇u
)

= −∇p
∂
∂t

(
ρε+ 1

2
ρu2
)

+∇ ·
[
ρu
(

1
2
u2 + ε

)
+ Pu

]
= ρQ

. (1.37)

Here ε is the specific internal energy and Q is the power generated per unit mass by an
external source. These three relations are the continuity equations for mass, momentum
and energy, respectively. These equations are usually coupled with an equation of state
to close the system. The equation of state describes the thermodynamic properties of the
fluid and it allows to express the internal energy as a function of pressure and density, i.e.
ε = ε (ρ, P ). For an ideal gas, the equation of state reads:

ε =
P

(γ − 1) ρ
, (1.38)

where γ is the polytropic index (γ = 5/3 for a monoatomic gas). The single-fluid equation
is particularly useful in describing the shock propagation in laser irradiated target, and the
model is at the basis of hydrodynamic codes like the Celia Hydrodynamic Code (CHIC)
[54]. In particular, CHIC uses a single-fluid model with two temperatures, one for ions
and another for electrons. This is needed to consider the energy transfer between the
alpha particles generated by the nuclear reactions and the plasma ions.

1.2 Electromagnetic wave propagation in plasma and

laser-plasma interaction

In this section, we give a description of the most relevant features that characterize the
propagation of an electromagnetic wave in plasma. This is done by coupling the plasma
multi-fluid equations with the Maxwell’s equations (Sec. 1.2.1). Plasma is described at
first considering a cold collisionless model 1.2.2. Then we show how an increase of complex-
ity considering thermal and collisional effects allows to describe important mechanisms
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such as the inverse bremsstrahlung absorption 1.2.3 and the propagation of electron and
ion plasma waves 1.2.4.

In the last part of this section, we will give a brief description of the processes that
take place in the coronal plasma in regimes relevant for ICF. We focus our attention
in particular on the Resonant Absorption (RAB), on the Stimulated Raman Scattering
(SRS) and on the Two-Plasmon decay (TPD). These processes are responsible for the
generation of hot electrons that can compromise implosions.

1.2.1 Dispersion Relation

The description of the propagation of electromagnetic waves in plasmas relies on the
coupling between the Maxwell’s equations and the equations that describe the plasma.
The macroscopic Maxwell’s equations for the fields E and B in CGS system read:

∇ · E(r, t) = 4πρ(r, t) Gauss’ law;

∇ ·B(r, t) = 0 Gauss’ law for magnetism;

∇× E(r, t) = −1
c
∂B(r,t)
∂t

Maxwell-Faraday law;

∇×B(r, t) = 4π
c

j(r, t) + 1
c
∂E(r,t)
∂t

Maxwell-Ampere law

, (1.39)

where ρ and j are the charge and the current densities respectively, i.e.:{
ρ =

∑
α nαqα

j =
∑

α nαqαuα.
(1.40)

Considering a plane monochromatic wave with a frequency ω that propagates in an uni-
form medium, E(r,t)=E0 ei(k·r−ωt) and Fourier transforming the equations (1.41) yields:

ik · E(k, ω) = 4πρ(k, ω)

ik ·B(k, ω) = 0

ik× E(k, ω) = iω
c
B(k, ω)

ik×B(k, ω) = 4π
c

j(k, ω)− iω
c
E(k, ω)

. (1.41)

Multiplying the Farady law by k× and substituting in the Ampre-Maxwell law, we obtain:

k× (k× E) = − 1

c2

(
4πiωj + ω2E

)
. (1.42)

Considering the linear problem, (i.e. small perturbations), the relation between the cur-
rent density j and the electric field E reads:

j (ω,k) = σ (ω,k) : E (ω,k) , (1.43)

where σ (ω,k) is the electric conductivity tensor. Introducing the identity tensor I, and
considering that E = I : E, equation (1.42) becomes:

k× (k× E) = −ω
2

c2

(
I +

4πi

ω
σ

)
: E. (1.44)

Introducing now the dielectric tensor:

ε (ω,k) = I +
4πi

ω
σ (ω,k) , (1.45)
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and writing the cross product k× (k× E) in tensorial form, i.e.:

k× (k× E) = k (k · E)− k2E = kk : E− k2E = k2

(
kk

k2
− I

)
: E, (1.46)

it is possible to write the wave equation (1.42) in the form:[
c2k2

ω2

(
kk

k2
− I

)
+ ε

]
: E = 0. (1.47)

This equation represents a system of three scalar equations in the components of E. As
an example, considering the wave vector k oriented along the z axis (i.e. k=k ẑ), the wave
equation (1.47) reads: ε− k2c2

ω2 0 0

0 ε− k2c2

ω2 0
0 0 ε

ExEy
Ez

 =

0
0
0

 . (1.48)

The existence of solutions is given by the condition:

det

[
c2k2

ω2

(
kk

k2
− I

)
+ ε

]
= 0. (1.49)

This relation is called dispersion relation, and it models the electromagnetic wave
propagation in plasma. The plasma here is described by the dielectric tensor ε and,
according to the complexity of the model, several mechanisms can be investigated.

1.2.2 Waves in cold plasma

The simplest approach consists in describing the plasma with fluid equations, neglect-
ing the collisions and the thermal effects. This approximation is called “cold plasma
approximation”, and it neglects the effects of the particle thermal motion on the wave
propagation. In particular, this approximation can be used when the thermal velocity is
small compared to the wave phase velocity vth � vph. According to this approximation,
the continuity and the momentum equations for the specie α read:

∂nα
∂t

+∇ · (nαuα) = 0,

nαmα
∂uα
∂t

+ nαmα (uα · ∇) uα = nαqα
(
E + uα

c
×B

)
.

(1.50)

Considering an equilibrium state defined by n0α 6= 0, u0α=0, E0=0 and B0=0, we consider
small perturbations of the unperturbed quantities:

nα = n0α + n1α

uα = u0α + u1α = u1α

E = E0 + E1 = E1

B = B0 + B1 = B1

. (1.51)

10
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Substituting these quantities in the momentum equation (1.50) and considering only first
order terms we obtain:

mα
∂u1α

∂t
= qαE1. (1.52)

Fourier transforming eq. (1.52), a relation for the perturbed velocity of the specie α is
found:

u1α =
i

ω

qα
mα

E1. (1.53)

Inserting this relation in the definition of the current density (1.43) the conductivity tensor
σ (ω,k) writes:

σ (ω,k) =
i

ω

∑
α

n0αq
2
α

mα

= σ (ω) . (1.54)

The conductivity tensor reduces to a scalar because of the simplifying assumptions of the
model: the absence of a magnetic field and the fact that we neglected the pressure tensor
removed the sources of anisotropy and thus the spatial dependences. Considering the

plasma frequency ω2
P =

∑
α

4πn0αq2
α

mα
, the form of the dielectric tensor (1.45) that describes

a cold collisionless plasma writes:

ε (ω,k) = 1 +
4πi

ω
σ (ω,k) = 1−

ω2
p

ω2
= ε(ω). (1.55)

By imposing the condition (1.49), the following dispersion relation is obtained:

ε

(
ε− k2c2

ω2

)2

= 0. (1.56)

This equation has two solutions, that correspond to two different oscillation modes.

First solution: ε = 0

The first solution is obtained by imposing ε=0 and the three equations (1.48) are satis-
fied only for Ex = 0, Ey = 0, Ez 6= 0. This solution corresponds to longitudinal waves
characterized by ω2=ω2

P . These waves are called Langmuir oscillations and they have a
phase and group velocities defined by the relations:

vf =
ωep
k
, vg =

dω

dk
= 0. (1.57)

Since the group velocity is zero, these waves do not propagate in plasma. On the con-
trary, the phase velocity ranges from zero to ∞ according to the value of k. Since the
validity of the cold model relies on the condition vth � vph, it is necessary to consider
also the thermal effects to better describe the behaviour of these modes for high values of k.

Second solution ε = k2c2

ω2

The other solution of the equation (1.56) is obtained for ε = k2c2

ω2 , satisfied by Ex 6= 0, Ey

6= 0, Ez = 0. This indicates the presence of transverse waves, in which the electric field is
perpendicular to the wave vector k. The dispersion relation is given by the equations:

ω2 = ω2
P + k2c2, (1.58)
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Figure 1.3: Typical density profile obtained by irradiating a target with a laser pulse
in ICF regime. The laser light propagates in the underdense region, while it can not
propagate in the overdense plasma.

k =

√
ω2 − ω2

p

c
. (1.59)

From these, the phase and the group velocities read:

vf =
ω

k
=

√
ω2
pe

k2
+ c2 > c; vg =

dω

dk
=

c√
ω2
pe

k2c2
+ 1

< c. (1.60)

Since vf > c, it is correct to neglect thermal effects to describe these modes. Furthermore,
since vg 6= 0, these waves propagate in plasma.

For k → ∞ (ω → ∞) the dispersion relation (1.58) leads to the one of a plane wave
propagating in vacuum, i.e. ω ' kc. The plasma particles do not have sufficient time to
respond to the perturbation. For smaller frequencies, ω ≤ ωp, plasma particles reorganize
themselves to neutralize the wave electric field and k becomes imaginary. In this condition
the wave becomes evanescent. The density at which this occurs is called critical density,
and in terms of the laser wavelength is written:

nc =
1.1× 1021

λ2 [µm2]

[
cm−3

]
. (1.61)

For a typical ICF laser configuration (λ=351 nm), the critical density has values nc ∼9×1021 [cm−3],
much lower than solid density (around ∼ 1023 [cm−3] for CH). This indicates that the laser
radiation does not propagate up to the solid part of target. A typical density profile of
plasma ablated surface is shown in Fig. 1.3.

1.2.3 Inverse Bremsstrahlung - Collisional Absorption

The cold plasma model presented in Sec. 1.2.2 does not account for the energy transfer
between waves and plasma. This is related to the fact that particle collisions are ne-
glected. When electrons oscillate in the laser electric field, part of the oscillation energy
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is converted into thermal energy via electron-ion collisions. This process is known as “In-
verse Bremsstrahlung absorption”. To describe this mechanism it is necessary to model
the collisional term in the momentum equation (1.32):

nαmα
∂uα
∂t

+ nαmα (uα · ∇) uα = nαqα

(
E +

uα
c
×B

)
+Rα. (1.62)

Here we neglected the thermal effects, since we are interested in the propagation of trans-
verse waves for which vf � vth and the cold approximation holds (see Sec. 1.2.2). The
term Rα describes the rate of change of momentum for the specie α induced by collisions
with other species:

Rα = nαmα 〈Cαv〉α = nαmα

∫ ∑
β

Cαβvdv. (1.63)

For a plasma composed of electrons interacting with stationary ions, Rα can be expressed
in terms of the electron-ion relaxation time τei. This quantity sets the timescales on which
the two species exchange momentum between them. It is the inverse of the electron-ion
collision frequency, i.e. τei ' ν−1

ei (see eq. (1.29)) [52]. Considering this, the collisional
term in the momentum equation reads:

Re = −meneνeiue
τei

= −meneνeiue. (1.64)

Considering as in the cold plasma approximation (see Sec. 1.2.2) small perturbations of
the equilibrium state, the linearized momentum equation becomes:

due
dt

= −eE
me

− ue
τei
. (1.65)

Following the mathematical passages showed in Sec. 1.2.2, it is possible to derive the
electron fluid velocity ue, the conductivity tensor and the dielectric tensor in the Fourier
space. In particular, the dielectric tensor has the form:

ε (ω) = 1−
ω2
pe

ω (ω + iνei)
. (1.66)

The presence of the imaginary part, not present in the cold plasma approximation (1.55),
models the exchange of energy between the transverse wave and the plasma. The elec-
tromagnetic wave releases energy in plasma and it is thus damped. Mathematically, the
damping is described by the imaginary part of the wave vector k. For the transverse
waves, the solution of (1.49) gives:

k2 =
ω2

c2
−

ω2
peω

c2 (ω + iνei)
(1.67)

and considering νei � ω the imaginary part of k writes:

κib = 2Imk =
(νei
c

)(ω2
pe

ω2

)(
1−

ω2
pe

ω2

)−1/2

. (1.68)

As such, the wave will propagate in plasma exponentially decaying in intensity according
to the law:

E = E0e(iRe(k)r−ωt)e−κibr. (1.69)
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Substituting the definition of critical density eq. (1.68) becomes:

κib = 2Imk =

(
νei (nc)

c

)(
n2
e

n2
c

)(
1− ne

nc

)−1/2

. (1.70)

This equation shows that the process of inverse bremsstrahlung absorption is maximum
around the critical density (note that the equation diverges for ne ∼ nc).

The variation of the laser intensity that passes through a slab of plasma in the z di-
rection follows the law:

dI

dz
= −κibI (1.71)

and the total fraction of absorption reads:

αabs =
Iin − Iout

Iin
= 1− exp

(
−
∫ L

0

κib(z)dz

)
. (1.72)

Difficulties in the solution of these equations come from the fact that the plasma is usually
inhomogeneous and not stationary. In particular, κib depends on electron density and
temperature. For moderate laser intensities and long pulse duration (i.e. I≤1014 W/cm2

t ∼ 1 ns) we can consider the plasma temperature constant, and solution for eq. (1.72) can
be found considering particular plasma profiles. As an example, Ginzburg [55] considered
a normal incidence laser beam on a linear density profile plasma:

ne = nc

(
1− z

L

)
, (1.73)

obtaining:

αabs = 1− exp

(
−32

15

νei (nc)L

c

)
. (1.74)

Kruer [52] derived αabs for oblique incidence in a linear density profile:

αabs = 1− exp

(
−32

15

νei (nc)L

c
cos5(θ)

)
(1.75)

and in an exponential profile, i.e. ne=ncrexp(-z/L):

αabs = 1− exp

(
−8

3

νei (nc)L

c
cos3(θ)

)
. (1.76)

Discussing briefly the validity domain of the model, the main assumption νei � ω does
not hold at the first stages of the laser interaction, when the laser intensity is low and the
plasma is cold. Furthermore, as shown in Sec. 1.2.5, at earlier interaction stages other
laser absorption mechanisms can prevail over the collisional absorption. However, rapidly
the corona heats up and the model enter in its validity domain. We also notice that, since
the model describes a phenomenon that occurs in the coronal plasma, the soft collision
theory is sufficient to give an adequate modelling of the collision frequency νei (see Sec.
1.1.2). Let us also mention that the reported model is a simple academic model. Usu-
ally, in hydrodynamic codes, more complex treatment of the phenomenon are used and
the absorption coefficient is calculated in term of laser power and not on the intensity [56].
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Figure 1.4: Experimental absorption percentages for a solid with a low atomic number
(Aluminium) versus the incident laser intensity. Experimental results obtained with laser
wavelengths varying from 0.351 µm up to 1.06 µm are presented. The pulse duration
was 1 ns, except for data at λ=0.8 µm. The data is a summary of results obtained
at the Lawrence Livermore National Laboratory, the Los Alamos National Laboratory,
the Laboratory for Laser Energetics, the Naval Research Laboratory, KMS fusion, the
Institute for Laser Engineering at Osaka University and the Ecole Polytechnique [60] [13].

The collisional absorption depends strongly on the laser wavelength, as also reported
experimentally in [57][58][59]. As an example, in [57] terphane foils were irradiated with
different laser wavelengths, energies and pulse durations. In particular, the laser wave-
lengths were 1.06 µm, 0.53 µm and 0.26 µm. The main results obtained were the following:
absorption decreases when the laser intensity increases, and it increases when the pulse
duration increases and the wavelength decreases. For λ=1.06 µm, authors suggest that at,
low intensity (≤1013 W/cm2), the main absorption mechanism is inverse bremsstrahlung
absorption, but its contribution decreases down to ∼30% for laser intensity of 2 × 1015

W/cm2. For λ=0.26 µm at 4 × 1014W/cm2 the efficiency is around ∼90%. This can be
explained because lower wavelength lasers can penetrate where the plasma is denser and
more collisional. The decrease of the absorption efficiency with intensity is explained con-
sidering that collisional absorption is efficient when enough collisions take place. Higher
laser intensity produces higher coronal plasma temperature Te, and thus lower collisional
frequencies νei, that scale with the temperature as T−3/2

e (see eq. (1.27)). Fig 1.4 shows
the behaviour of collisional absorption efficiency with laser energy, considering different
irradiation conditions.

1.2.4 Thermal effects in plasma: electron and ion plasma waves

The presence of thermal effects influences waves for which vf ≤ vth. As shown in Sec.
1.2.2, this condition is relevant for longitudinal waves. The thermal effects are expressed
through the pressure term in the momentum equation of the system (1.32). Coupling the
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system (1.32) with the polytropic equation for each specie:

d

dt

(
pαn

−γ
0α

)
= 0, (1.77)

and considering as in Sec. 1.2.2 small perturbations of the equilibrium quantities, the
dielectric tensor that describes a warm plasma (1.45) has the form:

ε(ω) = 1−
∑
α

ω2
pα

ω2 − k2v2
0α

= 1−
ω2
pe

ω2 − k2v2
0e

−
ω2
pi

ω2 − k2v2
0i

. (1.78)

Here we considered a plasma composed of two species (electrons and ions) and vα0 is the
acoustic velocity of the specie, i.e. v2

0α = γαp0α

mαn0α
. Considering the condition (1.49), to

obtain the longitudinal component of the electric field different from zero, it is necessary
to impose ε = 0. From this, two solutions are found:

ω2
ek ' ω2

pe + k2v2
0e; ω2

ik ' k2v2
0i

[
k2 + ω2

pe/v
2
0e + ω2

pi/v
2
0i

k2 + ω2
pe/v

2
0e

]
. (1.79)

The first solution corresponds to the dispersion relation for electron plasma waves (EPW
or Langmuir waves). These waves represent an electron charge density fluctuation that
propagates in plasma, since vg 6= 0. Let us notice that for k → 0 the behaviour predicted
by the cold plasma approximation is reproduced (Langmuir oscillations at ω = ωep).

The second solution corresponds to three cases, according to the values of k:

• k < 1
λDe

: Ion acoustic waves (IAW) with dispersion relation ω2 = k2c2
s, where

c2
s = Te/mi is the ion-acoustic velocity.

• 1
λDe

< k < 1
λDi

: Ion plasma oscillations with dispersion relation ω2 = ω2
pi

• k > 1
λDi

(not considering the Landau Damping): Ion plasma waves with dispersion

relation ω2 = ω2
pi + k2v2

i0.

A detailed mathematical derivation of these equations can be found for example in Refs.
[43] and [52]. As shown in Sec. 1.2.6, electron and ion plasma waves play an important
role in several laser-plasma processes that occur in the underdense region. In particular,
the decaying of an electromagnetic wave in plasma waves is an important process widely
studied in ICF, because of the detrimental side effects that may occur from this coupling.

1.2.5 Oblique Incidence: Resonant Absorption

Resonance absorption (RAB) of laser light occurs when the electromagnetic wave is
obliquely incident on a steeply rising plasma density and the electric field of the wave
has a component along the density gradient, i.e. E · ∇ne 6= 0 (Fig. 1.5) [8]. In this case,
the wave is termed p-polarized and the oscillation generates fluctuations in charge density.
An obliquely incident light wave that propagates in an inhomogeneous plasma reflects at
density lower than nc, i.e at ne = nccos2θ, where θ is the angle of incidence between laser
and target normal [52]. From this layer, an evanescent wave can tunnel through to the
critical layer. There, the longitudinal component of the electric field can resonantly excite
electron plasma oscillations (Langmuir oscillations, see Sec. 1.2.2). A schematic picture
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Figure 1.5: A sketch illustrating an electromagnetic p-polarized wave incident onto
an inhomogeneous plasma slab, with a linear density profile (i.e ne=ncrz/L). The wave
reflects at densities lower than the critical one. Thanks to the tunnel effect, there is a
possibility that a nonvanishing longitudinal component of the electric field reaches the
critical layer, exciting electron plasma waves.

of the process is shown in Fig. 1.5. The existence of the singularity in the electric field
at the critical surface can be easily seen considering the Poisson equation in the dielectric
plasma medium [61] [52]:

∇ · (ε(z)E) = ε(z)∇ · E +∇ε(z) · E = 0, (1.80)

where ε(z) = 1− ω2
pe(z)/ω2. Considering the dependence of ε on z, eq. (1.80) becomes:

∇ · E = −1

ε

∂ε(z)

∂z
Ez, (1.81)

and a Gauss type equation is obtained. In this equation, the source term is represented
by the longitudinal term of the field and the resonant response happens for ε = 0, i.e.
ωpe = ω. Note that, in reality, ε does not entirely vanish at the critical density because of
electron-ion collisions.

A detailed calculation of the behaviour of Ez around the critical layer was presented
for the first time by Denisov [62] [63], and it is also reported in more recent books and
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articles [52] [60] [64] [65]. The value of the field Ed around the critical density is defined
by:

Ed =
EFS√
2πωL/c

φ (τ) , (1.82)

where EFS is the value of the free-space electric field, τ=(ωL
c

)1/3sinθ and φ '2.3τexp(-
2τ 3/3). This field vanishes as τ →0 (i.e. when θ=0), since in this condition the longitu-
dinal component of the electric field is zero. The field also vanishes for τ →∞, i.e. when
the wave has to tunnel through a large distance to reach the critical layer. The optimum
angle of incident for which the field has its maximum is τ '0.8, i.e. sinθ=0.42λ/L. As
such, for longer plasma scale-lengths (L >> λ) the resonant absorption occurs mostly for
light almost at normal incidence. For large laser intensities (I>1016 W/cm2), the ponder-
motive force steepens the plasma density such that the condition L ' λ is possible. In
this situation, the peak of RAB happens at θ ∼24◦ [66] [60].

The laser intensity absorbed by RAB in the case of linear density profile is given by
the formula [52] [7]:

Iabs ' ω
LE2

d

8
, (1.83)

and the fraction of laser light absorbed is:

αabs =
πωL

c

E2
d

E2
FS

=
φ (τ)

2
. (1.84)

These quantities do not depend on the electron-ion collision frequency, like in the case of
inverse bremsstrahlung absorption. As such, RAB can dominate over the bremsstrahlung
absorption for high plasma temperatures and short plasma-scale lengths.

Ref [67] presents a theoretical and experimental study on the role of RAB for condi-
tions relevant to direct-drive implosions on the OMEGA Laser System. In particular, the
process was studied considering planar CH targets irradiated with an UV (λ=351 nm)
laser beam with intensities around 1014-1015 W/cm2. The angle of incidence of the laser
beam was 23◦ and the pulse duration was around 1 ns. Numerical simulations demon-
strated an important contribution of RAB during both the short laser rise-time of 100 ps
and in the first 200300 ps of the laser pulse.

Although RAB can be very efficient where inverse bremsstrahlung absorption is ineffi-
cient, its main feature is that only a small part of electrons carries most of the absorbed
energy. As such, as side effect, a copious amount of hot electrons are generated. As
shown in the next chapter, these electrons can have detrimental effects on the shock igni-
tion scheme, since they can preheat the fuel before the shock arrival, compromising the
compression. As such, several experimental and numerical investigations were performed
to understand the main features of hot electrons emitted by RAB, exploring different
laser-plasma regimes [68][69][70][71][72][73]. Planar CH targets or spherical glass targets
were studied considering laser pulses of hundreds of ps (from 100 ps up to 500 ps), and
the hot electron Maxwellian temperature Th was evaluated for a wide range of intensities
and wavelengths. In general, Th scales with Iλ2 following the scaling laws [7] [74]:

Th [keV] = 10

(
Iλ2

1015Wcm−2µm2

)0.30±0.05

if Iλ2 > 1015 Wcm−2µm2, (1.85)
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Th [keV] = 10

(
Iλ2

1015Wcm−2µm2

)2/3

if Iλ2 < 1015 Wcm−2µm2. (1.86)

Another interesting experimental investigation on the RAB is presented in Ref. [75]. In
particular, the article reports a decrease of the conversion efficiencies of laser energy into
hot electron energy with an increase of laser pulse duration. This is valid for moderate
irradiation regimes i.e. Iλ2 < 1015 Wcm−2µm2. In particular, the conversion efficiency
goes from ∼7% in the case of short pulses (100 ps) down to 2% for longer pulses (>400
ps). Authors suggest that this reduction is linked to an increased fraction of laser light
absorbed by inverse bremsstrahlung in larger plasma and shallower density gradients.

1.2.6 Parametric Instabilities

In the SI regime several processes arise in the underdense region of the plasma, coupling
non-linearly electromagnetic and plasma waves. These processes represent the so-called
parametric instabilities [76] [8]. In contrast to resonance absorption, they may occur in
uniform plasma, but only if the laser intensity overcomes a threshold value. For ICF
applications, these instabilities are generally deleterious, since they can prevent part of
the laser light from arriving at the critical density where more efficient absorption mech-
anisms occur (i.e. collisional absorption, Sec. 1.2.3). Furthermore, these instabilities can
create highly energetic electrons that can propagate beyond the shock front degrading the
hotspot conditions and the implosion. The dominant parametric instabilities occurring in
ICF regime are:

• Stimulated Raman scattering (SRS): a laser pump with frequency ω0 > 2ωpe couples
with a scattered transverse wave and an electron plasma wave;

• Two Plasmon decay (or 2ωpe instability) (TPD): a laser pump with frequency ω0 =
2ωpe decays into two electron plasma waves.

• Stimulated Brillouin scattering (SBS): a laser pump with frequency ω0 > ωpe couples
with a scattered transverse wave and an ion acoustic wave;

• Langmuir Decay instability (LDI): an electron plasma wave decays into an ion acous-
tic wave and another electron plasma wave.

Tab. 1.1 lists all these processes specifying the density at which they take place.

Instability type Daughter waves Coupling density
Stimulated Raman scattering e.m. + electron wave ≤ nc/4
Two Plasmon decay electron wave + electron wave ∼ nc/4
Stimulated Brillouin scattering e.m. + ion wave < nc
Langmuir Decay instability electron wave + ion wave

Table 1.1: List of parametric instabilities that take place in the underdense region of
plasma. E.m. stands for electromagnetic wave. The densities at which the instability
takes place is reported in the third column.

In the following, a brief overview of the four processes will be given, focusing attention
particularly on SRS and TPD. In ICF regime, SRS and TPD are thought to be the main
processes responsible for the generation of hot electrons that can propagate beyond the
shock front, preheating the fuel and compromising the implosion.
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Stimulated Raman Scattering

The Stimulated Raman Scattering (SRS) is a process that involves the coupling of a large
amplitude light wave into a scattered light wave plus an electron plasma wave [52]. The
matching conditions for the frequency and the wave number are:{

ω0 = ωs + ωek

k0 = ks + kek
, (1.87)

where ω0 (k0) is the frequency (wave number) of the incident light, ωs (ks) the frequency
(wave number) of the scattered light and ωek (kek) the frequency (wave number) of the
electron plasma wave. Fig. 1.6 shows schematically the process. Since the minimum fre-
quency of a light wave propagating in plasma is ωp, the instability requires that ω0 ≥ 2ωp,
i.e. n≤nc/4. Similarly, a k-vector matching condition must be respected. However, even
if these conditions are fulfilled, it is necessary that the intensity of the incoming laser
wave exceeds a certain threshold in order for the process to occur.

Figure 1.6: Schematic diagram of the SRS process: a photon with frequency ω0 and
wave number k0 decays into an electron plasma wave and into an electromagnetic wave.
The electron plasma wave has frequencies and wave number ωek and kek, respectively,
while the scattered electromagnetic wave has frequencies and wave number ωs and ks,
respectively.

The basic physics of SRS is explained in the following. Let E0 be the amplitude of a
transverse electric field with wave number k0 propagating through a plasma. Let δn
be the electron density fluctuation associated to an electron plasma wave. Since elec-
trons oscillate in the field with velocity v0 = eE0/mω0, a transverse current δJ=-ev0δn is
generated. With proper matching of the frequencies, this transverse current generates a
scattered light wave with amplitude δE. This scattered light beats with the incident light
wave to produce a variation in the wave pressure ∇(E0 · δE)/4π. This pressure generates
further densities perturbations which can reinforce the initial fluctuation. This feedback
loop leads to the Raman instability. Mathematically, the process is described in [52] [77]
[78] [79]. The electric and magnetic fields are expressed in terms of the vector potential
in the Coulomb gauge: {

B = ∇×A,

E = −∇φ− 1
c
∂A
∂t
,

(1.88)

obtaining the wave equation:(
1

c2

∂2

∂t2
−∇2

)
A =

4π

c
J− 1

c

∂∇φ
∂t

. (1.89)
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Plasma is described by the fluid model (1.32), considering the massive ions as fixed neu-
tralizing background:

∂ue
∂t

+ ue · ∇ue = − e

m

(
E +

ue ×B

c

)
− ∇pe
nem

. (1.90)

Considering a small perturbation in the field and in the electron density:

A = A0 + Ã, n = n0 + ñe, (1.91)

and linearising the equations, the following system is found:
(
∂2

∂t2
− c2∇2 + ω2

p

)
Ã = −4πe2

m
ñeA0(

∂2

∂t2
+ ω2

pe − 3v2
0e∇2

)
ñe = n0e2

m2c2
∇2
(
A0 · Ã

) . (1.92)

Here Ã is the vector potential of the scattered EM wave, A0 the field of the pump wave
and ñe the electron density fluctuation. The first equation describes an electromagnetic
wave driven by the current generated by the electron density perturbations oscillating in
the field of the pump. The second equation represents an electron plasma wave driven by

the coupling of the pump field A0 with the scattered field Ã: ∇2
(
A0 · Ã

)
.

As previously mentioned, the laser intensity should overcome a threshold value in or-
der for the process to be triggered. From eq (1.92), Ref. [77] derives a formula for the
SRS intensity threshold considering oblique laser light incidence:

u2
0

c2

[
ω0

c

(
d ln(n)

dz

)−1
]4/3

> fs (ωpt, θ) , (1.93)

where

fs (ωpt, θ) =

(
ω2
p/ω

2
0

)1/3(
2− 2ωp/ω0 − ω2

p/ω
2
0

)
± 2 (1− ωp/ω0)1/2 sinθ

. (1.94)

Here ω0 is the laser frequency, u0 is the quiver velocity of electrons in pump field and θ the
laser angle of incidence. u0 can be related to the laser intensity considering the following

formulas: u0 = eE0

meω0
, I = c

√
ε|E0|2
8π

. Ref. [35] presents a simplified version of the formula
(1.93) considering normal incidence and evaluating the quantities at nc/4:

u2
0

c2
=

24/3

3

(
c

ω0Ln

)4/3

, (1.95)

ISRS =
21/3

√
3

(
c

ω0Ln

)4/3
m2
eω

2
0c

3

8πe2
. (1.96)

In shock ignition regime (i.e. λ=351 nm, plasma scale-lengths greater than 100 µm and
coronal temperatures of few keV) the threshold intensity is below 1015 W/cm2. As such,
during the laser spike, this process acquires importance and it may reflect a significant
portion of laser light.

An important feature of SRS is the conversion of laser energy into hot electrons having
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temperatures much higher than bulk electron temperature [80] [81]. Recent Particle-in-
cell simulations reported hot electron temperatures of ∼ 30 keV for interaction regimes
typical of SI (i.e. UV laser intensities of 1015 - 1016 W/cm2 interacting with plasma char-
acterized by density-scale lengths around 300-500 µm and bulk electronic temperatures of
few keV)[82][83][84]. Ref. [85] reports a simple relation to derive the EPW phase velocity
and thus the velocity that the electron can acquire:

vφ = c

[
1

x2

n

nc
+ 3

v2
e

c2

]
, (1.97)

where x=kekc/ω0 and ve the electron thermal velocity in the corona. From this Th =
1
2
mev

2
φ.

As RAB generated electrons, these electrons can propagate beyond the shock and preheat
the fuel, making the compression more difficult. As such, as shown in the next chapter,
a great effort has been made by the scientific community in the last decade to better
understand their features and to understand the behaviour of SRS.

Two Plasmon decay

An electromagnetic wave incident on an inhomogeneous plasma with increasing density
may decay into two electron plasma waves, in a process called “Two Plasmon decay”
(TPD) [52]. The frequency and the wave number should satisfy the following matching
conditions: {

ω0 = ωek1 + ωek2

k0 = k1 + k2

(1.98)

where ω0 (k0) is the laser light frequency (wave number) and ωek1(k1) and ωek2(k2) are
the frequencies (wave numbers) of the electron plasma waves.

Figure 1.7: Schematic diagram of the TPD process: a photon with frequency ω0 and
wave number k0 decays into two electron plasma waves with frequencies ωek1 and ωek2 =
ω0 − ωek1 and wave numbers k1 and k2 = k0 − k1.

The process takes place near nc/4, where ω0 = 2ωpe. The two plasma waves have frequen-
cies approximately ωpe, such that the instability is also called the“2ωpe” instability.

Refs. [86] and [52] present a mathematical treatment of the phenomenon. Electrons
are described by the warm fluid equations while ions are considered fixed. The continuity
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and the momentum equations for electrons (1.32) read:{
∂ne
∂t

+∇ · (neue) = 0,
∂ue
∂t

+ (ue · ∇ue) = −∇p
nm
− e

m
(E + ue ×B/c) .

(1.99)

Considering small perturbations from the equilibrium, i.e. ne = n0 + ñe, ue=vos+ũL,
where n0 is the un-perturbed ion density and vos is the velocity of electron oscillation in
the field (i.e. vos = eA0

mc
), the equations are linearised and Fourier transformed to obtain

a system that describes the density perturbations for the two plasma waves:(
−ω2 + ω2

pe + 3v2
ek

2
)
ñe (k, ω) +

+
vos
2
·
[
ωkñe (k − k0, ω − ω0) + n0k

2ũL (k − k0, ω − ω0)
]

= 0,
(1.100)

[
− (ω − ω0)2 + ω2

pe + 3v2
e (k − k0)2] ñe (k − k0, ω − ω0) +

+
vos
2
·
[
(ω − ω0) kñe (k, ω) + n0 (k− k0)2 ũL (k, ω)

]
= 0.

(1.101)

In particular, these equations describe the coupling of electron plasma waves with wave
number k and k − k0 by the laser light. Notice that ω2

pe + 3v2
ek

2 = ω2
ek and ω2

pe + 3ve(k −
k0)2 = ω2

ek−k0
(see Sec. 1.2.4).

A peculiar feature of TPD is the generation of the 3
2
ω0 signal due to the secondary

scattering of the incident wave. The backward propagating plasma wave generated in the
decay at quarter-critical density may in turn scatter the incident laser wave, producing a
scattered electromagnetic wave with ω = 3

2
ω0. This radiation can leave the plasma and

it may be detected using proper diagnostics (see Chap. 2), testifying the presence of the
process.

The intensity threshold for TPD reads [87]:

ITPD =
8.2TkeV
Lµmλµm

, (1.102)

where ITPD is the laser intensity in units of PW/cm2, λµm the laser wavelength in µm,
TkeV and Lµm the coronal plasma temperature and the scale-length expressed in keV and
µm, respectively. In SI regime, similarly to SRS, the intensity threshold is around 1014

W/cm2. It is important to notice that the intensity threshold for TPD shows a depen-
dency on the plasma temperature, differently from SRS case. Higher plasma temperature
will increase the value of intensity threshold.

An important feature of TPD is the generation of energetic electrons produced by the
two 2ωpe plasmons [88] [89]. Ref. [88] presents the first experimental study of hot elec-
trons generated by TPD using CO2 lasers at intensities of ∼ 1014W/cm2. The hot electron
emission was maximum about the 45◦ with respect to the laser k vector in both the for-
ward and backward directions. Electron Maxwellian temperatures around 60 keV were
measured. TPD generated electrons with Maxwellian temperatures around 60 -100 keV
are also predicted by recent PIC simulations performed considering SI relevant laser-
plasma conditions [90] [91]. These highly energetic electrons can represent an issue for
the SI scheme, since they can propagate beyond the shock front and preheat the DT shell.
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Stimulated Brillouin Scattering

The Stimulated Brillouin scattering instability represents the coupling of an incident elec-
tromagnetic wave into a scattered light plus an ion-acoustic wave (see Sec. 1.2.4) [92].
The matching conditions for the frequency and the wave number are:{

ω0 = ωs + ωik,

k0 = ks + kik,
(1.103)

where ω0(k0) is the frequency (wave number) of the incident light, ωs(ks) the frequency
(wave number) of the scattered light and ωik(kik) the frequency (wave number) of the ion
acoustic wave. Fig. 1.8 shows schematically the process. Since the ion acoustic frequency

Figure 1.8: Schematic diagram of the SBS process: a photon with frequency ω0 and
wave number k0 decays into an ion plasma wave and into an electromagnetic wave. The
ion plasma wave has frequencies and wave number ωik and kik, respectively, while the
scattered electromagnetic wave has frequencies and wave number ωs and ks, respectively.

is much less than the laser frequency, nearly all the energy of the incident photon can be
transferred to the scattered light wave. The mathematical treatment of the phenomenon
presented in [52] is similar to SRS (see Sec. 1.2.6), except for the fact that ions are
no longer considered as fixed. Coupling the fluid equations (1.32) with the Maxwell’s
equations for the field (1.89), an equation for the low frequency density fluctuation ñi is
derived:

∂2ñi
∂t2
− c2

s∇2ñi =
n0e

2

meMic2
∇2
(
A0 · Ã

)
. (1.104)

Here Mi represents the ion mass. This equation describes the excitation of an ion acoustic
wave by the interaction between the incident and the scattered light waves.

Like SRS and TPD, SBS occurs only if the laser intensity overcomes a given threshold
[76]:

ISBS =
5× 1015

Lµmλµm

TkeV W/cm2. (1.105)

In this equation, Lµm and TkeV are the plasma density scale length and coronal tempera-
ture expressed in µm and keV, respectively. λµm is the laser wavelength expressed in µm.
Considering typical SI parameters, the threshold is around 1014 W/cm2.

Because of the large amount of backscattered light, the instability can significantly de-
grade the absorption laser, with detrimental effects for ICF schemes.
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Langmuir decay instability

The Langmuir Decay Instability [93] is a process by which a primary electron plasma wave
decays into a secondary electron plasma wave and an ion acoustic wave. This process may
repeat itself, i.e. the secondary electron plasma wave decays in another electron plasma
wave and an ion acoustic wave. In this case, the process is called LDI cascade [94].

1.2.7 Landau Damping and Electron heating

We have reported, in the previous sections, different mechanisms whereby intense laser
light couples either with EPW (RAB and TPD) or into both EPW and electromagnetic
scattered waves (SRS). In Sec. 1.2.4, the dispersion relation for EPWs was obtained start-
ing from the fluid description of plasma. If one takes into account the corpuscular nature
of plasma, an important damping mechanism arises, the so called “Landau Damping”.
In this process, the wave interacts with particles of velocity close to its phase velocity.
Most particles are not resonant, i.e. their velocity along the wave propagation is different
from the wave phase velocity (i.e. u 6= ω/k). These particles simply oscillate in the field,
not experiencing gain or loss in energy. On the contrary, those electrons with u ∼ ω/k
stay roughly in phase with the wave and more efficiently exchange energy with it. These
electrons are called resonant and they can be efficiently accelerated or decelerated. Qual-
itatively, it is possible to demonstrate that, for particles moving slightly slower than the
wave, acceleration is a stronger effect than deceleration. As such, on the average, slower
particles gain energy from the wave that is damped. The opposite is true for particles that
travel slightly faster than the wave. As an example, Fig. 1.9 illustrate the mechanism
considering a general electron velocity distribution function fe(u). The slower particles
outnumber the faster ones and the wave loses more energy than it gains, being therefore
damped. The analytical treatment of this phenomenon was firstly proposed by Landau
[95], but it can be also found in more recent books [51][43][50]. It is based on the coupling

Figure 1.9: Illustration of the Landau Damping mechanism considering a general elec-
tron velocity distribution function fe(u): filled circles represent electrons with velocity
u > ω/k that give energy to the wave. White circles represent electrons with u < ω/k
that gain energy from the wave.

25



1.3. HYDRODYNAMIC EVOLUTION OF THE TARGET

between the Vlasov (1.30) equation and the Gauss equation for the longitudinal electric
field (1.39). As such, the phenomenon is collisionless.

In a large amplitude electron plasma wave, the oscillation velocity of an electron in the
field can be large enough to bring an initial non-resonant particle in the resonance region.
When numerous particles interact with the wave, a strong nonlinear damping results and
the electrons are efficiently accelerated by the wave that is thus damped. The mechanism
of hot electron generation in ICF regime is not completely understood and still debated
in the scientific community. The book of Mulser [96] offers a mathematical description of
the process. Recent theoretical models of hot electron generation from TPD implemented
in numerical codes can be found in Ref [90] [97].

1.3 Hydrodynamic Evolution of the target

When laser light with intensities around 1013-1015 W/cm2 interacts with a solid target,
a plasma state is suddenly created and the material starts to evaporate. The whole re-
gion in which the laser-plasma interaction takes place is called the corona. Here, the
laser penetrates up to the critical density and deposits energy which is then transmit-
ted into the target by thermal conduction. After some instants, distinct regions develop:
the coronal part, the conduction region, the shocked region and the unperturbed solid.
Fig. 1.10 shows a schematic picture of the different zones, reporting the plasma conditions.

The corona is separated from the conduction region by the critical surface. In the conduc-

Figure 1.10: Laser beam interacting with a solid target. Shock-compressed solid matter
is formed, with a dense ablation zone and a low density corona. The laser interaction
occurs in the low-density ideal plasma, while heat conduction, hydrodynamic phenomena
and hot electron transport occur in the solid target, which is in a strongly coupled plasma
state.

26



1.3. HYDRODYNAMIC EVOLUTION OF THE TARGET

Figure 1.11: Ablation pressure produced by laser-driven ablation as a function of the
absorbed laser intensity. Results from experiments with laser wavelength of 0.53 µm and
1.06 µm are reported by blue and red crosses, respectively. Ablation pressure predicted
by the analytic expression (1.106) are indicated by the red and the blue curves, for λ =
0.53 µm and 1.06 µm, respectively.

tion zone, thermal energy is transported to the colder dense part mostly through electronic
conduction (Spitzer-Harm model [8] [52]). In this domain, the density is between 0.01
g/cm3 and the solid density, while the temperature goes from ∼keV of the corona down to
∼100 eV. At the critical density the plasma blows off in the direction of the laser with the
sound speed velocity. The pressure generated by this rocket effect leads to the creation
of a shock wave that propagates in the solid target. The shocked region reaches densities
greater several times the solid density and temperature of tens of eV. The shock propa-
gates in the unperturbed target. The temperature and the density reached in this zone
are greater compared to the cold undriven solid. This happens because of the presence of
several processes like radiative heating or hot electron energy deposition. In particular,
hot electrons that propagate beyond the shock front can preheat the unperturbed region,
raising its temperature at values around some eV.

1.3.1 Ablation Pressure

The laser-driven ablation mechanism that occurs at the ablation surface is described by
the stationary ablation model [8]. The model makes the hypothesis that the ablated mate-
rial is transparent to the external radiation and the absorption is localized near the critical
density. The plasma flow velocity is subsonic in the conduction zone and supersonic in
the corona. The inward acceleration of the fuel is driven by the ion blowing off. In ICF,
this acceleration toward the centre of the capsule drives the implosion.

In planar geometry, in the case of plastic targets, the ablation pressure is related to
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the absorbed laser intensity and to the wavelength according to the scaling law [98] [99]:

pa = 57 (Iabs /λL)2/3 . (1.106)

Fig. 1.11 shows how the experimental measurements for the ablation pressure follow the
scaling law (1.106), considering an absorbed laser intensity that ranges from 1013 up to
1015 W/cm2. The ablation pressure generates a shock wave that propagates in target.

1.3.2 Shock Waves

A shock wave is a discontinuity in density, velocity and temperatures that propagates with
velocities greater than the sound speed of the lower density plasma lying ahead [53]. A
first analytical description of shock waves can be given considering an ideal gas compressed
by a piston that moves with velocity u. The undisturbed gas (t = 0) is characterized by
density ρ0, pressure p0, internal energy ε0 and velocity u0 = 0. The continuity equations
(1.37) can be used to derive the state of the gas (ρ1, p1, u1, ε1) and the propagation
velocity of the discontinuity in the undisturbed fluid D. In the laboratory frame, the
mass flow going in the shock front through a surface area S is ṁ0 = ρ0 (u0 −D)S, while
the downstream fluid of mass that gets out of the shock front is ṁ1 = ρ1 (u1 −D)S. The
mass conservation law at the discontinuity surface reads:

ρ0 (u0 −D) = ρ1 (u1 −D) . (1.107)

Analogous considerations for momentum and energy conservation at the discontinuity
surface yield:

p0 + ρ0 (u0 −D)2 = p1 + ρ1 (u1 −D)2 , (1.108)

p0

ρ0

+
(u0 −D)2

2
+ ε0 =

p1

ρ1

+
(u1 −D)2

2
+ ε1. (1.109)

These relations are called jump conditions and they represent the flow of variables through
the discontinuity surface. Since the discontinuity is infinitesimally thin, no accumulation
of mass, momentum or energy can take place within it. In the shock reference frame these
equations read: 

ρ1v1 = ρ0v0,

p1 + ρ1v
2
1 = p0 + ρ0v

2
0,

ε1 + p1

ρ1
+

v2
1

2
= ε0 + p0

ρ0
+

v2
0

2
,

(1.110)

where v0 = −D and v1 = − (D − u) = − (D − u1). Coupling these three equations with
the equation of state (for example the polytropic equation (1.38)), we obtain a system

Figure 1.12: Schematic representation of shock wave propagation. The wave is produced
by a piston that moves into the gas with constant velocity u. The gas state is described
by the hydrodynamic quantities ρ, p, u, ε, subscripted by “0” for the upstream quantities
and by “1” for the downstream quantities. D is the shock velocity.
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of four equations for the four downstream unknown quantities ρ1, p1, u1, ε1 and the un-
known shock velocity D. As such, an experimental measure of one of the five unknowns
allows to determine the others. As an example, in experiments, shock velocity is usually
determined by measuring the time emission from the rear surface of a planar target.

From eq. (1.110) the following relations are found:

ρ1

ρ0

=
(γ + 1) p1 + (γ − 1) p0

(γ − 1) p1 + (γ + 1) p0

, (1.111)

D = u0 ±

√
(γ + 1) p1 + (γ − 1) p0

2ρ0

, (1.112)

u1 = u0 ±

√
2 (p1 − p0)2

ρ0 [(γ + 1) p1 + (γ − 1) p0]
, (1.113)

ε1

ε0

=
p1

p0

(γ − 1) p1 + (γ + 1) p0

(γ + 1) p1 + (γ − 1) p0

. (1.114)

From these relations, it is evident that the shock wave cannot rise the downstream density
indefinitely. In particular, for p1 � p0, eq. (1.111) becomes:

ρ1

ρ0

=
γ + 1

γ − 1
, (1.115)

and for a monoatomic perfect gas with constant specific heat (γ = 5/3) the maximum
ratio between the final and initial density is 4. Even at high temperatures and pressures,
when the specific heats are no longer constant because of molecular dissociation and ion-
ization, the density ratio remains finite and does not increase without limit. As such, as
reported in Sec. 0.3 and 0.2, to compress the fuel at the required densities for ignition
to occur, it is not possible to use a single strong shock wave. It is necessary to shape
the laser beam in order to produce multiple shocks that merge in the inner part of the shell.

An important quantity related to the shock dynamics is the entropy. For a perfect gas
with constant specific heat the entropy is given by the formula:

S = cvln (pV γ) , (1.116)

where V is the specific volume of the gas. As such, the difference between the entropy on
each side of the shock front becomes:

S1 − S0 = cvln

(
p1V

γ
1

p0V
γ

0

)
= cvln

{
p1

p0

[
(γ − 1) (p1/p0) + (γ + 1)

(γ + 1) (p1/p0) + (γ − 1)

]γ}
. (1.117)

For p1 → p0 the expression leads to S1 ' S0, while as the shock strength (p1/p0) increases
also S1−S0 increases monotonically, approaching infinity as p1/p0 →∞. The increase of
entropy indicates that a shock wave is a dissipative irreversible phenomenon. As shown
in Chapt. 0, in SI the fuel is firstly pre-compressed keeping the deposited entropy as low
as possible, and then ignited with a strong shock that deposits a large amount of entropy
in the hot-spot.
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1.4 Conclusion

We have presented, in this chapter, some basic concepts of plasma physics, that allow to
understand the hot electron generation and propagation in the context of ICF. In Sec,
1.1 some basic features of plasma physics are reported, considering in particular the De-
bye Huckel theory, the collision theory and the mathematical description of three plasma
models. These concepts are particularly useful in the description of the laser plasma
interaction and the hot electron propagation in ionized targets. In Sec. 1.2, a list of
various mechanisms that characterize the laser-plasma interaction and the hot electron
generation for intensities relevant to SI is shown. In particular, for RAB, SRS and TPD a
brief state of the art considering some experimental and theoretical works related to the
hot electron production was presented. It is important to point out that what is reported
here is not exhaustive, since the topic of laser-plasma interaction is a very rich topic. We
did not describe several important phenomena, such filamentation or the description of
ponderomotive force [52] [50].

In Sec. 1.3, a simple description of the hydrodynamic evolution of a target irradiated
by laser intensities relevant for ICF is reported. In particular, the ablation pressure
and the shock wave dynamics were briefly discussed, giving a simple modelization that
allows to better understand the planar experimental investigations presented in this work.

In the next chapter, we will give an overview of the most important theoretical or exper-
imental investigations on the characterization and on the effects of hot electrons in ICF
context.
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Chapter 2

State of the art of hot electrons in
Shock Ignition: effects and
characterization

In the Shock Ignition and in the traditional approaches to inertial confinement fusion,
laser intensities of the order of ∼ 1015 - 1016 W/cm2 are required to ignite the hotspot
(see Sec. 0.2 and 0.3 ). These values of laser intensity exceed the thresholds for the gener-
ation of different laser-plasma instabilities (LPI), which take part in the underdense region
of the plasma, preventing part of the laser energy from arriving at the critical surface. In
particular, part of the laser energy is scattered or converted into highly energetic electrons
by stimulated Raman scattering (SRS) and two-plasmon decay (TPD) instabilities [52]
(see Sec. 1.2.6). A critical issue for answering the feasibility of the ICF schemes is to
understand the role of this hot electron population on the implosion performance. The
major concern related to the presence of hot electrons is related to the fact that they can
penetrate through the solid dense shell, preheating the cryogenic DT fuel or ablating its
inner surface before the shock arrival. As pointed out in Sec. 1.2.3, collisional absorption
decreases with the laser wavelength, while the nonlinearity of the laser-plasma interac-
tion is characterized by the coupling parameter ILλ

2
L. As such, long wavelength and high

intensity laser beams are mainly absorbed due to resonant effects, accompanied by the
generation of hot electrons. Issues related to the penetration of hot electrons generated
by long wavelength lasers (CO2, λ=10 µm) were reported in the first ICF experiments
[100] [101] [102] [103]. The hot electron Maxwellian temperature reported in the articles
was around 50 - 80 keV. In particular, a first experimental investigation on CO2 laser
driven implosion is showed in Ref. [104]. Here, the authors claimed a poor spherical
shell compression because of the presence of hot electrons. Lower electron temperatures
(∼20 keV) were found in Nd:glass laser experiments [105]. This suggested the possibility of
using shorter wavelength laser pulses (λ = 0.5 - 0.25 µm) to compress the targets [106] [9].

While in conventional ICF the presence of hot electrons is detrimental, in SI they are
produced by the final high intensity spike, when the target areal density ρr is quite large.
If the target areal density is sufficiently high, electrons will be stopped in part in the
compressed ablator and in the outer regions of the imploding shell, increasing the shock
pressure with beneficial effects for the SI scheme. On the contrary, if the capsule areal
density is not sufficiently high, the electron beam can preheat the pre-compressed DT
dense shell degrading the performance of implosion.
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In the following sections, we report different theoretical or experimental studies in which
the two effects are investigated. We report also the most relevant laser-plasma experi-
ments performed in the last decades, aiming at characterizing hot electrons in conditions
relevant to SI.

2.1 Ablation pressure driven by hot electrons

Hot electrons could contribute to the ablation pressure, if the target areal density is
larger compared to their range. Ref. [34] presents a model to describe the formation of
ablation pressure driven by a monoenergetic electron beam that propagates in a planar
DT plasma (steplike profile with density ρ=10 g/cm3). Hot electrons propagate in the
target behind the ablation front created by thermal electrons and they deposit energy in
the plasma according to their range. If their stopping length is much shorter than the
target thickness, the target heating causes mass ablation and the shock is driven by rocket
effect. The energy deposited is redistributed between internal and kinetic energy of the
expanding plasma, in a transient time called loading time. The plasma is thus heated and
it starts expanding. If the intensity of the electron beam is of the order of ∼1015W/cm2,
the heating proceeds rapidly and the thermal conduction does not have sufficient time
to take place. The pressure applied by the heated layer on the colder plasma launches a
strong shock. In Ref. [107], the following scaling law is proposed to describe the maximum
ablation pressure reached after the loading time:

ph = 175I
2/3
b ρ1/3MBar, (2.1)

where Ib is the intensity of the electron beam in PW/cm2 and ρ is the density in g/cm3.
After reaching its maximum value, the pressure will decrease as the square root of time:

p(t) = ph(th/t)
1/2. (2.2)

Considering a monochromatic electron beam with kinetic energy of 50 keV and intensity
of 1 PW/cm2, that propagates in compressed DT plasma with density 12 g/cm3, it is
possible to estimate that the pressure may achieve values of 400 MBar in a loading time

Figure 2.1: Density profile of ablation front of solid material in the case of (a) laser
ablation in stationary regime; (b) hot electron beam in non stationary regime after the
loading time.
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of 20 ps. This simplified model suggests that it is possible to achieve high shock pressures
driven by hot electrons in high density solid materials. However, this study is limited
by the simplifying condition of monoenergetic electron beam in a steep density profile.
In SI it is necessary to consider that electrons are generated during the spike in a time
window longer compared to the loading time presented in [34] and [107]. Furthermore,
electrons generated by laser-plasma interaction present a broad spectrum in energy and
in momentum direction.

The effects of hot electrons on the ablation pressure and on the shock formation were
studied experimentally in [108], [109] and [110]. In these experiments, Al or Cu solid
targets were irradiated using the first (λ1 = 1314 nm) or the third (λ3 = 438 nm) har-
monic of the PALS laser system [111]. The pulse duration was of the order of hundreds
of picoseconds, and the intensity on target was varied from ∼1013 up to ∼1016 W/cm2

by reducing the laser beam radius RL (from 600 µm down to 35 µm). This allowed to
access different domains of laser absorption: in the region 4 × 1012 < Iλ2 <1014 W/cm2

the inverse bremsstrahlung dominates, while for 1015 < Iλ2 < 1.5 × 1016 W/cm2 the
radiation is absorbed primarily by resonance absorption and other non-linear processes,
accompanied by the generation of electrons. The two mechanisms lead to different plasma
plume characteristics and, as a consequence, different shock waves and craters are pro-
duced. As shown by Fig. 2.2, for the third harmonic the crater volume showed a parabolic
behaviour with the laser radius, reaching a maximum around 300 µm. In the λ1 case, the
dependence of the crater volume with the radius was reproduced, although its maximum
was less pronounced. For low values of laser radius (i.e. higher intensity) the dependence
was reversed. To explain this behaviour, the authors proposed two different analytical
models to describe the thermodynamic properties that influence the plasma plume and
the consequent shock formation. In the case of Inverse Bremsstrahlung, the absorption
and the mass ablation occur in the plasma region near the critical density, while in the
case of resonance absorption the vaporized mass is defined by the thickness of the target
heated by hot electrons. For this purpose, the authors consider a monochromatic electron
spectra characterized by a given range l0. Where the inverse bremsstrahlung absorption

Figure 2.2: Behaviour of the crater volume as a function of the laser spot radius RL, for
the two irradiation wavelengths λ1=1314 nm (red curve) and λ3=438 nm (blue curve).
The laser intensity is indicated by the black curve [108].
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dominates (i.e. for RL > 300 µm), the efficiency of energy transfer to the shock wave
under irradiation by the third harmonic is approximately three times higher than the
efficiency obtained with the first harmonic. This fact is due to the presence of higher crit-
ical plasma densities (see eq. (1.61)), and it is reflected in greater crater volumes [112].
Decreasing the beam radius, the plasma plume experiences a transition from planar ex-
pansion to spherical one. This causes a reduction of the density near the ablation surface,
and thus a decrease of the efficiency of the inverse bremsstrahlung absorption. However,
this effect is in competition with the increase of the ablation density due to the heating
of fast electrons. In particular, for the first harmonic, at RL ∼35 µm the beneficial effects
due to the presence of hot electrons prevails over the density lowering.

2.2 The role of the hot electrons in the Shock Ignition

scheme

In SI approach to ICF a spherical target is imploded to achieve high compression of the
fuel by means of a high intensity laser spike (I∼1015−1016 W/cm2) that launches a strong
converging shock (see Sec. 0.3). The hot electrons generated by the high intensity spike
can propagate into the imploded target, preheating the inner part of the DT-shell before
the shock arrival. This preheat makes the compression more difficult and it can compro-
mise the implosion.

We present, in this section, different experimental or theoretical investigations of the
shell preheat caused by hot electrons.

2.2.1 Experimental studies on the effects of hot-electrons on the
implosion scheme

Ref. [113] presents an experimental study of low-adiabat cryogenic D2 implosion in which
the peak intensity was varied in a range from ∼3×1014 to ∼1×1015 W/cm2. Higher laser
intensities enhance the hot electron production, and the aim of the experiment was to
study their effects on the implosion. The experiment was performed using the 351-nm,
60-beams OMEGA Laser System [114], varying the on-target energy from ∼13 kJ up to
∼24 kJ. The targets were 860 µm diameter shells consisting of 4 µm thick deuterated
plastic layer ablator (CD) and ∼95 µm inner D2 ice layer. Hot electrons were assumed
to have a Maxwellian distribution in energy, and their temperature and flux were char-
acterized exploiting the x-ray radiation emitted by their propagation in the target (see
Sec. 2.3). The two quantities were found to increase monotonically within the range
of the considered laser intensities, as shown in Fig. 2.3. In particular, the hot electron
temperature rose from 50 keV up to 150 keV, implying longer penetration depths into the
target. Implosion performances were evaluated considering as figure of merit the areal
density reached by the shell, inferred from the spectra of secondary protons. The high-
est compression was achieved at the lowest laser intensities, while gradual areal-density
degradation was observed at higher intensities (see Fig. 2.3). This effect is due to the hot
electron preheating. The preheating energy necessary to significantly degrade the com-
pression was estimated to be ∼40 J, i.e. the ∼0.2% of the drive energy (for this particular
configuration). Authors estimated this value considering the ideal plasma model. One
should also note that these are low convergence targets, which inherently reach lower ρr
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Figure 2.3: Evolution of the areal density (blue dots) and the hot electron temperature
(red crosses) with the laser intensity measured in the experiment [113].

and hence are more susceptible to HE preheat.

Ref. [32] presents an experimental investigation on the effects of hot electrons generated
at different times during the fuel assembly. Deuterated plastic shells (34.8 µm CH(D),
435 µm radius) filled with ∼10 atm of D2 were imploded with the OMEGA 40 UV beams,
for an on-target energy of ∼15 kJ. After the compression phase, 20 spike pulses deliv-
ered a total energy of ∼5 kJ in ∼600 ps on the sphere. Different shots were performed
launching the spike pulse at different times, from 2.4 ns up to 3.2 ns after the start of
the compression pulses. The areal density and the neutron yield were considered as the
figures of merit to evaluate the performance of the implosion. Detrimental effects were
observed when the spike was launched early (t = 2.4 ns). At that time, the areal den-
sity was not sufficiently high to stop electrons, resulting in fuel preheating. For latest
spike launch time, the areal density was higher and only the outer part of the shell was
preheated. The inner part stayed at low adiabat, which is essential to reach high compres-
sion. This principle is consistent with numerical findings presented in [33] (see Sec. 2.2.2).

A recent experimental study on the degradation of the ρr due to hot electron preheat
is presented in Ref. [115]. Here authors assert the importance of characterizing the total
energy that electrons deposit in the DT fuel and, more specifically, in the inner part of
the shell. To evaluate the energy deposition in the DT shell, two different types of targets
were irradiated with the same laser conditions: a DT layered target with an outer plastic
ablator shell (Fig. 2.4 (a)) and an ablator-only target with the same mass of the layered
target (Fig. 2.4 (b)). The x-ray signal measured in the two implosions differs only because
of the hot electrons slow down in DT rather than in plastic. This difference is therefore
proportional to the preheat energy deposited in the DT layer (payload). The deposition
profile along the DT layer is then evaluated replacing the DT-ice shell with a Cu-doped
plastic shell of different radius (Fig. 2.4 (c)).

Authors found a ρr degradation of ∼20% due to the presence of hot electrons with temper-
ature Th=60 keV, carrying a total energy Ehot

tot =44 J (retrieved using the bremsstrahlung
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(a) DT-layered (b) ablator-only (c) Cu-doped payload

Figure 2.4: Configuration of the irradiated targets used in [115].

radiation, see Sec. 2.3.2)

2.2.2 Numerical studies on the effects of hot-electrons on the
implosion scheme

A first numerical study on the competition between the increase of shock pressure and
shell preheat driven by hot electrons is presented in Ref. [116], in the framework of
the HiPER project. Here authors evaluate the effects of an exponential electron energy
spectrum with temperature of 30 keV and intensity 1 PW/cm2 on the implosion of a
DT target. The target is a DT fusion capsule initially precompressed to high density by
a 10 ns pulse (λ=351 nm, 250 kJ), as proposed in [117]. The laser plasma interaction
and the hydrodynamic evolution of the target were computed using CHIC hydrodynamic
code [37], while the electron transport and energy deposition were simulated using the
Vlasov-Fokker-Planck code M1 [118]. Authors show that the areal density reached by the
target after the compression phase was not sufficient to inhibit the hot electron preheat,
compromising the implosion.

Ref. [33] presents a detailed numerical investigation on the effects of hot electrons on
the implosion scheme using the CHIC radiative hydrodynamic code [37]. A target com-
posed by a high Z ablator of 15 nm (Al, 2.7 g/cc), 31 µm of CH (1.05 g/cc), 220 µm
DT-ice shell (0.253 g/cc) and 737 µm of DT-gas hotspot (10−4 g/cc) was imploded with a
typical SI laser beam configuration. A pre-compression beam compressed the capsule at
lower velocity, followed by the ignitor pulse. This latter was launched at different times
in a window that goes from 13 ns up to 13.6 ns (see Fig. 2.5). Electrons were generated
during the spike pulse, encountering different areal densities according to the starting
time. Different cases were considered, varying the power of the ignitor spike from 200
TW (nominal case), up to 500 TW (high power case). The laser wavelength set in the
simulations was 351 nm and the beam was normally incident to the target normal. The
propagation of laser light in plasma was modelled using Paraxial Complex Geometrical
Optics [119]. This decomposes the laser beam in individual Gaussian beamlets for which
diffraction is accounted for, and the linear inverse Bremsstrahlung absorption at the criti-
cal density is calculated. In addition, the model accounts for the conversion of laser energy
into hot electrons generated at the critical density by RAB, at the quarter critical density
by TPD and below nc/4 by SRS. Electron beams were described by exponential distri-
bution functions in energy (f(E) α exp(−E/Th)), in which intensities and temperatures
were computed according to scaling laws that account for the laser-plasma conditions
[120]. Hot electrons propagated along straight lines and deposited energy considering the
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(a) (b)

Figure 2.5: Configuration of the simulated (a) target and (b) laser pulse considered
in the numerical investigation reported in Ref. [33]. The laser pulse consists in a low
intensity pre-compression beam followed by a high intensity spike. Different simulations
are performed launching the spike in a time window that goes from 13 ns up to 13.6 ns,
as indicated by the red lines in the figure.

plasma stopping power formulas [121] [122] [123]. The angular scattering on background
plasma particles widened the electron beams according to the Lewis’ theory [124] [125]
[126] (see appendix E). SRS, TPD and RA produced electrons at temperatures of ∼43
keV, ∼98 keV and ∼1.4 keV, with conversion efficiency with respect to laser energy of ∼
1.2%, 0.94% and 0.12%, respectively. Simulations without the presence of hot electrons
were also presented (woHE). In the case woHE, the ignition window occurred for a ignitor
launching time that goes from 13.2 ns up to 13.5 ns, with spike peak power that ranges
from ∼80 TW up to ∼200 TW. On the other side, the simulations with hot electrons
did not predict ignition in these time and power windows. After the pre-compression
phase, the areal density of the ablator was sufficient to stop electrons with energies up to
50-70 keV. Higher energy electrons propagated in the compressed DT shell, which at the
beginning of the spike plateau was able to stop particles up to 170 keV. The DT bulk was
thus preheated and the adiabat raised up to ∼2.3 at the shock convergence. In addition
of preheating the fuel, hot electrons ablate the inner shell surface increasing the hotspot
mass and enhancing the radiative losses. Because of these detrimental effects, ignition was
predicted to be achieved with a 500 TW spike launched at ts=[13.4,13.6]ns. The ignition
window was thus reduced and shifted to higher times compared to the case woHE. In
particular, the window was closed for that times for which the preheat was significant.
This domain corresponds to the temporal window in which the shell areal density was still
too low, and electrons were not stopped in the first layers. On the other side, launching
the ignitor shock at time later than 13.6 ns, led to a late shock entry in the hotspot with
the respect to shell stagnation.

Refs. [127][128][129] present a recent theoretical study on the effects of hot electrons
on a typical SI implosion scheme (Fig. 2.6). The target (29 µm CH ablator - 171 µm ice
DT - 840 µm gas DT) was imploded using the third harmonic of the Nd-laser radiation
with a total delivered energy of 605 kJ. The pulse duration was 13.9 ns and the high inten-
sity spike was launched at 13.6 ns. Hydrodynamic simulations in which the hot electrons
energy deposition is accounted were performed to study the implosion. Electrons were
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(a) (b)

Figure 2.6: Configuration of the simulated (a) target and (b) laser pulse considered in
the numerical investigation reported in [127].

produced isotropically around the quarter-critical plasma density, assuming a Maxwellian
spectrum in energy. The simulated set of temperature and conversion efficiencies were
respectively 20 keV ≤ Th ≤ 100 keV and 0.1 ≤ η ≤ 0.4. Considering a spike energy
of 137 kJ, the total energy contained in the electron beam was 27 kJ ≤ Eh ≤ 55 kJ.
Energy deposition in the target was computed according to the electron-plasma stopping
power formulas, which account for the Coulomb collisions with free and bound electrons.
The positive effect of the pressure increase was dominant for temperatures up to 50 -
60 keV. However, the energy transferred to DT-fuel increased monotonically with an in-
crease of Th. As such, the shell preheating leaded to the ignition failure for hot electron
temperatures exceeding 90 - 100 keV.

2.2.3 Electron shock ignition

Ref. [130] presents an implosion scheme based on hot electron driven shock. In the
case where the electron stopping range is much shorter compared to target thickness, the
electron heating causes mass ablation and the shock is driven by rocket effects (see Sec.
2.1). On the other hand, if their range is a finite fraction of the in-flight shell, elevated
fluxes of hot electrons can generate a strong shock by direct heating [131]. In this case,
the shock launching pressure can be estimated considering the simple ideal plasma model:
P∼(2/3)Eh/Vh, where Vh is the heated shell volume and Eh is the electron deposited
energy. The target and the laser pulse configuration proposed are similar to the ones used
in the SI scheme. A spherical shell (CH, DT-ice, DT-gas) is compressed by low intensity
beams (∼10 ns) followed by the ignitor spike (∼200 ps, 100 kJ, 3.4× 1015W/cm2). 1D PIC
simulations were performed considering plasma features typical of NIF imploded targets
to calculate the hot electron spectrum that is generated in that regime. In particular,
simulations predicted the generation of electrons with a Maxwellian distribution with
temperature of 50 keV and conversion efficiencies up to ∼25% of laser energy. The hot
electron driven shock was simulated using a 2D hydrodynamic code in which the electron
propagation and energy deposition are modelled. In particular, electrons lose energy
because of binary collisions with plasma free electrons and by exciting plasma waves [123].
The Lewis’ theory is used to calculate the spatial moments of the electron distribution
function [125] [126]. With a hot electron energy of 25 kJ, a peak pressure of 2 GBar
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is achieved if the beam is launched at 10.3 ns. The study predicts the target ignition
when the hot electron energy exceeds 10 kJ and a gain around ∼130 is achieved with a
hot electron energy of 40 kJ. Authors emphasize the importance of a correct implosion
design, reaching high values of areal densities to prevent fuel preheating.

2.3 Diagnostics commonly used to characterize hot-

electrons in laser-plasma experiment

The investigations presented in Sec. 2.2 emphasize the importance of an accurate experi-
mental characterization of the hot electrons emitted in laser-plasma conditions relevant for
shock ignition. To address this point, several experiments in planar or spherical configu-
ration were conducted in the last two decades, exploring different conditions and regimes.
Usually, information about hot electrons was inferred exploiting the x-rays emitted by
their propagation in targets. In particular, it is possible to consider the bremsstrahlung
radiation or the characteristic de-excitation lines of elements that compose the targets.
The backscattered laser light can also give information about the processes that generate
the electrons. An overview of different diagnostics usually implied in such laser plasma
experiments is presented in this section, discussing briefly their working principles.

2.3.1 Imaging Plates

One of the major concerns in experiments in which high intensities lasers are involved is
the generation of strong electromagnetic pulses (EMP) that could damage the electronics.
As such, it is necessary to rely on passive detection systems, which are not affected by
these phenomena. Imaging plates (IP) are a two-dimensional passive detectors for ionizing
radiation, characterized by a high sensitivity and reusability [132][133]. There are three
types of imaging plates commonly used in laser-plasma experiments, that differ according
to composition and properties. Typically, the sensible part of the plate is composed by
a phosphor layer (BaFBr0.85,I0.15 doped with europium) deposited on a support layer
(usually made of Mylar). A magnetic layer (ZnMn2Fe5NO40H15C10) is used in the case
where magnetic attachments are required. In some cases, a protective layer of Mylar is
applied. The three typologies and their composition are listed in Tab. 2.1: The MS-type
are the most sensitive and the most commonly used in laser-plasma experiments, the
SR-type present the greatest resolution and the TR-type are the most appropriate for
tritium detection. The mechanism of radiation detection is explained in the following.
The radiation energy is absorbed by the phosphor and Eu2+ is ionized at Eu3+, after the

Typology MS SR TR
Protective layer 9 µm 6 µm 0 µm
Phosphor layer 115 µm 120 µm 50 µm
Support layer 190 µm 188 µm 250 µm
Magnetic layer 160 µm 160 µm 160 µm
CPSL [10−4 PSL/keV] 7.50 ±1.13 2.80 ±0.42 3.20±0.48

Table 2.1: Composition and thicknesses of the various layers composing the imaging
plates, for the three typologies considered. The value of the CPSL parameter that relates
the PSL signal to the energy deposition is reported for the three cases.
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emission of a photoelectron. These electrons are trapped in the lattices defects, composing
a metastable FBr− compound. The recombination of these hole-electron centers can be
spontaneous, causing the decreasing of the signal stored by the IP in time (fading) [134]
[135], or photo-stimulated. In this latter case, the information is recovered by radiating
the IPs with a red laser in a dedicated scanner and then collecting the 3.2 eV photon that
results from the Eu3+ → Eu2+ transition [136]. This emission is called Photo Stimulated
Luminescence (PSL), and its intensity is proportional to the radiation dose deposited in
the IP. An accurate calibration over a wide range of photon energies (1-200 keV, with data
extrapolated up to 1 MeV) is presented in Refs. [137] [138] [139] and [140]. In particular,
authors suggest a linear relation between the PSL signal and the deposited energy,

PSL = CPSL · Edep, (2.3)

inferring the parameter CPSL for the three IP types (see Tab. 2.1). Imaging plates can be
also used to detect charged particles in laser-plasma experiments [141].

2.3.2 Bremsstrahlung spectrometer

The propagation of fast electrons in matter results in a continuous bremsstrahlung emis-
sion. The photon distribution function that results from this emission can give information
about intensity and energy of the electron beam that generated it.

A first concept of time-integrated Bremsstrahlung spectrometer composed by a stack
of imaging plates alternated by filters of different materials was proposed in Ref. [142].
X-rays propagate into the stack according to their energy: the higher is the photon en-
ergy, the more it propagates inside the stack, depositing energy in deeper IPs (see Fig.
2.7). The stack is usually encapsulated in high-Z container, with the aim of reducing
the background signal from the fluorescence of vacuum chamber walls. Plasma debris or
fast electrons are prevented from entering the stack using a magnetic field or additional
plastic filters placed at the entrance. According to the filter material, thicknesses and
dispositions, the spectrometer can detect photons with a range that goes from ∼10 keV
up to 1 MeV.

As an example, a schematic view of the CELIA bremsstrahlung spectrometer is shown in
Fig. 2.8. In particular, the 3D image of the instrument is shown in Fig. 2.8 (a) and the
configuration of filters and IP in Fig 2.8 (b). The thickness of each filter is reported in

Figure 2.7: Schematic representation of the bremsstrahlung spectrometer. Filters of
different materials and IPs are interleaved. The bremsstrahlung radiation enters in the
stack from the left and photons propagate according to their energy. The stack is usually
encapsulated in high-Z containers to reduce background signal.
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(a)

(b)

Figure 2.8: (a) Schematic 3D view of the CELIA bremsstrahlung spectrometer. The
stack of filters and IPs is contained in a box of lead. An 11 cm lead collimator is placed
at the entrance of the stack to protect it from the plasma background. (b) Schematic
disposition of filters and IPs that composes the CELIA bremsstrahlung spectrometer.
X-rays penetrate the stack from the left.

Tab. 2.2. The stack is encapsulated in a lead container and a further lead collimator of
11 cm is placed at its entrance. This configuration allows to detect and deconvolute x-ray
with energies ranging from ∼15 keV up to 1 MeV.

Another recent configuration of time-integrated bremsstrahlung spectrometer was pro-
posed in [143]. Here authors propose a stack composed by 25 IPs and filters optimized
to ensure sufficient sampling of the high energy region of the photon distribution func-
tion. This is useful in the SI regime, where hot electrons produced through parametric
instabilities can be well approximated with multi-temperature Maxwellian distributions
[144]. In particular, the characterization of the high energetic component of hot electron
distribution (i.e. Th ≥60 keV) is a crucial step for SI, since it is linked to the shell preheat
(see Sec. 2.2).

The post-processing of these diagnostics relies on Monte-Carlo simulations in which the
response of each IP to monochromatic photon spectra is calculated. In particular, it is
necessary to calculate the deposited energy per photon Di(k), in the k-th IP for the i-th
monoenergetic beam. For an arbitrary photon distribution function fph(E), it is possible

Material PTFE Al Ti Fe Cu Mo Ag Sn Ta Au Pb Pb Pb Pb Pb Pb
Thickness [mm] 10 0.1 0.1 0.1 0.1 0.1 0.15 0.5 0.5 1.56 1 2 3 4 6.4 6.4

Table 2.2: Thicknesses and material of the filters employed in the CELIA instrument.
X-rays are incident on the PTFE layer.
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to calculate the energy deposition Et in the k-th IP using to the formula:

Et(k) =
∑
i=1

∫ Ei+1

Ei

fph(E)
Di(k) +Di+1(k)

2
dE. (2.4)

The inference of the bremsstrahlung spectrum is done considering a specific form of pho-
ton distribution function dependent on free parameters, that are then calculated using
minimization techniques with experimental data. Information on the electron beam are
finally inferred using Monte-Carlo codes in which the electron propagation in target and
the bremsstrahlung generation on the detector are simulated. Since the post-processing
techniques of this diagnostic are still under debate in the scientific community, a detailed
methodology of analysis is proposed in Chap. 3.

We also mention that the detection of the bremsstrahlung spectrum during the OMEGA
or NIF experiments is routinely accomplished using the time-resolved hard x-rays spec-
trometer [145] [146] [147]. This detector is composed by four channels in which a fast
scintillator (BaF crystal) is coupled with a photomultiplier tube. Filters of different
thicknesses and materials (usually aluminium or copper) are used to deconvolute the
bremsstrahlung spectrum.

2.3.3 K-alpha spectrometer

The propagation of fast electrons in matter results in the excitation of inner atomic shells
with a possible emission of characteristic x-ray lines. Therefore, the targets usually used
in experiments are composed of a CH ablator followed by layers of materials for which this
emission is enhanced and well known. As an example, titanium tracers, with characteristic
Kα x-ray line at 4.5 keV, or copper tracers, with characteristic Kα line at 8.1 keV, are
commonly used. The intensity of the Kα radiation produced depends on the number of hot
electrons that reached the tracer and on their residual energy. This radiation, particularly
peaked around the characteristic line of the material, can be dispersed using a spherical
bent crystal on detectors (usually imaging plates or CCD spectrometers). The geometry
of the diagnostic is thus based on the well-known Bragg law formula:

nλ = 2dsin(θ), (2.5)

where n is the diffraction order, λ is the x-ray wavelength, d is the crystal lattice spacing
and θ the diffraction angle. Several configurations of the spectrometer are proposed in

Figure 2.9: Schematic representation of the k-alpha spectrometer. Radiation is dispersed
by a crystal according to the Bragg law. Kα photons are thus reflected on the sensible
part of the instrument which collects them. A shield of high-Z material is usually used to
protect the system from background radiation.
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the literature, based on quartz crystals [148], Highly Oriented Pyrolytic Graphite [149] or
silicon crystals [150] [151]. The detector is usually placed in a high-Z enclosure to shield
it from background radiation. Knowing the reflectivity of the crystal and the solid angle
subtended by the diagnostic, it is possible to retrieve the number of photon per steradian
produced in that direction by hot electrons. If the spectrometer presents high resolution
in energy, it can be also used to estimate the temperature reached by the tracer after
electron heating. In the case of material in standard conditions, the characteristic lines of
emission are characterized by an exact value in energy (for instance 8047 eV in the case of
copper). The passage of hot electrons heats up the material and ionizes atoms, causing a
shifting of the emission lines and subsequent broadening of the peaks. This broadening is
related to the temperature reached by the tracer [152][150] [151]. The schematic working
principle of the diagnostic is shown in Fig. 2.9.

2.3.4 Backscattered light spectrometer

The measurement of backscattered laser light gives important information on laser-plasma
coupling and in particular on the development of laser-plasma instabilities [153]. Part of
the laser energy is prevented from coupling efficiently to the target because of the presence
of SBS, SRS or TPD (see Sec. 1.2.6). Furthermore, SRS and TPD are the mechanisms
responsible for the generation of the suprathermal electron population that can preheat
fuel and degrade implosion performance in ICF.

(a) (b)

Figure 2.10: (a) Schematic representation of the FABS system used at the NIF and at
OMEGA-60. (b) Backscattered light spectra obtained by shooting a plastic CH target
with an UV laser at intensity of 1016 W/cm2. The pulse duration was 1 ns. The curve
indicates the backascatterd light power detected in time. The absolute values of power
indicated on the y axis are not significant, because the diagnostic covers a small solid
angle. The spectrum was taken in an experiment conducted at the OMEGA-EP facility
using the SABS.
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A full aperture backscattered system (FABS) [154] [155] is used at the National Igni-
tion Facility [156] [157] and at the 60-beam Omega laser system in Rochester [114] [158]
to detect the backscattered light. In particular, the instrument resolves SBS over a wave-
length range of 348 to 354 nm and SRS or TPD over 400-700 nm. The power time history
of the signal is also measured. The basic working principle of the diagnostic is reported in
the following. Before reaching the sensitive part, light is directed in a diffuser to reduce
the intensity. This is needed because the high intensity of the backscattered light damages
the electronics. Fibres equipped with filters then drive the signals (SBS or SRS) to detec-
tors. Diodes are used to measure the power-time history of both SRS and TPD, while a
combination of spectrometers and CCD resolves the spectrum. It is important to remark
that the instrument detects not only the retro-diffsued light of one beam, but it can also
catch the forward scattered light coming from other beams. A schematic picture of the
FABS is shown in Fig. 2.10(a), while a typical time-resolved backascatterd spectrum is
shown in Fig. 2.10(b). The spectrum is obtained for a 1 ns UV (λ = 351 nm) pulse at
∼1016 W/cm2 on CH target. Two distinct features are seen in this spectra: a convective
SRS signal between ∼530 and 680 nm and the ω/2 (700 nm) radiation associated to the
TPD instability. The white curve represents the light scattered power detected in time.
The spectrum was obtained using the sub-aperture backscatterd spectrometer (SABS) in
an experiment conducted at OMEGA-EP. The working principle of the SABS is the same
as the one of the FABS, but it covers a smaller solid angle. Because of this, the absolute
values in power reported in the figure are not significant.

2.4 Experimental campaigns

Experiments investigating the generation of hot electrons in SI relevant conditions have
been performed in the last decade, exploring several laser plasma regimes depending on the
capabilities of the various installations. In these experiments, beside the characterization
of the hot electron source, also shock dynamics studies were usually conducted. Experi-
ments can be conducted in planar or spherical geometry. Planar target geometry allows
for a simpler experimental setup, in which less laser beams are required. Furthermore,
large number of diagnostics is compatible with the planar geometry, being particularly
useful for accurate comparison with numerical simulations. Spherical experiments allow
to reproduce the convergence effect and are more adequate to study SI. However, a greater
number of irradiation beams and thus experimental complexity is required. A summary
of different experiments aimed at characterizing hot electrons is listed below, reporting
the laser-plasma conditions achieved and the obtained results. It is important to remark
that, in SI regime, the coronal plasma scale length and the electronic temperature are
Ln ∼ 600 µm and Te ∼ 5 keV, respectively. Such configuration can only be achieved at
the NIF [157] [156] or the LMJ facilities [159] [160].

2.4.1 Planar experiments at PALS

In the last decade, a series of experiments aimed at characterizing hot electrons were
conducted at the PALS (Prague Asterix Laser System) [161] [162] [163] [164] [165] [166].
The laser PALS can deliver energies of the order of 0.5 kJ in a pulse duration of about 300
ps, with an irradiation wavelength of 1314 nm (1ω) or 438 nm (3ω) [111]. An auxiliary
beam can provide an extended plasma corona before the arriving of the main pulse.
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Figure 2.11: Main scheme of SI experiments performed at PALS. A multilayer planar
target is irradiated by a pre-compression beam followed by the main driver that launches
a strong shock and generates copious amount of hot electrons. Several diagnostics are
used to characterize the electron beam and the laser backscattered light.

The density-scale length and the plasma coronal temperature reached in these conditions
are lower than those envisaged in a full SI experiment, but the laser intensity delivered
on targets can reach values of 1015 - 1016 W/cm2. The scheme was similar for all the
experiments reported: a laser beam with intensities around 1015 - 1016 W/cm2 was in-
cident on planar targets. These were composed by plastic ablators (∼tens µm thick),
on which the laser was focused, followed by mid-Z tracers (usually copper or titanium).
An auxiliary pulse (I∼7×1013-1014 W/cm2) was used to create a pre-plasma with coronal
quarter-critical density scale length around ∼100 - 150 µm. The main pulse, usually of
duration around 250-300 ps, was delayed up to 1.2 ns to study different pre-plasma con-
ditions. Distributed phase plates (DDP) were used in the experiments, except for shots
for which higher intensities were required (i.e. ≥1016W/cm2). The laser spot was usually
∼100 µm.

The bremsstrahlung or the characteristic Kα radiation emitted by the propagation of
electrons through the layers is used to characterize the hot electron source. This is done
considering that electrons are energetically described by 2D Maxwellian functions of the

type fe(E) = Ne

Th
e
− E

Th , inferring the value of the temperature Th and the laser to hot
electrons energy conversion efficiency η. Backscatter spectrometers were used to measure
the backscattered light coming from different phenomena (SBS, SRS, TPD).

In addition to hot electron characterization, in most of the cases the shock dynamics was
usually studied. This was achieved using dedicated systems like VISAR (Velocity Inter-
ferometer System for Any Reflector) and SOP (Streaked Optical Pyrometry) diagnostics
[167] [166] [168] [169]. A schematic summarizing of the standard diagnostic configuration
in these experiments is given in Fig. 2.11.
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PALS Planar Experiments

Ref. Year Target λ [nm] Etot [J]
I/1015

[W/cm2]
Th [keV] η [%]

[161] 2010 CHCuAl 438 (3ω) 20-250
1
10

30-50 ≤ 0.1

[162] 2013 (C8H7Cl)CuAl 438 (3ω) 200 9 20-50 ±10 0.1 ±0.02
[163] 2016 Cu 1315 (1ω) 440 20 29+8

−4 0.11-0.23
[163] 2016 Cu 438 (3ω) 170 9 37+34

−11 0.4-0.8
[164] 2017 (C8H7Cl)TiCu 438 (3ω) 300 6 25 ±8 0.1±0.05
[165] 2018 CHTiCu 438 (3ω) 200 3 20 ±6 0.28+0.28

−0.064

[165] 2018 CHTiCu 1315 (1ω) 650 10 30 ±9 5.32+6.90
−0.26

[166]∗ 2019 CHTi 1315 (1ω) 700 10
40 ±5
85 ±5

3.5 ± 0.5
1.8 ±0.5

Table 2.3: Summary of SI relevant experiments performed at PALS. The target config-
uration and the key laser parameters used in each experiment are reported. In particular,
we indicate the laser wavelength λ, the total laser energy delivered on target Etot and the
vacuum laser intensity I. The hot electrons temperatures Th and the laser to hot electron
energy conversion efficiencies η measured are reported in the last two columns. The ex-
periments in which the laser wavelength used was 1315 nm (1ω) are highlighted in grey.
∗ Authors assert that only the 50% of laser energy was contained in the focal spot, i.e.
350 J delivered on targets. Furthermore, no auxiliary beam was used to create pre-plasma
conditions [166].

Here we focus on the results pertaining to the characterization of the hot electrons.
Tab. 2.3 summarizes the key experimental parameters used in experiments performed
in the last decades, showing also the obtained results. In particular, the hot electron tem-
perature Th (assuming a Maxwellian distribution) and the laser to hot electrons energy
conversion efficiencies η are reported for each experiment. Overall, we can observe low
values of Th, around ∼30 keV, and conversion efficiencies always lower than 1%, except
for the shots at 1ω presented in [165] and [166]. On the other hand, in [163] higher values
of conversion efficiencies are found for the 3ω case compared to the 1ω case. Authors
suggest to introduce other mechanisms of HE generations, but further theoretical and
numerical investigations are required to better understand this behaviour.

The hot electron temperatures and conversion efficiencies were measured considering the
bremsstrahlung or the Kα measurements. However, the configuration of the diagnostics
did not allow to detect the presence of a double temperature hot electron population.
Only in [166] authors considered a two-temperatures distribution function to interpret
the experimental data.

2.4.2 Planar and spherical experiments at OMEGA

In the last decades, SI experiments aimed at studying hot electrons were performed at the
Omega laser system at the University of Rochesters Laboratory of Laser Energetics [158]
[114]. The OMEGA60 laser consists in 60 ultraviolet (λ=351 nm UV) beams of light
symmetrically distributed about a target chamber in a truncated icosahedron pattern.
Each beam can deliver 500 J on target, for a total energy of 30 kJ. Omega EP (extended
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OMEGA Planar Experiments

Ref. Year Target Beams
τ

[ns]
Etot

[kJ]
I/1015[

W/cm2] Ln [µm]
Te [keV]

Th

[keV]
η

[%]

[170] 2000 CHTiV 10o. 1 4.85 1.5
?
?

≥50 ?

[171][172]
[173]

2012 CHMoCH 4o. 2-2.5 9 0.1-0.7
400
2.6

20-90 1

[174] 2014 CHMoSiO2
1p.p.

2m.d. o.

1.6
∼0.8

5-7.2
0.6
1.4

350
2-2.9

70 1.8

[175] 2016
CHMoCH
CHAgCH

4o. 2-2.5 9 0.1-0.7
270-400
1.5-2.4

20-60 1-3

[176] 2020 CHCuAl
1-2p.p.

1m.d.

2-4
1

1.8-6.4
1.4

0.2
10

330
1.8

27±9 0.8±0.7

[176] 2020 CHCuAl
1-2p.p.

1m.d.(IR)
2-4
0.1

1.8-6.4
2.5

0.2
5

380
1.1

87±10 2.4±0.4

Table 2.4: Summary of SI relevant planar targets experiments performed at OMEGA.
Target configuration and key laser parameters used in each experiment are reported.
The number of beam focused on target is followed by the superscript “p.p.” for the
pre-plasma creation beams or by “m.d.” if the beams were used as main drivers. The
superscript “o.” indicates that beams overlapped on target. The pulse duration τ , the
total energy delivered by the beams Etot and their intensities I are reported both for the
pre-compression beams and the main drivers, if available. The coronal quarter-critical
plasma density scale-length Ln and electronic temperature Te are shown for experiments
in which they were measured or calculated. The hot electron temperatures Th and the
laser to hot electron energy conversion efficiencies η measured are reported in the last
two columns. The experiment in which the laser wavelength used was 1054 nm (1ω) is
highlighted in grey. In all the other cases, the laser wavelength was 351 nm (UV).

performance) is a high-energy petawatt addition. The system consists of four beamlines
with long-pulse capability ranging from 0.1 to 10 ns, delivering typical intensities on tar-
get of 1015 - 1016 W/cm2 with wavelength of 351 nm. The energies provided by the beams
are limited by the UV optical coating damage threshold and it is possible to reach 2.5 kJ
per beam for 1 ns pulses, or 6.5 kJ per beam in the case of 10 ns pulses.

In the experiments reported, laser beams were focused on multilayer targets generating a
strong shock and a copious amount of hot electrons. The setup varies from PALS config-
uration in the number of beams and energy per beam. Hot electrons are characterized in
terms of temperature Th and conversion efficiency η using various x-rays spectrometers.
Tab. 2.4 summarizes the key experimental parameters and the results obtained in the
experiments performed in the last decades. The irradiation wavelength was of 351 nm,
unless otherwise specified.

Experiments in spherical geometry aimed toward the SI framework were also conducted
at OMEGA60. In order to overcome the intensity limitation of the standard 60-beams
implosions, the 40 + 20 beams laser configuration can be adopted. 40 beams are used
to implode the capsule at low intensity, followed by 20 beams tightly focused to reach
intensities up to ∼8×1015W/cm2. This allows to study the implosion performance con-
sidering different figure of merits, such as the neutron yield and the areal density (see
Sec. 2.2). Additional studies on LPI and in particular on hot electron generation were
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Figure 2.12: Main scheme of spherical SI experiments performed at OMEGA. A spher-
ical target is symmetrically irradiated by 60 beams. Targets are usually composed by
concentric shells of plastic ablators followed by mid-Z tracers or D2, according to the
aim of the experiment. The characterization of hot electrons exploits the x-ray radiation
emitted by their propagation. The example reported in figure corresponds to the target
used in [177].

performed in last years. Similarly to planar target experiments, hot electrons are charac-
terized exploiting the x-ray radiation emitted by their passage in targets. The imploded
capsules are usually composed by concentric shells of different materials, sometimes filled
by deuterium and tritium to study neutron yield. Tab 2.5 presents the results of relevant
spherical configuration experiments, conducted at OMEGA in the last decade. Overall,
higher electron energies (Th >50 keV) were observed in cases of overlapping beams, as
also underlined in [183] [174]. Low hot electron temperatures (Th ∼30 keV) were observed
in cases in which beams were tightly focused, or in the case in which only one beam was
used as main driver. This is consistent with the experiments performed at PALS (Sec.
2.4.1), in which only one beam was used to generate hot electrons. The application of
beam smoothing techniques reduces the conversion efficiencies. This is consistent with
the behaviour of the SRS emission detected by the FABS. The SRS-backscattered signal
is lower (up to ∼5 times) in shots where the SSD is applied [179] [177] [184], while SBS
and TPD seems to not be influenced [179].

The conversion efficiency shows a dependence on the ablator material [177]. This is
in part related to the fact that mid-Z material shortens the density scale length and in-
creases the coronal electronic temperature, suppressing the TPD but also the SRS [185]
[36] (however note that different materials produce different damping of the plasma waves,
i.e. different hot electron generation). As such, mid-Z materials were recently proposed
as possible ablators for SI targets, with the aim of reducing hot-electron preheat [186].

Another important parameter that affects the shell preheat is the hot electron beam
divergence. Ref. [187] reports an experimental investigation, conducted at the OMEGA
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OMEGA Spherical Experiments

Ref. Year Target Beams
τ

[ns]
Etot

[kJ]
I/1015[

W/cm2] Ln [µm]
Te [keV]

Th

[keV]
η

[%]

[178] 2012 (CD)D2
40p.p.

20
2.7
0.6

14
5

?
0.5-8

170
1.8

30-40 ?

[179] [180]
[181]

2015 CHCH(Ti0.05)
60p.p.

60o.

1
1

?
22-26

≤0.1
6

120
3.5

60-80 7.6, 3.3SSD

[177] 2017

CHCH(Ti0.05)
BeCH(Ti0.05)
CCH(Ti0.05)

SiO2CH(Ti0.05)

60p.p.

60o.

1
1

?
22-26

?
5

125
3.6

60-80

8, 3SSD

2, 1SSD

3, 2SSD

4, 2SSD

[32] 2018 (CD)D2
40p.p.

20
2.7
0.6

15.3
5.7

?
1.5

?
?

38±3.4 1.6±0.3

Table 2.5: Summary of SI relevant spherical target experiments performed at OMEGA.
The target configuration and the key laser parameters used in each experiment are re-
ported. The acronym (CD) indicates deuterated plastic. The number of beam focused
on target is followed by the superscript “p.p.” for the pre-plasma creation beams. The
superscript “o.” indicates that beams overlapped on the target. The pulse duration τ , the
total energy delivered by the beams Etot and their intensities are reported either for the
pre-compression beams and the main drivers, if available. The coronal quarter-critical
density scale-length Ln and electronic temperature Te are shown for experiments in which
they were measured or calculated. The hot electron temperatures Th and the laser to hot
electron energy conversion efficiencies η measured are reported in the last two columns.
The superscript “SSD” indicates that the values of conversion efficiency was measured
when spectral dispersion smoothing on beams was applied [182].

facility, aiming at studying this feature. Mo-coated shells of increasing diameter were sus-
pended within an outer CH ablator shell. These were irradiated by the 60 OMEGA beams
smoothed by distributed phase plates, with laser energy around 22 kJ. The production of
hot electrons occurred in the ablator, and the Mo layers served as tracers. The electron
beam divergence was evaluated by the relative change in the Kα signal for the various
Mo-shell diameters. The increase of the signal with the Mo-shell diameter indicates a
wide angular divergence of the electron beam.

2.4.3 Experiments at NIF

Laser-plasma interaction experiments started recently at the National Ignition Facility
[156] [157], allowing access for the first time to regimes of plasma density scale lengths
and coronal electron temperatures relevant to direct-drive ICF (i.e. Ln ∼500-700 µm and
Te ∼3-5 keV). The results of a first planar configuration experiment are reported in Ref.
[188] and [189]. Planar disks composed by CH or SI were irradiated with 32 (inners) or
32+64 (inners + outers) NIF beams, with intensities ranging from ∼6×1014W/cm2 up to
1.5×1015W/cm2. The pulse duration was 8 ns and the irradiation wavelength 351 nm. All
the beams were equipped by SSD. According to hydrodynamic simulations, the quarter
critical density scale length and coronal temperature rose up to 500-700 µm and 3-5 keV
in the first 2 ns of irradiation, reaching then quasi-stationary conditions.

For the plastic target, the measured hot electron temperature was around 50 keV with
conversion efficiency ranging from 1±0.4% to 5.1±0.9% as the laser intensity increased
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from ∼ 6 × 1014 W/cm2 up to 1.5 × 1015 W/cm2. Shots on Si targets showed the same
values of Th (i.e. ∼50 keV) but lower conversion efficiencies, ranging from 1 up to ∼3%.
This agrees with the results presented in the previous section on mid-Z ablators. Consid-
ering the optical emission, authors suggest that SRS is the dominant mechanism, and its
intensity is consistent with the fraction of hot electrons measured.

2.5 Conclusion

This chapter shows an ensemble of recent theoretical and experimental works aimed at
studying the problematic of hot electrons in the context of the ICF. In particular, in the
first part of the chapter, we presented some studies on the hot electron effect on the abla-
tion pressure and on the shell preheat. These investigations, however, were conducted on
the basis of 1D or 2D hydrodynamic codes, or by exploiting simplified analytical models
to study the hot electron propagation. It is clear that, having a disposal a 3D hydro-
dynamic code in which a module of hot electron propagation is included will allow to
better interpret the experiments and to realize more robust theoretical investigations. As
such, as reported in Sec. 0.4, one of the goal of the thesis work is to build a 3D hot
electron transport model, with the aim of future implementation in hydrodynamic codes.
Clearly, this model should consider the scattering phenomena and the energy losses which
an electron undergoes propagating in a plasma and in particular in ionized or partially
ionized laser irradiated target.

For what concerns the hot electron characterization, further efforts are required to un-
derstand the behaviour of the diagnostics and the reliability of the numerical methods
used to interpret the experimental data. As an example, the articles listed in Sec. 2.4
present their results in terms of hot electron temperatures and conversion efficiencies,
but a detailed discussion on the post-processing techniques of the diagnostics is usually
omitted. As such, one of the goal of the thesis work is to perform a detailed study on the
behaviour of the x-rays spectrometers, notably the bremsstrahlung and the Kα spectrome-
ters, proposing a methodology of data post-processing. One approximation introduced in
this analysis is the fact that these post-processing techniques are based on “cold” Monte-
Carlo methods, i.e. models in which the hydrodynamic evolution of the targets and their
plasma state are not accounted. In Chap. 5, we present a numerical study using our 3D
hot electron transport code to understand the margin of error introduced in analysing
the laser plasma experiments using cold codes. However, we remark that the prospect of
using a hydrodynamic code coupled with a module of hot electron propagation in which
the bremsstrahlung and the Kα generation is simulated will offer the possibility of a more
robust experimental analysis.

Moreover, further experimental investigations are required to confirm the obtained re-
sults and in particular the values of Th and η. Notably, it is important to understand
the link between these quantities and the development of the laser-plasma processes re-
sponsible for the hot electron generation, in order to explain the differences between the
experiments. For example, in the 1ω experiments conducted at PALS, hot electron tem-
peratures around 30 keV were found (using the single temperature distribution function),
while in the OMEGA experiment the value of Th was 87 keV. In addition, if one considers
the experiments in which only one beam at 3ω was tightly focused on targets, the tem-
peratures ranged from 20 up to 50 keV, but with conversion efficiencies less than the 1%
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in the PALS experiments and around a few percent in the OMEGA experiments. Finally,
when multiple beams overlapped on targets, the uncertainty on the values of Th was
even bigger, with temperatures going from 20 up to 90 keV (considering OMEGA planar
and spherical targets experiments). As such, in order to reduce the uncertainties on the
parameters, to confirm the experimental results found and to explain the differences ob-
tained considering different regimes, further experimental and theoretical investigations
are required . This should be done especially in real SI conditions, were only few data
have been collected up to the present day. On this basis, we present in the next chapter
the results of three experiments aimed at characterizing the hot electrons, conducted at
the OMEGA-EP, PALS and LMJ laser facilities. In particular, as done in the exper-
iments presented in this chapter, the characterization of the hot electrons will rely on
bremsstrahlung measurements. We will thus apply the same analysis methodology and
diagnostic technique to obtain information on the hot electron characteristics in three
different laser-plasma conditions. Let us mention that only in the experiment conducted
at the LMJ facility, real SI conditions are achieved.
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Chapter 3

Experimental characterization of hot
electrons in SI relevant regimes

We report on the results of different experimental campaigns conducted in the last years,
where we characterized hot electrons in SI regime. These experiments were held in dif-
ferent facilities, exploring different laser-plasma conditions according to their capabilities.
We present in particular the results coming from three experiments in planar target con-
figuration, conducted at the OMEGA-EP [158], PALS [111] and LMJ [159] laser facilities.
The scheme and the aim of these experiments were similar: characterize hot electrons and
the shock dynamics. Several diagnostics were involved to reach the goal and to measure
accurately the physical quantities of interest. Here we focus our attention in particu-
lar on the post-processing techniques of different x-ray spectrometers: the Kα and the
bremsstrahlung spectrometers. As shown in Chapt. 2, these spectrometers detect the
radiation emitted by the hot electron propagation in the target and they are used to char-
acterize the hot electron flux in terms of energy and intensity. Despite these diagnostics
have been widely used in laser plasma experiments in the last decade, the comprehen-
sion of their behaviour is not completely understood and still debated by the scientific
community. As such, in the next section, we propose a post-processing methodology to
analyse the data coming from these diagnostics.

The chapter is structured as follows. In Sec. (3.1) we present the analysis of the data
coming from an OMEGA-EP experimental campaign. We first report on the detailed
description of the experimental set-up and the post-processing techniques of different di-
agnostics, describing the analytical and the numerical methods applied. We next present
the results of the experiment, in particular the characterization of the hot electrons in
terms of energy and intensity and their influence on the shock dynamics. In Sec. 3.2 and
3.3, the preliminary results of two experimental campaigns, at PALS and at LMJ, respec-
tively, are presented. Similarly to the OMEGA-EP experiment, these experiments aimed
at characterizing hot electrons and at studying their influence on the shock dynamics.
Since these two experiments are currently being analysed (at the moment of writing), we
report only the results coming from the post processing of the bremsstrahlung spectrom-
eters.

The results are then compared with other experiments in which the irradiation condi-
tions were similar.
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3.1 Experimental characterization of hot electron emis-

sion and shock dynamics at laser intensity rele-

vant for SI

We report on the results of an experimental campaign conducted at the OMEGA-EP laser
facility, aimed at characterizing the hot electrons and the shock dynamics using several
x-rays spectrometers and by performing a shock radiography [190].

The experimental setup is described in the first section 3.1.1, while in section 3.1.2 we
report a detailed description of the post processing techniques of the x-ray spectrometers
data. The spectrometer analysis gives a first information on the hot electron temperature
Th (i.e. their mean kinetic energy) and on the conversion efficiency of laser energy into
hot electron energy (η). However, a large uncertainty on these two parameters was found
(i.e. Th[keV] ∈ [20,50] and η ∈ [2%,13%]). As such, these values were used as input
in hydrodynamic simulations with the aim of reproducing the experimental radiographs
and trying to constrain the problem. In particular, in Sec. 3.1.3, we describe in detail
the setting of the hydrodynamic simulations and the comparison with the experimental
shock radiographs. Finally, in section 3.1.4, the influence of the hot electrons on the shock
dynamics is discussed, considering different hydrodynamic quantities.

3.1.1 Experimental setup

The experiment was performed in the target chamber of the 4-beam OMEGA-EP laser
facility[158] at the Laboratory for Laser Energetics of the Rochester University. One or
two high intensity UV interaction beams (B1, B4) (λ = 351 nm, 1.0 ns square pulse, beam
energy of ∼1.25 kJ, f/6.5) irradiated a multi-layer targets to produce a strong shock wave
and copious amount of hot electrons. The UV interaction beams were tightly focused on
the target surface without phase plates to a focal spot size of ∼130 µm, providing a nom-
inal vacuum laser intensity of ∼ 1 × 1016 W/cm2 for one beam and ∼ 2 × 1016 W/cm2

for two beams. Planar targets consisted of two layers (175 or 250 µm CH/ 20 or 10 µm
Cu) fabricated to 500 µm diameter disks. These were mounted on a 50 µm thick CH slab
aiming at inhibiting hot electron recirculation. The UV interaction lasers impinged on
front of the 175 (or 250) µm thick CH layer at an angle of incidence of 23◦ with respect to
the target normal. The Cu middle layer served as a tracer for hot electrons emitting Cu
Kα x-rays of 8.05 keV. Multiple x-ray diagnostics characterized the emission generated by
the hot electron population in order to obtain information on their energy spectrum.

The total yield of Cu Kα was measured by an absolutely calibrated Zinc von Hamos
x-ray spectrometer (ZnVH)[149]. This spectrometer uses a curved HOPG crystal in von
Hamos geometry to diagnose the x-ray spectrum in the range of 7−10 keV. A high-spectral
resolution x-ray spectrometer (HRS) used a spherically bent Si [220] crystal coupled to a
charge-coupled device to measure the time-integrated x-ray emission in the 7.97- to 8.11
keV range [150]. The hot electron produced bremsstrahlung radiation was diagnosed by
two time-integrating hard x-ray spectrometers (BMXSs) [142] at 25◦ and 65◦ off the tar-
get rear normal, respectively. The instruments are composed of a stack of fifteen imaging
plates (IP) of MS type [132], alternated by filters of different metals. The x-rays propagate
into the stack creating a signal in the IPs according to their energy: higher energy photons
propagate deeper in the stack. A schematic view of the filters disposition is shown in Fig.
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Figure 3.1: Schematic disposition of the filters (in grey) and imaging plates (in blue) of
the BMXS instrument. X-rays are penetrating the stack from the right.

3.1, while their thicknesses is reported in Tab 3.1. The whole stack is encapsulated in a
cylindrical lead container in order to reduce the background signal and a further 10 mm
filter of Polytetrafluoroethylene (C2F4)n (PTFE, teflon) is placed in front of the stack
shielding it from plasma debris. In addition, this filter blocks low-energy photons coming
from the coronal plasma and the copper Kα signal, while allowing higher energy photons
produced by the propagation of hot electrons in the target. A streaked Sub-Aperture
Backscattering Spectrometer (SABS) diagnosed the temporally resolved spectrum of the
SRS backscattered light (430 nm to 750 nm). However, the total SRS reflected power
could not be directly measured due to the small collecting area.

An UV beam (B3) with a 3 ns square pulse irradiated a V foil target to produce back-
lighter with a high flux of x-ray radiation at 5.2 keV, vanadium Heα line, used as source
to perform time resolved radiographs (see Fig. 3.2). A total energy of ∼2.7 kJ impinged
on the V foil. The average intensity ranged from 3× 1014 W/cm2 to 5× 1014 W/cm2. A
50 µm thick CH heat shield placed between the backlighter and the target absorbed the
soft x-ray radiation from the V foil in order to prevent any premature x-ray preheat of
the multi-layer target. A four strip x-ray framing camera (XRFC) [191] equipped with
an 4×4 array of 20-µm-diam. pinholes captured sixteen 2-D images of the shock front
with 6× magnification at various times. The time and the spatial resolutions of the cam-
era were ∼100 ps and ∼15 µm respectively. Finally, 1-D time-resolved radiography was
obtained by replacing the XRFC with a slit imager and an x-ray streaked camera. The
PJX streak camera [192] was operated in inverse mode with an 6 mm x 90 µm input slit
and 10 µm x 1000 µm imaging slit providing a total magnification of 20x. The spatial
resolution was about 10 µm and 40 ps of temporal resolution. Tab. 3.2 presents a list
of the performed shots considered here, indicating the availability of experimental data
from the diagnostics.

3.1.2 Post processing of the x-ray spectrometer data

We report, in this section, a detailed description of the post-processing techniques of
the data coming from the BMXS (the bremsstrahlung spectrometers) and the ZNVH
and HRS (the k-alpha spectrometers). The bremsstrahlung spectrum detected by the

Material PTFE Al Ti Fe Cu Mo Ag Sn Ta Au Pb Pb
Thickness [mm] 10 0.1 0.1 0.1 0.1 0.1 0.15 0.5 0.5 1.56 1 2
Material Pb Pb Pb Pb
Thickness [mm] 3 4 6.4 6.4

Table 3.1: Thicknesses of the filters employed in the BMSX instrument. X-rays are
incident on the PTFE layer.
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Shot Number
Interaction beam

on target
BMXS ZNVH Radiography HRS

#28406 B4 Available Available 2-D Not Available Available
#28407 B1 Available Available 2-D Available Available
#28410 B1+B4 Available Not Available 2-D Available but not exploitable Available
#28412 B1 Available Available 1-D Available Available
#28415 B1+B4 Available Available 1-D Available but not exploitable Available

Table 3.2: Summary of performed shots. Shot number and the correspondent interaction
laser beam focused on target are shown. The availability of experimental data coming
from x-ray spectrometers and from radiography is indicated. In the radiographies #28410
and #28415 the poor contrast of the images makes the radiographies not exploitable.

BMXS is first retrieved by simulating the diagnostic response using Geant4 MC code
and then by applying the chi-square method with the experimental data. After that,
the bremsstrahlung spectrum and the k-alpha signals detected by the spectrometers are
reproduced by performing simulations of electron transport in target. In this way, it is
possible to retrieve the intensity and the mean kinetic energy of the hot electrons emitted
in the shot.

Time-integrating hard x-ray spectrometer BMXS

The BMXSs are made by a stack of 15 image plate detectors with metal filters interleaved
in-between (see Sec. 3.1.1). After recording the signal, the imaging plates are read in a
dedicated scanner which induces Photo Stimulated Luminescence (PSL). Fig. 3.3 shows
the signal recorded in shot #28407. In general, all the shots had signal up to the seventh
or eighth IP. The background noise is around 1% of the signal of the seventh IP and it
does not influence the measurement. The PSL value is related to the absorbed dose by a
calibration curve [137].

Figure 3.2: Experimental setup for x-ray radiography. A UV beam irradiated a V
foil and one or two high intensity UV beams interacted with the multi-layer target. An
x-ray framing camera equipped with a pinhole array captured images of the shock front
at various times.
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Figure 3.3: Example signals obtained in the IP stack for shot #28407.

To extract the x-ray spectrum which led to a given energy deposition, one must first
characterize the response of each IP inside the BMXS to a monochromatic x-ray beam.
This is calculated by performing MC simulations in which the 3D detector geometry is
reproduced. The simulations were performed with the Geant4 MC code [193] using the
Penelope physics library [194]. Here we used 46 logarithmically spaced photon spectral
bins from 5 keV to 1 MeV in order to calculate the deposited energy per photon Di(k), in
the k-th IP for the i-th energy bin. Results are shown in Fig. 3.4. For a generic photon
distribution function fph(E) it is possible to calculate the energy deposition Et in the k-th
IP using to the formula:

Et(k) =
45∑
i=1

∫ Ei+1

Ei

fph(E)
Di(k) +Di+1(k)

2
dE. (3.1)

Considering the decaying behaviour of the signal through the IPs, we chose an exponential
photon distribution function of the type fph(Aph,Tph, E) =

Aph

E
e−E/Tph with free parame-

ters Aph and Tph. The choice of this type of fph(E) is related to the fact that, as remarked
later, this is the shape of photon distribution function produced on the detector by a 2-D
electron Maxwellian distribution function that propagates inside the target. The values
of the free parameters Aph and Tph are found fitting the experimental data by performing

Figure 3.4: Response curves for each IP in the BMXS spectrometer calculated using
MC simulations.
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Figure 3.5: Contours of parameters Aph and Tph leading to a reduced χ2 of 1 in the post
processing of data from the two BMXS, for shot #28407. Results for the spectrometers
placed at 25◦ and 65◦ are given in red and black respectively.

a reduced χ2 test (see appendix A). The latter reads:

χ2 =
1

ν

Nip∑
k=1

(Et(k)− Eexp(k))2

σ2
exp(k)

→ 1, (3.2)

where Et(k) is the calculated deposited energy, Eexp(k) the experimental one, σ2
exp the

variance of the experimental value and ν is the number of degrees of freedom. σ2
exp should

be the signal variance in each k-th IP measured considering a large number of identical
shots. However, since in our case the number of shots is limited and the conditions are
different from shot to shot, σ2

exp is computed considering the variance of the mean value of
the signal in the image, extracted using imageJ. Let us also specify that ν is defined as the
number of fitting points (i.e. the number of IP in which there is the signal) minus 2, i.e.
the number of free parameters used to fit the data. Fig. 3.5 shows the ensemble of possible
values for parameters Aph and Tph that lead to χ2 → 1 for the two spectrometers, for shot
#28407. In general a good agreement between the two spectrometers was observed for all
shots. Since there are several combinations of possible values for the parameters Aph and
Tph that can reproduce the measurements, in the continuation of our analysis we consider
three representative points for each BMXS (see Fig. 3.6): the two extreme points (fph1

and fph3) and the central point (fph2). The proposed method presents a large uncertainty
in the determination of the parameters Aph and Tph. Nevertheless, the three obtained
curves lead to an energy deposition in the IPs that is consistent with the experimental
error of the measure (see Fig. 3.6 b). The error is evaluated considering the standard
deviation calculated from the signal in the IPs. The degeneracy of the solutions requires
to constrain the problem using other experimental results.
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(a)
(b)

Figure 3.6: (a) Contours of parameters Aph and Tph leading to a reduced χ2 of 1 in the
post processing of the BMXS placed at 65◦ for the shot #28407. The three representative
points with the corresponding values of Aph and Tph are indicated. (b) Experimental
deposited energy in the IPs (red dots) and theoretical energy deposition expected consid-
ering the three fph (dashed lines).

Kα spectrometers

The two Kα spectrometers, the ZNVH and the HRS, are based on the same working
principle: a crystal disperses the x-ray photons on the sensitive part of the detector. In
the ZNVH a passive detection system is used, the imaging plate, while the HRS uses a
CCD. Knowing the calibration of the spectrometers, it is possible to reconstruct the x-ray

(a)

(b)

Figure 3.7: (a) X-ray spectrum detected by the ZNVH spectrometer for the shot #28407,
after the background correction. (b) Ratio between the signal detected by the HRS and
ZNVH, normalized by 1010 ph/sr. The two spectrometers yield data consistent with each
other.
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spectrum detected. Fig. 3.7 shows the signal detected by the ZNVH for the shot #28407,
after a correction for the background. In the figure, it is possible to appreciate how the
Cu Kα peak is well resolved by the diagnostic. The integral of the peak gives the total
number of Kα photons per steradian that reached the instrument. As shown by Fig. 3.7
(b), the two spectrometers gave a consistent response in terms of order of magnitude. As
such, in the continuation of our analysis, we will consider only the data from the ZNVH.

Post-processing of the BMXS and ZNVH

Information on the hot electron population is inferred by simulating the propagation of
the hot electron beam in the target and finding the parameters that reproduce both the
bremsstrahlung emission and the Kα signal detected by the diagnostics. These simulations
are performed with Geant4 [193], which allows for a detailed description of the electron
collision in matter and x-ray emission. Unfortunately, the code does not account for the
hydrodynamic evolution of the target and the collective effects, but these are playing a
minor role in determining the x-ray emission due to electron propagation. For sufficiently
large laser spot, the 1D assumption that the product ρr is the same for cold and for
ablated target holds, where r is the target length and ρ is the mass density for the two
cases. Hence, at first order, electrons should lose a similar amount of energy crossing a
cold target or the real irradiated one.

While the geometry and composition of targets are fully described in the simulation,
reproducing the exact position and geometry of the detectors would require significant
computational resources in order to achieve acceptable statistics. Indeed, the spectrome-
ters were mounted on the chamber wall at 1.8 meters from TCC. For these reasons, the
detectors in the MC simulation are represented by spherical coronas at the correct angle
and distance. This approach improves statistics, but assumes cylindrical symmetry (see
Fig. 3.8).

Figure 3.8: Schematic illustration of target and detector configuration set in Geant4
simulation.
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Electron spectra fe(E)
fe1 → fph1 fe2 → fph2 fe3 → fph3

Initial divergence Beam incidence Ne1 [1016] Th1 [keV] Ne2 [1016] Th2 [keV] Ne3 [1016] Th3 [keV]
22◦ 0◦ 4.0 22 1.3 31 0.5 43
45◦ 0◦ 4.2 22 1.3 32 0.6 42
22◦ 23◦ 4.2 22 1.3 32 0.5 43
45◦ 23◦ 4.0 22 1.3 32 0.5 43

Table 3.3: Coefficients Ne and Th of the electron distribution functions fe(E) that
generate the three fph(E) detected by the 65◦ BMXS, for shot #28407, for all the possible
combinations of initial beam divergences and incidences.

An electron beam with a size of 100 µm is injected from the front side of the target
where the laser impinges. Various cases are considered for the beam initialization : ±
45◦ or ± 22◦ of initial divergence and of 0◦ or 23◦ of inclination with the respect to
target normal. Bremsstrahlung and Kα generation were simulated using the Penelope
[194] and Livermore [195] physics libraries. Simulations were conducted by launching 22
monochromatic beams with logarithmic-spaced energies from 5 keV up to 300 keV. The
2D Maxwellian fe(Ne,Th, E) = Ne

Th
e−E/Th that reproduces both the bremsstrahlung spec-

trum fph(E) on the BMXS and the Kα signal on the ZNVH is then reconstructed. In the
function, Ne represents the total number of electrons and Th the average electron kinetic
energy or the temperature.

Concerning the bremsstrahlung spectrometers, as shown in Sec. 3.1.2, three possible
photon distribution functions are considered. Tab. 3.3 shows the electron distribution
functions fe(Ne,Th, E) that generate the three photon distributions fph(E) on the 65◦

BMXS, for shot #28407. Since no significant differences were observed between the two

Figure 3.9: Comparison of the bremsstrahlung spectra fph1 (E) in black and simulated
one resulting from fe1(E) reported in Tab. 3.3 in red. The bremsstrahlung spectra comes
from the post-processing of the 65◦ BMXS for the shot #28407. The laser to hot-electrons
energy conversion efficiency is ∼11% for the curve fe1(E).
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physics libraries in the simulation of the bremsstrahlung radiation, only the results from
Penelope are shown. As can be observed, there are no remarkable differences between
different initial divergences and inclinations of the input electron beam. The low mean
kinetic energy of electrons leads to severe large-angle scattering that causes the particles
to lose their directionality. This strengthens the initial assumption of cylindrical symme-
try. As an example, Fig. 3.9 compares fph1(E) and the simulated bremsstrahlung spectra
produced on the 65◦ BMXS using the fe1(E). For these particular target configurations
and energy ranges, the photon distribution produced by an exponential distribution func-
tion of electrons has the form of fph(E) =

Aph

E
e−E/Tph . This justifies the initial choice

of fitting the BMXS signal with these kind of functions (see Sec. 3.1.2). Across all
shots, it is possible to observe an average electron temperature Th that spans from 20
keV up to 45 keV, with absolute number of electrons Ne ranging from 5·1015 up to 5·1016.

Concerning the Kα simulations, similarly to the generation of the bremsstrahlung spec-
trum, the initial configurations of the electron beam is not seen to influence the Kα

emission. Therefore, only results from the simulations with ±22◦ initial divergence and
at normal incidence beam are reported. Fig. 3.10 shows possible values Ne and Th that
reproduce the Kα signal on the ZNVH, combined with the values obtained previously by
the BMXS, for the shots #28406 and #28407. A disagreement of about 25% is found
between the libraries Livermore and Penelope in reproducing the Kα. Since they predict
that the same amount of electrons reaches the copper with an identical energy distribu-
tion, the discrepancy must be attributed to differences in the computation of the cross
section for the K-shell ionization σk(E). These differences are however comparable to the
relative standard deviation of the experimental measures of σk(E) [196].

(a) (b)

Figure 3.10: Map of possible values of Ne and Th that can reproduce the experimental
data (Kα and bremsstrahlung spectrum) for shots #28406 (a) and #28407 (b). The black
and the blue lines result from Kα simulations with libraries Penelope and Livermore,
respectively. The red crosses indicate the average values coming from the two BMXS,
using the three representative points scheme. The experimental error on the Kα signal,
evaluated to be around 20%, is shown by error bars.
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(a) (b)

Figure 3.11: Laser to hot electron conversion efficiency as a function of temperature.
Fig. (a) reports the shots in which one beam was focused on target (1250 J): #28406,
#28407, #28412. Fig. (b) reports shots #28410 and #28415 with two laser beams (2500
J). The three main areas, corresponding to the three fe(E) detected by the BMXS and
ZNVH, are reported in red, blue and green for each shot, respectively.

The disagreement between the results considering different shots does not allow to reduce
the ranges of values for Ne and Th. It is thus necessary to keep the three representative
points considered in the analysis so far.

Figure 3.11 illustrates the conversion efficiency of laser energy into hot electron energy
for the five shots, considering for each the three possible fe. Points in between are chosen
in case of significant discrepancies between the response of the BMXS and ZNVH (Fig.
3.10). In shots using a single interaction beam, three main regions can be identified: from
20 keV to 26 keV with efficiencies around 10%, from 27 keV to 35 keV with efficiencies
around 6% and from 36 keV up to 45 keV with efficiencies around 2-3%. The shots
performed with two laser beams show similar conversion efficiencies and slightly higher
temperatures. In order to discriminate between the three regions, we use all these values
as input of hydrodynamic simulations and we evaluate which reproduces the experimental
evolution seen in the radiographs.

3.1.3 Hydrodynamic evolution of the target and effect of the
hot electrons

Time-resolved radiographs

The shock propagation in the target was monitored by x-ray radiographs taken at dif-
ferent times. Fig. 3.12 shows the array of sixteen radiographs captured by the XRFC
for the shot #28407. Among these, Fig. 3.13 shows the radiography at 250 ps and at
1.150 ns. At 250 ps, when the target is still cold, it is possible to see the CH ablator of
175 µm thickness, the copper plate of 20 µm, the plastic holder of 50 µm and a ∼ 15
µm of glue between the holder and the copper. This indicates a correct alignment of the
XRFC and a low value of parallax for the images of the third column of the array. In
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Figure 3.12: Array of 2-D radiographs captured at various times by the XRFC for shot
#28407. Between each image on the line there are 50 ps.

the radiograph at 1.150 ns it is possible to discern the shock that propagates inside the
ablator, although the poor contrast of the image makes the precise measurement of its
position difficult. It is however clearly possible to see that the copper layer is thicker.
Since at this time the shock did not reach the layer, such expansion has been attributed
to the effect of hot electrons. The shock position and the copper plate expansion are the
figures of merit considered to characterize the hot electron source. Different intensities
and kinetic energies of the hot electron beam will strongly affect the variation in time of
these two quantities.

The expansion of the plate is evaluated by referring to transmissivity profiles taken along
the cylinder axis, as shown in Fig. 3.14. The minimum in the curves indicates the pres-
ence of the copper and the FWHM represents its thickness. The transmissivity values
were then normalized by the values resulting from the plastic holder. The holder remains
un-compressed during the radiography, and we can hence assume that the x-ray flux that
goes through it is constant and proportional to the backlighter emission.
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(a) (b)

Figure 3.13: Radiography of the target at 250 ps (a) and at 1.150 ns (b) for shot #28407.
In the radiography (a) the thickness of the ablator, copper plate and holder are indicated.
The laser impinges on the target from the right.

Figure 3.14: Transmissivity profile on the cylinder axis extracted from the radiography
at 250 ps for shot #28407. The position of ablator, copper plate, glue and holder are
indicated in the figure. The thickness of the copper is measured by the FWHM of the
transmissivity profile.

Hydrodynamic simulations

Hydrodynamic simulations were performed with the 2D Hydrodynamic Code (CHIC) [37]
developed at CELIA. The code describes single fluid two-temperatures hydrodynamics
with thermal coupling between electrons and ions. Electron heat transport is described
by the Spitzer-Harm model with flux limiter, while radiation transport is described by a
multi-group approach using tabulated opacities. The calculation of hydrodynamic quan-
tities relies on equations of state taken from the SESAME database, and the ionization is
calculated according to the Thomas-Fermi theory. The laser propagation is modelled using
ray tracing accounting for inverse bremsstrahlung absorption. Losses due to Stimulated-
Brillouin Scattering (SBS) are not modelled. Since in our experiment the SBS reflected
power was not directly measured, the experimental shape of the pulse was corrected by
the amount of SBS evaluated by performing simulations with the time-enveloped wave
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solver LPSE [197]. This code couples the equations that describe the pump wave with
the equations for the Raman and Brillouin scattered light and plasma waves. Plasma
waves equations are solved around a given plasma frequency ωpe0, whereas the Raman
scattered field is enveloped at ωr = ω0 − ωpe0. The fluid equations for the plasma den-
sity and velocity govern the plasma dynamics. Coronal plasma density, velocity profiles
and electron temperatures at quarter critical density were extracted from an initial CHIC
simulation with the experimental base pulse at four times: 0.3 ns, 0.5 ns, 0.9 ns and 1.3
ns. These parameters are then used as input for LPSE to calculate the percentage of
SBS reflected light and study the Raman and the Brillouin scattering at quarter critical
density in one-dimensional geometry. The LPSE simulations ran for 25 ps, which is long
enough to observe the saturation of Raman and Brillouin instabilities. Discussion on the
detailed results of these simulations, carried by A. Ruocco (Central Laser Facility, STFC
Rutherford Appleton Laboratory, Harwell Oxford, Didcot, Oxford OX11 0QX, United
Kingdom, at the moment of writing), lies beyond the purpose of this work. Here, we
only retain the fraction of the Brillouin back-scattered light when the saturation of the
instability is reached. The amount of the Brillouin reflected light obtained in the four
simulations is the 2%, 7%, 46% and 2% of the incoming pump wave, respectively. The
correction is done by interpolating linearly in time these percentages and subtracting the
values to the base pulse. The total fraction of scattered power in the simulation is around
20%. The shapes of experimental (red line) and the SBS-corrected (orange line) pulses
are shown in Fig. 3.15 (a).

Hot-electron propagation in the hydrodynamic simulation is modelled using the hot-
electron transport package implemented in CHIC. Electrons propagate along straight
lines depositing energy into the mesh according to the plasma stopping power formu-
las [123]. Straggling and blooming of the beam are taken into account by using the
Lewis’ model [125] (see appendix E). Electrons are described by a 2D Maxwellian function
fe(Ne,Th, E) = Ne

Th
e−E/Th in which the parameters Ne and Th are taken from experimental

(a) (b)

Figure 3.15: (a) Experimental laser pulse shape (red) and SBS-corrected laser pulse
shape (orange).(b) The intensity of HE beam is assumed to exactly follow either SRS
reflected power measured by the SABS (blue) or RAB signal computed by CHIC (green).
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(a) (b)

Figure 3.16: Reflected light due to SRS and TPD collected by the SABS for shot #28407
and #28410. The bandwidth of the diagnostic ranges from 400 nm up to 750 nm. The
temporal profile of the signal is indicated by the white line. The values of the SRS power
collected are not significative, since the diagnostic covers only the 6% of the beam solid
angle.

data. The parameter Ne is related to laser to hot electron conversion efficiency η (see Sec.
3.1.2). This coefficient and the position where the hot electron source is initialized are
modelled using the signal obtained by the SABS. As shown by Fig. 3.16, this diagnostic
detects light generated by absolute and convective SRS and the ω/2 TPD signal. From
Fig. 3.16, it is possible to see that the strongest signal has the broad spectral features
characteristics of convective SRS, while the ω/2 signal produced by TPD is weaker. The
centers of the convective SRS emissions are around 625 nm and 575 nm for shots #28407
and #28410, respectively. According to the relation between the wavelength of backward
scattered SRS and the density at which the scattering occurs [46]:

λSRS = λL

[
1−

√
ne
nc

(1 + 3k2λ2
D)

]−1

, (3.3)

we can estimated that the average SRS emission occurs in the range 0.14nc - 0.18nc. In
the simulations, electron beamlets are thus initialized at 0.14nc with an initial divergence
of ± 22◦. This approach does not consider electrons generated at nc by the Resonant Ab-
sorption (RAB) and at nc/4 by the TPD. Nonetheless, different positions of the electron
beam initialization do not influence the final results of the simulation. This is because
electrons are initialized with a small angle of divergence and they will not lose a large
amount of energy in the corona. The intensity of the electron beam is modelled in time
considering the conversion efficiency η(t) that follows temporally either the signal mea-
sured by the SABS or the RAB signal computed by CHIC, as shown in Fig. 3.15 (b).
In particular, the signals were renormalised and rescaled using the conversion efficiency
given by BMXS and ZNVH (11%, 6%, 3% for the shot #28407, see Sec. 3.1.2). A dis-
cussion on the mechanisms of hot electron generation is currently an open topic and it
is out of the scope of the thesis work. Here we limit our analysis to the characterization
of hot electrons, focusing our attention on their effects on the hydrodynamic evolution of
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the target. Three different CHIC simulations are performed in order to determine which
combination of conversion efficiency η and average temperature Th better reproduces the
experimental behaviour. This is done either for the one beam and the two beams cases.

Comparison between experimental and synthetic radiographs. One beam on
target case

For the one beam case, referring to the shot #28407, the three corresponding fe(E)
are reported in Tab. 3.4 and reported in Fig. 3.11 (a). The generation of synthetic
radiographs from simulations is accomplished by reproducing the 3D cylindrical density
profiles and then by calculating the theoretical transmissivity maps at the times of interest,
according to the formula [198]:

T (t, x, y) = exp

[
−
(
µ

ρ

)∫
ρ(z)dz

]
. (3.4)

Here ρ(z) is the density of the material along the radiography axis and µ
ρ

is the mass
absorption coefficient in plastic and copper. The images are then blurred with a 2D
Gaussian convolution with standard deviation of 15 µm to take in account the spatial
resolution of the pinhole array. Transmissivity profiles are then extrapolated along the
cylinder axis to evaluate the copper plate expansion. The values are renormalized by the
transmissivity of the holder to be consistent with the experimental analysis.

To retrieve information on the hot electron beam we rely on the radiography taken at
1.650 ns, when the laser interaction is finished and hot electrons have already deposited
their energy in the target. The experimental thickness, evaluated from the transmissivity
curves, is 34 ±3 µm. Considering a diagnostic temporal resolution of ±50 ps, Fig. 3.17
shows the superposition between the experimental curve at 1.650 ns and the simulation
results for a time windows that spans from 1.600 ns up to 1.700 ns. Three hot electrons
cases (denoted with the corresponding fei

) and the case without hot electrons (woHE)
are reported. The figures report the simulations results in which the hot electron beam
followed temporally the SRS signal (blue curve in Fig. 3.15 (b)). We do not report
the figures in which hot electrons follow the RAB signal (green curve in Fig. 3.15 (b)),
since the results are similar to the SRS case. This is likely due to the fact that we are
considering the radiography at 1.650 ns, when the laser pulse is finished. At this time,
the shock position and the copper thickness depend strongly on the intensity and on the
mean kinetic energy of hot electrons (i.e. on their induced preheat), instead the temporal
shape of the beam (i.e. the hot electron injection time) plays a second order effect.

The decrease of the synthetic transmissivity in the ablator is due to the presence of

fe

Th [keV] η [%] Ne[1016]
fe1(E) 26 11 3.4
fe2(E) 35 6 1.4
fe3(E) 45 3 0.5

Table 3.4: Parameters of Maxwellian functions fe(E) obtained from the post-process of
BMXS and ZNVH for the shot #28407, used as input in CHIC.
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Figure 3.17: Transmissivity curves taken along the central axis. In red the experimental
curve extracted from the radiography at 1.650 ns for shot #28407, in blue the synthetic
curves for a time window that spans from 1.600 ns up to 1.700 ns. The four figures corre-
spond to the four simulated cases: (a) case without hot electrons; (b) simulation with hot
electron beam fe1(E); (c) simulation with hot electron beam fe2(E); (d) simulation with
hot electron beam fe3(E). In these simulations the hot electron beam follows temporally
the SRS signal (Blue curve in Fig. 3.15 (b))

the shock that compresses matter. This effect allows to see the shock front propagating
in the ablator in the cases fe3 and woHE, while in the other two cases the shock has
already reached the copper plate at 1.650 ns. In the experimental curves this behaviour
is not observed and, on the contrary, the values coming from the compressed ablator are
slightly higher compared to the ones coming from the un-compressed holder. This is pos-
sibly due to non-uniformities in the x-ray backlighter source. While this issue makes the
precise detection of the shock position difficult, it does not affect the information related
to the copper thickness. From Fig. 3.17 it is possible to observe that the low tempera-
ture HE distributions (fe1 , fe2) reproduce an expansion of the plate that approaches the
experimental behaviour. For the other cases (fe3 , woHE), the expansion is lower and not
compatible with experimental results. For the case woHE, the shock front approaches the
copper plate at t=1.900 ns. The copper expansion taken at this time for this particular
case is ∼25 µm. This indicates that the copper expansion driven only by the radiative
transport plays minor role compared to the expansion due to the hot electron energy
deposition.
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Figure 3.18: Transmissivity profile on the cylinder axis extracted from the radiography
at 1100 ps for shot #28407. The red curve is the experimental transmissivity profile;
the orange curve comes from the simulation without hot electrons; the black curve comes
from the simulation with the hot electron beam fe1(E) (Th= 26 keV, η = 11%); the
violet curve comes from the simulation with the hot electron beam fe2(E) (Th= 35 keV,
η = 6%); the blue curve comes from the simulation with the hot electron beam fe3(E)
(Th= 45 keV, η = 3%);

Let us point out that it was necessary to rely on the radiography taken at 1.6 ns, because
in the radiography at 1.1 ns the copper expansion is too weak and it is not possible to
discriminate among the three cases which is the closer to the data. As shown in Fig. 3.18,
the experimental copper plate thickness is around 26 ±3 µm, while the copper expansion
predicted by the four simulations is around 23 µm. As such, it is not possible to exploit
the radiography at 1.1 ns to constrain the problem.

The experimental radiography at 1.650 ns is illustrated in Fig 3.19. At that time, the
shock front is into the copper plate. We report in the same figure the synthetic radio-
graphs obtained from the simulations with fe1(E) and fe2(E) at 1.700 ns, considering as
before the limit in the time resolution of the camera. In the case fe2(E) the shock is ap-
proaching the plate, while in the simulation with fe1(E) the shock is already propagating
inside, in agreement with the experimental behaviour. In the other two cases (without HE
and fe3(E)) the shock at 1.700 ns has not yet reached the plate. As such, the 2D x-ray
radiography suggests that the HE distributions fe1(E) and fe2(E) are more consistent
with the experimental results.

The conclusions presented from the time-gated radiography are strengthened by results
from the 1-D time-resolved radiography, shown in Fig. 3.20 for shot #28412. This figure
shows the ablator of 175 µm, the ablation zone that grows in time and the copper plate.
The progression of the shock into the target is indicated by the white-dashed line in Fig.
3.21, in which we compare the experimental radiography with the synthetic ones. Despite
the large error bars due to low contrast of the experimental image, there is an indication
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Figure 3.19: [Top] Experimental radiography of shot #28407 at 1.650 ns. The shock
front is highlighted; [Bottom-left] synthetic radiography obtained by the simulation with
fe1(E) at t= 1.700 ns; [Bottom-right] synthetic radiography obtained by the simulation
with fe2(E) at t= 1.700 ns.

that lower temperatures and higher efficiencies are more appropriate to reproduce the
experimental behaviour.

To summarize, the simulation with the distribution fe1(E) is better in agreement with
experimental results, either considering the 2-D radiography and the 1-D time resolved
radiography. The behaviour predicted by the simulation with fe2(E) approaches the ex-
perimental results, while the simulations with fe3(E) and without hot electrons are clearly
not in agreement with experiment. Considering fe1(E) and fe2(E) as the closer to ex-
perimental results, we identify a hot electron temperature Th = 27 keV ± 8 keV and a
conversion efficiency η= 10% ± 4%. These ranges correspond to the first two zones (fe1
and fe2) of figure 3.11(a).

Figure 3.20: Experimental time resolved 1D radiography for the shot #28412. Time is
on the x axis. In this figure, the laser is incident from the bottom.
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Figure 3.21: Comparison between the experimental 1D time resolved radiography of
shot #28412 and the synthetic ones. The three hot electron cases (denoted fei

) and the
case without hot electrons (woHE) are reported. The time at which the shock arrives on
the plate is marked with red lines. The white dashed line indicates the progression of the
shock.

Temperature of the copper layer

The Kα spectra measured by the HRS are used to estimate the electronic temperature
reached by the copper layer during the irradiation. The spectrum measured by the HRS
for shot #28407 is shown in Fig. 3.22 (red line). In the figure it is possible to see the two
peaks related to the de-excitation of the copper Kα, namely Kα1 and Kα2, resolved by the
instrument. The emission lines, in the case of cold material, are at 8.0478 keV for Kα1
and at 8.0278 keV for Kα2. The heating and the consequent ionization of the material
due to the presence of hot electrons induces a wavelength shift of the emission that results
in broadening of the peaks [152]. Since the position of the HRS pointed to the front side
of the target, the measured temperatures are referred to the first layers of the plate. This
is because the Kα signal coming from those layers is stronger and less attenuated by the
target itself. The experimental broadening is compared with synthetic signals simulated
using the PrismSpect code [199]. These synthetic signals are reproduced considering the
emission of Kα at different copper temperatures (the simulations were conducted by S.
Pikuz, Joint Institute for High Temperatures of Russian Academy of Sciences, 125412
Moscow, Russian Federation, at the moment of writing).
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Figure 3.22: Experimental and synthetic Kα spectra superimposed. The experimental
signal in red refers to the shot #28407. The synthetic signal are reproduced considering
electronic copper temperatures between 10 eV (blue curve) and 30 eV (black curve), using
the PrismSpect code [199].

As shown in Fig. 3.22, the broadening of the peaks indicates temperatures greater than
10 eV, but lower than 30 eV. The copper temperature computed by CHIC for simulations
with hot electrons presents its maximum of 13 eV in the first part of the plate, decreasing
down to 5 eV in the rear side. The values provided by the simulation without hot elec-
trons are 0.2 eV. The values predicted by the simulations with hot electrons are thus in
much better agreement with the experimental results.

Comparison between experimental and synthetic radiographs. Two beams on
target case

As reported in Tab. 3.2, the radiographs of the shots 28140 and 28415 (the ones in which
two laser beams were focused on the targets) are not exploitable. This issue is due to
the low contrast of the images, that does not allow to retrieve the shock position or the
copper expansion with sufficient accuracy.

Fig. 3.23 shows the 2D array of radiographs obtained in the shot 28410. In this ar-
ray, the images in the first column are affected by a lower parallax, as can be observed
from the transmissivity profiles extracted from the image at 200 ps, Fig. 3.24. Unfor-
tunately, the times at which the radiographs were taken did not allow to constrain the
hot electrons measurements. Fig. 3.25 reports the comparison between the experimental
and the synthetic transmissivity profiles at 600 ps and at 1000 ps. The synthetic signals
are extracted from three simulations considering the three different electron distribution
functions, as done for the single beam case. The three electron distribution functions
correspond to those reported in Fig. 3.11 (b) and in Tab. 3.5. We performed simulations
in which electrons follow temporally the SABS or the RAB signal, as done for the single
beam case (see Sec. 3.1.3). However, in Fig. 3.25, we report only the results coming from
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Figure 3.23: Array of 2-D radiographs captured at various times by the XRFC for shot
#28410. Between each image on the line there are + 50 ps.

Figure 3.24: Transmissivity profile on the cylinder axis extracted from the radiography
at 200 ps for shot #28410. The position of ablator, copper plate, glue and holder are
indicated in the figure. The thickness of the copper is measured by the FWHM of the
transmissivity profile.

the simulations in which hot electrons follow temporally the SABS signal, since the sim-
ulations considering the RAB signal predicted a similar copper thickness. As can be seen
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fe

Th [keV] η [%] Ne[1016]
fe1(E) 32 10 5
fe2(E) 37 7 3
fe3(E) 43 5 2

Table 3.5: Parameters of Maxwellian functions fe(E) obtained from the post-process of
BMXS and ZNVH for the shot #28410, used as input in CHIC.

from Fig. 3.25, experimentally at 600 ps the copper plate does not show any expansion,
while at 1000 ps it is 30 ±3 µm thick (i.e. with an expansion of 10 µm). Unfortunately,
the simulations at 1000 ps predicted an expansion of only 2 µm (either considering the
SABS or the RAB signal for the temporal generation of hot electrons). It is not clear
whether this disagreement comes from issues in the hydrodynamic code or due to some
parallax in the experimental radiography. Having at disposal only one shot, we do not
have sufficient statistics to draw a conclusion.

Considering the shot 28415, the low contrast of the 1D radiography does not allow to
locate correctly the shock position (Fig. 3.26).

(a) (b)

Figure 3.25: Transmissivity profiles taken along the cylinder axis at (a) 600 ps and (b)
1000 ps. The red curve indicates the experimental transmissivity, while the black, the
violet and the blue curves are the synthetic signals from CHIC, considering the scheme
of the three representative points as done for the one beam case. The three electron
distribution functions are listed in Tab. 3.5, and they correspond to the ones in the graph
3.11 (b).
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Figure 3.26: Experimental time resolved 1D radiography in the shot #28415. Time is
on the x axis. Laser impinges from the bottom. The shock front is not visible.

3.1.4 Influence of hot electrons on the hydrodynamic

We now analyse the simulation results that match the experimental data for the single
beam case. As explained in the previous section, the laser pulse used as input in the
simulations follows temporally the experimental pulse, after a correction taking into ac-
count the SBS reflection. The SBS fraction was calculated performing LPSE simulations
considering hydrodynamic profiles extracted by an initial CHIC simulation at different
times (see Sec. 3.1.3). The SBS removed power corresponds to ∼20% of the total power.
Hot electrons are generated at 0.14nc following the temporal profile of the backscatterd
light measured by the SABS instrument. Hot electron beams are energetically described
by exponential distributions characterized by Th = 26 keV and conversion efficiency with
respect to the laser energy of η ' 11%. We consider that an equal fraction of scattered
light through SRS occurs, so an additional 11% of light at 0.14nc is backscattered and
subtracted from the laser. The RAB fraction computed by the code is only the 0.33%,
while the collisional absorption is around ∼58%. In the simulation, electrons propagate
according to straight lines, with an initial divergence of the beam of 22◦. The hot electron
beam widens during the propagation according to angular scattering. A simulation with-
out hot electrons is also presented and, for this case, the fraction of collisional absorption
computed by the code is ∼95% (after the subtraction of the SBS part).

Plasma Parameters

The nc/4 density-scale length rises up to 150 µm in the first 0.8 ns, while the nc/4 coronal
electronic temperature reaches ∼ 2.1 keV in the first 0.6 ns, as shown in Fig. 3.27.
Considering the temporal evolution of these parameters, the intensity threshold for SRS
[77] and TPD [200] are exceeded after ∼ 200 ps, i.e. almost at the beginning of the drive
laser pulse.
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Figure 3.27: Evolution in time of the density-scale length and coronal electronic tem-
perature computed at nc/4. The time interval considered corresponds to the time of SRS
activity observed in the SABS.

Shock characteristics

Fig. 3.28 shows the temporal progression of different hydrodynamic quantities around the
shock front. Results from simulations with and without hot electrons are presented. The
ablation pressure reaches a maximum of 100 MBar at 0.3 ns for the two cases, regardless
of the presence of the hot electron beam. These values are four times less compared to
the value of ∼400 MBar predicted by the scaling laws pabl ∝ λ−2/3I

2/3
a , observed for laser

intensities of 1015W/cm2 [12]. This mismatch is due to the fact that the scaling law con-
siders 1-D collisional laser absorption without parametric instabilities and non-thermal
electrons. Despite this, these values of ablation pressure do not dramatically differ from
the values obtained in other planar configurations experiments conducted at lower laser
intensity[183], [174].

Considering that 175 µm of cold plastic stops electrons up to 100 keV, it is possible
to estimate that 98% of electrons in the experiment are stopped in the ablator. This
increases the electronic temperature and pressure reached by the ablator upstream of the
shock, 9 eV and 11 MBar, respectively. The value of temperature is evaluated 50 µm
upstream of the shock and the value of pressure is calculated considering the minimum
around the shock front. The position of the shock front is computed considering the
maximum of the derivative of the logarithm of the pressure. The downstream pressure
reaches a maximum of 150 MBar, 25 MBar more than without hot electrons. The down-
stream pressure is calculated considering the maximum pressure after the shock front.
The increase of the downstream pressure, driven by the presence of electrons, is beneficial
for the SI scheme. The shock strength, which is the ratio between the downstream and
the upstream pressures at the shock front, decreases dramatically from ∼700 for the case
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Figure 3.28: Evolution in time of hydrodynamic quantities around the shock position
resulting from CHIC simulations. The simulation with hot electrons (orange) and without
hot electrons (blue) are reported. (a) Ablation pressure; (b) downstream pressure; (c)
upstream pressure; (d) upstream electronic temperature. Hot electrons are described by
a Maxwellian function with Th=26 keV and laser to hot electron conversion efficiency
η ∼ 11%.

without hot electrons to ∼20 for the simulations with hot electrons. The shock velocity
in presence of hot electrons increases from 100 km/s to 130 km/s.

3.1.5 Summary of the OMEGA-EP experiment

We reported, in this section, the analysis of an OMEGA experimental campaign aimed
at characterizing the hot electrons and their influence in the shock dynamics, for interac-
tion regimes relevant to SI. Despite the smaller density scale lengths and plasma coronal
temperatures reached in this experiment, the laser intensity was of the same order of
magnitude of the SI spike (I∼1016 W/cm2).

The hot electron source was characterized in terms of Maxwellian temperature Th and
laser to hot electron energy conversion efficiency η using data from different x-ray spec-
trometers, specifically bremsstrahlung and Kα spectrometers. A post-processing method-
ology of the data coming from these diagnostics is presented, explaining in detail the
numerical methods and the used procedure. In particular, the post processing of the
bremsstrahlung spectrometer (BMXS) requires a first MC simulation in which the diag-
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nostic response to monochromatic photon beams is computed. The photon distribution
function detected by the diagnostic is then reconstructed by means of the reduced chi-
square method (formula [3.2]). The figure of merit χ2 → 1 allows to determine an ensemble
of solutions which correspond to possible photon distribution functions detected by the
instrument. The predicted energy deposition through the IPs by these photon distribu-
tion functions is consistent with the experimental measurements and their error (see Fig.
3.6).

To find the hot electron temperature Th and intensity (related to the conversion effi-
ciency η), Geant4 simulations of electron transport in targets are performed, aiming at
reproducing the bremsstrahlung spectra and the Kα signal detected by the diagnostics.
Here we explained in detail how these simulations are set up, showing that the initial
geometric electron beam configuration does not affect the final result. The interval of Th

indicated by the spectrometers ranges from 20 up to 45 keV, with an energy conversion
efficiency that goes from 13% down to 3%. These data are used as input in hydrodynamic
simulations in order to reproduce the shock propagation and the Cu layer expansion ob-
served in the radiographs. In this regard, hydrodynamic simulations suggested that an
electron distribution function with temperature Th=27±8 keV and conversion efficiency
η = 10± 4% better describes the problem.

Similar hot electron temperatures, but lower conversion efficiencies were observed in a
recent OMEGA experiment [176]. Here the irradiation conditions were similar to our
case: an UV laser beam with intensities around ∼ 1016 W/cm2 was tightly focused on
planar multilayer targets. In this case, the pulse was preceded by a pre-compression beam
generating a pre-plasma with scale length of 380 µm and coronal temperature around 1.8
keV. The measured hot electron temperature and conversion efficiency were 27 keV and
1∼ %, respectively. This low value of conversion efficiency may be related to the influence
of a longer plasma-scale lengths on the LPI. Low hot electron temperatures of ∼ 30 keV
are also reported in spherical configuration experiments [178] [32]. In this case, 40 of the
60 OMEGA beams were used to compress D2 filled plastic shells. The remaining 20 spike
beams were delayed and tightly focused onto shell to deliver a late shock. The intensity
of the single spike beam was several 1015 W/cm2, interacting with a plasma characterized
by Ln ∼170 µm and Te ∼2 keV (see Tab. 2.5) . As such, we can observe that, in this
particular regime, the hot electron temperature does not strongly depend on laser inten-
sity.

In the last part of Sec, 3.1.4, we presented a brief discussion of the influence of hot
electrons on the shock dynamics. In particular, the shock pressure increases because of
the presence of the hot electrons, with beneficial effects on the SI scheme. Conversely,
since hot electrons heat up the upstream region of the shock, the shock strength falls
dramatically with detrimental effects for the scheme. We report, in the next chapters, a
numerical study on the influence that hot electrons with these characteristics have on the
shell adiabat of a typical SI implosion configuration.
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3.2 Preliminary results from the PALS experiment

on hot electrons characterization, in condition

relevant to Shock Ignition.

We report on the preliminary results of an experimental campaign conducted at the PALS
laser facility, aimed at characterizing the hot electrons and the shock dynamics for laser
conditions relevant to the SI approach. As specified in Chapt. 2, the PALS laser system
can provide a laser beam with an intensity that can reach values around 1016 W/cm2, i.e.
the same order of magnitude of the SI spike. In this experiment, targets were irradiated
with the first harmonic 1ω (λ = 1315 nm) by a 300 ps FWHM Gaussian beam. The
laser intensity was around 2 ×1016 W/cm2, for a total laser energy of 700 J. As shown
in Chapt. 1 and 2, in this condition the laser light is absorbed mainly by resonant
effects which prevail over the bremsstrahlung absorption, generating a copious amount of
hot electrons. The experiment aimed at studying the hot electron generation and their
influence on the shock propagation. As shown in Chapt. 2, these electrons can contribute
to the shock formation if they are at moderate kinetic energy, opening the possibility of
using an IR laser beam for SI.

3.2.1 Experimental setup

Planar multilayer targets were irradiated by the 1ω (λ = 1315 nm) PALS laser beam with
intensity around 1-2 × 1016 W/cm2. Phase plates were used to obtain Gaussian spots
with ∼100 µm diameter. The temporal pulse shape was a Gaussian function with FWHM
around 300 ps and the total laser energy was ∼ 600 J. Measurements [164] show that about
half of this energy arrives on targets. The pulse shape as a function of time is reported in
Fig. 3.29 (f). Targets were 2x2 mm2 planar multilayer foils composed of different ablators.
The experiment aimed at studying how the hot electron conversion efficiency and tem-
perature are affected by the ablator composition. In this regard, targets were composed
by 20 µm ablators of different materials, as shown in Fig. 3.29. These were followed by
a Polypropylene transport layer of 50 µm, a copper tracer of 10 µm and a final plastic
layer of 20 µm, to avoid hot electron recirculation in the tracer. On the front side (where
the laser impinges), all targets had an Aluminium flash protection of 41 nm deposited
over the ablation layer. CHIC simulations (not presented in this work) predict a quarter
critical plasma density scale length of ∼110 µm at 500 ps for all the targets. The quar-
ter critical coronal temperatures are 2.9 keV for the target with plastic ablator, 3 keV in
the case of Al ablator, 4.3 keV in the case of Ti ablator and 4.8 keV for Ni and C ablators.

The SRS and TPD backscattered emission were measured by using a near infrared spec-
trometer and an optical streak camera was used to perform time-resolved spectroscopy.
The time evolution of hot electron generation was measured by detecting the time-
resolved copper Kα emission using a X-ray streak camera with a suitable time fiducial.
Furthermore, the CELIA bremsstrahlung spectrometer (see Sec. 2.3.2 ) detected the
bremsstrahlung radiation generated by the propagation of the hot electrons in the target.
The spectrometer was placed at 45◦ from the target normal, on the front side of the target
(where laser impinges). The distance from TCC was of 0.22 m. Let us specify that the
11 cm lead collimator (see Fig. 2.8) was not used in this experiment. Measures of Shock
Breakout time were performed to study the shock dynamics.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.29: Composition of the planar multilayer targets used in the experimental
campaign at PALS. Five different types of targets were used, composed of 20 µm ablators
of (a) Ni, (b) Al, (c) C, (d) Ti and (e) CH. The ablator was followed by a Polypropylene
transport layer (50 µm), a copper tracer (10 µm) and a final plastic layer of 20 µm to
avoid hot electron recirculation in the tracer. (f) Laser intensity as a function of time.
The temporal pulse shape was a Gaussian with a FWHM of 300 ps. In figures (a) to (e),
the laser is incident on targets from the left.
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3.2.2 Preliminary results from the CELIA Bremsstrahlung spec-
trometer

The experimental data of this experiment are being currently analysed. We report,
in this section, the preliminary results coming from the post-processing of the CELIA
bremsstrahlung spectrometer. As reported in Sec. 2.3.2, the CELIA spectrometer is com-
posed by a stack of filters and IPs interleaved, encapsulated in a led case to reduce the
background signal coming from the chamber fluorescence. The signal released through
the IPS for the shot #55175 (CH ablator target) is shown in Fig. 3.30. Considering all
the shots, a significant signal up to the seventh or the eighth IP was detected. The sig-
nal value in the first IP was around 10 - 11 PSL, below the saturation level of the scanner.

Similarly to what was done for the OMEGA experiment (Sec. 3.1.2), the diagnostic
response is simulated by using the Geant4 MC code and the deposited energy in each
IP per number of photon is calculated considering 72 x-ray monochromatic beams. The
energy range covered by the simulations goes from 10 keV up to 10 MeV and in each
simulation we launch 106 photons. This high number of particles is adequate to obtain
a reduced statistical noise. In reality, for our purposes, it is redundant to calculate the
response curves considering photons energies up to 10 MeV. As done for OMEGA, an
upper limit of 1 MeV is sufficient. The simulations are performed considering four dif-
ferent electromagnetic physics libraries contained in Geant4 MC code: Penelope [194],
Livermore [195], electromagnetic standard opt3 and electromagnetic standard opt4 [201].
As can be seen from figure 3.31, the four libraries predict the same energy deposition
through the IPS, giving us more confidence on the final result.

The steps followed to post-process the experimental data are similar to what was done for
the OMEGA experiment, Sec. 3.1.2. The experimental energy release through the IPS is
reproduced by considering a photon distribution function of the type fph(Aph,Tph, E) =
Aph

E
e−E/Tph , and the free parameters Aph and Tph are retrieved by performing the chi-

square analysis with the experimental data, eq. (3.2). The results for the shot #55175
are shown in Fig. 3.32. In particular, Fig. 3.32 (a) represents the map of the parameters
Aph and Tph which satisfy the condition χ2 → 1, while Fig. 3.32 (b) shows the energy
deposition through the IPs considering the photon distribution function that minimizes
the χ2, i.e. the one with Tph ∼30 keV. As for the BMXS in OMEGA, the χ2 function
finds its minimum well below 1, and the scheme of the three representative points should

Figure 3.30: Signal in PSL values released through the IPS detected by the CELIA
spectrometer for the shot #55175. In this shot, the target had a CH ablator.
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Figure 3.31: Response curves of each IP in the CELIA bremsstrahlung spectrometer
calculated using four different libraries: [Upper-Left] Livermore; [Upper-Right] Penelope;
[Bottom-Left] electromagnetic standard opt-3; [Bottom-Right] electromagnetic standard
opt-4.

be consider also here. However, for the moment, we will consider only the points which
minimize the χ2, (Aph ∼ 3× 1011 [ph/Sr] and Tph ∼ 32 keV for this shot).

To find the population of hot electrons that generated the bremsstrahlung spectrum de-
tected by the spectrometer, we performed Geant4 simulations of electron propagation as
already shown in Sec. 3.1.2. In these simulations, the 3D target geometry and material
composition were reproduced, while the detector was simulated considering a spherical
corona at the right distance and angle from the TCC (see Fig. 3.8). Let us specify that
the Al layer (41 nm) placed before the ablator was not simulated, since Geant4 does
not accept such small thicknesses as input. However, the fact that we neglect such thin
layer, should not cause an appreciable error in the simulations. As done in Sec. 3.1.2,
hot electrons are modelled energetically considering 2D Maxwellian distribution functions
fe(Ne,Th, E) = Ne

Th
e−E/Th with free parameters Ne and Th. The results of these simu-

lations are presented in Fig. 3.33, where we reported the conversion efficiency of laser
energy into hot electron energy as a function of the hot electron temperature. The values
are calculated considering the mean among the shots. Overall, the temperature spans in
a range that goes from ∼25 up to ∼ 45 keV, with conversion efficiencies around the 1-2%.
These quantities were calculated considering the real laser energy delivered on targets,
around 250-300 J [164]. In particular, for the Aluminium ablator target, the hot electron
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(a) (b)

Figure 3.32: (a) Contours of parameters Aph and Tph leading to a reduced χ2 of 1
in the post processing of data from the CELIA bremsstrahlung spectrometer, for shot
#55175. (b) Experimental deposited energy in the IPs (red dots) and theoretical energy
deposition expected considering the fph that minimizes the chi-square (dashed lines), for
the shot #55175.

temperature goes from 25 up to 35 keV, while for carbon, titanium and plastic ablator
targets the temperature is slightly higher (up to 45 keV). These differences could be due
to the different plasma conditions created by the laser interacting with different ablators
(including different EPW and IAW damping rate). This effect is currently under inves-

Figure 3.33: Conversion efficiencies of laser energy into hot electron energy as a function
of the hot electron temperature that reproduce the experimental bremsstrahlung spectra
detected by the CELIA spectrometer. The values are retrieved by performing Geant4
simulations of hot electron propagation in targets. Results for the four target types are
reported.
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Figure 3.34: Comparison of the bremsstrahlung spectra fph (E) in black and simulated
one resulting from fe(E) reported in the figure. The bremsstrahlung spectra comes from
the post-processing of the CELIA bremsstrahlung spectrometer for the shot #55175. The
laser to hot electrons energy conversion efficiency is ∼1.4% for the curve fe(E).

tigation by means of CHIC simulations [37] and a post processing of the SRS and TPD
signal is being done to evaluate the contribution of the different phenomena to the hot
electron generation. Let us also mention that, in this particular configuration, the photon
distribution function generated on the bremsstrahlung spectrometer by a 2D Mawellian
electron distribution function corresponds to fph(Aph,Tph, E) =

Aph

E
e−E/Tph , similarly to

the OMEGA experiment, Sec. 3.1.2. This is shown in Fig. 3.34 for the shot #55175.

3.2.3 Conclusion

We reported, in this section, the preliminarily results of an experiment conducted at
PALS aimed at characterizing the hot electrons and their influence on shock dynamics,
in condition relevant to SI. Despite the lower density scale lengths and plasma coronal
temperatures reached in this experiment, the used laser intensity was of the same order
of magnitude of the SI spike (I∼1016 W/cm2).

Hot electrons were characterized in terms of Maxwellian temperature and laser to hot
electron energy conversion efficiency η using the CELIA bremsstrahlung spectrometer.
Following the same methodology presented in the analysis of the OMEGA experiment
(see Sec. 3.1), the diagnostic response is simulated using Geant4 and the photon distri-
bution function detected by the instrument is retrieved using the chi-squared analysis.
Overall, we can observe a hot electron temperature that ranges from 20 up to 45 keV
and conversion efficiencies around ∼ 1-2%. The hot electron temperatures found in this
experiment are similar to the ones obtained in other 1ω experiments [165] [166] (reported
in Tab. 2.3 of Chap. 2.4.1), but our conversion efficiencies are lower, despite the irra-
diation condition being similar. The origin of this mismatch should be due to the fact
that we considered only the photon distribution function that minimizes the chi-square,
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while as shown in the OMEGA analysis (Sec. 3.1.2), one should consider the a system of
degenerate solutions and then constrain the problem.

Considering the influence of the ablator on the hot electron generation, lower values of hot
electron temperature are found for the Al and the Ni targets, compared to the CH and C
cases. This is consistent with recent experimental and theoretical studies reported in the
literature [36] [177], even if these were conducted in spherical geometry and considering
an irradiation wavelength of 351 nm.

The origin of this hot electron population is being investigated by comparing the backscat-
tered light spectra with the temporally resolved Kα signal. This will give some information
about the predominant mechanism among RAB, SRS and TPD in the generation of hot
electrons. Furthermore, the influence of the hot electrons on the shock dynamics will be
evaluated using CHIC [37]. Finally, LPSE simulations could be conducted to evaluate the
influence of different ablators on the hot electron generation.

3.3 Preliminarily results from the LMJ-Petal exper-

iment on hot electrons characterization, in con-

dition relevant to Shock Ignition

We report, in this section, the preliminary results of an experiment conducted at the
LMJ-PETAL facility aimed at characterizing hot electrons and the shock propagation in
laser condition relevant to the SI approach to ICF. Contrary to the experiments presented
in Sec. 3.1 and 3.2, LMJ allows to achieve plasma scale lengths and coronal temperatures
characteristic of SI, thanks to the possibility of using a long pulse profile. As such, the
hot electron features observed in this experiment should be similar to the ones present in
SI, with some differences due to the high value of the laser beam incidence angle.

The experiment is currently being analysed and its preliminarily results can be found
in Ref. [202]. Here we report on the post-processing of the bremsstrahlung spectrometer
data, retrieving the intensity and the temperature of the hot electrons emitted in two
shots.

3.3.1 Experimental setup

The experiment was conducted in planar geometry and three LMJ UV beams were used
to deliver a total energy of 20 kJ on the target. The focal spot of each beam was Gaus-
sian with a radius around 300 µm. The pulse consisted in a 3 ns pre-compression beam,
aimed at producing a long scale length plasma, followed by a high-intensity spike of 1.3
ns. Because of the high incidence angle of the beams (∼50◦), the overlapped intensity of
the spike reached 2 × 1015 W/cm2. The temporal evolution of the beam power is shown
in Fig. 3.35 (a). For the shots presented in this work, the laser beams were not equipped
by Smoothing by Spectral Dispersion (SSD) phase plates.

According to CHIC simulations [37], the quarter critical coronal temperature reached
the value of 1.7 keV at the end of the pre-pulse (3.2 ns) and a peak of 4.5 keV during the
main pulse, at 4.3 ns. The quarter critical density scale lengths were 390 µm at the end
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(a)
(b)

Figure 3.35: (a) Laser power as a function of time used in the experiment. A low
intensity pre-compression beam of 3 ns is followed by a high intensity spike of 1.3 ns. (b)
Target configuration used in the experiment. The laser impinges on the front side of the
target. The Au shield is not reported in the figure.

of the pre-pulse and 480 µm during the spike pulse.

Targets were made of a plastic ablator disk 100 µm thick, followed by three 5 µm thick
disks made of copper, silver and molybdenum, respectively. These were used as hot elec-
tron tracers. The disk diameter was 8 cm, and they were followed by a 3 mm plastic (CH)
parallelepiped to diagnose the shock propagation. Finally, an Au shield was placed around
the disks to prevent x-ray spectrometers from strong emission of the coronal plasma. The
target configuration is reported in Fig. 3.35 (b).

A Full Aperture Backscattered Station (FABS) detected the backscattered light mea-
suring with two different spectrometers the SRS and the SBS signal, with a temporal
resolution of 100 ps [203]. The hot electron population was characterized using two x-rays
spectrometers: SPECTIX [204] and CRACC-X [143]. SPECTIX is a k-alpha spectrom-
eter used to detect the k-shell radiation emitted by the passage of hot electrons in the
tracers. CRACC-X is a bremsstrahlung spectrometer consisting of a stack of filters and IP
interleaved, similar to the ones used at OMEGA and at PALS. Finally, shock radiography
was performed by coupling a hard X-ray imager to a framing camera (GXI) [205]. The
backlighter source used for this purpose was a Fe foil irradiated by two supplementary
beams.

3.3.2 Preliminary results from the CRACC-X spectrometer

The experiment is currently being analysed (at the moment of writing), and we report
on the post-processing of the Bremsstrahlung spectrometer CRACC-X. As reported in
Ref. [143], CRACC-X is a x-ray spectrometer composed by a stack of 25 disk-shaped IPs
alternated by filters of different materials and thicknesses. As the BMXS (Sec. 3.1.2)
and the CELIA spectrometers (Sec. 3.2), it detects and deconvolutes the bremsstrahlung
spectrum emitted by the passage of hot electrons in target. The filter configuration is
shown in Tab. 3.6. The instrument was located in the equatorial plane at 58◦ from the
shock propagation axis, and its distance from the TCC was 22 cm. The stack was divided

87



3.3. PRELIMINARILY RESULTS FROM THE LMJ-PETAL EXPERIMENT ON
HOT ELECTRONS CHARACTERIZATION, IN CONDITION RELEVANT TO
SHOCK IGNITION

Figure 3.36: Schematic representation of the stack of filters and IPs adopted in CRACC-
X. Two half circle filters (Al and Mo 2 mm thick) are used at the entrance of the stack
to widen the dynamic range of the diagnostic. In this way, the spectrometer response is
split into two channels. Filters are coloured in red, while the sensitive part of the IP is
indicated in light-grey.

Filter Material
Thickness
[mm]

Filter Material
Thickness
[mm]

Filter Material
Thickness
[mm]

1 Al/Mo 2.0/2.0 10 Ta 0.100 19 Pb 1
2 Al 0.09 11 Ta 0.100 20 Pb 1
3 Ti 0.125 12 Au 0.250 21 Pb 1
4 Fe 0.125 13 Au 0.250 22 Pb 1
5 Cu 0.100 14 Pb 0.250 23 Pb 1
6 Mo 0.100 15 Pb 0.250 24 Pb 1
7 Ag 0.150 16 Pb 0.500 25 Pb 6
8 Ag 0.300 17 Pb 0.500
9 Ag 0.300 18 Pb 1

Table 3.6: Material and thicknesses of the filters used in the CRACC-X stack. The x-ray
radiation impinges on the Al/Mo filter.

Figure 3.37: Signal in PSL values released through the IPS detected by the CRACC-X
spectrometer in shot #1.

into two channels by placing two different half circle filters at the entrance. One consisting
of 2 mm Al (Al filter channel) and the other of 2 mm Mo (Mo filter channel), as shown
by the schematic representation of the stack in Fig. 3.36. These two thick filters prevent
photons with energy less than ∼15 keV from entering the stack. The effect of these two
different filtering can be seen in the energy deposition through the IPs in Fig. 3.37: the
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brighter half circle represents the signal released in the Al channel, while the other half
is the signal released in the Mo channel. Either for the Al and the Mo channel, we had a
signal up to the tenth - eleventh IP, for the two shots reported. The background signal
is ∼ 1% of the signal of the tenth-eleventh IP, and it does not influence the measure.
Because of the proximity of the instrument to the TCC and because of the high radiation
fluxes generated by the laser-plasma interaction, the signal in the first five IPs of the Al
channel was saturated, achieving a maximum value of ∼135 PSL. It was necessary to scan
the IPs eleven times to obtain a non saturated level of signal (i.e. < 135 PSL) in the first
IP. The real value of signal in the first five IPs was reconstructed considering the simple
proportion:

PSL(k)real =
PSL(j)first scan

PSL(j)last scan

PSL(k)last scan, (3.5)

where PSL(k) is the signal in the k-th saturated IP and PSL(j) the signal in the j-th not
saturated IP. Usually j is chosen considering the first not saturated IP. “Last scan” refers
to a scan in which the signal in the k-th IP was not saturated. Conversely, the signal in
the Mo channel was not saturated, and the maximum value in the first IP was around ∼
13 PSL. This is the same order of magnitude of the signal obtained in the OMEGA (Sec.
3.1) and in the PALS (Sec. 3.2) experiments.

To reconstruct the photon distribution function detected by the diagnostic, we proceed
as done in the previous sections. The spectrometer is first simulated with Geant4 [193]
and the response curves are calculated. In particular, here we divided the IPs into two
half circles (corresponding to the two channels) and the energy deposition per photon in
each half IP is calculated considering 45 monochromatic photon beams. The response
curves for the two channels are shown in Fig. 3.38. After that, the experimental energy
release through the IPS is reproduced by considering a photon distribution function of the
type fph(Aph,Tph, E) =

Aph

E
e−E/Tph , and the free parameters Aph and Tph are retreived

(a) (b)

Figure 3.38: Response curves of each IP in the CRACC-X spectrometer, calculated
using Geant4 MC code [193] with the library Penelope [194]. (a) Response curves of the
Al channel; (b) Response curves of the Mo channel.
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Al channel Shot 1
Distribution Function Scale Factor [ph/Sr] Tph [keV]

fph = Nph/Tphe−E/Tph Nph = 2.6 ×1013 16

fph = Aph/Ee−E/Tph Aph = 2.6 ×1013 25

Table 3.7: Values of the parameters Nph (Aph) and Tph coming from the minimization of
the chi-square considering the two photon distribution functions fph = Nph/Tphe−E/Tph and
fph = Aph/Ee−E/Tph . Let us notice that Nph represents the number of photon per steradian
that reached the diagnostic, while Aph is related to this quantity through a normalization
constant. As such, the number of photon per steradian predicted by the minimization
procedure, considering the function fph = Aph/Ee−E/Tph , is around ∼ 9 ×1012 ph/sr. Data
refer to shot 1, Al channel of the CRACC-X.

by performing the chi-square analysis with the experimental values (eq. (3.2)) (As shown
in Sec. 3.1.2). In this case, a 2D Maxwellian photon distribution function of the type

fph(Nph,Tph, E) =
Nph

Tph
e−E/Tph was also used.

The results for the Al channel are shown in Fig. 3.39 and in Tab. 3.7 for the shot
1. From the analysis, the χ2 function presents a minimum much greater than 1. In par-
ticular, the minima are around 390 and 270 for the two cases fph = Nph/Tphe−E/Tph and
fph = Aph/Ee−E/Tph , respectively. According to common statistics references [206] [207],
such high values of χ2 imply that the found distributions are unlikely to be correct. These
high values of the chi-square could come from the fact that these single-temperature pho-
ton distribution functions fail in fitting the signal of deeper IPs. As shown in Fig. 3.39,
the predicted energy deposition in the IPs 8-11 is lower compared to the experimental
values. A two-temperature photon distribution function could solve this issue and further

Figure 3.39: [Left] Experimental (red dots) and theoretical (dashed line) energy de-
position through the IPs in the Al channel, computed considering the function fph =
Nph/Tphe−E/Tph in which the values of the parameters Nph and Tph are taken from Tab. 3.7.
[Right] Experimental (red dots) and theoretical (dashed line) energy deposition through
the IPs in the Al channel, computed considering the function fph = Aph/Ee−E/Tph in which
the values of the parameters Aph and Tph are indicated in Tab. 3.7
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Mo channel Shot 1
Distribution Function Scale Factor [ph/Sr] Tph [keV]

fph = Nph/Tphe−E/Tph Nph = 3.5 ×1012 26

fph = Aph/Ee−E/Tph Aph = 4.7 ×1012 35

Table 3.8: Values of the parameters Nph (Aph) and Tph coming from the minimization of
the chi-square considering the two photon distribution functions fph = Nph/Tphe−E/Tph and
fph = Aph/Ee−E/Tph . Let us notice that Nph represents the number of photon per steradian
that reached the diagnostic, while Aph is related to this quantity through a normalization
constant. As such, the number of photon per steradian predicted by the minimization
procedure considering the function fph = Aph/Ee−E/Tph is around ∼ 1.5 ×1012 ph/sr. Data
refer to shot 1, Mo channel of the CRACC-X.

investigation is required. In this thesis, we will consider only single-temperature pho-
ton distribution functions. Given this, the number of photon per steradian that reached
the instrument predicted by the chi-square analysis are 2.6 × 1013 ph/sr for the case
fph = Nph/Tphe−E/Tph and 9 × 1012 ph/sr for the fph = Aph/Ee−E/Tph (let as notice that
Nph represents the number of photon per steradian, while Aph is related to this quantity
through a normalization constant).

Considering now the Mo channel, the results are presented in Tab. 3.8 and in Fig. 3.40.
In the fitting process, the first IP was discarded because of the strong diffused light from
the Al part. As can be seen from the figures, in this case the chi-square analysis offers
more reliable results, having the χ2 function reached minimum around 1.6-2 in the two
cases. The photon number per steradian is 3.5 and 1.5 × 1012 ph/sr for the two cases, re-
spectively, one order of magnitude less compared to what predicted using the Al channel.
The photon temperatures go from 26 keV for the function fph = Nph/Tphe−E/Tph up to 35
keV for fph = Aph/Ee−E/Tph .

Considering the shot #2, the results from the Mo channel are shown in Fig. 3.41. Here
the χ2 function finds its minimum at values less than one (∼0.088 for fph = Nph/Tphe−E/Tph

and ∼0.064 for fph = Aph/Ee−E/Tph). The contour for the parameters Nph (Aph) Tph that
satisfies the condition χ2 → 1 is shown in the two right graphs of Fig. 3.41. Here we
report also the scheme of the three representative points, as done in the analysis of the
OMEGA experiment. We thus consider three possible photon distribution functions de-
tected by the diagnostic: fph1, fph2 and fph3 as reported by the figure. This is done both
for fph = Nph/Tphe−E/Tph and fph = Aph/Ee−E/Tph .

Proceeding as done in the analysis of OMEGA and PALS experiments, we performed
Geant4 simulations in order to find the characteristics of the hot electron beam that gener-
ated these bremsstrahlung spectra on the instrument. In particular, we consider electrons
energetically described by a 2D Maxwellian distribution function fe(E) = Ne/The−E/Th ,
with free parameters Ne and Th. In the simulations, the real target geometry is repro-
duced, while the detector is simulated considering a circular corona placed at the right
angle and distance from the TCC (see Fig. 3.8). As done in the analysis of OMEGA
experiment, we calculate the parameters Ne and Th considering the three possible pho-
ton distribution functions detected by the diagnostic. We rely only on the data coming
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Figure 3.40: [Top-left] Experimental (red dots) and theoretical (dashed line) energy de-
position through the IPs in the Mo channel considering the function fph = Nph/Tphe−E/Tph .
The values of the parameters Nph and Tph are indicated in Tab. 3.8. [Top-right] Couple
of parameters Nph and Tph that minimizes the chi-square. The minimum of the χ2 is
around ∼1.6 and the subscript 8 indicates the number of degrees of freedom. [Bottom-
left] Experimental (red dots) and theoretical (dashed line) energy deposition through the
IPs in the Mo channel considering the function fph = Aph/Ee−E/Tph . The values of the
parameters Aph and Tph are indicated in Tab. 3.8.[Bottom-right] Couple of parameters
Aph and Tph that minimizes the chi-square. The minimum of the χ2 is around ∼2.1 and
the subscript 8 indicates the number of degrees of freedom.

from the Mo channel, since the Al channel presented too high values of the χ2 function
in the minimization. Furthermore, we consider both the photon distribution functions
fph = Nph/Tphe−E/Tph and fph = Aph/Ee−E/Tph . The results are reported in Tab. 3.9 and
Tab. 3.10 for the first and the second case, respectively, for the shot #2. As can be seen
from these tables, the photon distribution functions at lower temperatures and higher
number of photon per steradian (fph1) require an elevated conversion efficiencies of laser
energy into hot electron energy (58 and 28%). These values are not consistent with the
values commonly found in the literature and are clearly incorrect. Also the conversion
efficiency predicted using the function fe2 of Tab. 3.9 reaches value which may be unre-
alistic. Note that, if one considers the photon distribution function retrieved by the Al
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Figure 3.41: [Top-left] Experimental (red dots) and theoretical (dashed line) energy de-
position through the IPs in the Mo channel considering the function fph = Nph/Tphe−E/Tph

which minimizes the chi-square (i.e. fph2 indicated in the [Top-Right] figure). [Top-right]
Couple of parameters Nph and Tph that satisfies the condition χ2 → 1. The minimum
of the χ2 is around ∼0.088 and the subscript 6 indicates the number of degrees of free-
dom. [Bottom-left] Experimental (red dots) and theoretical (dashed line) energy deposi-
tion through the IPs in the Mo channel considering the function fph = Aph/Ee−E/Tph which
minimizes the chi-square (i.e. fph2 indicated in the [Bottom-Right] figure). [Bottom-right]
Couple of parameters Aph and Tph that satisfies the condition χ2 → 1. The minimum of
the χ2 is around ∼0.064 and the subscript 6 indicates the number of degrees of freedom.

channel, even higher conversion efficiency (over the 100%) are found. This is because the
number of photons and the temperature retrieved (Nph ∼ 2× 1013 ph/sr, Tph ∼ 26 keV)
from the diagnostic post processing are higher compared to what is obtained in the Mo
channel. This is further confirmation of the unreliability of the data coming from the Al
channel.

The bremsstrahlung spectra fph3 and the computed bremsstrahlung spectra generated
by the electron distribution function fe3 on the diagnostic are shown in Fig. 3.42. In par-
ticular, Fig. 3.42 (a) shows the functions fph3 = Nph3/Tph3e−E/Tph3 and the bremsstrahlung
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fe → fph = Nph/Tphe−
E/Tph

fe1 → fph1 fe2 → fph2 fe3 → fph3

Ne 4.2×1018 1×1018 4.2×1017

Th [keV] 16 20 23
η [%] 58 17.6 8.05

Table 3.9: Coefficients Ne and Th of the electron distribution functions fe(E) that
generate the three fph = Nph/Tphe−E/Tph detected by the Mo channel of the CRACC-X
spectrometer for shot #2. η is the conversion efficiency of laser energy into hot electron
energy.

fe → fph = Aph/Ee−E/Tph

fe1 → fph1 fe2 → fph2 fe3 → fph3

Ne 1.8×1018 3.8×1017 1.9×1017

Th [keV] 19 22 27
η [%] 28.5 6.38 4.27

Table 3.10: Coefficients Ne and Th of the electron distribution functions fe(E) that
generate the three fph = Aph/Ee−E/Tph detected by the Mo channel of the CRACC-X
spectrometer for shot #2. η is the conversion efficiency of laser energy into hot electron
energy.

spectra computed by Geant4 generated by the electron distribution function fe3 indicated
in Tab. 3.9 (and in red the figure). Analogously, Fig. 3.42 (b) shows the functions
fph3 = Aph3/Ee−E/Tph3 and the bremsstrahlung spectra computed by Geant4 generated by
the electron distribution function fe3 indicated in Tab. 3.10 (and in red in the same fig-
ure). As it can be observed, in this particular target configuration, the photon distribution
function produced on the diagnostic by a 2D electron Maxwellian distribution function
is most likely a 2D Maxwellian photon distribution function (i.e. fph = Nph/Tphe−E/Tph).
This is due to the fact that photons at low energy ( ≤ 40 keV) are reabsorbed by the
thick target, that has dimensions of the order of mm. The function fph = Nph/Tphe−E/Tph

predicts a lower number of low energy photons compared to fph = Aph/Ee−E/Tph , which
diverges for E → 0. As such, the 2D Maxwellian photon function better matches the
simulation prediction.

Overall, considering also the results from the first shot, the hot electron distributions
that are the closest to the data range from a temperature of ∼ 23 keV with conversion
efficiency of ∼8%, up to a temperature of 38 keV with conversion efficiency of ∼3%. As
done for the OMEGA experiment, the problem should be constrained considering other
experimental data and figures of merits.
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(a) (b)

Figure 3.42: (a) Comparison of the analytical form of the bremsstrahlung spectrum
fph3 = Nph3/Tph3e−E/Tph3 (black curve) with the one generated by the electron distribution
function fe3(E) reported in Tab. 3.9 (and written red in the figure), according to Geant4
(red curve). The bremsstrahlung spectrum comes from the post-processing of the Mo
channel of the CRACC-X spectrometer for the shot #2. The laser to hot electron energy
conversion efficiency is ∼8% for the curve fe3(E). (b) Comparison of the analytical form of
the bremsstrahlung spectrum fph3 = Aph3/Ee−E/Tph3 (black curve) with the one generated
by the electron distribution function fe3(E) reported in Tab. 3.10 (and written red in the
figure), according to Geant4 (red curve). The bremsstrahlung spectrum comes from the
post-processing of the Mo channel of the CRACC-X spectrometer for the shot #2. The
laser to hot electron energy conversion efficiency is ∼4% for the curve fe3(E).

3.3.3 Summary of the LMJ experiment

We presented, in this section, the analysis of an LMJ experimental campaign aimed at
characterizing hot electrons and their influence on the shock dynamics, for interaction
regimes relevant to SI. Thank to the facility capabilities, planar targets were first irra-
diated by a long pre-compression beam, creating a plasma density scale length and a
coronal temperature characteristic of SI (480 µm and 4.5 keV during the spike). The
spike intensity was around 2×1015W/cm2. Therefore, the hot electrons generated by this
scheme should have features similar to the ones generated during a SI implosion.

Hot electrons were characterized in terms of Maxwellian temperature and laser to hot
electron energy conversion efficiency η using the CRACC-X bremsstrahlung spectrome-
ter. The experimental data were analysed following the procedure presented in Sec. 3.1.2,
finding a hot electron temperature ranging from ∼ 23 up to 38 keV, with conversion effi-
ciency going from ∼8% down to ∼3%. These values are retrieved considering the scheme
of the three representative points, as done in Sec. 3.1.

Comparing these results with the ones obtained in similar interaction conditions, ref-
erences [188] [189] report a planar target experiments conducted at the NIF. Here planar
targets were irradiated using the 64 outers or the 32 inner beams configurations for an
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overlapped intensity ranging from ∼4 up to 15 ×1014 W/cm2. The nc/4 density scale
length and coronal temperature reached in these conditions were ∼500 - 700 µm and 3 -
5 keV, respectively. Hot electron temperatures of ∼40 to 60 keV with conversion efficien-
cies of ∼0.5% up to 5% were obtained when the laser intensity increased from 4 up to 15
× 1014 W/cm2 (see Sec. 2.4.3). The temperature range obtained in this experiment is
higher compared to our case, but the conversion efficiency of 5% at the laser intensity of
15 × 1014 W/cm2 is similar to our findings. These values were obtained from the x-ray
radiation emitted by the hot electrons propagation in targets, similarly to our procedure.
However, the authors omit a detailed description of the post-processing of their diagnos-
tics. As such, it is not clear whether they considered the degeneracy of the solutions, and
thus the possibility of obtaining higher conversion efficiencies and lower temperatures.
Furthermore, it is important to remark that the NIF experiment was conducted in the
frame of the classical approach to ICF, i.e. using a flattop laser beam with 7.5 ns duration.
On the contrary, the LMJ experiment was conducted in the SI ignition framework, i.e.
considering a pre-compression beam followed by a high intensity spike of 1 ns.

Let us mention that we presented the results considering only two shots. Other shots
have been performed in 2020 and they are being nowadays analysed, allowing to access
better statistics.

3.4 Conclusion

In this chapter, we have presented the results of three experimental campaigns aimed at
characterizing the hot electrons in condition relevant to the SI approach to ICF. These
experiments were conducted in different laser facilities, allowing access to different laser-
plasma conditions.

A detailed description of the x-ray spectrometer post processing was presented, describing
how to retrieve a hot electron temperature Th and number Ne. Let us mention that the
figure of merit χ2 → 1, in the bremsstrahlung spectrometer analysis, allows to find an
ensemble of possible photon distribution functions detected by the diagnostic. This fact
is reflected by an uncertainty on the parameters Th and Ne (or η, the conversion efficiency
of laser energy into hot electron energy). This uncertainty can be reduced exploiting in-
formation coming from other diagnostics.

In Sec. 3.1, we presented the analysis of an experiment conducted at OMEGA-EP laser
facility. Here an UV laser beam with intensity around 1016 W/cm2 for a 1 ns pulse
duration was focused on planar multilayer targets, generating a copious amount of hot
electrons and a strong shock propagating in matter. The plasma scale length and the
coronal temperature reached after ∼0.7 ns were 150 µm and 2 keV, respectively. Ac-
cording to the spectrometer post-processing, a range of possible values for the parameter
Th and η is found (i.e. Th ∈ [20, 45] keV and η ∈ [3%, 13%]). These values are used as
input in hydrodynamic simulations to reproduce the results obtained in radiographs, thus
constraining the range for the hot electron measurements. According to this procedure,
we found that the laser converts ∼10%± 4% of energy into hot electrons with Th = 27 ±
8 keV. This value of temperature is consistent with other OMEGA experiments in which
a laser beam (the main driver) was tightly focused on the target, while the value of the
conversion efficiency is slightly higher (in the experiments reported in Sec. 2.4.2 the con-
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version efficiencies were around the 1-2%). This mismatch could be due to the fact that
the experiments reported in 2.4.2 did not consider the possibility of having a degenerate
solution in the bremsstrahlung spectrometer analysis. However, further experimental in-
vestigations will be required to confirm or not our findings.

In Sec. 3.2, the preliminary results of an experiment conducted at the PALS with the aim
similar to the one conducted in OMEGA are presented. In this case, an IR laser beam
with intensity ∼1016 W/cm2 and pulse duration of 300 ps (FWHM of a Gaussian beam)
was focused on planar multilayer targets composed of different ablators. The plasma scale
length reached after 0.5 ns was around 110 µm and the coronal temperatures ranged from
3 up to 5 keV, according to the ablator composition. The hot electron temperature mea-
sured considering all the shots ranges from 20 up to 45 keV and the conversion efficiency
is around 1-2%. The values of temperature found are consistent with the previous exper-
imental findings at PALS, presented in Tab. 2.3, but our conversion efficiencies are lower.
This mismatch cold be due to the fact that, in the bremsstrahlung spectrometer analysis,
we did not consider the possibility of degenerate solutions, relying only on the photon
distribution function that minimizes the chi-square. For what concerns the behaviour of
the hot electrons considering different ablators, Al and Ni ablator targets present lower
values Th, compared to CH and C ablators. This is consistent with recent experimental
studies [36] [177] [185] presented in Sec. 2.4.2, in which the effect of the mid-Z ablator
on the hot electron production was investigated. This fact is related to different intensity
threshold of SRS and TPD and to different damping mechanisms that arise in the corona
because of different Z. A reduced hot electron temperature is positive for the SI scheme,
though particular care should be given in choosing a high Z ablator, which can enhance
the radiative preheating with deleterious effects.

In Sec. 3.3, the preliminary results of an experiment conducted at the LMJ facility
are presented. LMJ allows to reach plasma scale lengths and coronal temperatures char-
acteristic of SI thanks to the presence of a long low intensity pre-pulse. This pre-pulse
had a duration of 3 ns, followed by a high intensity (2×1015 W/cm2) UV spike of 1 ns.
The plasma scale length and the coronal temperature reached during the spike were 480
µm and 4.5 keV, respectively. In this case, the spectrometer analysis gave Th ∈ [23− 38]
keV and η ∈ [3%, 8%]. Compared to the recent NIF experiment presented in Sec. 2.4.3,
the conversion efficiencies are similar, but our temperatures are lower. It is however im-
portant to specify that our LMJ experiment was conducted in the SI framework, while
the NIF experiment considered the classical ICF approach. As such, the laser intensity
as a function of time was different in the two experiments.

Tab. 3.11 shows the results of the three experiments, listing also the experimental con-
figuration and the condition achieved by the laser interaction. Let us notice that the
measured hot electron temperature is similar for the three experiments: it ranges from 20
up to 45 keV, with a mean value around 30 keV. Conversely, the conversion efficiencies are
similar in OMEGA and LMJ experiments (from 3 to ∼10%), while in PALS we obtained
values around 1-2%. This difference is likely due to the different absorption mechanisms
that develop in the interaction region, triggered by different laser-plasma conditions and
the longer laser wavelength. A detailed discussion on the hot electron generation itself is
out of the scope of the thesis work, and we prefer to not enter into details.
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Facility Target I [W/cm2] λ [µm] Lnc/4 [µm] Te [keV] Th [keV] η[%]
OMEGA CH-Cu-CH 1×1016 0.351 150 2 20 - 45 13 - 3

PALS Ni-PP-Cu-CH 2×1016 1.314 110 4.8 25 - 45 1.3 - 1.7
PALS Al-PP-Cu-CH 2×1016 1.314 110 3 20 - 35 1.6 - 2
PALS C-PP-Cu-CH 2×1016 1.314 110 4.8 35 - 45 1.2 - 1.4
PALS Ti-PP-Cu-CH 2×1016 1.314 110 4 30 - 50 1.6 - 2.2
PALS CH-PP-Cu-CH 2×1016 1.314 110 2.9 32 - 47 1.4 - 1.8
LMJ CH-Cu-Ag-Mo-CH 2×1015 0.351 380 - 480 1.7-4.5 23 - 38 8 - 3

Table 3.11: Summary of the relevant quantities and results of the experiments presented
in the chapter. The laser facility and the target compositions are listed in the first two
columns. Then the laser intensity and wavelength are reported in the third and the fourth
column. The quarter critical density scale lengths and coronal temperatures reached in
the experiments are reported in the columns five and six. In the last two columns we
report the range of the hot electron temperature and conversion efficiency obtained. This
range comes either from the degenerate solution of the chi-square analysis (OMEGA and
LMJ) or from the results considering multiple shots (PALS).

In the next chapter, we report a theoretical investigation on the effects that hot elec-
trons with such characteristics have on a typical SI implosion scheme. We also discuss
the validity of using a cold target MC approach, as is done here and in the literature, to
analyse the x-ray spectrometers data.
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Chapter 4

A 3D Monte-Carlo method to study
the transport of hot electrons in the
context of Inertial Confinement
Fusion

We report, in this section, a 3D Monte-Carlo (MC) method aimed at simulating the hot
electron propagation in laser irradiated targets. As explained in the previous chapters, the
role of hot electrons in ICF is controversial. Notably, as shown in Chap. 2, hot electrons
can either preheat the inner part of the in-flight shell, compromising the compression,
or they can enhance the shock pressure with beneficial effects for the implosion scheme.
The studies reported in Chap. 2 were based on 1D or 2D hydrodynamic codes in which
a module of hot electron propagation was included, or considering simplified analytical
models to describe the hot electron effect. Over the last years, with the increase of the
computational power at disposal, 3D hydrodynamic codes have been developed and, with
them, the necessity of developing a 3D hot electron transport model. The possibility of
performing inline 3D hydrodynamic simulations in which the hot electron generation and
propagation is simulated will allow to better interpret future experiments and to propose
more robust implosion schemes.

Moreover, as shown in Chap. 3, the analysis of the laser-plasma experiments aimed
at characterizing hot electrons is based on cold MC methods, which do not account for
the hydrodynamic evolution and the ionization state of the irradiated targets. An impor-
tant step forward is thus to understand the margin of error introduced in using these cold
MC codes in the interpretation of such experiments.

On this basis, we report on a 3D MC method to study the propagation of hot elec-
trons in ionized or partially ionized fusion targets, with the aim of future implementation
in hydrodynamic codes. Differently from ordinary cold MC methods, here electrons will
propagate in a material which is in plasma state and whose density strongly varies in space
(because of the ablation and compression wave). Notably, it will be necessary to consider
appropriate scattering formulas (differential cross sections and stopping powers) and to
compute correctly the mean free paths, i.e. considering the material density gradients.
For what concerns the electron stopping power in plasmas, the subject has been widely
studied during the last years, motivated by the interest in fast ignition concept of inertial
confinement fusion [123] [208] [209]. We will report these studies, discussing critically the
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regime of validity of the formulas involved. Regarding the differential cross sections, again
the literature reports some models suitable in the context of fast ignition fusion [210]. In
this case, hot electrons propagate in completely ionized targets colliding with free plasma
electrons and with screened DT nuclei. However, the elastic scattering with the nucleus
of a partially ionized atom, screened by the residual electronic structure and by other
plasma particles, has not been addressed yet in the literature (at the moment of writing).
As such, an analytical differential cross section suitable at describing this phenomenon
is derived and proposed. Finally, also an algorithm to calculate the mean free path in
density varying targets is proposed.

4.1 Introduction: general picture of Monte-Carlo meth-

ods: detailed and condensed algorithms

Monte-Carlo simulations are accurate methods to solve the problem of particle transport
in matter. Considering charged particles (electrons in our case), the literature suggests two
possible approaches: the detailed or the condensed methods [211] [212]. In the detailed
method, all the collisions experienced by the particle are simulated. The particle history
is composed of a succession of connected straight segments of free flight between each
collision. Direction changes are sampled from scattering cross sections that account for
the physical properties of the scattering centers. The simulated tracks can be considered
as the real electron tracks. Apart from statistical uncertainties, the spatial distribution
obtained coincides with the one obtained from a rigorous solution of the transport equa-
tion (eq. (1.30)). Despite the high precision of the model, detailed simulations are feasible
only for a limited number of collisions, i.e. for low energy electrons (up to ∼ 100 keV)
and for thin target geometries. Highly energetic electrons moving in thick targets will ex-
perience a large number of collisions, and the detailed algorithm becomes very inefficient.

In order to reduce the required computational time, condensed MC methods were for-
mulated [212]. Here, the particle moves according to distances (steps) much greater
than its mean free path. Because of this, during the step, a large number of collisions is
experienced by the particle itself and the new direction is calculated according to multiple-
scattering theories. The accuracy of these algorithms is related to the hypothesis on which
these theories are based.

Another possibility suggested by the literature is the so-called “mixed” algorithm [213]
[214] [212]. Here “soft” collisions are described according to multiple-scattering theories,
while “hard” collisions are simulated individually, i.e. considering a two-bodies interac-
tion. These algorithms are implemented in widely used MC codes such as Geant4 [193]
and Penelope [215] [216] [217] [194] [212].

In this chapter, we report on a model for a mixed MC simulation to study the trans-
port of hot electrons in ionized or partially ionized matter. This model is developed
with the aim of future implementation in hydrodynamic codes, and it will be particu-
larly useful to investigate the role of hot electrons in ICF implosion. In particular, in
the code developed, the electron slowing down and direction changes due to scattering
on plasma particles are simulated separately. The electron slowing down is computed
considering collisions with other electrons (free or bound). Also the excitation of elec-
tron plasma waves is considered as possible source of energy loss. Hot electron direction
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changes are simulated considering elastic scattering on plasma nuclei and on free plasma
electrons. Direction changes due to collisions with bound electrons are neglected. This
does not introduce a great error in the model, since the electron beam diffusion is ruled
mainly by collisions on massive nuclei. Collisions with other electrons are less effective
in deviating the beam. Adequate stopping power formulas and differential cross sections
(DCSs) should be considered, taking into account the plasma state of the irradiated target.

The chapter is structured as follows: the physical picture of the entire problem is given
in the first four sections, introducing the quantities of interest and discussing the validity
of the used models. In particular, the physical description of a laser irradiated target is
described in Sec. 4.2. In Sec. 4.3, we list the differential cross sections used to describe
the electron scattering in ionized or partially ionized targets. In particular, we derive and
propose an analytical form for the elastic scattering cross section to model the interaction
between an electron and a partially ionized atom screened by plasma particles. A descrip-
tion on how the scattering phenomena (soft and hard) are simulated is presented in Sec.
4.4. Sec. 4.5 is devoted to the discussion on the electron stopping power in plasma and
cold matter. Finally, the algorithm implementation is shown in Sec. 4.6 and the code
benchmark in Sec. 4.7.

4.2 Physics of background material: non-ideal plasma

As mentioned in Sec. 1.3, a solid target hit by a laser in ICF regime heats up and starts
vaporizing. Different regions characterized by different physical properties develop: the
corona, the conduction zone, the shocked region and the “unperturbed” target. Apart
from corona, the plasma generated in the solid target is non-ideal. It is characterized
by a high density, partial ionization and strong Coulomb interactions. This happens in
particular when high-Z materials are involved. As explained in Sec. 1.1, in a weakly
coupled ideal plasma the electrical interactions between particles are weak, in the sense
that the thermal energy is much grater compared to the binding energy (i.e. T � e2/r).
In this case, a large number of particles are involved in the screening (Debye-Huckel
theory, see Chapt. 1). At high density, the screening length decreases and the statistical
treatment of the equations on which the Debye theory is based cannot be justified. In
this case, the screening effect is due to few neighbor ions that place themselves around
a given charge. As such, literature suggests to describe the screening effect substituting
the Debye length with the ion sphere radius [218] [219] [209]:

R0 =

(
4

3
πni

)−1/3

, (4.1)

where ni is the ion density.

In non-ideal plasmas, atoms are strongly ionized and excited. Electronic levels are dis-
torted by the impact of neighbour atoms. A mathematical treatment of this exotic condi-
tions based on the Thomas-Fermi theory was developed by More, and it can be found in
Refs. [208] [220] [41] [42]. A detailed discussion on these models is out of the scope of the
thesis work, limiting ourselves in discussing only some result of interest like the ionization
degree (or the number of free electrons per ion). According to the Thomas-Fermi theory,
More [208] proposed an analytical algorithm to evaluate the ionization degree q as a func-
tion of material density and temperature. For a given element with atomic number Z, the
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ρ = mass density in g/cm3

T = temperature in eV
Z = atomic number
A = atomic mass
Let R = ρ/ (ZA) T0 = T/Z4/3

α = 14.3139 β = 0.6624
f(x) = x/

(
1 + x+

√
1 + 2x

)
TF = T0

1+T0

Am = a1T
a2
0 + a3T

a4
0

a1 = 3.323× 10−3 a2 = 0.971832 a3 = 9.26148× 10−5

a4 = 3.10165
Bm = −exp (b0 + b1TF + b2T

7
F )

b0 = −1.7630 b1 = 1.43175 b2 = 0.315463
Cm = c1TF + c2

c1 = −0.366667 c2 = 0.983333

Q1 = AmR
Bm Q =

(
RCm +QCm

1

)1/Cm
x = αQβ

Z∗ = f(x)Z

Table 4.1: The average ionization Z∗ of an element of atomic number Z as a function
of electron temperature T and material density ρ. Algorithm proposed by More in [208].

ionization degree is defined as the ratio between the number of free electrons per atom
Z∗ and the atomic number itself, i.e. q = Z∗/Z. The More’s algorithm approximates the
values of Z∗ for all elements to an accuracy of a few percent. It is reported in Tab. 4.1,
but it can also be found in books like Salzmann [42] and Drake [41]. As an example, the
number of free electrons per atom for a carbon plasma as a function of electron plasma
temperature is reported in Fig. 4.1. Overall, the predicted Z∗ is in agreement with other
numerical studies available in the literature [221], even if some inaccuracies appear for
Te → 0. In particular, for a cold material composed by carbon (i.e. a material in standard
conditions at T=0.025 eV), the predicted Z∗ is ∼ 1.5 instead of 0. This is due to the fact
that the Thomas-Fermi theory is adequate at describing conductors, while in the case of
dielectric the model is not exact. Therefore, to overcome this issue, in case of dielectric
material (such a common ICF plastic ablator) we chose as lower limit of algorithm validity
Te = 1 eV. For Te < 1 eV the material is considered as cold, i.e. not ionized, while for
Te > 1 eV the algorithm calculates the ionization fraction. This discontinuity will not
introduce a significant error in the simulation: as the target is hit by the laser, it suddenly
heats up and this lower limit is overcame at the first stages of interaction. Considering
as an example a common CH ablator hit by a laser in ICF regime, the solid to plasma
transition occurs in a timescale of ∼ 100 ps [222] [223], while we will be considering hot
electrons generated during the main part of the pulse. The molecular dissociation of the
CH molecule in carbon and hydrogen ions occurs in a temperature range included between
3 and 8 eV. As such, a lower temperature limit of 1 eV for the ionization is reasonable,
considering the typical energies of chemical bonds (from ∼1 up to 10 eV).
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Figure 4.1: Evolution of the carbon ionization degree Z∗ as a function of plasma electron
temperature, for an electron density of ∼ 1023cm−3. The values of Z∗ are calculated
considering the formulas reported in Tab. 4.1.

4.3 Cross sections

We report, in this section, a list of differential scattering cross sections (DSC), suitable
at modelling the scattering phenomena which an electron that propagates in a plasma
undergoes. In particular, the elastic scattering with atomic nuclei or with free plasma
electrons and the inelastic scattering with the electronic structure of an atom are the
processes that should be considered to describe the diffusion of the electron beam. The
elastic electron-ion collisions are the main mechanisms responsible for the changes in the
electron spatial distribution of the beam, because of the differences in the masses of the
two interacting particles. As such, it will be necessary to consider adequate DCSs which
model the collision between an electron and a ionized or partially ionized nucleus screened
by its residual electronic structure and by other plasma particles. For this purpose an ad-
equate DCS is proposed in this thesis, since the cross sections commonly used in cold MC
methods [224][225] are not adequate (because the presence of a plasma is not accounted).
Furthermore, to improve the accuracy of the model, we will also consider electron direc-
tion changes due to scattering with other free plasma electrons. Direction changes due
to collisions with bond electrons of partially ionized atoms are neglected. This should
not introduce a great error in the model, since the diffusion of the beam is mainly due to
collisions with massive nuclei [226].

We propose, in the following, a list of differential elastic scattering cross sections (DCS)
that are suitable for our purposes. These are the Moller DCS, which models the elastic
scattering between two electrons; the Dalitz DCS, which models the elastic scattering be-
tween an electron and a completely ionized nucleus screened by plasma particles; we also
propose a DCS to model the elastic collision between an electron and a partially ionized
atom, screened by the plasma particles and by its residual electronic structure.

4.3.1 Electron - Electron scattering

The scattering between a hot electron and plasma electrons can be modelled considering
the Moller cross-section [227][228][229][230][231]. In the center of mass frame, the cross
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section writes:

dσ

dΩ∗ ee
=

(
r0

γβ2

)2

2 (γ + 1)

[
4

sin4θ∗
− 3

sin2θ∗
+

(γ − 1)2

4γ2

(
1 +

4

sin2θ∗

)]
. (4.2)

Here r0 = e2/m0c
2 is the classical electron radius, θ∗ the polar scattering angle in cen-

ter of mass frame, β = v/c the electron velocity normalized to the speed of light and

γ = (1− β2)
−1/2

the relativistic gamma factor. This formula is derived considering the
quantum nature of the electron (i.e. a fermion with spin 1/2) and it is valid in the rela-
tivistic regime, but it neglects the motion of the target electron. Considering the relation
between the scattering angle in center of mass and laboratory frame [232]:

cosθ∗ =
2m−m (γ + 3) sin2θ

2m+m (γ − 1) sin2θ
, (4.3)

it is possible to rewrite eq. (4.2) in laboratory frame [210]:

dσ

dΩ ee
= 4

(
r0

γβ2

)2

cosθ

{
1

sin4θ
+

(γ + 1)2

4cos4θ
+

[(γ2 − 1) /γ]
2[

(γ − 1) sin2θ + 2
]2 − (2γ − 1) (γ + 1)

2γ2sin2θcos2θ

}
.

(4.4)
Here θ is the polar scattering angle in the laboratory frame.

4.3.2 Electron - Nucleus Scattering

When an electron propagates in matter, it undergoes several Coulomb collisions with the
atomic nuclei of the material. The collision between a relativistic electron and a Z target
nucleus is described by the Mott’s DCS [233]:

dσ

dΩ ei
=

(
Zr0

γβ2

)2
1

4sin4θ/2

(
1− β2sin2 θ

2

)
. (4.5)

Because of the higher ion mass (mi ∼ 2000me), the center of mass frame coincides with the
laboratory frame and θ can be considered as the electron scattering angle in the laboratory
frame. In cold condensed matter, nuclei are screened by their electronic structure which
modifies the potential felt by the incident particle. A common way to describe this
screening effect is to model the nuclear potential V (r) felt by the incident particle taking
into account the electronic density around the nucleus. The electronic density can be
evaluated considering the Thomas-Fermi theory, as presented in the quantum mechanics
literature [229][234]. In plasmas, the screening is due to the residual electronic structure
and to other plasma particles around a given nucleus. We will propose, in the following,
an analytical model to describe this effect.

Electron - Partially ionized screened ion scattering

In the case of a partially ionized atom in a plasma, the nuclear potential is screened by
other plasma particles and by the remaining bound electrons around the nucleus. This
condition is seldomly addressed in literature and no peer-reviewed articles that give a
satisfactory discussion on this matter were found at the time of writing. As such, we
derive and propose here an analytical DCS that describes this phenomenon.
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To model the interaction between an electron and a partially ionized atom, we consider a
potential V (r) of the form:

V (r) =
e2

r

(
Zbe

−r/R + Z∗e−r/D
)
. (4.6)

Here Zb is the number of bound electrons and Z∗ is the number of free electrons. If the
atom has atomic number Z, Z∗ = Z − Zb. In equation (4.6), R represents the distance
at which the screening due to bound electrons is effective and reads:

R = 0.885Z
−1/3
b a0, (4.7)

where a0 is the Bohr radius:

a0 =
~

mecα
= 5.29× 10−9cm; α =

1

137
. (4.8)

This parameter is derived considering the atomic structure described by the Thomas-
Fermi theory, and it was firstly proposed by Stewart [235]. The complete treatment is
also reported in widely known quantum mechanics references [229] [234] [212]. The screen-
ing effects due to plasma particles are modelled considering the Debye length or the ion
sphere radius, as shown in Sec. 1.1. In particular, the screening length is set as the
maximum between the Debye length and the ion sphere radius D = max [λD, ri].

The potential (4.6) was proposed by Nardi and Zinamon [236], even if its explicit form is
not written in the article, but it is described with the following sentence: “it is assumed
that the screening is due to the sum of two exponentials with characteristic lengths D
and R”. The explicit form is reported in the thesis works [237] [238] [239]. To better
understand the model, we study its behaviour as a function of r:

V (r) ' Ze2

r
r → 0

V (r) ' e2

r

[
Zbe

(− r
R) + Z∗

]
0 < r < R

V (r) ' Z∗e2

r
e(−

r
D ) R� r ≤ D

V (r) ' 0 r →∞

. (4.9)

For r → 0, i.e. in the closest range of the nucleus, the potential assumes the form of
a Coulomb potential generated by a charge Z in vacuum. This is as expected, since in
the proximity of the nucleus plasma or bound electrons do not screen the nuclear charge.
For 0 < r < R, the potential is given by the sum of the potential of a charge Z∗ plus
the potential of a screened Zb charge . Here the screening effect is given only by bound
electrons. The approximation introduced by the model is mainly contained in this region,
since the electron should feel a potential generated by a charge Z screened by bound
electrons. For R � r ≤ D, the electron moves outside the screening sphere formed by
bound electrons, and it actually feels the potential of a “macro-particle” of charge Z∗ (the
positively charged nucleus minus the charge of bound electrons). This macro-particle is
screened by the presence of free-plasma particles and this is modeled by the exponential
e−r/D. For r →∞, the plasma charges screen completely the ion potential, and the value
of V (r) approaches 0. Fig 4.2 schematically shows the four limits.

Since the references reported do not propose a DCS considering the potential (4.6), we
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(a) (b)

(c) (d)

Figure 4.2: Value of the potential V (r) felt by a hot electron that approaches a partially
ionized nucleus. (a) The electron is near the nucleus and it feels a Coulomb potential
of a charge Z in vacuum. (b) The electron is moving in the region where the screening
due to bound electrons is effective. Here the electron should feel a potential of a charge
Z screened by bound electrons. (c) The electrons moves in the Debye sphere. Here it
feels the potential of a macro particle of charge Z∗ screened by plasma particles. (d) The
electron is outside the Debye sphere and it does not feel the presence of the nucleus.

will now derive it. According to the elastic diffusion theory in the first Born approxima-
tion, it is possible to derive an analytical form for the DCS from this potential [234][229].
The calculation is carried out considering the initial and the final states of the incident
particle as free-particle wave function ϕ, perturbed by the presence of the potential V (r).
The initial state is represented by ϕa = exp (ika · ra) and the final by ϕb = exp (ikb · rb).
The momenta of the two states write pa = ~ka and pb = ~kb. The transition from the
state a to the state b is determined by the perturbation operator V̂ (r). According to
quantum mechanics, the probability of this transition per unit of time dPba is ruled by
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the “Fermi’s golden rule”:

dPba =
2π

~
|< ϕb | V̂ | ϕa >|2 dρ, (4.10)

where dρ is the number of final states per unit volume with momentum direction in the
solid angle dΩ. According to statistical physics [240] [241], the density of states per unit
volume for a free particle with kinetic energy E writes:

ρ =
µ3/2

√
2π2~3

E1/2. (4.11)

Considering that E = ~2k2

2µ
, vb = ~k

µ
and dividing by 4π, the following expression for dρ is

obtained:

dρ =
µ2vbdΩ

(2π~)3 . (4.12)

Here µ is the reduced mass of the electron-ion system and vb the relative velocity after the
collision. However, since the ion mass is much grater than the electron one, it is possible
to write µ ' me. Furthermore, the nucleus can be considered fixed during the collision,
and vb refers to the final electron velocity. Dividing eq. (4.10) by va (the flux of incident
particles), we obtain an equation for the DCS:

dσ =
m2
evb

(2π~)2 va
|< ϕb | V̂ | ϕa >|2 dΩ. (4.13)

Being an elastic diffusion, the electron does not change its velocity during the collision,
i.e. va = vb. The matrix element writes:

< ϕb | V̂ | ϕa >=

∫
V (r) exp [i (ka − kb) · r] d3r, (4.14)

i.e. it corresponds to the Fourier transform of the potential. Recasting the integral in
spherical coordinates, one obtains:

< ϕb | V̂ | ϕa >=

∫ 2π

0

∫ π

0

∫ ∞
0

V (r) e[i(ka−kb)·r]r2sinθdrdθdφ. (4.15)

Introducing q =| ka − kb | and considering that (ka − kb) · r = (| ka − kb |) rcosθ, eq.
(4.15) becomes:

< ϕb | V̂ | ϕa >=

∫ 2π

0

∫ π

0

∫ ∞
0

V (r) e[i(|ka−kb|)rcosθ]r2sinθdrdθdφ. (4.16)

The integrals in the variables φ and θ are straightforward:

< ϕb | V̂ | ϕa >= 2π

∫ ∞
0

drV (r)r

[
− 1

iq

(
e−iqr − eiqr

)]
=

4π

q

∫ ∞
0

V (r)rsin (qr) . (4.17)

If V (r) is an even function, the integral could be extended to -∞ to +∞, and since∫ +∞
−∞ drV (r)rcos (qr) = 0 eq. (4.17) can be written as:

< ϕb | V̂ | ϕa >=
2π

iq

∫ +∞

−∞
drV (r)irsin (qr) +

2π

iq

∫ +∞

−∞
drV (r)rcos (qr) =

=
2π

iq

∫ +∞

−∞
drV (r)reiqr =

2π

i | kb − ka |

∫ +∞

−∞
drV (r)rei|kb−ka|r = V (|kb − ka|) .

(4.18)

107



4.3. CROSS SECTIONS

From this equation, it is clear that the Fourier transform of the potential depends only
on the absolute value of the momentum exchanged, i.e.:

< ϕb | V̂ | ϕa >= V (|kb − ka|) . (4.19)

It is now possible to use these results to find a form for the DCS of an electron that
scatters on a partially ionized atom. Using the potential (4.6) in eq. (4.18) and (4.13),
after a simple Fourier transform of the exponential functions one obtains:

dσ

dΩ
=

e4

p2v2

{
Z∗2

[1− cosθ + 2F]2
+

Z2
b

[1− cosθ + 2B]2
+

2ZbZ
∗

[1− cosθ + 2B] [1− cosθ + 2F]

}
.

(4.20)
Here p and v are the momentum and the velocity of the incident electron. F and B
are two coefficients that describe the screening effects due to free and bound electrons,
respectively. They write:

F =
1

4

(
~
p

)2 (
max[λD, ri]

−2
)

(4.21)

and

B =
1

4

(
~
p

)2

R−2. (4.22)

Eq. (4.23) represents the differential elastic scattering cross section that describes the
collision between an electron and a partially ionized atom in a plasma.

Considering now the small scattering angle approximation (θ → 0), i.e. collisions at
large impact parameter, it is possible to write a simpler form for the eq. (4.23) [242]:

dσ

dΩ
=

4e4

p2v2

Z2

(θ2 + θ2
min)2

, (4.23)

where θmin reads:
θ2
min = 4min [F,B] . (4.24)

In the case of hard collisions, since B � 1 and F � 1, the cross section (4.23) reduces to
the Rutherford cross section:

dσ

dΩ
=

e4

p2v2

Z2

4sin4θ
. (4.25)

As expected, the screening effects have influence on the collision at large impact param-
eter, while they do not play a role in a hard collision.

Regarding the regime of validity of the formula (4.23), the equation is derived on the
basis of the first Born approximation. As such, the potential is seen as a perturbation
compared to the electron kinetic energy (V (r)� E). This happens when the velocity of
the incident electron is bigger compared to the velocity of a k-shell electron of the atom.
Considering for simplicity an hydrogen-like atom, a k-shell electron has energy:

Ek =
mee

4Z2

~2
⇒ vk =

√
E

2me

=

√
e4Z2

~2
=

cZ

137
. (4.26)

Considering now an electron incident with velocity v, the condition vk/v � 1 is satisfied
if:

vk
v

=
cZ

137v
=

Z

137β
� 1. (4.27)
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This is the figure of merit that should be satisfied for the first Born approximation to
be valid. This conditions is no more valid for electrons at low energy (∼keV) interacting
with high Z elements. In the context of ICF, hot electrons have usually kinetic energies
of the order of tens or hundreds of keV, propagating in low Z materials (CH or DT). As
such, the Born condition is usually fulfilled and the cross section (4.23) is adequate for
our scope. Furthermore, eq. (4.23) is derived on the basis of quantum non-relativistic
theory, and it should not be used to model relativistic electron collisions (i.e. E ∼ MeV).
Again, our model is adequate, since typical hot electron mean kinetic energies go from
∼ 30 up to 100 keV.

Electron - Not ionized atom collision

We also take into account the possibility for the electron of propagating in “cold” mate-
rials, i.e. in not ionized in materials. This will allow for an easier benchmark of the code
with already existent and widely used MC codes, like Geant4 or Penelope.

As mentioned in Sec. 4.2, the material is assumed to ionize from Te > 1eV. For lower
temperatures, the material is considered as cold and the value of Z∗ is zero. In this case,
eq. (4.23) writes:

dσ

dΩ
=

e4

p2v2

Z2

[1− cosθ + 2B]2
. (4.28)

This form coincides with the Wentzel’s DCS [243] and it is commonly used in cold MC
methods [212] [201]. This equation models the scattering between an electron and a non-
ionized atom screened by its electronic structure. Here the screening factor is due only to
bound electrons and it is modelled by the factor B.

4.3.3 Electron - Completely ionized atoms

As already mentioned, in ICF and in SI the generation of hot electrons happens after
pre-compression laser pulses. In the compression phase, low Z atoms can be completely
ionized. As such, hot electrons will interact with nuclei screened by plasma charges.
This condition has been already considered in the literature, in particular to model the
propagation of electrons in the fast ignition regime (i.e. electrons with energy of the order
of MeV) [210]. A suitable DCS that describes the electron-ion interaction, considering
the screening effects, is the Dalitz DCS [244] [245] [246] [210]:

dσ

dΩ
=

(
Zr0

γβ2

)2
1

4sin4θ/2

(
1− β2sin2 θ

2

)(
Λ2sin2θ/2

1 + Λ2sin2θ/2

)2

. (4.29)

Here Z is the atomic number of the scattering center, γ and β the electron relativistic
kinematic quantities and θ the scattering angle in the laboratory frame. In this formula,
it is possible to recognize a “Mott” part (4.5) multiplied by the screening term:(

Λ2sin2θ/2

1 + Λ2sin2θ/2

)2

, where Λ = 2
(p
~

)
max[λD, ri]. (4.30)
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Notice that in Ref. [246] there is a typo and the exponent of the screening term is missed.
Recasting the formula (4.29) considering the relation Λ−2 = F , one obtains:

dσ

dΩ
=

(
r0

γβ2

)2(
1− β2sin2 θ

2

)
Z2

[1− cosθ + 2F]2
. (4.31)

The non relativistic limit of this equation corresponds to eq. (4.23) in which Zb = 0.

Similarly to what shown for eq (4.23), the screening term plays an important role for
the small angle collisions, (high impact parameters), while in case of hard collisions the
cross section reduces to the Rutherford form.

Let us mention that eq. (4.29) reports only a part of the Dalitz DCS, neglecting a
term. In reality the complete formula for the Dalitz’s DCS is [245]:

dσ

dΩ
=

(
Zr0

γβ2

)2
1

4sin4θ/2

(
Λ2sin2θ/2

1 + Λ2sin2θ/2

)2
{(

1− β2sin2 θ

2

)
×[

1−
[
~2λ2 + 4p2sin2

(
θ

2

)] α

βπ2
Re (I + J)

]

−
(
1− β2

) α

βπ2

[
~2λ2 + 4p2sin2

(
θ

2

)]
Re (I − J)

}
.

(4.32)

where the terms Re(I±J ) read:

Re (I ± J) = − 1

sin
(
θ
2

) {
~4λ4 + 4p2

[
~2λ2 + p2sin2

(
θ
2

)]}1/2

[
1± ~2λ2 + 2p2

2p2cos2
(
θ
2

)]×
tan−1

(
~λpsin

(
θ
2

){
~4λ4 + 4p2

[
~2λ2 + p2sin2

(
θ
2

)]}1/2

)
± 1

2p2cos2
(
θ
2

)[
tan−1

(
2p

~λ

)
− 1

sin2
(
θ
2

)tan−1
(psin2

(
θ
2

)
~λ

)]
.

(4.33)

As usual, λ is the maximum between the Debye length and the ion sphere radius. Eq.
(4.37) is justified if the following two conditions are satisfied:

I :
[
~2λ2 + 4p2sin2

(
θ

2

)] α

βπ2
Re (I + J)� 1

II :
(
1− β2

) α

βπ2

[
~2λ2 + 4p2sin2

(
θ

2

)]
Re (I − J)� 1.

(4.34)

Fig. 4.3 shows the maps of the absolute values of the terms I and II as a function of the
incident electron energy and scattering angle. As can be observed from the figure, these
two terms are much less than 1 for the energy range of our interest. In particular, only for
low electron kinetic energies (∼ keV) and large angle deflection the two terms becomes
important. However, electrons with energies around ∼ keV are suddenly absorbed in
plasma, and this will not cause any appreciable error. As such, the formula (4.29) can
be considered correct for our purposes and it is possible to neglect the terms (4.34).
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Moreover, this DCS is derived according to the second Born approximation ( Z
137β

)2 � 1
and it is valid in relativistic regime.

Figure 4.3: Maps of absolute values of the terms I and II of (4.34) as a function the
incident electron energy and scattering angle. For the energy range of our interest, the
terms I and II are much less than 1, justifying the form (4.29) for the DCS.

4.3.4 Summary of the differential elastic cross sections

To summarize, the three DCSs considered to model the hot electron propagation in ICF
irradiated target are:

• The Moller cross section, which models the scattering between the hot electron and
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a plasma electron:

dσ

dΩ ee
= 4

(
r0

γβ2

)2

cosθ

{
1

sin4θ
+

(γ + 1)2

4cos4θ
+

[(γ2 − 1) /γ]
2[

(γ − 1) sin2θ + 2
]2 − (2γ − 1) (γ + 1)

2γ2sin2θcos2θ

}
.

(4.35)

• The cross section we proposed to model the elastic scattering between the hot elec-
tron and a partially ionized atom screened by bound electrons and plasma particles:

dσ

dΩ ei
=

e4

p2v2

{
Z∗2

[1− cosθ + 2F]2
+

Z2
b

[1− cosθ + 2B]2
+

2ZbZ
∗

[1− cosθ + 2B] [1− cosθ + 2F]

}
(4.36)

• The Dalitz’s DCS to model the scattering between the hot electron and a nucleus
screened by plasma particles:

dσ

dΩ ei
=

(
Zr0

γβ2

)2
1

4sin4θ/2

(
1− β2sin2 θ

2

)(
Λ2sin2θ/2

1 + Λ2sin2θ/2

)2

. (4.37)

Fig. 4.4 shows the behaviour of the cross sections considered as a function of the scattering
angle, for a 30 keV incident electron. For the electron - ion cases, the target atom is Al.
As can be observed, all the cross sections are peaked at low scattering angle. As such,
low scattering angle phenomena are more probable than large deflection collisions. This
encourage the use of the multiple scattering theories to model the hot electron transport,
as it is shown in the next section.
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(a) (b)

(c) (d)

Figure 4.4: Cross sections as a function of the scattering angle for a 30 keV incident
electron. (a) Moller DCS. (b) Patially ionzed DCS considering as target Al atoms at 50
eV (Z∗ ∼ 5). (c) Dalitz DCS considering complete ionized Al atoms as target. (d) The
three cross sections.

4.4 Scattering theories: scattering polar angle distri-

bution for soft and hard collisions

As mentioned in the introduction of this chapter, the MC method proposed here consists
in a mixed algorithm in which soft and hard collisions are simulated separately. We
identify as soft collisions such scattering events for which the polar scattering angle is less
than a predetermine value θs, which is around 10◦ [212]. Evidently, hard collisions are
that events with a scattering angle greater than θs. Soft scattering events are modelled
according to the Goudsmit and Saunderson theory, while hard collisions are simulated
considering a two-bodies interaction modelled considering the DCS listed in Sec. 4.3.

4.4.1 Soft collisions: Multiple Scattering Theory

The multiple scattering theories evaluate the global effect of the collisions that occur
in a track segment of a given length travelled by the electron. An accurate simula-
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tion procedure is based on the Goudsmit and Saunderson multiple scattering theory
[247][248][249][212]. The most important result obtained in this theory is the fact that
the soft collision polar angle can be sample from a Gaussian distribution. As shown in
appendix C, the Goudsmit-Saunderson distribution function for the polar scattering angle
θ reads:

FGS (θ,∆s) =
∞∑
l=0

[
(2l + 1)

4π

]
Pl(cosθ)exp

(
−∆s

λl

)
, (4.38)

where λl is the transport mean free path and ∆s is the length of the path travelled by the
particle. The transport mean free path reads:

λ−1
l = 2πN

∫ θmax

θmin

dσ(θ)

dΩ

[
1− Pl(cosθ)

]
sinθdθ, (4.39)

where N is the density of the scattering centers characterized by their DCS dσ(θ)
dΩ

(for
simplicity here we are considering a medium composed by only one specie). Eq. (4.38)
represents the probability density function for the particle to assume a final direction in
the solid angle element dΩ, around a direction defined by the polar angle θ, after have
travelled for a path ∆s.

We now introduce an important approximation, the so-called small scattering angle ap-
proximation. In particular, we consider only collisions with scattering angle less than
a given value θs. This allows to find an analytical form for the distribution function
(4.38) that will be useful for our purposes. For θ → 0, the Legendre polynomial can be
approximated according to [250]:

Pl (cosθ) ∼ 1− 1

4
l (l + 1) θ2 = 1− 1

2
l (l + 1) (1− cosθ) (4.40)

and the transport mean free path λl writes:

λ−1
l = 2πN

l (l + 1)

2

∫
dσ(θ)

dΩ
(1− cosθ) sinθdθ =

l (l + 1)

2

1

λ
(s)
1

, (4.41)

where λ
(s)
1 is the first transport mean free path computed considering a small collision

angle:

λ
(s)−1
1 = 2πN

∫ θs

θmin

dσ(θ)

dΩ

[
1− cosθ)

]
sinθdθ. (4.42)

Using this result in (4.38), the Goudsmit-Saunderson distribution function becomes:

FGS (θ,∆s) =
∞∑
l=0

2l + 1

4π
exp

[
− l (l + 1)

2

∆s

λ
(s)
1

]
Pl(cosθ). (4.43)

At this point, we use the Moliere’s approximation for the Legendre Polynomials [251]
[252]:

Pl (cosθ) '
(

θ

sinθ

)1/2

J0

([
l +

1

2

]
θ

)
, (4.44)

where J0 is the Bessel function of the first kind. Eq. (4.43) becomes:

FGS (θ,∆s) =
∞∑
l=0

2l + 1

4π
exp

[
− l (l + 1)

2

∆s

λ
(s)
1

](
θ

sinθ

)1/2

J0

([
l +

1

2

]
θ

)
. (4.45)
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Now the sum is substituted by the integral introducing the variable y = l + 1
2
:

FGS (θ,∆s) =
1

2π

∫ ∞
0

yJ0(yθ)exp

[
−
(
y2 − 1

4

2

)
∆s

λ
(s)
1

](
θ

sinθ

)1/2

dy. (4.46)

This integral is tabulated in the Handbook of Mathematical Functions of Abramowitz
(page 486, eq. (11.4.29)) [253] and it results:

FGS (θ,∆s) =
1

2π

(
θ

sinθ

) 1
2 λ

(s)
1

∆s
exp

(
∆s

8λ
(s)
1

)
exp

(
− λ

(s)
1

2∆s
θ2

)
. (4.47)

We finally obtained an analytical form for the polar scattering angle probability. Let us
notice that for θ → 0 sinθ → θ, and if:

∆s� λ
(s)
1 , (4.48)

this function does not differ significantly from the Gaussian distribution with variance
∆s/λ

(s)
1 :

FGS (θ,∆s) =
1

2π

λ
(s)
1

∆s
exp

(
− λ

(s)
1

2∆s
θ2

)
. (4.49)

This analytical distribution offers a simple tool to generate the angular deflection caused
by soft collisions experienced by the hot electron. As shown in Sec. 4.6, it will be
particularly useful in the building of the mixed algorithm.

4.4.2 Hard collisions

Hard collisions, i.e. the collisions that deviate the primary particle for a polar scattering
angle greater than θs, are simulated considering a two-bodies interaction. In particular,
the primary electron can scatter with other free plasma electrons or ions. The probability
distribution for the polar scattering angle reads:

p(h)(θh) = cn
dσ(θ)

dΩ
sinθH(θ − θs), (4.50)

where cn is the normalization coefficient and H(θ − θs) is the Heaviside function, since
we want to exclude small scattering phenomena, already simulated according to the GS
theory. Here dσ(θ)

dΩ
is the DCS related to the scattering center (free plasma electron or ion,

see Sec. 4.3).

4.5 Stopping Power

The energy loss of a fast charged particle that propagates in matter has been widely dis-
cussed in the last century. The topic is particularly interesting in several fields such as
radiotherapy, radiation protection, nuclear science or space engineering. The problem was
firstly addressed by Bethe in 1930 [254] [255] and by Bohr in 1948 [256] [257] [258]. There-
after, the theoretical comprehension of the phenomenon became more detailed thanks to
contribution of Enrico Fermi and its studies on density effects [259] [260] [261]. Finally,
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the bremsstrahlung energy losses were addressed by Seltzer and Berger [262] [263]. Nowa-
days, several numerical codes and tabulations are available. Regarding the loss of energy
of electrons in matter, the ICRU report [264] summarizes the most important theoretical
concepts and it tabulates the main physical quantities for several materials and energy
ranges. For a practical application, the ESTAR program in the NIST website calculates
the stopping power and the range of electrons in materials considering the ICRU’s tabu-
lation [265].

In the last decades, with the increasing interest in nuclear fusion, particular attention
was devoted to the study of the energy loss of electrons in plasma [266] [267] [268] [123]
[269]. As already mentioned in previous sections, a hot electron that propagates in plasma
undergoes several collisions with other electrons (free or bound) or with ions. Collisions
with free plasma electrons or with the remaining electronic structure of an atom are
usually accompanied by energy transfer. Collisions with nuclei cause mostly changes in
electron direction, while the energy transfer is limited because of the greater mass of the
nucleus. Another source of energy loss is the excitation of plasma waves. In this case, the
electric field generated by the hot electron makes plasma electrons oscillate, causing an
energy transfer between the electron and the medium.

In this section, we describe with detail the different sources of energy loss for a hot
electron that propagates in plasma, reporting the equations that rule the process.

4.5.1 Energy loss in electron-electron collision

While propagating in a plasma, a hot electron collides with other free plasma electrons
[123]. Since the two colliding particles have the same mass, the primary particle may
transfer part of its energy to the plasma electron. This energy transfer can be modelled
considering the Moller cross section (4.2) recast in terms of energy loss ε:

dσ

dε
=

2πr2
0

(γ − 1) β2

[
1

ε2
+

1

(1− ε)2 +

(
γ − 1

γ

)2

− 2γ − 1

γ2ε (1− ε)

]
. (4.51)

In particular, ε is the ratio between the energy lost W by the primary particle and its
kinetic energy T , i.e. ε = W/T . Let us notice that is possible to write this equation in
terms of the polar scattering angle in center of mass θ∗ (eq. (4.2)) using the formula:

W =
T

2
(1− cosθ∗)⇒ ε =

1

2
(1− cosθ∗) . (4.52)

This formula relates the center of mass scattering angle θ∗ with the energy transfer W
in a binary collision. It is derived in Landau II [232], considering the conservation of the
four-momentum in a scattering process between two relativistic particles.

The stopping power (i.e. the energy loss per unit length) of a hot electron due to bi-
nary collisions reads:

dE

dS ee
= −neT

∫ εmax

εmin

ε

(
dσ

dε

)
dε =

−neT
2πr2

0

(γ − 1) β2

∫ εmax

εmin

ε

[
1

ε2
+

1

(1− ε)2 +

(
γ − 1

γ

)2

− 2γ − 1

γ2ε (1− ε)

]
dε.

(4.53)
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The upper integration limit εmax is taken as 1/2, because the higher energy electron after
the collision is considered as the primary. If the incident electron transfers an half of its
kinetic energy to a plasma electron, this latter will become the primary. εmin is chosen
according to the quantum theory of diffraction [123]. Expanding the cosine for θ∗ → 0 in
eq.(4.52) one obtains:

εmin ∼
θ∗2min

4
. (4.54)

Here, θmin can be written in terms of variation of the particle momentum ∆p from simple
trigonometric considerations (see Fig. 4.5), i.e.:

∆p = p∗sinθ∗, θ∗ → 0⇒ ∆p ' p∗θ∗min. (4.55)

Figure 4.5: Directions of initial and final momentum p∗ in the center of mass reference
frame. ∆p is the variation of the momentum due to the collision.

Substituting this result in the Heisenberg’s uncertainty principle, and considering the
maximum uncertainty on the particle position as the Debye length λ (or the ion sphere
radius as explained in Sec. 4.2), the following relation for θ∗min is obtained:

∆p∆x ' ~⇒ θ∗min =
~
p∗λ

. (4.56)

Considering now the expressions for the electron momentum and the de Broglie wavelength
in the center of mass:

p∗ =
mc
√

2 (γ − 1)

2
; λDee =

~
mc
√

2 (γ − 1)
=

~
2p∗

, (4.57)

from eq. (4.56) we obtain:

θ∗min =
2λDee
λ

. (4.58)

As such, from eq. (4.54):

εmin =
θ∗2min

4
=

(
λDee
λ

)2

. (4.59)

Considering these two integration limits (εmin and εmax) and the fact that εmin � 1, the
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result of the integral (4.53) is:

dE

dS ee
=

2πr2
0mc

2ne
β2

=

[
ln(

1

2
) + 2 + ln(

1

2
) +

1

8

(γ − 1

γ

)2

+
2γ − 1

γ2
ln

1

2
− lnεmin

− 1

1− εmin

]
=

2πr2
0mc

2ne
β2

[
2ln (Λ) + ln

(
1

4

)
+ 1 +

1

8

(
γ − 1

γ

)2

−
(

2γ − 1

γ2

)
ln(2)

]
.

(4.60)

Here Λ represents the so-called Coulomb logarithm, and it reads:

Λ =
max[λD, ri]

λ∗ee
. (4.61)

If the de Broglie length is smaller than the Landau impact parameter b0, the quantum
effects can be neglected and the plasma becomes classical [48]. As such, the literature
suggests to use as Coulomb logarithm the expression[219] [121] [122]:

Λ =
max[λD, ri]

max[λ∗ee, b0]
. (4.62)

Let us notice that, in the case of a classical ideal plasma, the formula (4.62) corresponds
to the classical formula of the Coulomb logarithm (1.17), as shown in Sec. 1.1.2.

4.5.2 Energy loss in electron-atom collision

A hot electron that propagates in a medium experiences collisions with atoms. In partic-
ular, the electron may undergo through an inelastic collision and transfer energy to the
electronic structure of the atom. As remarked in Sec. 4.3, these collisions do not influence
strongly the direction of the primary particle, but, conversely, they play an important role
in the electron energy loss.

The energy transfer from a hot electron to the atomic structure is modelled with the
mean excitation potential I. This quantity models the energy transfer between an elec-
tron and the atomic structure of an atom, and it is defined as the mean of the excitation
energy En weighted by the oscillator strength fn:

lnI =
∑
n

fnlnEn. (4.63)

In the case of non-ionized atom, the literature proposes a theoretical model [270] validated
and refined by many experimental results. Nowadays, a detailed tabulation of I for
elements and compounds is contained in the ICRU report [264]. The values of I contained
in the ICRU report are implemented in the code for each element and they are used
in the case of cold material (i.e. T≤1 eV). Conversely, in case of ionized atoms, I is
calculated according to the Thomas-Fermi theory[208]. In particular, More proposes a
simple analytical formula that computes the values of I according to the ionization degree
of an atom [271] [209]:

I = aZ
exp

[
1.294

(
Z∗

Z

)0.72−0.18Z∗/Z
]

√
1− Z∗

Z

. (4.64)
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Figure 4.6: Evolution of the mean excitation potential for carbon as a function of
ionization degree, according to the formula (4.64).

The constant a is set to ∼10 eV to fit the numerical calculations of I provided by McGuire
[272] [273] (McGuire computed the values of I for several elements such as gold, aluminium
and krypton using the Thomas-Fermi theory). Figure 4.6 shows the behaviour of I as a
function of the ionization degree for carbon. For Z∗=1, I is equal to ∼ 95 eV, a value
slightly greater compared to the value of 78 eV for the non-ionized atom. This is consis-
tent with the fact that the values of I for ionized elements are in general greater compared
to the non-ionized case. Qualitatively, this happens because the primary particle interacts
with inner atomic electrons which feel a greater nuclear Coulomb potential.

To calculate the electron stopping power, I is used in the Bethe-Bloch formula [274]:

dE

dS ei
=

2πr2
0mc

2 (Z − Z∗)ni
β2

{
ln

[(
E

I

)2
(γ + 1)

2

]
+

1

γ2
+

1

8

(
γ − 1

γ

)2

−
(

2γ − 1

γ2

)
ln(2)

}
.

(4.65)
Here E represents the electron kinetic energy and ni the atomic density of the i-specie.
Let us remark that, in the classical Bethe-Bloch formula, i.e. the one commonly used for
cold materials, the term (Z − Z∗) in the coefficient is substituted by Z. Here we used
(Z−Z∗) since the impact of the primary particle in the plasma case is with the remaining
bound electrons, thus Zb = Z − Z∗.

In the case of several ion species, it is assumed that the stopping power additivity rule is
a good approximation. For a plasma containing N ion species, this rule reads:

dE

dS ej
=

N∑
j

(
dE

dS ei

)
j

, (4.66)

where j is the sum over all the species. This can be considered correct in plasma, since
ions are free and molecular binding is absent. However, in cold materials (T < 1 eV),
the molecular bond should be considered: the interaction of the hot electron is no more
with atoms seen as single identity, but rather with the entire molecule. As such, the
additivity rules of stopping power should break. Fig. 4.7 reports the comparison between
the stopping power of an electron moving in polystyrene computed by ESTAR [265] or
using the additivity rule. In particular, the mean ionization potential of polystyrene used
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Figure 4.7: Comparison between the stopping power of electron in polystyrene computed
using ESTAR [265] and using the additivity rule. The value of I used in Estar is 68.7
eV, while the values used in the additivity rule are 19.2 and 78 eV (hydrogen and carbon,
respectively).

in ESTAR is I = 68.7 eV, while the values of I used for carbon and hydrogen in the
additivity rule are 19.2 and 78 eV, respectively. As can be seen from the figure, there is
not an important difference between the two cases. Only for electron energy less than 10
keV the two curves show a slightly different behaviour, but at this point the electron is
almost stopped and it will propagate only few micrometers in the target. As such, the
additivity rule is adequate for our purposes, either for the plasma and the cold case.

4.5.3 Energy loss due to plasmon excitation

The formulas reported in Sec. 4.5.1 and 4.5.2 describe the electron energy loss due to
binary collisions with other free plasma electrons or with partially ionized atoms (or
with non ionized atoms in the cold case). These interactions verify if the electron passes
at distances from the target particle less than the Debye length (or ion sphere radius).
For greater interaction distances, the plasma acts as a continuous medium in which the
charged particles participate in collective behaviour, responding to the electric field gen-
erated by the hot electron [275]. In particular, electron loses energy by exciting plasma
oscillation. A non-relativistic treatment of the phenomenon is given in the second edition
of Jackson [242] and the stopping power formula that describes the loss of energy due to
plasma wave excitation is given by:

dE

dS ep
=

2πr2
0mc

2ne
β2

ln

(
1.123

βc

ωpmax[λD, ri]

)2

. (4.67)

The analytical derivation of this formula is given in appendix D.

4.5.4 Conclusion

The total stopping power for a hot electron moving in plasma is obtained by adding the
three contributions: the energy loss due to collisions with free plasma electrons (4.60),
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the energy loss due to collisions with partially ionized atoms (4.65) and the energy loss
due to plasma wave excitation (4.67):

Se(E) =

(
dE

dS

)
ee

+

(
dE

dS

)
ei

+

(
dE

dS

)
ep

. (4.68)

(a) (b)

(c) (d)

Figure 4.8: Different contributions to the stopping power for a hot electron moving in
Aluminium plasma. The blue line is the contribution due to collisions with free electrons,
the black line the contribution due to collisions with bound electrons and the green line is
the contribution due to excitation of plasma waves. The red line is the sum of the three
contributions, i.e. the total stopping power of the electron. The orange curve represent
the stopping power in cold Aluminium, taken from ESTAR database [265]. (a) T = 1
eV,(b) T = 10 eV,(c) T = 100 eV, (d) T = 1000 eV.

Figure 4.8 shows the different contributions to the stopping power for a hot electron mov-
ing in Aluminium plasma, for T= 1, 10, 100, 1000 eV. The sum of the three components is
indicated by the red line, while the stopping power for the cold material computed using
ESTAR is represented by the orange line [265]. The contribution of bound electrons to
the stopping power is predominant for lower plasma temperatures, when the degree of
ionization is not high. For higher temperatures, the number of bound electrons decreases
and the contribution due to free electrons becomes predominant. It is interesting to notice
that the stopping powers of cold and plasma cases do not differ dramatically. Note that
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in the case of cold material (T < 1 eV), only the second term
(

dE
dS

)
ei

is considered.

In this description we did not mention the energy losses due to Bremsstrahlung gen-
eration. This effect is important for electron kinetic energy greater than ∼MeV and it
can be neglected in our regime. In particular, the ratio between the collisional and the
bremsstrahlung energy losses in cold material writes [276]:

(dE/dS)b
(dE/dS)c

∼ TZ

700
, (4.69)

where T is the electron energy in MeV. As such, for an electron with average kinetic
energy of ∼30 keV in CH (Z = 3.5), the collisional stopping power is four orders of mag-
nitude greater compared to the bremsstrahlung stopping power.

Let us also mention that, in the cold case, the Fermi density effect is neglected. This
effect reduces the values of the stopping power because of the atom polarization in the
medium [242] and it becomes important for highly energetic electrons (∼ MeV).

4.6 Algorithm to build the MC code

After having described the physical phenomena of interest, we report in this section the
practical implementation of the algorithm to simulate the hot electron propagation in
plasma. The first part of this section is devoted to the description on how the transport
paths are calculated, since these quantities play an important role. In the second part,
the steps followed to implement the algorithm are listed. In the last part of the section,
a discussion on the problematics related to the calculation of the mean free paths in an
ICF irradiated target is presented.

4.6.1 Mean Free Path

In Sec. 4.4.1, we introduced the concept of the transport mean free path λl:

λ−1
l = 2πN

∫ θmax

θmin

dσ(θ)

dΩ

[
1− Pl(cosθ)

]
sinθdθ, (4.70)

where N is the number of scattering centers per unit volume, σ(θ) the differential cross
section of elastic scattering and Pl(cosθ) the unnormalized Legendre polynomials. Ac-
cording to the order of the Legendre polynomial, one has the “first, the “second” and so
on transport mean free path. For our purposes, the first transport path λ1 is particularly
important, since it appears in the soft scattering polar angle distribution FGS (θ,∆s), eq.
(4.49):

λ−1
1 = 2πN

∫ θmax

θmin

dσ(θ)

dΩ

[
1− cosθ

]
sinθdθ. (4.71)

Another important quantity is the mean free path, defined as:

λ−1 = 2πN

∫ θmax

θmin

dσ(θ)

dΩ
sinθdθ. (4.72)

This quantity expresses the mean distance travelled by a particle before experiencing a
collision.
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Since these quantities are of practical importance for our purposes, we report, in this
section, their analytical calculation. In particular, the evaluation of the integrals consid-
ering the three DCSs described in Sec. 4.3 is presented.

Let us also mention that, in the case of multi-specie medium like a plasma, the mean
free paths are computed according to the additivity rule [201]:

1

λ
=
∑
i

1

λi
. (4.73)

Here the summation is over all the species: electrons and ions in the case of plasma, or
different elements that compose the material in the cold case.

4.6.1.1 Electron - Electron transport paths

In case of electron-electron collision, the cross section to use in eqs. (4.71) and (4.72) to
compute the paths is the Moller DCS in laboratory frame (4.4). We start considering the
first transport mean free path λ1:(

1

λ1

)
ee

= 2πne

∫ θmax

θmin

dσ(θ)

dΩ ee

[
1− cosθ

]
sinθdθ =

8πne

(
r0

γβ2

)2 ∫ θmax

θmin

cosθ

{
1

sin4θ
+

(γ + 1)2

4cos4θ

+
[(γ2 − 1) /γ]

2[
(γ − 1) sin2θ + 2

]2 − (2γ − 1) (γ + 1)

2γ2sin2θcos2θ

}[
1− cosθ

]
sinθdθ.

(4.74)

Here ne is the free electron plasma density, r0 the classical electron radius and β and γ
the kinematic quantities related to the incident electron. The indefinite integral is solved
by a change of variables:

x = cosθ ⇒ dθ = − dx√
1− x2

, (4.75)

which yields:(
1

λ1

)
ee

= −8πne

(
r0

γβ2

)2 [
−1

2

(
1

1− x2

)
+

1

4
ln (|1− x|)− 1

4
ln (|1 + x|) +

1

4

2x

1− x2

+

(
1

2x2
− 1

x

)
(γ + 1)2

4
+

(
−1

2

1

a2(1− x2) + 2a
− 1

2a2c

(
−ln(|1− x/c|) + ln(|1 + x/c|)

)
+

1

(4ca2)

(
−ln(|c− x|) + ln(|c+ x|) +

2cx

c2 − x2

))(γ2 − 1

γ

)2

−
(

1

2
ln(|1− x|)

+
1

2
ln(|1 + x|)− ln(|x|) +

1

2
ln(|x+ 1|)− 1

2
ln(|1− x|)

)(
(2γ − 1)(γ + 1)

(2γ2)

)]xmax
xmin

,

(4.76)
where a = (γ − 1), b = 2

a
and c =

√
(1 + b).
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The mean free path is calculated analogously:(
1

λ

)
ee

= 2πne

∫ θmax

θmin

dσ(θ)

dΩ ee
sinθdθ =

−8πne

(
r0

γβ2

)2 [
−1

2

(
1

1− x2

)
+

(
1

2x2

)
(γ + 1)2

4
−
(

1

2

1

a2(1− x2) + 2a

)(
γ2 − 1

γ

)2

−
(

1

2
ln(|1− x|) +

1

2
ln(|1 + x|)− ln(|x|)

)(
(2γ − 1)(γ + 1)

(2γ2)

)]xmax
xmin

.

(4.77)
The integration limits are set by the physics of the collision: xmax is related to θmin, which
is imposed by the diffraction theory, as explained in Sec. 4.5. In the laboratory frame
θmin reads:

θmin =
~
pλD

. (4.78)

xmin is equal to cosθs, where θs ∼ 10◦ in the case of soft collisions, otherwise it writes:

xmin =

√
γ + 1

γ + 3
. (4.79)

This latter equation is obtained considering a collision in which the primary electron
transfers half of its kinetic energy to the plasma electron [210][232].

4.6.1.2 Electron- Ions transport paths

The transport paths for the elastic electron-ion collisions are computed considering the
two DCSs (4.36) or (4.37) and must be differentiated between partially and fully ionized
atoms.

Partially ionized atoms
To compute the mean free paths considering collisions with partially-ionized atoms, in eq.
(4.71) and (4.72) the DCS (4.36) must be used. The first transport path reads:(

1

λ1

)
ei

= 2πni

∫ θmax

θmin

dσ(θ)

dΩ ei

[
1− cosθ

]
sinθdθ =

2πni

∫ θmax

θmin

e4

p2v2

{
Z∗2

[1− cosθ + 2F]2
+

Z2
b

[1− cosθ + 2B]2
+

2ZbZ
∗

[1− cosθ + 2B] [1− cosθ + 2F]

}
×[

1− cosθ
]
sinθdθ,

(4.80)
where ni is the ion density for the specie i. This integral is solved with the change of the
integration variable:

1− cosθ = x⇒ dθ =
dx√

1− (1− x)2
, (4.81)

which yields:(
1

λ1

)
ei

=
2πnie

4

p2v2

[
2F

2F + x
+ ln(|2F + x|) +

2B

2B + x
+ ln(|2B + x|)

+
1

2(B − F )

(
x− 2F ln(|2F + x|)

)
+

1

2(F −B)

(
x− 2Bln(|2B + x|)

)]xmax
xmin

.

(4.82)
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Analogously, the mean free path is:(
1

λ

)
ei

= 2πni

∫ θmax

θmin

dσ(θ)

dΩ ei
sinθdθ =

2πnie
4

p2v2

[
1

2F + x
+

1

2B + x
+

1

2F − 2B
ln(|2B + x|)− 1

2F − 2B
ln(|2F + x|)

]xmax
xmin

.

(4.83)
In the integrals, θmin = 0 and θmax = θs ∼ 10◦ or θmax = π in the case we are considering
soft collisions or not.

Ionized atoms
In case of completely ionized atoms, the Dalitz DCS (4.37) is used:(

1

λ1

)
ei

= 2πni

∫ θmax

θmin

dσ(θ)

dΩ ei

[
1− cosθ

]
sinθdθ =

2πni
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(
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γβ2

)2
1

4sin4θ/2

(
1− β2sin2 θ

2

)(
Λ2sin2θ/2

1 + Λ2sin2θ/2

)2 [
1− cosθ

]
sinθdθ.

(4.84)
As before, the integral is carried out with the variable substitution:

1− cosθ = x⇒ dθ =
dx√

1− (1− x)2
, (4.85)

which yields: (
1

λ1

)
ei

= 2πni

(
Zr0
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(4.86)

The mean free path in this case writes:(
1

λ

)
ei

= 2πni

(
Zr0

γβ2

)2 ∫ θmax

θmin

dσ(θ)

dΩ ei
sinθdθ =

[
− Λ2

2 + Λ2x
− β2

2
ln
(
2 + Λ2x

)
− β2

2 + Λ2x

]xmax
xmin

.

(4.87)

In the integrals, θmin = 0 and θmax = θs ∼ 10◦ or θmax = π in the case we are considering
soft collisions or not.

4.6.2 Numerical framework

The computation domain is divided in cells, which in turn are divided in tetrahedra. Each
tetrahedron is defined by nodes. Fig. 4.9 shows, for example, the partition of a cubic
domain into cubic cells, while Fig. 4.10 shows how each cell is divided in six tetrahedra.
The lateral dimensions of these cells and tetrahedra are of the order of the µm or even less,
in order to obtain a high precision. The values of the physical quantities that describe
the material (densities, temperatures... ) are given at each node.

125



4.6. ALGORITHM TO BUILD THE MC CODE

In this structure, hot electrons propagate and the physical quantities of interest such
as the cross sections or the stopping power formulas are computed locally considering
the material properties in each cell. Let us also mention that each electron propagates
independently and the code is parallelized using openMP. As such, the history of each
electron is followed by one openMP thread, obtaining an efficient parallelization.

Figure 4.9: Partitioning of a cubic computational domain in cubic cells. The node
number is indicated.

Figure 4.10: Partitioning of a cubic cell into six tetrahedra. The tetrahedron number
is indicated by t-i and the node numbers are reported.

4.6.3 Propagation algorithm

As already mentioned, a mixed simulation algorithm was chosen to simulate the hot
electron propagation. In particular, soft collisions are described by means of the multiple
scattering theory, while hard collisions are individually simulated (see Sec. 4.4). The
algorithm is implemented following closely the method used in the Penelope MC code
[212] [194], even if some modifications are required because of the different nature of the
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problem. Notably, in addition to the modifications in stopping powers and scattering
cross sections, our numerical method implements the following differences with Penelope:

– unstructured tetrahedron grid framework, with spatial gradients and automatic up-
date of Se(E).

– modification of free path probabilities considering inhomogeneous media.

The steps are listed as follows [212]:

• 1) Set the initial position and momentum direction r and p of the electron.

• 2) Sample the length of the step up to the following hard collision using the formula:

∆s = −λhln(ξ). (4.88)

Here ξ is a random number between zero and 1 i.e. ξ ∈ (0, 1]. λh is the hard mean
free path. The hard mean free path is computed according to:

λh = max{λ,Csλ1}, (4.89)

where λ is the mean free path (4.72) and λ1 is the first transport path (4.71). If the
medium is multi-specie, the two quantities are computed according to the additiv-
ity rule (4.73). Cs is a preselected small constant chosen by the user to control the
computer time needed to simulate the electron history in a mixed algorithm. Its
value should be small, in order to not have any influence on the simulation results.
According to Penelope developers, simulation results are generally stable under vari-
ations of Cs within the interval (0,0.1) [215]. As in Penelope, we set Cs=0.05 [194]
[212].

If λ > Csλ1 the simulation is detailed and the scattering phenomena are simu-
lated individually (i.e. simulating a two-body interaction). Conversely, if λ < Csλ1,
the simulation enters in the mixed mode, and soft and hard scattering phenomena
are simulated separately. In our case, the simulation runs the most of the time in
mixed mode. Only when the electron has energy around ∼ 10 keV the detailed
algorithm comes into play, but, at this point, the electron will experience only few
collisions before being completely stopped. The two algorithms are explained in the
following.

4.6.3.1 Detailed Simulation

• 3a) If λ > Csλ1 the simulation becomes a detailed simulation. The particle is
propagated for a step ∆s and the collision is simulated. In case of multiple-species
material, the probability of interacting with the i-th element is calculated according
to the equation:

Pi =
σi
σtot

=
λ−1
i∑
j λ
−1
j

, (4.90)
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where the sum is over all the j elements and λ are the mean free paths considering
the collisions with the j-th element:

λ−1
j = 2πnj

∫ θmax

θmin

dσj(θ)

dΩ
sinθdθ. (4.91)

The probability for the electron of finding the i-th specie is sampled considering eq.
(4.90) and using a random number ξ ∈ (0, 1], according to the following algorithm:

i−1∑
j=0

P (j) ≤ ξ ≤
i∑

j=0

P (j). (4.92)

The collision with the i-th component is simulated by sampling the scattering polar
angle from the DCS of the i-th element:

p(θ) = cn
dσi(θ)

dΩ
sinθ, (4.93)

where cn is a normalization coefficient. The azimuthal angle ϕ is sampled from an
uniform distribution from 0 to 2π. Let us notice that, since the algorithm is running
in “detailed mode”, the separation between hard and soft collision is not effective.
The sampling is conducted from 0 to π in the case of collision with ions (considering
the DCSs (4.29),(4.23) or (4.28), according to the ionization degree of the target
atom), or from θmin to θmax in case the case of collisions with free electrons (using
the Moller DCS (4.4) and considering the values of θmin and θmax dictated by the
physics of the problem, as explained in Sec. 4.5.1). As such, contrary to formula
(4.50), eq. (4.93) is not multiplied by the Heaviside function. As specified previously,
directions changes due to collisions with bound electrons are not simulated.

4.6.3.2 Mixed Simulation

• 3b) If λ < Csλ1 the simulation uses the mixed algorithm. Soft collisions are treated
using the Goudsmit-Saunderson theory (see Sec. 4.4.1) and hard collisions are sim-
ulated individually. In particular, the electron firstly moves for a distance τ = ∆sξ,
where ξ is a random number between 0 and 1. Here it experiences an artificial soft
collision, and the polar angle θs that defines the new direction is sampled from the
Goudsmit-Saunderson distribution function FGS (θs, τ) (4.49). The azimuthal angle
ϕ is sampled from an uniform distribution between 0 and 2π. Let us notice that,
for our purposes, τ � λ

(s)
1 and the condition (4.48) is always valid.

Finally, the electron moves for a distance ∆s − τ where it will experience a sin-
gle hard collision with a scattering center. As before, in the case of multi-species
medium, the probability for the electron to collide with the i-th element is sampled
according to eq. (4.92). After that, the scattering polar angle θh of the new direction
is sampled from the DCS of the i-th scattering center, according to the distribution
function (4.50). Fig. 4.11 represents schematically the two schemes: detailed and
mixed.

• 4) The slowing down along the track is calculated considering the continuous slowing
down approximation. With Se(E) (4.68) the stopping power, i.e. the energy loss
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(a)

(b)

Figure 4.11: Schematic representation of the two algorithms: (a) detailed simulation
algorithm; (b) mixed simulation algorithm. In a detailed simulation each scattering event
is simulated individually in a two-bodies interaction. In the mixed algorithm soft and
hard collisions are simulated separately.

per unit path length, the energy loss along the path ∆r is simply Eloss = Se(E)∆r,
provided that Se(E) is constant along ∆r. As mentioned in Sec. 4.6.2, this MC
code will be implemented as a module of hydrodynamic codes and electrons move
and deposit energy in 3D grid. If the electron enters the tetrahedron in the point
r0 and it propagates for a path τ with direction p0, its position will be:

r(τ) = r0 + p0τ, (4.94)

as shown in Fig. 4.12. The energy loss is computed by integrating the stopping
power Se along the path τ :∫ τ

0

dtSe(t) =

∫ τ

0

[S(r1) + (r(t)− r1) · ∇S] dt, (4.95)

where r1 is the position of the first node. The integral is analytically solvable and
it yields:

Eloss = S(r1)τ +

[
(r0 − r1) τ +

p0τ
2

2

]
· ∇S. (4.96)

Here we are assuming that the gradient is constant in each tetrahedron [277]. It is
clear that large grid elements will cause greater error, while smaller grid elements

129



4.6. ALGORITHM TO BUILD THE MC CODE

will allow for a more precise modelisation of the electron transport at the expense of
computational time. In this regard, simulations are generally stable for tetrahedron
lateral dimensions of the order of µm.

Figure 4.12: Grid element of the mesh in which the electron propagates. The four
nodes are indicated. In each node, according to the material density and composition,
the stopping power Se assumes different values.

• 5) The process is repeated until the electron kinetic energy becomes lower than the
electronic plasma temperature (i.e. the electron is thermalized) or until the electron
exits from the computational domain.

Let us mention that, according to this algorithm, each electron history is followed indi-
vidually and the electron scatters and loses energy according to the physical phenomena
described in the precedent section. It is well known however, that the propagation of
electrons emitted by laser-plasma interaction can be affected by the presence of collective
effects and self-consistent electric and magnetic fields. These effects were neglected in
previous studies of hot electron transport in fast ignition context [210] [278] [279]. Fur-
thermore, in Ref [107], the authors evaluate the importance of the collective losses on
the propagation of hot electrons in the context of SI, asserting that these are negligible
because of the low intensities of the electron beam. The evaluation of the collective effects
and the impact of the self generated electromagnetic fields on the hot electron propagation
is an open topic and it can be the motivation for future works.

Another aspect that is not simulated by our model is the generation of secondary elec-
trons. These electrons are generated by the hard collision of the primary particle with
plasma or bound electrons, that become suprathermal. Hard collisions with a large en-
ergy exchange between two particles are less frequent compared to soft collisions (see 4.3).
The fact that we are neglecting the secondary particle generation should not cause a great
error in the model.

4.6.4 Calculation of mean free path in inhomogeneous media

In cold MC methods, the computation of the free path λ(E, ρ) and the sampling of the
collision distance ∆s (eq. 4.88) is done at the beginning of electron history [194][212]. If
the electron propagates in an heterogeneous medium and the collision distance ∆s exceeds
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the dimensions of the material in which the particle is propagating, at the discontinuity
surface a new collision distance ∆s is recalculated (see Fig. 4.13). A detailed discus-
sion on the calculation of the mean free path in cold MC methods can be found in Refs.
[194][212][216]. However, since these methods are not adapted to inhomogeneous media,
we propose here an algorithm better suited to our case of interest.

In laser irradiated targets, the density can vary of orders of magnitude in several tens
or hundreds of microns, as shown in Fig 4.14. In particular, the figure shows the density
profile of a planar CH target irradiated with a laser of intensity 1016 W/cm2, after 500 ps
of irradiation. The density goes from 0.05 g/cm3 at x=0 (coronal plasma) up to 4 g/cm3

(shocked region) after 30 µm. An electron initialized at x=0 will be characterized by a
large mean free path λ(E, ρ), since the material density is very low. Because of this large
mean free path, the electron propagates for the first 20-30 µm without experiencing any
collision, but there it will find a different situation in terms of material density. The value
of λ(E, ρ) computed at the beginning of the electron history is no more valid in this new
condition.

An approximate method to compute the mean free path in non homogeneous medium
is presented in Ref [280]. This method is valid for neutral particles, but it is adequate
for our purposes. Let us consider a neutral particle that propagates in a heterogeneous
medium. In our case, this medium is composed by small volumes, the grid elements,
within each the material is homogeneous, see Fig. 4.15. The probability for the particle
to experience a collision in the cell 3, after having travelled a path x = l1 + l2 + ∆s3, is
given by the product of the probabilities that the particle crosses the cell 1 and 2 and the
probability of interacting after ∆s3:

P (x) = e
− l1
λ1
− l2
λ2
−∆s3

λ3 . (4.97)

As such, the probability of interacting after x = l2 but before x = l2 + ∆s3 reads:

P (x) = 1− e−
l1
λ1
− l2
λ2
−∆s3

λ3 . (4.98)

Figure 4.13: Calculation of collision distance and mean free path in cold MC methods.
The electron enters in the material 1 and a collision distance ∆s1 is computed according
to the law (4.88). If ∆s1 is greater than the material dimension l1, the particle does not
experience any collision in material 1 and it reaches the surface discontinuity between the
two materials. Here a new collision distance ∆s2 is computed considering the properties
of material 2.
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Figure 4.14: Density profile of a CH planar target irradiated with a laser of intensity
1016 W/cm2. The density profile is extracted from hydrodynamic simulation using the
CHIC code, after 500 ps of irradiation.

Figure 4.15: Calculation of the collision distance for an electron moving in a computation
domain subdivided in triangular cells. In each k-th cell the medium density is constant,
and the electron will be characterized by a mean free path λk. The path travelled by the
electron before reaching the boundary of the k-th cell is lk. Both the path of the fictive
particle and of the electron are indicated by the red and the black arrows, respectively.
The collision point for the two particles is indicated by x.

From this equation, using the inverse transform, it is possible to sample the collision
distance ∆s3 that accounts for the path done by the particle in the first two cells:

∆s3 = −λ(h)
3 ln(ξ)− l1

λ
(h)
1

λ
(h)
3 −

l2

λ
(h)
2

λ
(h)
3 . (4.99)

If ∆s3 < l3 the particle is transported in x = l2 + ∆s3 and the collision is simulated.
Conversely, if ∆s3 > l3, the particle is propagated up to the boundary of the cell 3 and
∆s4 is computed by adding the term - l3

λ
(h)
3

λ
(h)
4 on the right-hand side of eq. (4.99) and

substituting λ
(h)
3 with λ

(h)
4 .

From a practical point of view, the collision distance ∆s is calculated by launching a
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“fictive” particle before the real electron track. These fictive particles have the same
kinetic energy of the electron and they propagate following straight lines in the grid, as
shown in Fig. 4.15. Referring to the figure, the particle starts in the tetrahedron 1, where
the collision path is computed according to the formula (4.88):

∆s1 = −λ(h)
1 ln(ξ). (4.100)

If ∆s1 < l1, the real electron is launched and propagated up to x = ∆s1, where it
experiences a collision. Conversely, if ∆s1 > l1, the fictive particle arrives at the boundary
between tetrahedrons 1 and 2 and ∆s is recalculated considering eq. (4.99). This process
is repeated i-times until ∆si < li. At this point the collision path writes:

∆s =
i−1∑
i=0

li + ∆si (4.101)

and the real electron track starts. The main approximation introduced using this method
is the fact that the fictive particle does not experience soft scattering events. Soft scat-
tering events cause the electron to not follow exactly the straight lines travelled by the
fictive particle. However, since the soft scattering events should not dramatically change
the electron direction, the cells crossed by this latter are in the proximity of the ones
crossed by the fictive particle. As such, the material density seen by the electron are sim-
ilar to those seen by the fictive particle. To speed up the simulation and to reduce code
complexity, one can also neglect the loss of energy of the fictive particle while propagating
in the grid. This will play a second order effect in the computation of the collision path.

4.7 Benchmark against Geant4

We report, in this section, a benchmark of our 3D MC code against Geant4 used with
the library Penelope. This benchmark was done by performing simulations in which the
same target geometry and electron beam characteristics were applied and by comparing
the responses of the two codes. In these simulations, our model worked according to the
“cold model”, i.e. considering electrons propagating in cold materials (see the previous
sections). Let us recall that, in these conditions, atoms are not ionized and electrons scat-
ter with nuclei screened by their complete electronic structure. In this case, the scattering
cross sections are modelled according to the Wentzel model, eq. (4.28) (Sec. 4.3.2). Fur-
thermore, electrons lose energy according to the continuous slowing down approximation
considering the NIST stopping power formulas, eq. (4.65) (see Sec. 4.5.2). In Geant4,
the models implemented to simulate the electron propagation in this condition are more
detailed compared to ours. The scattering cross sections are computed according to accu-
rate relativistic (Dirac) partial-wave calculations of elastic scattering of electrons by free
atoms [194] [212] [281]. Moreover, the electron slowing down is calculated considering the
soft and the hard scattering events separately [194]. This allows to compute the energy
transfer from the primary particle to atomic shell electrons and the consequent emission
of secondary particles. On the contrary, in our model, the emission of secondary electrons
is not accounted.

A first benchmark between the two codes was performed by comparing the energy depo-
sition of electrons in the matter. This quantity plays a primary role in the calculation of
the shell preheat in the SI scheme and it is thus necessary to be sure about the reliability
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of our numerical method. The benchmark was done as follows: monochromatic electron
beams were injected in a 200 µm thick 0.4×0.4 mm2 slab and the total energy deposit
was computed. Electrons were initialized considering a 100 µm diameter spot with an
initial beam divergence of 22◦. The initial beam energy ranged from 20 up to 800 keV and
each run consisted of 10000 particles. Several materials were considered, in order to eval-
uate the reliability of the model for different atomic numbers Z: Beryllium, Aluminium,
Titanium, Copper, Tungsten and Gold. The results are shown in Fig. 4.16.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.16: Energy deposition in the slab as a function of the initial monochromatic
electron beam energy, computed by our model (red dots) and by Geant4 with the li-
brary Penlope (orange dots). The simulated slab was composed of: (a) Beryllium; (b)
Aluminium; (c) Titanium; (d) Copper; (e) Tungsten; (f) Gold.
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For low Z materials (Be and Al), our model reproduces the Geant4 energy deposition
with an error that does not overcome the 10%. For the cases Ti and Cu the discrepancy
between the two codes remains below the 20%, while for the highest Z (W and Au) the
error does not exceed the 50%. The agreement between the two codes is particularly good
for electron energy that ranges from 40 up to 180 keV, especially for the low Z materials,
where it shows an error around the 1%. The discrepancies between the two codes at lower
energies, especially for high Z materials, may be due to the fact that, in this regime, the
first Born approximation does not hold anymore (see eq. (4.27)). As such, the stopping
power formulas and the Wentzel DCS used in our model are not accurate. Moreover, for
higher electron energies (≥ 600 keV), the disagreement between the codes may be due to
the fact that the bremsstrahlung energy losses, the Fermi density effect and the secondary
electron emission are not accounted in our case. These discrepancies, however, should not
represent a big issue. First of all, in ICF hot electrons propagate in low Z materials
(plastic ablator and DT cryogenic shell). Furthermore, low energy electrons (∼ 10 - 20
keV) will be suddenly stopped in the compressed shell and do not represent a preheat
concern. Conversely, electrons with energy greater than 40 keV can penetrate deeper in
the cryogenic shell, preheating the fuel. The fact that our model reproduces the Geant4
results in this energy range with an error around the 1% is an important achievement
that gives us more confidence on the reliability of the code.

A second benchmark is done comparing the electron transport in CH targets. We con-
sidered in particular 0.4 × 0.4 mm2 plastic slabs with variable thicknesses. Electrons are
launched inside the target, considering a 2D Maxwellian distribution function with 26
keV temperature. This value was chosen according to the last experimental findings on
the hot electron characterization in the context of SI, as presented in Chapt. 2 and 3.
The particles are initialized in 100 µm diameter spot with an initial beam divergence of

Figure 4.17: Schematic representation of the simulations performed to benchmark our
MC model with Geant4. Electrons are injected in a 0.4×0.4 mm2 CH slab at 100 µm from
the left side. In this case, the simulated slab was 275 µm thick. The energy spectrum of
the electrons that comes out of the slab is considered, as well as the energy deposition in
the target.
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±22◦. As figure of merit for the benchmark, we compared the electron energy spectrum
that exits the target and the energy deposition. Different target thicknesses are tested
and the electrons are initialized at a distance of 100 µm from the left side of the target,
as shown by Fig. 4.17. In order to maximize the statistics, the distribution function was
sampled starting from 80 or 90 keV, since low energy electrons are stopped in the target
and not counted. Three different CH density are tested: 0.1, 1 and 2 g/cm3. The results
are shown in Fig 4.19, 4.20 and 4.21 for the three cases, respectively. In these figures,
we compare the electron spectra that come out from the target predicted by our model
and by Geant4. Furthermore, the deposited energy in the targets predicted by the two
codes is presented in Fig. 4.18, for the two cases at density 1 and 2 g/cm3, respectively.
Overall, we can observe a very good agreement between the two codes in the prediction
of the electron spectrum that exits the target. Moreover, the differences in the energy
deposition is less than 1%. This is a further important validation of our model, stating
its reliability for the energy range considered.

(a) (b)

Figure 4.18: Comparison between the energy deposition in the targets predicted by
Geant4 (orange dots) and by our model (blue dots), as a function of the target thickness.
(a) CH target 1 g/cm3 dense. (b) CH target 2 g/cm3 dense.
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(a) (b)

(c) (d)

Figure 4.19: (a) Energy spectrum of the input electron beam used in the simulations.
Electrons are distributed energetically according to a 2D Maxwellian function with tem-
perature of 26 keV. The sampling starts from 90 keV, in order to increase the statistics
(electrons initialized with a low energy will not exit the target). (b) Electron energy spec-
trum that exits the target considering an initial target thickness of 150 µm, as predicted
by Geant4 (orange curve) and by our model (blue curve). (c) Electron energy spectrum
that exits the target considering an initial target thickness of 200 µm, as predicted by
Geant4 (orange curve) and by our model (blue curve). (d) Electron energy spectrum
that exits the target considering an initial target thickness of 250 µm, as predicted by
Geant4 (orange curve) and by our model (blue curve). The target is composed by CH
with density of 0.1 g/cm3.
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(a) (b)

(c) (d)

Figure 4.20: (a) Energy spectrum of the input electron beam used in the simulations.
Electrons are distributed energetically according to a 2D Maxwellian function with tem-
perature of 26 keV. The sampling starts from 80 keV in order to increase the statistics
(electrons initialized with lower energy will not exit the target). (b) Electron energy spec-
trum that exits the target considering an initial target thickness of 150 µm, as predicted
by Geant4 (orange curve) and by our model (blue curve). (c) Electron energy spectrum
that exits the target considering an initial target thickness of 200 µm, as predicted by
Geant4 (orange curve) and by our model (blue curve). (d) Electron energy spectrum
that exits the target considering an initial target thickness of 250 µm, as predicted by
Geant4 (orange curve) and by our model (blue curve). The target is composed by CH
with density of 1 g/cm3.
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(a) (b)

(c) (d)

Figure 4.21: (a) Energy spectrum of the input electron beam used in the simulations.
Electrons are distributed energetically according to a 2D Maxwellian function with tem-
perature of 26 keV. The sampling starts from 90 keV in order to increase the statistics
(electrons initialized with lower energy will not exit the target). (b) Electron energy spec-
trum that exits the target considering an initial target thickness of 150 µm, as predicted
by Geant4 (orange curve) and by our model (blue curve). (c) Electron energy spectrum
that exits the target considering an initial target thickness of 200 µm, as predicted by
Geant4 (orange curve) and by our model (blue curve). (d) Electron energy spectrum
that exits the target considering an initial target thickness of 250 µm, as predicted by
Geant4 (orange curve) and by our model (blue curve). The target is composed by CH
with density of 2 g/cm3.

4.8 Conclusion

This chapter was devoted to present the physics and the development of a 3D plasma
MC method suitable at simulating the hot electron propagation in plasmas. Conversely
to common MC methods, in this model electrons propagate in ionized or partially ionized
laser irradiated targets and it will be implemented in hydrodynamic codes. It will be
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particularly useful to study the problematic of the hot electron transport in the context
of ICF, allowing to perform numerical simulations aimed at proposing robust implosion
schemes. Moreover, once implemented in hydrodynamic codes, this method will be useful
to interpret ongoing ICF experiments conducted in the different laser facilities around the
world.

In Sec. 4.2, we presented the physics of a laser irradiated target in ICF regime, con-
sidering in particular the model to calculate the ionization state. In Sec. 4.3, a list of
scattering differential cross sections suitable at describing the hot electron scattering in
plasma is presented. These cross sections were: the Moller’s cross section, to model the
electron - electron scattering; the Dalitz’s cross section, to model the electron - completely
ionized ion scattering (the ion is screened by plasma particles); a cross section to model the
elastic scattering between an electron and a partially ionized atom. In this latter case, the
ion is screened by other plasma particles and by its residual atomic structure. Since this
condition was never addressed in the literature (at the moment of writing), we derived and
proposed an analytical form of a differential cross section to describe this phenomenon.
Considering these results, the diffusion is modelled considering a mixed algorithm in which
soft scatterings are simulated according to the Goudsmit and Saunderson multiple scat-
tering theory, while hard collisions are modelled simulating a two-bodies interaction 4.4.
In Sec. 4.5 we presented the theory of electron stopping power in plasmas, discussing the
regime of validity of the formula used. Let us remark that all the listed formulas and the
differential cross section derived are valid in the considered regime, i.e. to describe the
propagation of non-relativistic electrons (tens or hundreds of keV) in low Z materials.
Finally, the algorithm implementation is shown in Sec. 4.6 and the code benchmark in
Sec. 4.7. Since hot electrons propagate in materials characterized by strong density gra-
dients, we propose a suitable algorithm to calculate the mean free paths in this conditions.

The code implements also a “cold” module, in which electrons scatter with non ionized
atoms (i.e. with nuclei screened by their electronic structure) and lose energy according
to the cold stopping power formulas.

The code is benchmarked against Geant4, comparing different figures of merit such as
the energy deposition in targets or the electron spectra that exit from different target
geometries. Overall, the code presents a very good agreement with Geant4 in the descrip-
tion of the hot electron transport and the energy deposition.

Compared to other plasma MC methods recently developed by Atzeni et al. [210], the
MC code developed in this work implements the possibility to simulate the propagation
of hot electrons in partially ionized materials. This is particularly useful in the analysis of
the laser-plasma experiments in which the interaction conditions do not allow to obtain
a complete target ionization. Furthermore, an important improvement is the simulation
of hard collisions. As pointed out in 1.1.2, hard collisions become important when the
Landau logarithm is bigger than ∼4, condition usually fulfilled in laser-irradiated targets
in ICF regime. Hard collisions strongly modify the spatial distribution of the electron
beam, causing its diffusion. Further investigations can be done in order to understand
the importance of their presence, evaluating the possibility of neglecting them. Simu-
lating an hard collisions requires a significant amount of computational power and the
increase of code complexity. Therefore, the possibility of neglecting these phenomena,
will remarkably simplify and speed up the code.
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Chapter 5

Plasma MC method: Two cases of
study

We report, in this chapter, two numerical studies using the 3D plasma MC code developed
in Chap. 4. Let us briefly remind that the hot electron diffusion is modelled considering
scattering with plasma electrons and elastic collisions with ionized or partially ionized
atoms, Sec. 4.3. The Goudsmit Saunderson multiple scattering theory is used to model
soft collisions (i.e. the collisions characterized by a polar scattering angle θ < 10◦), while
hard collisions are simulated considering a two-bodies interaction (Sec. 4.4). The plasma
stopping power formulas are used to compute the electron slowing down and the energy de-
position in the target (Sec. 4.5). Also a cold part is implemented in the code, considering
scattering with atoms and the stopping power formulas taken from the NIST library [265].

As shown in Chap. 2 and 3, the analysis of laser plasma-experiments aimed at characteriz-
ing hot electrons is based on cold MC methods, in which the hydrodynamic evolution and
the plasma state of the irradiated target are not accounted. In this chapter, we present
a numerical study aimed at understanding the margin of error introduced in using cold
MC methods to analyse these experiments. In particular, a detailed investigation on how
the electron propagation differs considering cold and irradiated target is conducted, with
the aim of understanding which are the relevant phenomena that rule the process.

In the second part of the chapter, we present a numerical study on the preheat effect
driven by the presence of hot electrons considering a typical SI scheme. In particular, the
plasma MC code is used to simulate the electron energy deposition through an imploded
ICF target, with the aim of calculating the inner DT shell adiabat before the shock con-
vergence. Since the MC method has not yet been implemented in hydrodynamic codes
(at the moment of writing), target hydrodynamic profiles are extracted from a 1D CHIC
simulation and used as input in our plasma code. In doing this, we are neglecting the
effects of hot electrons on the target hydrodynamic evolution, but it is however possible
to obtain a first assessment on which are the hot electron characteristics that can be a
concern for SI.
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5.1 Hot electron transport in laser irradiated planar

targets

5.1.1 Motivation

We report, in this section, a numerical study on the hot electron propagation in planar
targets irradiated by laser beams with characteristics relevant to ICF. In Chap. 3 the
results of different planar experimental campaigns, aimed at characterizing hot electrons,
are presented. In particular, in these experiments, planar targets were irradiated by a laser
beam with characteristics relevant to SI, generating a copious amount of hot electrons
which propagated into the targets. The hot electron characteristics (temperature and
intensity) were retrieved by reproducing the experiment by means of cold MC methods
(Geant4), simulating the x-ray generation on the diagnostics. However, as explained
in Chap. 4, a cold MC method does not consider several peculiar aspects of a laser
irradiated target. First of all, the hydrodynamic evolution of the target, i.e. the ablation
and the compression waves, can not be reproduced. Therefore, the target is simulated
considering its nominal dimensions, i.e. its configuration before being shot. As explained
in Sec. 3.1.2, this is justified considering the assumption that the product ρr has the same
values both for the irradiated and the cold targets. This assumption holds considering 1D
geometry and electrons that propagate according to straight lines and it is usually justified
considering a 1D plasma plume expansion driven by big laser spots [108]. Moreover, a cold
MC method does not account for the ionization state of atoms that compose the material.
As such, as explained in Chap. 4, the primary particle scatters with atoms screened by
their complete electronic structure. Conversely, in laser irradiated targets, hot electrons
scatter with partially or completely ionized atoms and with other free plasma electrons.
Given that, we present in this chapter a numerical study that allows to understand what
is the margin of error introduced in using a cold MC method to reproduce a laser-plasma
experiment. In particular, the plasma MC code developed in Chap. 4 is used to investigate
the electron transport in laser irradiated targets and the results are compared with Geant4
simulations. In this way, it is possible to better understand which are the phenomena that
rule the hot electron transport in laser irradiated targets and the differences compared to
the cold case.
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5.1.2 Reinterpretation of the OMEGA experiment using our
plasma MC method: how the hot electron transport changes
in laser irradiated targets

(a) (b)

(c) (d)

Figure 5.1: Schematic representations of the target configuration used in the simulations
performed: (a) schematic representation of the target used in the simulations 1, 2 and 3
performed with our MC model. The target configuration is extracted from CHIC simu-
lations at three different times (500, 750 and 1000 ps) and electrons are launched at the
critical density. (b) Schematic representation of the layered target used in the simulations
4 performed with Geant4. The target is composed by several layers with an increasing
density, in order to reproduce the ablated and the shocked region. The density profile
along the cylinder axis reproduces discretely the profile extracted by CHIC, as shown by
the red curve in Fig. (d), for the case at 1000 ps. (c) Schematic representation of the
target used in the nominal Geant4 simulation and in the simulation with our MC code at
0 ps. Here the target is composed by a CH ablator of 175 µm at density 1 g/cm3, followed
by a 20 µm copper plate, as in the OMEGA experiment presented in Sec. 3.1 and in the
article [190]. The density profile along the cylinder axis of this target is shown by the
blue curve in Fig. (d). (d) Density profiles along the cylinder axis considered in the four
simulations. The density profile used in simulations 1, 2 and 3 is indicated by the green
curve; the density profile used in simulation 4 is indicated by the red curve; the density
profile considered in the nominal Geant4 simulation and in the simulation at 0 ps using
our model is indicated by the blue curve.

145



5.1. HOT ELECTRON TRANSPORT IN LASER IRRADIATED PLANAR TARGETS

Let us reconsider the configuration and the results of the OMEGA experiment presented
in Chap. 3, Sec. 3.1. In this experiment, planar multilayer targets were irradiated by a
1 ns UV laser beam with an intensity of 1016 W/cm2. The targets consisted in 500 µm
diameter disks composed by a 175 µm CH ablator, followed by a 20 µm copper plate used
as tracer for the hot electrons. These were mounted on a 50 µm plastic slab to avoid hot
electron recirculation. Hot electrons are generated in the coronal plasma and they prop-
agate into the target, emitting bremsstrahlung and copper Kα radiation that is collected
by the x-ray spectrometers. As shown in Chap. 3, the hot electron temperature and
intensity were retrieved by simulating with Geant4 the generation of the bremsstrahlung
and the Kα signals on the diagnostics. In the simulations, the nominal target geometry
(175 CH - 20 Cu - 50 CH) was used (Fig. 5.1(c)).

We would like now to study the electron propagation considering the hydrodynamic evo-
lution of the target and its ionization state, comparing then the results with the Geant4
predictions. For this purpose, target hydrodynamic profiles were extracted from CHIC
simulations at four different times: 0, 500, 750 and 1000 ps. In particular, the electronic
temperature, the mass density and the ion density profiles were extracted from CHIC and
a 3D map of this quantity was created, generating a 3D target profile used as input for the
plasma MC code. The plasma MC code calculates the target ionization degree according
to the Thomas-Fermi theory, computing the local electron density (see Chap. 4). Simula-
tions were performed by launching electrons at the critical density, with an initial spot of
100 µm diameter and a beam divergence of ±22◦. Energetically, electrons are described
by a 2D Maxwellian function with a temperature of 26 keV, which corresponds to the
function found in Sec. 3.1. In each simulation, we lunched 4×106 particles, sampling the
Maxwellian from a minimum value of 90 keV. Geant4 simulations in similar conditions
were also performed with the aim of comparing its prediction with the plasma case. The
figure of merit chosen to compare the two codes was the electron energy spectrum that
arrives on the copper plate. This quantity is directly related to the Kα generation and
the comprehension of its behaviour considering cold or warm targets will allow to better
understand the reliability of the experimental data analysis presented in Chap. 3. Except
for the case t = 0 ps, we performed four different simulations for each time considered
(500, 750 and 1000 ps).

1. A 3D simulation in which the target is modelled considering hydrodynamic profiles
extracted from CHIC, but the scattering processes are turned off. In this case, the
ablator density is not constant along the electron path and it varies according to
the profile extracted from the CHIC simulation. As an example, the green curve
in Fig. 5.1 (d) shows the density profile along the cylinder axis extracted from the
simulation at 1000 ps. The electrons move according to straight lines, loosing energy
according to the stopping power formulas.

2. A full 3D plasma MC simulation in which the target is modelled considering hydro-
dynamic profiles extracted from CHIC and its warm state is considered. In this case,
the ablator density is not constant along the electron path and it varies according
to the profile extracted from the CHIC simulation (for example the green curve in
Fig. 5.1 (d)). Electrons scatter with ionized or partially ionized atoms and with
other free plasma electrons and they lose energy according to the plasma stopping
power formulas. A schematic representation of the target configuration adopted in
this configuration is shown in Fig. 5.1 (a).
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3. A 3D MC simulation in which the target is modelled considering hydrodynamic
profiles extracted from CHIC, but it is considered as in a “cold” state. In this case,
the ablator density is not constant along the electron path and it varies according
to the CHIC profile (for example the green curve in Fig. 5.1 (d)). Contrary to
the previous case, here electrons scatter with non-ionized atoms and lose energy
according to the cold stopping power formula. These simulations allow to study
the effect of the ρr conservation on the propagation of hot electrons, excluding the
effects related to the ionization state of target. A schematic representation of the
target configuration adopted in this configuration is shown in Fig. 5.1 (a).

4. A Geant4 simulation in which the ablator is divided in CH layers with an increasing
density, conserving the ρr as predicted by the CHIC simulation. These layers have
thicknesses of several microns, allowing to study the effect of the ablated and the
shocked region considering discrete density steps. For example, the density profile
considered at 1000 ps is shown by the red curve in Fig. 5.1 (d). In this way, it is
possible to reproduce the effect of the ablation and the compression wave on the
electron propagation in Geant4. Evidently, the target plasma state is not simulated.
A schematic representation of the target configuration adopted in this configuration
is shown in Fig. 5.1 (b).

For the case t=0 ps, the target profile extracted from CHIC corresponds to the unablated
target configuration, referred here as “nominal target case”, i.e. 175 µm CH ablator 1
g/cm3 dense, followed by the copper plate (blue curve in Fig. 5.1 (d)). Evidently, in this
case our MC code works according to the cold model, considering the cold stopping power
formulas and scattering models.

The obtained results are compared each time with the nominal Geant4 simulation, i.e.
the one used in the experimental analysis presented in Sec. 3.1, in which the target was
composed by 175 µm CH ablator followed by 20 µm Cu plate.

Figure 5.2 shows the electron spectra that impinge on the copper plate predicted by
the simulations 1, in which the scattering effects were turned off (electrons propagate
according to straight lines slowing down according to the stopping power formulas). The
electrons propagate in targets whose density profiles were extracted from CHIC simula-
tions at 0, 500, 750 and 1000 ps. In particular, in the simulation at 0 ps electrons slow
down according to the cold stopping power formulas, while at other times they will follow
the plasma stopping power formulas. As can be seen from the figure, these simulations
predict an electron number on the copper plate that is approximately one order of mag-
nitude greater compared to what is predicted by the nominal Geant4 simulation, even
considering the cold non-ablated target (0 ps). This dramatic difference tells that, in this
regime, it is not possible to neglect the beam diffusion due to scattering phenomena, in
order to correctly model the hot electron propagation in matter.

Let us now consider the simulations in which the diffusion of the hot electron beam
is considered. Fig. 5.3 (a) shows the comparison between the electron spectra that reach
the copper plate as predicted by our model at t = 0 ps and by Geant4. These two simu-
lations are equivalent, since both the two codes simulate the nominal target configuration
(i.e. 175 µm CH - 20 µm Cu, density profile indicated by the blue line in Fig. 5.1 (d)).
Our model works according to the cold scattering and stopping power formulas. As can
be seen for the figure, there is a very good agreement between the spectra predicted by
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Figure 5.2: Electron spectra the impinge on the copper plate as predicted by the four
simulations using our MC model in which the scattering effects are turned off (simulation
1 in the list above). As such, electrons propagate along straight lines slowing down
according to the stopping power formulas. The target hydrodynamic profiles are extracted
from CHIC simulations at 0 ps (black curve), 500 ps (green curve), 750 ps (red curve)
and 1000 ps (yellow curve). These spectra are compared to the spectrum predicted by
the nominal Geant4 simulation (blue curve).

the two codes. A small difference is seen in the low energy part and it may be due to
the fact that our model does not simulate the secondary electron emission. This good
agreement offers another evidence on the reliability of our code.

Fig. 5.3 (b) (c) and (d) report the results considering the other times (500, 750 and
1000 ps). When the plasma models are turned off (simulations 3 in the previous list),
our model (black curve) predicts a higher number of electrons that reaches the copper
compared to the nominal case (blue curve). This behaviour is also confirmed by the
Geant4 layered target simulations (red curve, simulations 4 in the previous list), which
agree with our MC method run in cold mode. In particular, the predicted electron spec-
trum increases as a function of the irradiation time. The more the target is ablated, the
less electrons are stopped in the ablator and reach the copper. This is due to the fact
that the electrons, propagating in the coronal plasma and in the ablated region, are not
subjected to a severe scattering phenomena because of the low density of the material. As
such, they tend to keep their directionality for tens of µm, until they reach the shocked
region. In the shocked region, the scattering phenomena are more severe, but they are
not sufficient to compensate for the fact that the electrons have travelled for tens of µm
without experiencing collisions. For this reason, the number of electrons that impinges
on the copper plate is greater in the ablated targets compared to the nominal case. As
such, the 1D hypothesis of the ρr conservation seems to not be confirmed by our calcu-
lations. However, when the plasma effects are turned on (simulation 2, green curve), a
lower number of electrons arrives on copper. Notably, it seems that a target in plasma
state absorbs and slows down electrons with more efficacy compared to the cold case.
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(a) (b)

(c) (d)

Figure 5.3: Energetic electron spectra that impinge on the copper plate predicted by
the four simulations at the four different times. Electrons described energetically by a
2D Maxwellian function are launched at the critical density with an initial divergence of
±22◦. The green curve is the spectrum predicted by our plasma MC code (simulation 2
in the list above). The black curve is the spectrum predicted by our MC model in which
the plasma effects have been turned off and electrons propagate according to the cold
stopping power and scattering formulas (simulation 3 in the list above). The blue line is
the spectrum predicted by Geant4 considering the nominal target configuration (175 µm,
1g/cm3 CH - 20 µm Cu). The red line is the spectrum predicted by Geant4 considering a
layered target which reproduces the density profile extracted from CHIC (simulation 4 in
the list above). (a) 0 ps (cold non-irradiated target); (b) 500 ps; (c) 750 ps; (d) 1000 ps.

There are two reasons which explain this fact. First of all, the stopping power in plasma
presents greater values compared to cold materials, as shown by Fig. 5.4. In particular,
the figure reports the value of the stopping power as a function of the electron kinetic
energy in cold and in warm (T = 10 eV) polystyrene. The plasma stopping power has
values greater compared to the cold case, in particular for electron energies lower than
∼100 keV, our regime of interest (this is expected, since an electron which moves with
high values of kinetic energy collides and loses energy with other electrons in the medium,
not distinguishing their bound or free state). Another difference between the propagation
in cold or in plasma targets is in the scattering with nuclei. In the cold case, the nuclear
potential is screened by the electronic cloud of the atom, while in plasma the screening
is given by the residual electronic structure and by other plasma particles. In particu-
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Figure 5.4: Stopping power in polystyrene (1.05 g/cm3) as a function of electron kinetic
energy considering the plasma (T=10 eV) and the cold case, red and black lines, respec-
tively. The plasma stopping power is computed according to the formulas presented in
Chap. 4, while the cold stopping power is taken from the NIST database [265].

lar, in this regime, the characteristic screening lengths in plasmas are greater compared
to the screening distances of cold atoms. As such, the effective distances of the nuclear
potentials are greater in plasma, enhancing the scattering phenomena and the diffusion
of the electron beam, which is prevented from arriving at the copper plate. Overall, the
reduction in the number of hot electrons that arrives on the copper plate is around the
∼30% for the simulations at 500 and 750 ps and around the ∼20% in the simulation at
1000 ps.

From this analysis, it seems that the justification based on the ρr conservation, used
in Sec. 3.1 to justify the use of cold MC methods to analyse planar target experiments,
is not completely exact. The effect of the ρr conservation (i.e. the formation of an ab-
lated and compressed zone) increases the number of electrons that impinges on copper,
as shown by the red and the black lines in the graphs of Fig. 5.3. However, this effect is
counterbalanced by the fact that the target is in plasma state and the different nuclear
screening mechanism causes a strong diffusion of the hot electron beam, reducing the
number of hot electrons that arrives on copper.

5.1.3 Reinterpretation of the OMEGA experiment using our
plasma MC method: how the Kα yield changes considering
cold or irradiated targets

Let us now reconsider the Kα spectrometer (ZNVH) post processing, presented in Chap.
3 Sec. 3.1.2. Now our 3D plasma MC method is used to calculate the electron spectrum
that arrives on the copper plate. In Sec. 3.1, the parameters Ne and Th of a 2D electron
Maxwellian function fe(E) = Ne/The−

E/Th were retrieved by simulating the Kα detected by
the diagnostic. In particular, for this purpose, we performed 45 simulations considering
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Figure 5.5: Couple of parameters Th and Ne that reproduces the Kα signal on the
ZNVH in the OMEGA experiment presented in Chap. 3, Sec. 3.1.2 according to Geant4
simulations. The blue line refers to the nominal Geant4 simulation (i.e. cold target
composed by 175 µm CH - 20 µm Cu). The red line indicates the couple of parameters
Th and Ne obtained by using as input electron spectra on the copper plate obtained from
the plasma simulations. The Geant4 library used to compute the Kα is Livermore. The
predicted hot electron temperatures are ∼ 5% greater for the plasma case compared to
the cold case, while the difference in the parameter Ne does not exceed the 30%. These
percentage are indicated by the error bars.

monochromatic electron beams propagating in the target (see Sec. 3.1.2). The target
configuration used in these simulations was the nominal one (175 µm CH, 20 µm Cu) and
the electron energies used ranged from 90 keV up to 300 keV (electrons with energy less
than 90 keV do not arrive on the copper plate and do not generate Kα signal). These
simulations are re-performed using our plasma MC code, taking now into account the
hydrodynamic evolution and the plasma state of the target. The temporal evolution of
the system is reproduced by weighing the signal of the plasma simulations at the three
chosen times (500, 750 and 1000 ps) according to the SABS curve (Fig. 3.16). In this
way, we are considering the hot electron flux to follow the SABS signal, along the lines
of what was done in analysis of the experiment in Chap. 3.1, Sec. 3.1.2. The electron
spectra that impinge on the copper plate are then used as input in Geant4 simulation in
order to compute the Kα signal, since in our plasma MC code the Kα generation is not
modelled. Both for the cold and the plasma simulations, the library used to compute the
Kα de-excitation was the library Livermore. Let us recall that, in Sec. 3.1.2, also the
library Penelope was used, showing an ∼ 25% of discrepancy in the Kα yield compared
to Livermore. Fig. 5.5 reports the values of the parameters Ne and Th which reproduce
the Kα signal on the ZNVH, considering the nominal Geant4 simulation (i.e. cold target
composed by 175 µm CH - 20 µm Cu) and the plasma simulations. The discrepancies
between the two cases are less than the 5% and 30%, considering the values of Th and

151



5.2. EFFECT OF HOT ELECTRON ON A TYPICAL IMPLOSION SCHEME

Ne, respectively, as indicated by the error bar. Reasonably, since as shown in Fig. 5.3
the plasma target stops electrons more efficiently than the cold one, higher values of Th

and Ne are required to obtain the same Kα yield. Overall, the discrepancy between the
cold and the plasma models is not dramatic and it is similar to the uncertainty found in
simulations using the two libraries Livermore and Penelope (see Chap. 3.1, Sec. 3.1.2).
As such, considering also the experimental uncertainty in the Kα detection (∼ 20%), we
can conclude that the use of a cold MC method to interpret the Kα measurement of laser
plasma experiments is adequate.

5.2 Effect of hot electron on a typical implosion scheme

We report on a numerical study conducted with our 3D plasma MC method on the
effect of hot electrons on a typical SI implosion scheme. We consider, in particular, the
scheme proposed in the numerical study of Ref. [33], reported also in Chap. 2, Sec.
2.2.2. Here, a SI capsule composed by a 31 µm CH ablator (1.05 g/cm3), 220 µm DT
shell (0.253 g/cm3) and 737 µm DT-gas (10−4 g/cm3) is imploded by the laser pulse
reported in Fig. 5.6. The laser pulse consisted in a low-intensity pre-compression beam
followed by an 1 ns high intensity spike launched at 13.6 ns. The total energy delivered
on the capsule is around ∼350 kJ and the energy contained in the spike is ∼290 kJ. Let
us specify that, in Ref. [33], the effect of hot electrons on the implosion scheme was
calculated according to a 2D simplified hot electron transport model (see appendix E).
We will reconsider the results of this paper using our 3D plasma MC method, in order to
check the margin of error introduced by using this model. Since our MC model has not
been implemented in hydrodynamic codes yet, we performed offline simulations in which
the target hydrodynamic profiles were extracted from a 1D CHIC implosion simulation,
in which the propagation of hot electrons was not accounted. From these 1D profiles,
exploiting the spherical symmetry of the problem, 3D spherical targets were generated.

(a)
(b)

Figure 5.6: (a) Laser pulse used to implode the capsule. The laser pulse consists in a
low intensity pre-compression beam followed by a high intensity spike launched at 13.6
ns. The spike has duration of 1 ns. The total energy contained in the beam is around
∼350 kJ. (b) Schematic representation of the setting of the MC simulation and geometric
characteristics of the hot electron beam.
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Because of the decoupling between the two codes, it was not possible to evaluate the hot
electron effect on the hydrodynamic evolution of the target. Our analysis was limited
in computing the energy deposition in the inner part of DT shell and in evaluating its
consequent increase of the adiabat according to the perfect gas model. As introduced in
Chap. 0, we define the adiabat as the ratio of the plasma pressure to the Fermi pressure
of an electron degenerate gas [22]:

α =
p

pf
. (5.1)

Since we are interested in the preheat of the inner part of the DT shell, the value of the
adiabat in this region (αinn) is computed considering the minimum of the adiabat along
the shell radius, as shown in Fig. 5.7 for the simulation at 13.6 ns. The CHIC simulation
predicts an initial value of αinn around ∼1.7 at 13.6 ns, before the spike. We compute,
by means of our plasma MC code, the increase of αinn before the shock convergence,
considering different hot electron beams. An increase of the adiabat is related to the fact
that hot electrons are sufficiently energetic to penetrate the inner part of the cryogenic
shell, crossing the compressed plastic ablator and the external part of the DT shell it-
self. If this happens, the implosion could be compromise because of the preheat effects.
Notably, not only the compression will require more energy, but the preheat causes also
the global expansion of the shell, increasing its thickness and temperature and decreasing
its density. Therefore, the alpha particle energy deposition which generates the burning
wave will be less effective. In Ref. [26] [22] one can find a series of scaling laws that
show that a high areal densities require a low adiabat implosions to minimize the laser
energy invested (in the context of the conventional ICF and SI). To calculate the inner
DT shell adiabat before the shock convergence, we considered the hydrodynamic profiles
of the imploding capsule at four different times during the spike pulse: 13.6, 13.85, 14.1
and 14.35 ns. For each time, a plasma MC simulation is conducted by launching the hot
electron beam at the critical density considering a circular spot of 1580 µm diameter (∼

Figure 5.7: Adiabat as a function of the shell radius, computed from the CHIC simu-
lation at 13.6 ns. The position of the shock front, the inner shell and the hot-spot are
indicated by the black, the red and the green lines, respectively.
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Distribution function fe1 fe2 fe3 fe4
Th [keV] 26 35 45 43 - 98
η[%] 11 6 3 1.2 - 0.94
αinn 1.8 1.9 1.93 2.14 (2.3∗)

Table 5.1: Hot electron temperatures Th and laser to hot electron conversion efficiencies
η used as input in the simulations. We performed four different simulations considering the
hot electron beam characteristics found in the OMEGA experimental campaign (Chap.
3, Sec. 3.1) and used in Ref. [33]. The values of αinn are the results computed according
to our MC simulations. The asterisked value (2.3) is the adiabat of the inner DT shell at
the shock convergence reported in Ref. [33]

the 80% of the initial target radius) and an initial beam divergence of ±22◦. A schematic
representation of the simulation settings is shown in Fig. 5.6 (b). Let us specify that,
exploiting the spherical symmetry of the problem, only one electron beam is launched
and the energy deposition along the capsule radius is computed. We are thus assuming
that, in an hypothetical NIF or OMEGA implosion, each laser beam acts independently
in generating hot electrons. This is not completely exact, since there are phenomena like
the cross beam energy transfers that make the laser beams not independent. Electrons
launched in simulations are energetically described by 2D Maxwellian functions consider-
ing different temperatures and conversion efficiencies in relation to the total spike energy.
In particular, the set of parameters Th and η found in the OMEGA experiment (Chapt.
3, Sec. 3.1) and the ones used in Ref. [33] were chosen. Notably, we considered four
different cases reported in Tab. 5.1.

The calculation of the shell adiabat is conducted as explained in the following. The laser
spike duration is divided in four steps of 250 ps each and a MC simulation is conducted
at each step, considering the correspondent hydrodynamic profile. In each simulation, we
launched an electron beam whose energy is calculated in relation to the spike energy deliv-
ered on the target in the time windows selected (250 ps), using the parameters indicated
in Tab. 5.1. In order to reduce the computational time demand, the simulations were
conducted by launching 106 particles and then by rescaling the values considering the real
laser energies and conversion efficiencies. This low number of particles was sufficient to
reduce the statistical noise in the quantities considered. The volumetric energy deposition
in concentric spheric shells with radius ∼10 µm was therefore computed. The pressure
induced by hot electrons is then calculated considering the law of a perfect diatomic gas:

pHE = (γ − 1)eHE, (5.2)

where pHE is the pressure, γ = 7/5 for a perfect gas and eHE is the volumetric energy de-
posited by hot electrons. The adiabat at the end of the spike pulse is computed according
to the formula:

α =
p

pf
+ ∆α1 + ∆α2 + ∆α3 + ∆α4 =

p

pf
+
pHE1

pf
+
pHE2

pf
+
pHE3

pf
+
pHE4

pf
(5.3)

where p is the sum of the electron and ion pressure as predicted by CHIC at the shock
launching time (13.6 ns), pf is the Fermi pressure and pHEi is the pressure generated by
the hot electrons in the i-th time step. The Fermi pressure writes:

pf =
(3π2)2/3~2

5me

n
5/3
e , (5.4)
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5.2. EFFECT OF HOT ELECTRON ON A TYPICAL IMPLOSION SCHEME

where ne is the electron density and me the electron mass. By using the formula (5.3),
we are assuming that the ratio p/pf in the base CHIC simulation remains constant during
the spike. This assumption was made necessary because of the decoupling between the
hydrodynamic and the MC codes.

(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 5.8: Blue curve: volumetric energy deposition along the capsule radius. Red
curve: density profile of the imploding capsule as a function of the radius. The capsule
center is at r = 0 µm and the shock is moving from the right to the left. (a) and (b):
simulations performed with fe1 (see Tab. 5.1) and considering the target hydrodynamic
profiles extracted from the CHIC simulation at 13.6 ns and 14.35 ns, respectively. (c) and
(d): simulations performed with fe2 and considering the target hydrodynamic profiles
extracted from the CHIC simulation at 13.6 ns and 14.35 ns, respectively. (e) and (f):
simulations performed with fe3 and considering the target hydrodynamic profiles extracted
from the CHIC simulation at 13.6 ns and 14.35 ns, respectively (g) and (h): simulations
performed with fe4 and considering the target hydrodynamic profiles extracted from the
CHIC simulation at 13.6 ns and 14.35 ns, respectively.
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The values of αinn before the shock convergence (after 14.35 ns) are indicated in the
last row of Tab. 5.1, for the four cases. Here it is possible to see that the simulation with
fe1 (Th = 26 keV, η=11%) does not predict a significant increase of αinn, despite the high
intensity of the electron beam (around the 11% of the total spike energy). Conversely,
the simulation with fe4 (Th = 43 keV, η=1.2% - Th = 98 keV, η=0.94% ) predicts an
αinn ∼ 2.14, and thus a greater shell preheat. This effect could be explained considering
the graphs in Fig. 5.8. In particular, the figures show the hot electron energy deposition
and the target density profile as a function of the sphere radius, for two different times
(13.6 and 14.35 ns) and for the four studied cases (see Tab. 5.1). The red line repre-
sents the target density profile along the shell radius, where it is possible to recognize the
shocked region identified by the maximum of the function (around 10 g/cm3 at 13.6 ns
and 40 g/cm3 at 14.35 ns). Considering the hot electron energy deposition, represented
by the blue lines, it is possible to realize that in the cases fe1, fe2 and fe3 both at 13.6
and at 14.35, the majority of hot electrons is stopped in the shocked region. This hap-
pens because the hot electron temperatures are low and the electrons are not sufficiently
energetic to reach the inner part of the DT-shell. On the contrary, in the case fe4, at
13.6 ns, the compressed part of the capsule has not sufficiently high values of ρr to stop
the hot electron population at Th= 98 keV, which can propagate up to the inner part of
DT-shell. This causes a preheat effect, raising the shell adibat at ∼2.14. At 14.35 ns, in
all the four cases, the target ρr is sufficient to stop the electrons. As such, in the design
of SI implosion schemes, one should pay attention that the capsule has reached sufficient
values of compression before launching the ignitor spike, to avoid DT-shell preheat. This
is consistent with recent OMEGA experiments ([32], Sec. 2.2) in which a ρr degradation
was evaluated as a function of the spike launching time. Finally, let us notice that the
value of αinn found in our calculation does not differ dramatically from the value com-
puted in Ref. [33], that was 2.3. In particular, with such high value of shell adiabat, the
paper predicted the ignition failure for this particular scheme.

Let us now consider the same simulation setup to evaluate the variation of the shell
adiabat considering a range for the parameters η and Th. In particular, several sim-
ulations are performed varying Th from 20 up to 150 keV and η from 1 up to 20 %
(considering the laser spike energy). Fig. 5.9 shows the inner shell adiabat αinn as a
function of the parameters η and Th. The red line delimits the region of the map for
which αinn ≤ 1.8, the blue line the region for which αinn < 2 and the green line the
region for which αinn ≤ 2.3. The condition αinn ≤ 1.8 is the most strict condition, which
minimizes the preheat effect. The condition αinn ≤ 2 was chosen because, as indicated
by the Tab. 5.1 and Fig. 5.8, with such value of αinn the majority of hot electrons does
not penetrate in the inner DT shell. Finally, the condition α = 2.3 is chosen because this
level of preheat leads to the ignition failure, as predicted by in Ref. [33]. To evaluate
which is the level of preheat that can be tolerated by the scheme, it will be necessary
to conduct inline 3D hydrodynamic simulations in which the effect of the hot electrons
on the shock propagation and on the hydrodynamic evolution of the capsule is accounted.

From the figure, it is possible to see that hot electrons with temperatures in the range
Th ∈ [30, 50] keV should be limited at few precent of the spike energy, in order to satisfy
the condition α ≤ 1.8. Furthermore, with this condition, the presence of more energetic
electrons (Th > 50 keV) should be suppressed. Considering now the experimental findings
reported in Chap. 3 for the OMEGA-EP and the LMJ experiments (Th ∈ [20, 45] keV
and η ∈ [13, 3]%, see Tab. 3.11), only the lower temperature - high intensity electron
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Figure 5.9: Inner shell adiabat αinn as a function of the hot electron temperature Th

and laser to hot electron energy conversion efficiency η. The values of αinn are calculated
at the end of the implosion according to the formula (5.3), after having performed MC
plasma simulations as explained at the beginning of the section. The red line indicates
the points for which αinn ≤ 1.8, the blue the points for which αinn < 2 and the green the
points for which αinn < 2.3.

distribution functions (Th= 20 - 25 keV, η ∼ 10%) are tolerated by the scheme. Con-
versely, if the condition on the αinn is softened, the hot electron characteristics found in
that experiments should not represent an issue. It remains to understand the role of hot
electron populations at higher temperatures. As explained in Sec. 1.2.6 of Chap. 1, recent
numerical simulations predicted TPD generated hot electrons with temperatures ranging
from 60 up to 90 keV. According to our study, to obtain αinn < 2 these populations should
be limited at η ∼ 1%.

5.3 Conclusion

This chapter reports two numerical studies, conducted with the plasma MC code pre-
sented in Chap. 4, considering planar and spherical targets. In Sec. 5.1, we showed that
the interpretation of laser-plasma experiments using cold MC codes is appropriate, de-
spite these methods neglect several features characteristic of a laser irradiated target. In
particular, the target ablation causes the electrons to keep their directionality, reducing
their angular spreading. This effect is however counterbalanced by the fact that targets
are in plasma state and the screening lengths of nuclear potentials of plasma ions are
greater compared to the cold case. As such, in plasma the scattering is enhanced and the
electron beam is more diffused, compared to the cold case. Because of the competition of
these two effects, the propagation of hot electrons in cold or in laser ablated planar targets
does not differ dramatically. As such, cold MC methods can be considered adequate to
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interpret laser-plasma experiments. This is further confirmed by the recomputation of
the Kα signal done considering hot electrons propagating in laser irradiated targets. The
differences on the parameters Th and Ne for the cold and the irradiated targets are of
∼ 5% and ∼ 30%, respectively. Considering the typical experimental uncertainties in the
Kα and bremsstrahlung measurements (see Sec. 3.1.2), these differences are acceptable.

In the second part of the chapter, we presented a numerical investigation aimed at eval-
uating the effect of the hot electrons on a typical SI implosion scheme. The hot electron
energy deposition in the inner part of the DT shell is computed considering different hot
electron characteristics (temperature and conversion efficiencies with respect to the laser
energy). The study shows that low hot electron temperatures (20-25 keV) do not cause
a preheat concern, even at high conversion efficiencies. Conversely, the presence of elec-
trons at temperatures around 30 - 40 keV should be limited at few percent of the laser
energy, while hot electron populations with temperatures greater than 50 keV should be
suppressed.
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Chapter 6

Conclusion

The characterization of the hot electrons and the comprehension of their role in ICF are
critical steps for assessing the feasibility of the implosion schemes, in particular the shock
ignition approach. On this basis, the thesis work developed having several objectives:

1. Characterize hot electrons in conditions relevant to ICF and in particular to SI. This
is accomplished by analysing experimental data obtained in several experiments
conducted in different laser facilities. The capability of each facility allowed access
to different plasma conditions, exploring different interaction regimes.

2. Develop a 3D hot electron propagation model with the aim of future implementation
in hydrodynamic codes. This model considers the propagation of hot electrons in
plasmas, taking into account their collisions with other free plasma electrons and
with ions.

3. Evaluation of the margin of error introduced by using cold Monte-Carlo methods
to interpret laser-plasma experiments aimed at characterizing hot electrons. This is
done by comparing the hot electron transport in cold and in laser irradiated targets,
using the plasma Monte-Carlo code developed.

4. Evaluation of the hot electron preheat effect on a typical SI implosion scheme. The
energy deposition in the inner DT shell of a typical implosion scheme is evaluated
using the plasma MC code developed, considering hot electrons with different char-
acteristics.

We present here the conclusions of this work.

6.1 Experimental characterization of hot electrons

We presented the results of three experimental campaigns aimed at characterizing hot
electrons, conducted in three different laser facilities: OMEGA-EP, PALS and LMJ. Ac-
cording to the capabilities and the laser parameters of each facility, different interaction
conditions were explored. Several diagnostics were used in each experiment, notably,
backscattered laser light spectrometers, x-ray spectrometers and x-ray streaked cameras.
The spectrometers allowed to obtain information on hot electrons, while the streak cam-
eras were involved to perform shock radiographs or shock breakout pyrometry.
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In this thesis, we focused our attention in particular on the post-processing of the x-
ray spectrometers, used to detect the radiation emitted by the hot electron propagation
in targets. In particular, the x-ray spectrometers considered in this work are the Kα

and the bremsstrahlung spectrometers. Despite these diagnostics have been frequently
used in the last decade, in the literature a detailed explanation on their post-processing
techniques and the setup of the simulations is usually omitted. As such, we performed a
detailed study on their behaviour, presenting a post-processing methodology.

The time integrated bremsstrahlung spectrometer is composed of a stack of filters and
IPs that deconvolute the bremsstrahlung spectrum: the more a photon is energetic, the
more it propagates inside the stack, depositing energy in deeper IPs. The bremsstrahlung
spectrum detected by the diagnostic is retrieved by following these steps: at first, it is
necessary to guess a form for the photon distribution function dependent on free param-
eters. In this regard, we considered single temperature exponential functions of the type

fph(E) =
Aph

E
e
− E

Tph or fph(E) =
Nph

Tph
e
− E

Tph , with free parameters Aph (Nph) and Tph. Then

the diagnostic response is simulated using a MC method, to calculate the theoretical
energy deposition through the IPs as a function of the free parameters Aph (Nph) and
Tph. Finally, the values of the free parameters are calculated using the reduced chi-square
analysis with the experimental data. In particular, we proposed not only to consider the
solution that minimizes the chi-square function (as commonly done in the literature), but
to take also into account a series of degenerate solutions coming from the figure of merit
χ2 → 1. This allows to find a map of possible photon distribution functions detected by
the diagnostic.

In the analysis, hot electrons were assumed to be energetically described by 2D Maxwellian

distribution functions fe(E) = Ne

Th
e
− E

Th . The parameters Ne and Th are retrieved by per-
forming MC simulations of electron propagation in the targets, reproducing the bremsstrahlung
and the Kα signal on the diagnostics. These MC simulations are performed using cold MC
codes (Geant4), which do not account for the hydrodynamic evolution and the ionization
state of the target. Despite this, these methods are appropriate for the interpretation of
the experiments.

This post-processing methodology is applied in the analysis of the experimental campaigns
cited above. In particular, in the OMEGA and in the LMJ experiments hot electrons were
found to have values of Th ranging from 20 up to 45 keV, with conversion efficiency with
respect to the laser energy going from 3% up to 13%. Considering the OMEGA experi-
ment, the range of temperature found is similar to what reported by previous experiments
in similar conditions, but the obtained values of conversion efficiency are slightly higher.
Further experimental investigations will be required to understand the origin of this mis-
match and to confirm our findings. One possibility is the fact that previous experiments
did not consider the degenerate solutions coming from the bremsstrahlung spectrometer
post-processing, considering only the function that minimizes the chi-square. Concerning
the LMJ experiment, other shots will allow to confirm or not our findings, giving a better
statistics.

In the PALS experiment, the values of temperature found were similar to the ones ob-
tained in the OMEGA and LMJ experiments (i.e. Th ∈ [25, 50] keV), but accompanied
by lower conversion efficiencies (η ∼ 1 − 2%). This range of temperature is consistent
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6.2. 3D MONTE-CARLO METHOD TO SIMULATE THE HOT ELECTRON
PROPAGATION IN IONIZED TARGETS

with previous PALS experiments conducted in analogous conditions, but our conversion
efficiency was slightly lower. This could be due to the fact that, in the analysis, we con-
sidered only the photon distribution function that minimizes the chi-square, neglecting
the possibility of a degenerate solution. For what concerns the influence of the ablator
composition on the hot electrons, consistently to what found in the literature, mid-Z ab-
lators seemed to reduce the hot electron generation. Lower hot electron temperatures
were found for the Al and the Ni cases, compared to the CH and C ablators. This is a
positive effect for the SI scheme, however particular care should be given in choosing a
high Z ablators, because of the enhance preheat effects due to the radiative transport.

The large uncertainty in the values of Th and η, measured by the spectrometers can
be reduced constraining the problem using other experimental data, relying for exam-
ple on shock measurements. In particular, this is done for the OMEGA experiment by
performing hydrodynamic simulations aimed at reproducing the target hydrodynamic
evolution observed in the shock radiographs. For this purpose, hydrodynamic simulations
were conducted using as input different electron distribution functions, characterized by
different values of Th and η as retrieved by the spectrometers. We finally find that lower
hot electron temperatures and higher conversion efficiencies (Th ∼27 keV, η ∼ 10%) allow
to better reproduce the experimental data.

6.2 3D Monte-Carlo method to simulate the hot elec-

tron propagation in ionized targets

With the increase of the computational power at disposal, during the last few years 3D
hydrodynamic codes have been developed. Having in mind of simulating the entire im-
plosion process, a module of hot electron propagation should be implemented in these
codes. As such, part of the thesis work was devoted to the developing of a hot electron
transport model, with the aim of future implementation in hydrodynamic codes.

In this regard, a Monte-Carlo (MC) approach was chosen to simulate the hot electron
propagation in fusion targets. Differently from common MC methods (e.g. Geant4), this
model simulates the hot electron propagation in ionized or partially ionized targets, tak-
ing into account the presence of the plasma state. As such, in this condition, the electron
diffusion is ruled by elastic scattering with other plasma electrons and by collisions with
nuclei screened by their residual electronic structure and by other plasma particles. These
phenomena are modelled according to suitable scattering differential cross sections, as the
Moller’s cross section for the electron-electron scattering and the Dalitz’s formula, which
models the collisions between an electron and a completely ionized nucleus screened by
plasma charges. The collision between an electron and a partially ionized nucleus, screened
by its residual electronic structure and by other plasma particles, is a phenomenon rarely
addressed in the literature, for which it was not possible to find an adequate differential
cross section. As such, we derived and we proposed an analytical form of scattering dif-
ferential cross section aimed at modelling this collision.

The MC method is developed following the so-called mixed algorithm approach. Here,
electrons propagate for distances greater than their mean free paths, and the new direc-
tions are evaluated according to multiple scattering theories. In particular, soft collisions
are modelled according to the Goudsmit and Saunderson theory, while hard collisions are
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simulated considering two-bodies interaction. The electron slowing down and the energy
deposition are computed according to plasma stopping power formulas.

An important difference with the cold MC methods is the fact that electrons propagate
in targets in which strong density gradient are present. Notably, the ablation and com-
pression waves generated by the laser interaction. As such, a new algorithm to evaluate
the electron mean free path in inhomogeneous materials is developed and presented.

6.3 Comparison between cold and plasma MC meth-

ods

The MC code is used at first to reconsider the interpretation of the laser-plasma ex-
periments aimed at characterizing hot electrons, presented in this work. In particular,
these experiments are interpreted by means of cold MC methods, i.e. codes in which
the ionization state of the targets and their hydrodynamic evolution are not accounted.
To better understand which is the margin of error introduced by using these codes, the
propagation of hot electrons in cold and in laser irradiated targets is compared. From this
comparison, it comes that a laser irradiated target absorbs and stops more efficiently the
electron beam. This effect is due to the competition between two effects: the variation
of the ρr (i.e. the formation of an ablated and a shocked region) and the presence of
longer screening lengths of nuclear potentials in plasma. In particular, the presence of
the ablated region causes the electron beam to be more collimated, while the fact that
the screening lengths are grater enhances the beam diffusion. The net effect of these two
competitive phenomena is the fact that electrons diffuse more in ionized targets than in
a cold ones. However, the difference between the two cases is not dramatic, leading to an
error of ∼ 5 and 30 % in the computation of the parameters Th and Ne of the electron dis-
tribution function. These errors are comparable with the experimental uncertainty of the
measurements, and we can consider appropriate to interpret a laser-plasma experiment
using a cold MC method.

6.4 Hot electron induced preheat effect on a typical

SI implosion scheme

The plasma MC code is finally used to evaluate the preheat effect induced by the hot
electrons on a typical SI implosion scheme. In particular, the increase of the inner shell
adiabat driven by hot electrons is evaluated considering different hot electron temperatures
and laser to hot electron energy conversion efficiencies. The study suggests that the
implosion scheme can tolerate low values of hot electron temperatures (20 - 25 keV)
up to high conversion efficiencies (∼ 10%). More energetic electron populations should
be limited as much as possible. Therefore, considering the range of the values Th and
η retrieved in the experimental campaigns presented in this work (Th ∈ [20, 50] keV,
η ∈ [3, 13] %), only the lower hot electron temperatures will be tolerated (by the scheme
proposed).
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6.5 Perspectives

For what concerns the experimental characterization of hot electrons, further efforts will
be required in the near future to refine the experimental techniques and to obtain more
precise results. In particular, the scientific community is working at developing diagnostics
that can give more precise information on hot electrons, trying in particular to detect the
presence of highly energetic populations. The choice of using single temperature electron
distribution functions to interpret the experiments was dictated by the nature of the sig-
nal collected through the IPs in the bremsstrahlung spectrometers. Notably, only the first
seventh or tenth IPs collected a significant level of energy deposition in the experiments
analysed in this work. These signal was adequately fitted with single temperature photon
distribution functions, which were generated by single temperature electron distribution
functions. Having at our disposal other diagnostic techniques, such as electron spectrom-
eters, or refining the filtering of the bremsstrahlung spectrometers will allow to detect also
higher energy electron populations. This is particularly important, since these highly en-
ergetic hot electron populations represent a preheat concern. Having information on their
intensity and energy will allow to design robust implosion schemes. Let us also mention
that the development of the diagnostics should be accompanied by the development of
the numerical methods to analyse them. As we showed in the thesis, the analysis of the
bremsstrahlung spectrometers relies on complex MC simulations coupled with a fitting
numerical procedure. In the case of a multiple temperatures distribution functions, the
fitting procedure will become more complex, since four or six free parameters will have
to be considered.

Still considering the diagnostic development, a great effort is being made by the scientific
community to develop time resolved spectrometers. The possibility of resolving the x-ray
radiation emitted by the propagation of hot electrons in time will give important infor-
mation on the laser-plasma mechanisms which are responsible of the electron acceleration.

Finally, other experiments should be conducted to characterize hot electrons in real SI
conditions, exploiting laser facilities such as the NIF or the LMJ. Since, however, having
access at such large facilities is relatively difficult, other experiments can be conducted
in smaller installations like PALS or OMEGA. This will allow to refine the diagnostic
techniques and to obtain more precise information on hot electrons, trying to reduce the
large ambiguity on the parameters Th and η reported in our analysis. An adequate char-
acterization of hot electrons in SI conditions is a critical step for answering the feasibility
of the scheme and to propose robust implosion configurations.

Considering now the theoretical part of the thesis, other physical phenomena could be
added to the plasma MC method. In particular, it will be necessary to evaluate the effect
of the collective effects and of the self generated electromagnetic fields on the hot electron
propagation, trying to understand if they are really negligible. Furthermore, the genera-
tion of secondary electrons, generated by hard collisions, should be simulated.

Another interesting feature that could be added to the MC code is the generation of
the x-ray radiation due to the hot electron propagation. In this way, once implemented in
hydrodynamic codes, it will be possible to perform hydrodynamic simulations in which the
bremsstrahlung and the Kα emission are simulated. This will allow to interpret future pla-
nar and spherical experiments with more confidence, without relying on cold MC methods.
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However, the code is ready to be implemented in hydrodynamic codes and, in the near
future, it will be possible to perform several theoretical studies and to propose robust SI
implosion schemes. In particular, it will be possible to perform simulations considering
different ablators and to evaluate the effects of hot electrons on different schemes. As
mentioned in the last chapter of the thesis, the spike launching time is a crucial parame-
ter to be chosen in order to avoid shock collision mismatch and hot electron preheat. As
such, several implosion schemes can be studied, varying the initial target configuration or
the spike launching time, in order to find out which is the most robust solution.
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Appendix A

Chi-squared analysis

The chi-squared test is a statistical procedure to determine whether an observed distribu-
tion is consistent with the expected theoretical distribution. Namely, the test is used to
determine if there is a statistically significant difference between the expected frequencies
and the observed frequencies [206] [207].

Let us consider to have a set of measurements x1, x2...xN (the signals deposited through
the IPs) and let us assume that each measurement is characterized by a Gaussian distri-
bution with mean value 〈xi〉 and variance σ2

i :

p(xi) =
1

σi
√

2π
exp

[
−(xi − 〈xi〉)2

2σ2
i

]
. (A.1)

Considering N points, the total proability reads:

P (xi, 〈xi〉, σi) =
1

(2π)N/2Πiσi
exp

[
−

N∑
i

(xi − 〈xi〉)2

2σ2
i

]
. (A.2)

Introducing now a distribution function f(y) which predicts the mean for each data point
(f(y) ∼ 〈xi〉), eq. (A.2) becomes:

P (xi, 〈xi〉, σi) =
1

(2π)N/2Πiσi
exp

[
−

N∑
i

(xi − f(yi))
2

2σ2
i

]
. (A.3)

This function will find its maximum when the argument of the exponent is minimum.
From this consideration, a new variable is introduced, the so-called chi-squared statistic:

χ2 =
N∑
i

(xi − f(yi))
2

σ2
i

. (A.4)

In statistics, the method of least squares is built on the hypothesis that the distribution
function which better describes a set of data is the one that minimizes function χ2. Note
that, ideally, given the fluctuations of the values of xi about their mean values 〈xi〉, each
term in the sum will be of order unity. As such, χ2 ∼ N , and a first figure of merit to
evaluate if a distribution function fits the data is to obtain χ2 � N . However, according
to the statistics literature, a more exact procedure relies on considering the reduced chi-
squared, defined as:

χ2
ν =

χ2

ν
, (A.5)
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where ν is the number of degrees of freedom. The number of degrees of freedom is defined
as the number of observed data minus the number of parameters used in the calculation
[282] [283]. As such, considering our problem of fitting the signal through the IPs, ν
would be defined as the number of IPs in which the signal was deposited minus 2, the
number of free parameters of the photon distribution function. The χ2 (or the χ2

ν , the
two variables differ only because of a multiplication factor) is a random variable and it
will be described by an adequate distribution function. The probability density for the
variable χ2, considering ν degrees of freedom reads [206]:

pν(χ
2) = Cν(χ

2)
ν
2
−1exp

(
−χ

2
ν

2

)
, (A.6)

where Cν is a normalization constant. From this, it is possible to derive that 〈χ2〉 = ν
and, as such, 〈χ2

ν〉 = 1.

Let us now consider an experiment in which a set of data is described by a given distribu-
tion function and the fit is characterized by χ2

ν = χ2
ν0. If one reperforms the experiment,

the probability of having a worse result is equal to P (χ2
ν > χ2

ν0), i.e. to the probability of
obtaining a value of χ2

ν greater than χ2
ν0. Mathematically, this concept writes:

P (χ2
ν > χ2

ν0) =

∫ ∞
χ2
ν0

p(χ2
ν)dχ

2
ν . (A.7)

The literature reports a tabulation for which the condition P (χ2
ν > χ2

ν0) is evaluated as
a function of ν and χ2

ν0. This means to look at the probability of finding a distribution
function that fits the data worse than the distribution used to obtain a reduced chi-
squared equal to χ2

ν0. Considering now, as we did in the analysis of the bremsstrahlung
spectrometer, χ2

ν0 = 1 and typical values of ν ∈ [5, 8] the probability of findings photon
distribution functions that fit the data worse than the found distributions is around the
40%. This is a quite fair result. A low value of this probability would mean that the
distribution function found is not adequate in fitting the data, since it would indicate
that there are many other distribution functions that work better. Conversely, a high
value of probability indicates that the fitting function is correct, but “suspicious”, since
there is the possibility that other distribution functions would work. As reported in
Fig. 3.6, χ2

ν0 = 1 is a good figure of merit to retrieve a series of photon distribution
functions that deposit energy through the IPs consistently with the experimental error of
the measure.
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Appendix B

Scanner calibration

When imaging plates are red in the scanner, the blue light generated by the de-excitation
of metastable centres is collected by a photomultiplier tube (PMT) and digitized in a
2D image. Since different laser facilities posses scanner from different manufacturers, an
universal calibration method has been adopted. This method consisted in using a radioac-
tive source of known activity (radiocarbon), or pre-calibrated scanners with radioisotopes
for which the activity was not known. As an example, at the NIF, imaging plates were
exposed to a radiocarbon source for a fixed time to yield a known absorbed dose. After
that, the IPs were scanned considering different photomultiplier gain voltage from 500
up to 1000 V. With this procedure, it is possible to obtain a calibration curve for which
the PSL values are correlated to the signal recorded by the scan considering different
parameters. In particular, the formula reported in the literature is [136]:

PSL =

(
G

216 − 1

)2(
Rµm

100

)2

h(V )10L/2 (B.1)

Here Rµm is the spatial resolution in µm, L is the dynamic range latitude (4 or 5 according
to the scanner), G is the recorder signal and h(V ) is an empiric function related to the
chosen value of voltage. In Ref. [136], empirical laws and graphs on the behaviour of
h(V ) with the voltage are reported. These curves are reported for the scanners placed at
the NIF, at the LLE and at GEKKO. Scan calibrations were also done at the LMJ laser
facility, and the information is contained in an internal report.

We considered these calibrations to calculate the PSL values in the IPs, for the experi-
ments conducted at OMEGA and at LMJ.
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Appendix C

Derivation of the Goudsmit and
Saunderson distribution function

We report here the analytical derivation of the Goudsmit and Saunderson distribution
function. These calculations are based on the works of Lewis [250] and Bethe [284] [285].
As reported in Chap. 1, the Boltzmann equation that describes the evolution of the
distribution function fe (r,v, t) is:

∂fe
∂t

+ v · ∇fe −
e

me

(
E +

v×B

c

)
· ∂fe
∂v

= Ce. (C.1)

Here fe(r,v, t) denotes the probability density of finding the electron at the position r
moving with velocity v in the direction given by the unit vector u, i.e. v=vu. In spherical
coordinates, u is represented by polar and azimuthal angles θ and ϕ.

Considering elastic scattering and the absence of electric and magnetic fields, eq. (C.1)
reads:

∂fe
∂t

+ v · ∇fe = N

∫
[fe (r,v’, t)− fe (r,v, t)]

dσ (θ, v)

dΩ
v sinθdθdϕ (C.2)

where N is the number of scattering centers per unit volume, σ is the elastic scattering
cross section, v is the incident electron velocity and θ and ϕ are the polar and the
azimuthal scattering angles. Here we are assuming that the incident particle moves along
the z-axis, i.e. with θ=0. Dividing the equation by the modulus of the particle velocity v
and introducing the arc length traversed by the particle ds = vt, eq. (C.2) becomes (eq.
(1) in Ref. [250]):

∂fe
∂s

+ u · ∇fe = N

∫
[fe (r,u’, s)− fe (r,u, s)]

dσ (θ, v)

dΩ
du’. (C.3)

Let us notice that du’ = sinθdθdϕ. This equation is solved by Lewis by expanding the
function fe (r,u, t) in spherical harmonics:

fe (r,u, t) =
∑
λ,µ

fλ,µ (r, s)Yλ,µ (u) =
∑
λ,µ

fλ,µ (r, s)Yλ,µ (θ, ϕ) , (C.4)

where

fλ,µ (r, s) =

∫
Y ∗λ,µ (u) fe (r,u; s) du. (C.5)
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Using this in Eq. (C.3) we obtain:

∂

∂s

∑
λ,µ

fλ,µ (r, s)Yλ,µ (u) +
∑
λ,µ

u · ∇fλ,µ (r, s)Yλ,µ (u) =

N
∑
λ,µ

∫
fλ,µ (r, s)

[
Yλ,µ (u’)− Yλ,µ (u)

]
dσ (θ, v)

dΩ
du’.

(C.6)

This equation is projected on a basis function Yl,m using the scalar product

∫
Y ∗l,m (u) du,

i.e:∑
λ,µ

∂

∂s
fλ,µ (r, s)

∫
Y ∗l,m (u)Yλ,µ (u) du +

∑
λ,µ

∇fλ,mu (r, s)

∫
Y ∗l,m (u) uYλ,µ (u) =

N
∑
λ,µ

fλ,µ (r, s)

∫ ∫
Y ∗l,m (u)

[
Yλ,µ (u’)− Yλ,µ (u)

]
dσ (θ, v)

dΩ
dudu’.

(C.7)

Considering the addition theorem of the spherical harmonics:

Pl (cosθ) =
4π

2l + 1

+l∑
m=−l

Y ∗m,l (θ, ϕ)Ym,l (θ, ϕ) , (C.8)

and the orthogonality condition [242]:∫ 2π

0

dϕ

∫ π

0

dθsinθY ∗m′,l′ (θ, ϕ)Ym,l (θ, ϕ) =
4π

2l + 1
δl,l′δm,m′ , (C.9)

only terms indexed l,m will remain and eq. (C.7) writes:

∂flm (r, s)

∂s
+ 2πNflm (r, s)

∫ π

0

dσ(θ)

dΩ

[
1− Pl (cosθ)

]
sinθdθ =

−
∑
λ,µ

∇fλ,µ (r, s) ·
∫
Y ∗l,muYλ,µdu.

(C.10)

In Lewis’ paper [250], this equation is written in a more compact form:

∂flm (r, s)

∂s
+ κlflm (r, s) = −

∑
λ,µ

∇fλ,µ (r, s) ·Q λµ
lm , (C.11)

introducing the quantities:

κl = 2πN

∫ π

0

dσ(θ)

dΩ

[
1− Pl (cosθ)

]
sinθdθ, (C.12)

Q λµ
lm =

∫
Y ∗l,muYλ,µdu. (C.13)

Eq (C.11) is integrated in the variable r, yielding:

∂Fl(s)

∂s
+ κlFl(s) = 0, (C.14)
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where Fl(s) =
∫
fl,m (r, s) dr. The right-hand side of equation (C.11) integrated over all

space is zero, since f(r → ∞, s) = 0. Eq. (C.14) is solved considering the boundary
condition:

flm (r, 0) = δm0δ (r)Yl0 (0) =

[
(2l + 1)

4π

]1/2

δm0δ(r). (C.15)

For t=0, fe is 0 except at r=0 and the incident beam has initial direction θ=0. The
condition δm0 reflects the cylindrical geometry of the process. The solution of this equation
considering the boundary condition is:

Fl(s) =

[
(2l + 1)

4π

] 1
2

exp

(
−
∫ ∆s

0

κlds

)
. (C.16)

Considering the initial expansion of the distribution function fe (C.4):

fe (r,u, s) =
∞∑
l=0

fl,0 (r, s)Yl0 (θ, ϕ) , (C.17)

we can introduce the distribution function FGS(u, s), obtaining:

FGS (u, s) =

∫
fe (r,u, s) dr =

∞∑
l=0

∫
fl,0 (r, s)Yl0 (θ, ϕ) dr =

∞∑
l=0

Fl(s)Yl0 (θ, ϕ) =
∞∑
l=0

[
(2l + 1)

4π

]
Pl(cosθ)exp

(
−
∫ ∆s

0

κlds

)
=

∞∑
l=0

[
(2l + 1)

4π

]
Pl(cosθ)exp

(
−2πN

∫ ∆s

0

∫ π

0

dσ(θ)

dΩ

[
1− Pl(cosθ)

]
ds

)
.

(C.18)

Introducing the transport mean free paths :

λ−1
l = 2πN

∫ π

0

dσ(θ)

dΩ

[
1− Pl(cosθ)

]
sinθdθ, (C.19)

and integrating in the variable s we finally obtain:

FGS (θ, s) =
∞∑
l=0

[
(2l + 1)

4π

]
Pl(cosθ)exp

(
−∆s

λl

)
. (C.20)

Eq. C.20 represents the probability density function for the particle to assume a final
direction in the solid angle element dΩ, around a direction defined by the polar angle θ,
after have travelled for a path ∆s. This distribution function does not depend on the
azimuthal scattering angle ϕ, according to the cylindrical symmetry of the problem. This
result was firstly derived by Goudsmit and Saunderson [248].
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Appendix D

Derivation of the electron energy
losses due to excitation of plasma
waves

The analytical derivation of the formula (4.67) is presented in this appendix. The equa-
tion is derived in Jackson [242] by adapting the derivation of the Fermi’s density effect
for cold materials in plasma case.

Let us consider a fast charged particle ze that moves along the x-axis interacting with a
plasma electron at impact parameter b (see Fig. D.1). If the distance between the particle
and the electron is smaller than the plasma screening parameter D (i.e. the Debye length
or the ion sphere radius), the individual-particle behaviour dominates and a two-body
collision takes place. This is modelled by the formula (4.60). If b > D, the collective
behaviour of plasma dominates and plasma oscillations develop because of the electric
field generated by the fast particle. To calculate the energy transfer that takes place in
this process, we consider the deflection of the incident particle due to these collisions to
be negligible. I.e. the particle propagates according to straight lines. Furthermore, since
the energy exchange is not large, the plasma electron oscillates around the equilibrium
position with an amplitude much smaller than b. This is called dipole approximation.
The energy exchanged between the fast particle and a plasma electron put in motion with
velocity ẋ(t) is:

∆E = e

∫ +∞

−∞
ẋ(t) · E(t)dt, (D.1)

where E(t) is the field of the incident particle on the electron. In the frequency domain
ω this relation writes:

∆E = 2eRe

∫ +∞

0

iωx(ω) · E∗(ω)dω, (D.2)

where we used the Fourier transform:

F (k, ω) =
1

4π2

∫
d3k

∫
dωF (x, t)e(ix·k−iωt). (D.3)

Considering now the presence of many electrons that respond to the electric field, eq.
(D.2) reads:

∆E = 2e
∑
j

fjRe

∫ +∞

0

iωxj(ω) · E∗(ω)dω, (D.4)
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Figure D.1: Fast charged particle ze that interacts with an electron with impact pa-
rameter b. The electric field generated by the fast charged particle has value E(b, t) on
the position of the electron.

where fj and xj(ω) are the intensity and amplitude of the j-th oscillator. Introducing
now the continuum approximation, according to Maxwell’s equations, the polarization P
can be written as:

P(ω) = −eN
∑
j

fjxj(ω) =
1

4π
[ε(ω)− 1] E(ω), (D.5)

so that: ∑
j

fjxj(ω) = − 1

4πeN
[ε(ω)− 1] E(ω). (D.6)

Here N represents the electronic density and the medium is described by the dielectric
function ε(ω). With this result eq. (D.4) writes:

∆E =
1

2πN
Re

∫ ∞
0

−ε(ω)iω|E(ω)|2dω (D.7)

(notice that only the term with ε(ω) was considered because of the reality condition).

The electric field |E(ω)| generated by the incident fast particle moving at constant veloc-
ity v is found using the Fourier transform, starting from the Maxwell’s equation for the
scalar and the vector potentials φ and A:

∆A(x, t)− 1

c2

∂2A(x, t)

∂t2
ε(x) =

4πJ(x, t)

c

∆φ(x, t)− 1

c2

∂2φ(x, t)

∂t2
ε(x) =

4πρ(x, t)

ε(x)
.

(D.8)

Fourier transformed, these equations are:
[
k2 − ω2

c2
ε(ω)

]
A(k, ω) =

4π

c
J(k, ω)[

k2 − ω2

c2
ε(ω)

]
φ(k, ω) =

4π

ε(ω)
ρ(k, ω).

(D.9)
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The Fourier transform of the incident particle density and current write:{
ρ(k, ω) = zeδ(x− vt)

J(x, t) = vρ(x, t),
(D.10)

where ρ(k, ω) =
ze

2π
δ(ω − k · v)

J(k, ω) = vρ(k, ω).
(D.11)

Combining eq (D.9) and (D.11), the following relations for the scalar and the vector
potentials are obtained: 

φ(k, ω) =
2ze

ε(ω)

δ(ω − k · v)

k2 − ω2

c2
ε(ω)

A(k, ω) = ε(ω)
v

c
φ(k, ω).

(D.12)

Considering the relation between the potentials and the electric and magnetic fields:B = ∇×A

E = −∇φ− 1

c

∂A

∂t

, (D.13)

the following expression for E and B can be derived:
E(k, ω) = i

[
ωε(ω)

c2
v− k

]
φ(k, ω)

B(k, ω) = iε(ω)k× v

c
φ(k, ω)

. (D.14)

The component of the electric field E1(ω) reads:

E1(k1, ω) =
2izeω

(2π)3/2

[
ωε(ω)

c

v

c
− k1

]
δ(ω − vk1)

k2 − ω2

c2
ε(ω)

(D.15)

and the other component is:

E2(k2, ω) = − 2zei

ε(ω)(2π)3/2
k2
δ(ω − k1v)

k2 − ω2

c2
ε(ω)

. (D.16)

Considering an electron distant x(t) ∼ b from the fast particle, the electric field E(ω) is
calculated by anti-transforming E(k, ω) and considering x = (0, b, 0):

E(ω) =
1

(2π)3/2

∫
dk3E(k, ω)eibk2 . (D.17)

Let us firstly develop E1(ω):

E1(ω) =
2ize

ε(ω)(2π)3/2

∫
dk1

(
ωε(ω)v

c2
− k1

)
δ(ω − k1v)

∫
dk2e

ik2b

∫
dk3

1

k2 − ω2

c2
ε(ω)

.

(D.18)
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The integral in k1 is straightforward:

E1(ω) =
2ize

vε(ω)(2π)3/2

(
β2 − 1

ε(ω)

)∫
dk2e

ik2b

∫
dk3

k2
3 + k2

2 + ω2

v2 − ω2

c2
ε(ω)

. (D.19)

The integral in k3 is solved using the Cauchy’s residue theorem and it gives:

E1(ω) =
2ize

vε(ω)
√

(2π)

(
β2 − 1

ε(ω)

)∫ +∞

−∞
dk2

eibk2√
µ2 + k2

, (D.20)

where µ2(ω) = ω2

v2 (1− ε(ω)β2). The last integral corresponds to the modified Bessel
function K0: ∫ +∞

−∞
dk2

eibk2√
µ2 + k2

= 2K0(µb). (D.21)

As such, E1(ω) is:

E1(ω) = −izeω
v2

(
2

π

)1/2[
1

ε(ω)
− β2

]
K0(µ(ω)b). (D.22)

Analogously, the integral (D.17) with E2(ω) is:

E2(ω) =
2ize

ε(ω)(2π)3/2

∫ +∞

−∞
dk2k2e

ibk2

∫ +∞

−∞
dk3

1

k2 − ω2

c2
ε(ω)

∫ +∞

−∞
dk1δ(ω − k1v). (D.23)

The integral in k1 is straightforward and eq. (D.23) becomes:

E2(ω) =
2ize

vε(ω)(2π)3/2

1

i

d

db

∫ +∞

−∞
eik2bdk2

∫ +∞

−∞
dk3

1

k2
2 + k2

3 + µ2
. (D.24)

The other two integrals are similar to the ones performed to evaluate E1(ω) and the result
is:

E2(ω) = −ze
v

µ

ε(ω)

(
1

2π

)1/2
d

d(µb)
K0(µb). (D.25)

Using a simple relation that relates the modified Bessel functions and their derivatives
[253]:

dK0(z)

dz
= −K1(z), (D.26)

eq (D.25) becomes:

E2(ω) =
ze

v

(
1

2π

)1/2
µ(ω)

ε(ω)
K1(µ(ω)b). (D.27)

|E1(ω)|2 and |E2(ω)|2 are used in eq. (D.7) to evaluate the energy loss for collisions with
impact parameter b. The two quantities write:

|E1(ω)|2 =

(
ze

ω

)2(
2

π

)∣∣∣∣ µ2

ε(ω)
K0(µb)

∣∣∣∣2 (D.28)

|E2(ω)|2 =

(
ze

ω

)2(
2

π

)∣∣∣∣ µ2

ε(ω)
K0(µb)

∣∣∣∣2. (D.29)
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The stopping power is obtained by integrating ∆E(b) over all the possible impact param-
eters, i.e.: (

dE

dx

)
ep

= 2πN

∫ +∞

D

∆E(b)bdb (D.30)

and using (D.28) (D.29) we obtain:(
dE

dx

)
ep

= −Re

∫
dωiωε(ω)

(
2

π

)(
ze

v

)2∣∣∣∣µ(ω)

ε(ω)

∣∣∣∣2×∫ +∞

D

b

{(
v

ω

)2

|µ(ω)|2|K0(µb)|2 + |K1(µb)|2
}

db.

(D.31)

This integral is solved as follows: first of all, let us notice that for a generic modified
Bessel function the following relation holds:

|Ku(µb)|2 = Ku(µb)K
∗
u(µb) = Ku(µb)Ku(µ

∗b). (D.32)

With this result, the two integrals in b that must be solved are:

I0 =

∫ +∞

D

bK0(µb)K0(µ∗b)db (D.33)

and

I1 =

∫ +∞

D

bK1(µb)K1(µ∗b)db. (D.34)

The resolution of these integrals can be accomplished considering the formula 11.3.29 in
Abramowitz [253]:

I0 =

∫ +∞

D

bK0(µb)K0(µ∗b)db = − D

µ2 − µ∗2

[
µK1(µD)K0(µ∗D)− µ∗K0(µD)K1(µ∗D)

]
=

− D

µ2 − µ∗2
2iIm

{
µK1(µD)K0(µ∗D)

}
(D.35)

I1 =

∫ +∞

D

bK1(µb)K1(µ∗b)db = − D

µ2 − µ∗2

[
µK2(µD)K1(µ∗D)− µ∗K1(µD)K2(µ∗D)

]
=

− D

µ2 − µ∗2
2iIm

{
µK0(µD)K1(µ∗D)

}
,

(D.36)
where we used:

K2(µD) = K0(µD) +
2

µD
K1(µD). (D.37)

Considering that:

µ2 − µ∗2 = −2iβ2ε2
ω2

c2
, (D.38)

where ε2 is the imaginary part of the dielectric tensor, after grouping K0(µD)K1(µ∗D),
eq (D.31) writes(

dE

dx

)
ep

=

∫
dωiω

2

π

(ze
v

)2

∣∣∣∣∣µ(ω)

ε(ω)

∣∣∣∣∣
2

Dc2

ω22iε2β2

[
Im

[(( v
ω

)2

|µ|2µ∗ − µ
)

2iK0(µD)K1(µ∗D)

]]
.

(D.39)
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Considering that: ( v
ω

)
|µ|2µ∗ − µ = −µβ2ε∗

|µ|2µ =
(ω
v

)2 (
1− β2ε

)
µ∗ =

(ω
c

)2

ε

(
1

ε
− β2

)
µ∗
, (D.40)

eq (D.39) becomes:(
dE

dx

)
ep

= Re

∫
dωiω

2

π

(ze
v

)2 Dε

ε2

Im

[(
1

ε
− β2

)
Dµ∗K0(µD)K1(µ∗D)

]
. (D.41)

Writing ε = ε1 + iε2 eq (D.41) writes:(
dE

dx

)
ep

= Re

∫
dωiω

2

π

(ze
v

)2
(
ε1

ε2

+ i

)
Im

{(
1

ε(ω)
− β2

)
Dµ∗K0(µD)K1(µ∗D)

}
.

(D.42)
Considering that only the real part of the integrand, we finally obtain:(

dE

dx

)
ep

=
2

π

(ze
v

)2

Re

∫ +∞

0

dωiωµ(ω)∗DK1(µ∗D)K0(µD)

(
1

ε(ω)
− β2

)
. (D.43)

This equation was firstly derived by Enrico Fermi in 1940 [259], and it describes the energy
losses due to distant collisions of a fast charged particle ze that moves in a medium. The
formula was originally derived for the case of cold material and it describe the density
effect.

Jackson [242] readapts this formula for plasma case, considering an appropriate descrip-
tion of the dielectric tensor ε(ω). In doing this, the main approximation made by the
author is to consider non relativistic electrons, i.e β → 0. In this case the coefficient µ(ω)
becomes a real quantity, i.e.:

lim
β→0

µ(ω) = lim
β→0

ω2

v2

(
1− β2ε(ω)

)
=
ω2

v2
. (D.44)

As such, the argument of the Bessel functions becomes real, and the formula (D.43) is:(
dE

dx

)
ep

=
2

π

(ze
v

)2

Re

∫ +∞

0

dω
iω

ε(ω)

[ωD
v
K1

(
ωD

v

)
K0

(
ωD

v

)]
. (D.45)

For electron velocities greater than thermal velocity the coefficient ωD/v leads to zero
and the Bessel functions can be approximated considering the asymptotic formulas:

lim
z→0

K0(z) = ln

(
1.123

z

)
lim
z→0

K1(z) =
1

z
=

v

Dω
,

(D.46)

where z = ωD/v. Fig. D.2 shows the behaviour of the Bessel functions in the asymptotic
limits. As can be seen, the approximation holds for electron kinetic energy greater than
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(a) (b)

Figure D.2: Asymptotic limits of the modified Bessel functions K0 (a) and K1 (b) as a
function of the electron energy in eV.

few eV and it is suitable for our purposes. Substituting the asymptotic formulas in eq
(D.45) we obtain:(

dE

dx

)
ep

=
2

π

(ze
v

)2
∫ +∞

0

dωRe

(
iω

ε(ω)

)
ln

(
1.123v

ω

)
. (D.47)

It is now necessary to give a form for the dielectric constant ε(ω). As shown in Sec. 1.2.3,
in case of collisional plasma ε(ω) reads:

ε (ω) = 1−
ω2
pe

ω (ω + iνei)
. (D.48)

The real part of
(
i
ε

)
that appears in (D.47) is:

Re

(
i

ε

)
=

νeiω
2
pe

(ω2 − ω2
pe)

2 + (ωνei)2
(D.49)

and it is similar to a Cauchy distribution:

f(x) =
1

π

y0

(x− x0)2 + y2
0

. (D.50)

This distribution is related to the Dirac delta according to the relation

lim
y0→0

f(x) = δ
(
(x− x0)(x+ x0)

)
=
δ(x− x0)

2x0

+
δ(x+ x0)

2x0

(D.51)

and because of this, Re
(
i
ε

)
can be written as:(
i

ε

)
=
πωpe

2

[
δ(ω − ωpe) + δ(ω − ωpe)

]
. (D.52)
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Using this result in eq (D.47) we can write:(
dE

dx

)
ep

=
(ze
v

)2
∫ +∞

0

dωωpeωln

(
1.123v

ω

)[
δ(ω − ωpe) + δ(ω − ωpe)

]
. (D.53)

At this point the integral is straightforward and the formula (4.67) is finally obtained:(
dE

dx

)
ep

=
(ze
v

)2

ω2
peln
(

1.123
v

Dωpe

)
=

4πz2e4ne
c2β2

ln
(

1.123
βc

Dωpe

)
(D.54)

For an electron, obviously z = 1.
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Appendix E

Modelization of hot electron
transport in CHIC

Hot electrons propagate along straight lines, depositing energy in the mesh according to
the plasma stopping power formulas (see Sec. 4.5) . Some angular scattering is how-
ever accounted for by widening the electron beam according the first transport scattering
cross-section (see at the end of this appendix). This approach has been validated against
the M1 code [286].

The stopping power formulas consider the loss of energy of the primary particle due to
collisions with plasma free electrons (Sec .4.5.1, formula (4.60)), partially ionized atoms
(Sec. 4.5.2, formula (4.65)) and excitation of plasma waves (Sec. 4.5.3, formula (4.67)).

The diffusion is modelled considering the mean diffusion angle obtained by the Lewis’
theory [126]:

〈cosθ〉 (s) = exp

[
−
∫ s

0

k1(s)ds

]
, (E.1)

where k1(s) is the inverse of the first transport path. Assuming that the particles in the
beam propagate along straight line in the z direction, the energy loss rate reads:

dE

dz
= − 1

〈cosθ〉 (s)
Se(E). (E.2)

Here Se(E) is the plasma stopping power, defined as the sum of the various components
listed above. An additional energy loss is accounted in the transverse direction of thickness
∆:

d∆

dz
= 2 〈tanθ〉 (s). (E.3)
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