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Abstract

An electron transport regime is identified in which >1 MA, relativistic currents, generated
by high-intensity, laser-target interactions, are collimated (or focused) by self-generated, resistive,
magnetic fields within solid-density targets. The strongest magnetic fields appear at the edge of
the electric current due to the radial shear in the current density.
High-resolution coherent transition radiation (CTR) imaging of the target rear surface
diagnoses the electrons that are accelerated from the target front surface by a laser that is focused
to an intensity of I ∼ 1019 Wcm-2. CTR is emitted when an electron beam, with longitudinal
electron density modulations, crosses a refractive index interface such as the target rear surface. A
fast electron temperature of Thot = 1.4 ± 0.1 MeV is inferred from variations in the radiated CTR
energy with target thickness. Variation in the CTR emitted energy with laser intensity obeys the
power law ECTR ∝ I 5.7 ± 0.5. These results are consistent with the predictions of the ponderomotive
scaling law.
The high resolution images show the presence of bright, micron-scale structures in the
CTR emission that indicate that the electron beam filaments. The micron scale structures are
superimposed onto larger annular structures that suggest the electron beam hollows as it
propagates. The variation in the spatial extent of the CTR emission with increasing target
thickness gives an electron beam angular divergence of θ1/2 = 15.7 ± 0.9o.
Three-dimensional, hybrid-particle-in-cell code simulations of the electron transport
indicate a target rear-surface electron density distribution that reproduces the details of the CTR
emission seen in the experiments. The variation of the electron density distribution with
increasing target thickness resembles an expanding annulus that breaks into filaments due to the
resistive filamentation instability. The radially expanding annular pattern results from the partial
collimation of an initially divergent fast-electron beam by a self-generated, resistive, azimuthal,
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magnetic field that forms at the outside edge of the beam. A beam with an initial angular
distribution of θ1/2 ~ 56o, full width at half maximum, is reduced to a beam with an angular
distribution that is peaked at θ1/2 ~ 16o, as seen in the experiments. The self-generated resistive
magnetic fields are responsible for the difference between the initial and measured divergence.
These results are important for understanding fast-electron generation and transport in
solid-density plasmas relevant to high-energy-density-physics, high-fluence x-ray source
development, and advanced inertial fusion concepts, such as fast ignition.
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1. Introduction

Fast ignition (FI) [1] is an advanced concept in inertial fusion energy. Relativistic (fast)
electrons that are accelerated by a high intensity laser, are used to trigger fusion reactions in
inertial confinement fusion (ICF) [2] capsules. An understanding of the electron acceleration
mechanisms, the laser-to-fast-electron energy conversion efficiency, the mean fast-electron
energy and the fast-electron directionality are essential for optimizing the scheme. This thesis
presents the results of experiments that measure the mean electron energy and electron
directionality in high-intensity laser solid interactions.
This chapter introduces the basic concepts of ICF and FI and is organized as follows.
Nuclear fusion is introduced as a candidate for large-scale, energy production along with inertial
confinement, a strategy that is employed to harness energy from fusion reactions. The FI
approach to ICF is then described and details of the electron generation and electron transport
physics that are relevant to FI are discussed. The focus of this thesis is presented along with a
thesis outline

1.1 Nuclear Fusion

The growth in global energy requirements combined with dwindling and increasingly
inaccessible fossil fuels has resulted in an effort to develop alternative energy sources. Nuclear
fusion energy has many desirable attributes and has emerged as an important candidate [3].
Nuclear fusion is the process where the atomic nuclei of light elements “fuse” to form a
heavier more stable nucleus. The atomic mass of the product is less than the combined atomic
mass of the original nuclei. An energy E = Δmc2, where Δm is the mass difference and c is the
speed of light, is released. This energy appears as the kinetic energy of the fusion products. The
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fusion reaction proposed for commercial power production is described by Eq. (1.1). This process
involves fusing the hydrogen isotopes deuterium (D) and tritium (T). The fusion products are an
alpha particle (helium nucleus) with a kinetic energy of 3.6 MeV and a neutron with a kinetic
energy of 14.1 MeV,

D + T = He 2+ + n + 17.6 MeV.

(1.1)

This reaction has a number of advantages. The fuel is extremely abundant with estimates
indicating that there is enough to last for millennia [4]. The energy density of the fuel is more
than six orders of magnitude greater than that of fossil fuels. The reaction minimizes
environmental impact because it produces no greenhouse gases or toxic waste. Unlike nuclear
fission, the production of nuclear waste is minimal and because fusion does not rely on a chain
reaction, the possibility of a reactor meltdown is precluded.
The fundamental obstacle to fusion is the repulsive Coulomb force that exists between
the atomic nuclei. To fuse, the nuclei must collide with enough kinetic energy to overcome the
Coulomb barrier. Confining such energetic particles long enough for them to collide is the
fundamental obstacle to fusion energy. In stars, fusion is possible because of the immense
gravitational fields that confine and heat the reactants. Two basic solutions to the confinement
problem for commercial fusion energy have been proposed. The first uses magnetic fields to
confine the fuel [5]. The second uses the fuel’s own inertia [2].

1.2 Inertial Confinement Fusion

Inertial confinement fusion (ICF) attempts to harness fusion energy by compressing and
heating a DT fuel mixture [2]. To fuse, the DT particles that carry a single positive charge must
be heated to T = 10 keV (1 keV ≈ 107 K) to overcome their mutual Coulomb repulsion. To ensure
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a sufficient reaction rate, the density of the heated DT must be around 30 gcm-3 [6]. To initiate the
reactions, the DT fuel is formed into a spherical capsule that consists of a gaseous core of DT
surrounded by a solid shell of DT and an outer layer of plastic or other low Z-material. The
capsule is imploded by applying pressure to its outer surface. In the direct-drive approach to ICF,
this pressure is generated by a spherically symmetric arrangement of powerful, kilojoule-class,
lasers that are focused on to its surface [7]. The total laser energy is EL ≥ 1 MJ. In the indirectdrive approach to ICF, the lasers are focused onto the inside surface of a high-Z container
(hohlraum) that surrounds the capsule. The pressure that implodes the capsule originates from xrays that are produced as the laser light is absorbed by the hohlraum wall [7]. In both cases as it is
heated, the outer layer of the capsule ablates. Because momentum must be conserved, the
remaining shell material is driven inwards toward the center. Because of the symmetrical
irradiation geometry, the imploding capsule resembles a “spherical rocket”. The solid DT shell
acquires kinetic energy that is transferred to the low density DT gas at the center. The gas is
heated by the energy transfer and compressed as the capsule implodes, allowing the fusion
reactions to begin. The heated gas region is confined by the inertia of the imploding shell. At this
stage, the capsule has a high-temperature, low-density central “hotspot” that is surrounded by a
low-temperature, high-density shell [8]. Figure 1.1a indicates the temperature and density
profiles.
The alpha particles that are produced in the fusion reactions carry a double positive
charge and are stopped in the hotspot by collisions with electrons. This mechanism drives the
hotspot temperature and the reaction rate higher. The high hot-spot temperature leads to heat
conduction and radiative energy losses that can reduce the reaction rate. The reaction rate must be
high enough so that the alpha particle energy deposition exceeds heat conduction and radiative
energy losses [2]. The fusion reactions are then self-sustained for the lifetime of the confinement,
and the temperature and the reaction rate increase exponentially. This thermal instability is
referred to as “thermo-nuclear ignition”.
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a)

Internal spark

b)

External spark

Figure 1.1 a) Temperature and density profile for the conventional ICF scheme b)
Temperature and density profile for the Fast Ignitor scheme

For ignition, the hotspot temperature T and the product Pτ, where P is the hotspot
pressure and τ is the confinement time, must exceed critical values that are on the order of T = 6
keV and Pτ = 10 atm.s [2, 9]. The product Pτ is called the Lawson criteria [2]. Because the
confinement time is τ ~ 100 ps, the hotspot pressure must be on the order of P ~ 1011 atm. As the
hotspot temperature approaches T = 10 keV, the alpha particle mean-free-path becomes greater
than the diameter of the hotspot. The alpha particles enter the surrounding cold dense shell and
their energy is deposited at the shell inner surface because the mean free path of the alpha
particles in the shell is relatively small. The strong temperature gradient at the interface between
the hotspot and the shell enhances the energy transfer from the hotspot to the shell. Because the
coefficient of thermal conductivity is described by σ T ∝ T 5 2 , the conductivity in the hotspot is
much higher than in the cold shell. Electrons that leave the hotspot consequently deposit their
energy at the inner surface of the shell as they cross the interface. The combined affect of the
alpha particle and thermal electron energy deposition at the shell inner surface rapidly raises the
surface temperature [10]. The hot surface material ignites, adding to the mass of burning fuel. The
process continues and the hotspot-shell interface propagates out from the center as a burn-wave.
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The propagation of the burn-wave through the shell reduces the shell mass. Because of its
high temperature, the hotspot exerts significant pressure onto the imploding shell, slowing it
down and eventually causing the shell to expand. As the remaining shell material expands, the
temperature of the hotspot decreases below the threshold temperature for fusion reactions.
Because the neutrons carry no charge, their interaction with the hotspot and shell material
is weak. The neutrons escape the capsule without transferring significant kinetic energy. The
neutron kinetic energy is the source of the proposed commercial power production. The fusion
energy gain is defined as GF = En EL where En is total energy of neutrons produced from the
implosion and EL is the energy of the laser used to drive the implosion. The gain parameter does
not take into account the efficiency of the laser or its power conditioning system. To produce an
overall gain of around 10 in commercial energy production, the fusion gain should be around 100
[11].

1.3 Fast Ignition

Creating the conditions described above places enormous requirements on the size of the
drive laser [12, 13]. The fuel assembly shown in Fig. 1.1a requires the capsule to be imploded
with a velocity of Vi = 4 x 107 cm-1. The implosion is unstable to the Rayleigh-Taylor instability
(RTI) [14]. In this process, spatial perturbations on the capsule surface grow exponentially in time
as the shell is accelerated. The spatial modes can penetrate through the shell, causing it to break
up. Because the RTI growth rate is proportional to the shell acceleration, it is larger for large Vi.
Significant benefits may be obtained by reducing the implosion velocity. The power
delivery requirements of the drive laser can be relaxed and because the RTI growth is reduced,
the shell integrity is enhanced. With an implosion velocity of Vi = 2 x 107 cm-1, the compressed
fuel has a small, low temperature, low density, central hotspot that is surrounded by a cold high-
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density shell. The density of shell material is lower than in the conventional central hotspot
scheme. However, because the targets are more massive and more mass is compressed, this
configuration has the potential to provide more fusion energy. The hotspot temperature is
insufficient for ignition. Ignition of the fuel must be provided by an external energy source. Fast
ignition (FI) [1] refers to a subgroup of ignition schemes in which the external source consists of
energetic particles that transfer their energy to the fuel.
FI decouples the compression and heating phase that constitute the conventional scheme.
Figure 1.1b shows the temperature and density profiles of an assembled FI capsule. Near to peak
compression, a small region of the fuel with a radius of around 20 µm is heated by the external
energy source. The external energy source can take the form of a beam of energetic (fast)
electrons that are accelerated into the dense fuel [15]. The electrons are accelerated by a highenergy petawatt laser from the ablated plasma that surrounds the capsule, or from the tip of a cone
that is embedded in the capsule. Figure 1.2 shows the two schemes. In the channeling scheme, a
third laser creates a channel through the low density ablated plasma. The petawatt laser pulse then
propagates through the channel to the critical density surface of the ablated plasma where its
energy is transferred to electrons. In the cone scheme, the cone walls maintain a plasma-free
region through which the petawatt laser pulse can propagate. The fast electrons propagate to the
dense fuel where they lose energy by colliding with the background electrons. This heats and
ignites a small region of the dense fuel. The small region then expands as a burn-wave and
propagates through the remaining mass of fuel.
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Figure 1.2 The channeling and cone schemes of Fast Ignition.

To achieve ignition with a fuel areal density of ρr = 0.6 gcm-2, where ρ is the mass
density of the fuel and r is the radius of the heated region, the electrons must deposit about 1.5 kJ
of energy into a volume of radius r = 20 μm [15]. This energy must be deposited in about 20 ps
to raise the temperature above the threshold for fusion [15]. For 1 MeV fast electrons, the electron
beam energy required to generate this heating is inversely proportional to the assembled fuel
density and is given by Eig = 11(400 ρ )1.85 kJ [16]. For ρ = 300 gcm-3, the required electron beam

energy is around 18.7 kJ. Given a laser-to-fast-electron energy conversion efficiency of 20% [17],
ignition requires petawatt laser pulse energies of around 100 kJ. The required electron beam
radius for 1 MeV electrons is given by rig = 15(400 ρ ) μm [16]. For ρ = 300 gcm-3, the electron
beam radius should be about 20 μm. Difficulties associated with focusing high-energy petawatt
lasers [18] to focal spot radii less than around 20 μm currently sets the minimum assembled fuel
density to be around 300 gcm-3.
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1.4 Electron Beam Generation and Transport

The electron beam described in the previous section contains around 1017 1 MeV
electrons with an electron beam density of about 1023 cm-3. This corresponds to an electric current
of about 1.5 GA. This is more than four orders or magnitude larger than the Alfven limiting
current, I A ≈ 17 βγ kA, where β is the electron speed normalized to the speed of light and γ is the

Lorentz factor [19]. The Alfven limiting current describes a current in which the magnetic field
that is associated with the fast electron beam becomes so large that fast electrons are deflected out
of the beam. The current accordingly decreases until the Alfven condition is satisfied. High
currents can be transported in the presence of a counter-streaming (return) current, because the
return current has a magnetic field that cancels the magnetic field from the forward propagating
fast-electron current. The return current that is induced to maintain electrical neutrality is
composed of electrons that are drawn from the cold background material.
Counter-streaming currents are susceptible to filamentation instabilities [20-22].
Filamentation is a process where the currents fragment, in the transverse direction, to form a
network of thin parallel current threads. The process is driven by the self-generated magnetic
fields of the currents [23]. Initially the counter streaming currents are perfectly current
neutralized. Small perturbations in either current lead to the generation of localized magnetic
fields. These fields grow around the current perturbations and pinch them. The perturbations and
the magnetic fields mutually reinforce each other. Because counter propagating currents repel, the
two sets of currents separate.
Filamentation impacts FI in two ways. As the counter streaming currents separate, the
magnetic neutralization disappears and the filaments can no longer support the fast current they
initially carried. Electrons are deflected from the filament by the magnetic fields, and an initially
collimated beam may become divergent. This filamentation occurs in the vicinity of the critical
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surface, far from the dense fuel. Under such conditions, the density of electrons that reach the
compressed fuel decreases. The second issue is concerned with the energy that is lost when two
Alfven-current-carrying filaments coalesce. Coalescence describes the process where copropagating filaments merge because their magnetic fields mutually attract [24]. Because the
coalescence of two Alfven current carrying filaments produces a filament that must itself be
Alfven current limited, at least 50% of the energy contained in the original filaments is lost
during the process [24].
Other issues that affect the efficiency of the electron transport to the dense fuel include
the fast electron beam angular divergence. A large angular divergence reduces the density of
electrons reaching the small region of fuel that is to be heated. The macroscopic hosing instability
[25] may deflect the current off axis so that the fast electrons miss the region of dense fuel.
Collisions between the fast electrons and the background electrons will lead to fast electron beam
energy losses before the electrons reach the dense fuel [26], while collisions with the background
ions will cause the fast-electrons to scatter, increasing the beam angular divergence [27].
Solving these problems is essential for the energy viability of FI. The FI scheme attempts
to suppress these issues by minimizing the fast electron propagation distance to the dense fuel.
Based on the design of FI capsules [28], this distance is a few hundred microns along a
background electron density gradient that rises from 1021 cm-3 (the critical density surface for 1
μm light) to around 1028 cm-3. It is not clear that the required currents can be generated and

transported to the dense fuel or whether the required fuel densities can be reached. An
understanding of the electron generation mechanisms, the laser-to-fast-electron energy conversion
efficiency, the mean electron energy, and the fast-electron directionality are essential for
understanding the target interaction and the fast-electron transport in FI. To understand the fastelectron generation and transport, experiments have been carried out using surrogate targets such
a planar metal foils [29], glass slabs [30], and metal cones [31].
This thesis is concerned with the effect of self-generated magnetic fields on high-current,
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fast-electron beams that are generated in high-intensity, laser-solid interactions. An electron
transport regime is identified in which >1 MA, relativistic currents, generated by high-intensity,
laser-target interactions, are collimated (or focused) by self-generated, resistive, magnetic fields
within solid-density targets. The magnetic field is determined from Faraday’s law,

∂B
= −∇ × E = −∇ × η jret ≈ ∇ × η jfast ,
∂t

(1.2)

where E is the electric field, η is the target material resistivity, jret is the return current density
and jfast is the fast-electron current density. The condition jret ≈ jfast must be satisfied; the
currents are approximately neutralized so that the net current is less than, or equal to the Alfven
limiting current. The magnetic source term ∇ × η jfast can be expanded to give,

S B = η ( ∇ × jfast ) + ∇η × jfast .

(1.3)

The first term on the right had side (RHS) of Eq. (1.3) indicates that the magnetic field
can grow from spatial gradients in the fast-electron current density, while the second term
indicates that the growth can result from spatial gradients in the background resistivity.
For a fast electron beam with a current that is peaked on axis, the first term leads to an
azimuthal magnetic field that is negative because the current density decreases with the radial
coordinate. The corresponding magnetic force is given by FB = −ev e × B , where e is the electron
charge and ve is the fast-electron velocity. Because the force is directed inwards, toward the
electron beam axis, there is a tendency for the electron-beam angular divergence to be reduced.
This magnetic field drives the resistive filamentation instability [22]. Perturbations in the
current are pinched until the inwardly directed magnetic pressure is balanced by an outward
thermal pressure that is associated with the beam temperature Te. The transverse spatial scale of
the pinched filaments is described by

25
⎛ v ⎞⎛ c ⎞
rF = 2 γ be ⎜ th ⎟⎜
⎟,
⎝ v be ⎠⎝ ωbe ⎠

(1.4)

where γbe and vbe are the beam Lorentz factor and velocity respectively, v th = 2Te me is the
beam thermal velocity, me is the electron mass, Te is the electron thermal temperature, and c is the
speed of light. The plasma frequency is ωbe = nbe e 2 ε 0 me where nbe is fast electron density and

ε0 is the permittivity of free space. The parameter c ωbe is the magnetic skin depth that describes
the spatial scale of the magnetic field penetration in the plasma.
For the same beam geometry, the second term in Eq. (1.3) leads to a magnetic force that,
for high background plasma temperatures TB, pushes fast electrons off axis. For background
temperatures that are in excess of around TB ~ 10 eV, (for fast ignition TB is expected to exceed a
few hundred eV) the resistivity decreases with increasing temperature as η ∝ TB−α where 1 < α ≤
3

/2 [32]. Because heating of the background is greatest where the fast-electron current density is

highest, the background temperature peaks on axis. Consequently, the resistivity is minimized on
axis and increases with the radial coordinate. The sign of the resistivity gradient is opposite to
that of the current gradient and consequently the magnetic fields oppose. For temperatures that
are less than TB ~ 10 eV, the resistivity increases with temperature so that the magnetic field
source terms produce fields that are aligned.
In the electron transport regime indentified in this thesis, the electron beam angular
divergence is reduced by a self-generated, resistive, magnetic field that forms at the outside edge
of the beam. The magnetic field is associated with the radial variation in the fast-electron current
density that is described by the first term on the RHS of Eq. (1.3). The magnetic field causes
filamentation of the beam as it is collimated.
These results are generally important for understanding fast-electron generation and
transport in solid-density plasmas relevant to high-energy-density-physics, high-fluence x-ray
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source development, and advanced inertial fusion concepts such as FI. The result is important for
FI because it may provide a mechanism to optimize the fast-electron density, thus maximizing the
energy viability of the scheme. Significant relaxation of the petawatt laser technology is also
envisaged. A transport regime, in which electrons are focused as they propagate, reduces the
energy requirements of the petawatt laser by relaxing the laser focusing requirements that were
discussed in the previous section.

1.5 Thesis Outline

Chapter 2 introduces the fundamental properties of laser produced plasmas and
describes the energy-coupling between the intense laser light and the initially cold electrons. The
propagation of fast electrons is described along with the properties of coherent transition radiation
(CTR) that is emitted as bunches of electrons exit the target through its rear surface.

Chapter 3 describes the Multi-Terawatt laser system at the University of Rochester’s
Laboratory for Laser Energetics that was used to conduct the experiments presented in this thesis.
A transition radiation imaging diagnostic, designed to image the CTR with high spatial
resolution, is described.

Chapter 4 presents the results of experiments to determine the fast electron temperature
Thot of electrons accelerated at the front surface of metal targets by a laser pulse with a peak
intensity of I = 2 x 1019 Wcm-2. The results indicate the presence of a high-current, relativistic
electron beam propagating in the target. Thot is determined from the variation in the radiated CTR
energy with increasing target thickness, and comparing this result to a velocity dispersion model.
The impact of fast electron collisions with the background atoms on the CTR energy is
investigated by varying the target material. A scaling relationship describing the CTR energy’s
variation with laser intensity is presented. Observations of shot-to-shot variations in the radiated
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CTR energy and the effect of the laser-pulse shape on the radiated CTR energy are discussed. The
results are used to identify the most appropriate scaling of Thot with laser intensity.

Chapter 5 presents the results of experiments that use high resolution CTR imaging of
the target rear surface to determine properties of the fast-electron transport. The images indicate
the presence of bright, micron-scale structures in the emission pattern that are superimposed onto
larger annular-like structures whose diameters increase with target thickness. The micron scale
structures are suggestive of electron beam filamentation while the annular features suggest
electron beam hollowing. The variation in the spatial extent of the CTR emission with target
thickness is used to infer the fast electron beam divergence. Numerical simulations indicate that
the electron beam divergence is reduced inside the target by an azimuthal, self-generated,
resistive magnetic field that forms at the edge of the beam. In the simulations, the transverse
distribution of the fast-electron density reproduces the details of the experimentally observed
CTR distribution.

Chapter 6 provides a summary and conclusions. Future work and the connection
between the electron beam density and the distribution of CTR are discussed
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2. Physics of the Interaction of High Intensity Light with Plasmas

2.1 Introduction.

The interaction physics of high-intensity lasers with overdense plasma (solid targets)
results in the generation of high-current fast-electron beams that propagate into the target. The
fast-electron current leads to the formation of MegaGauss magnetic fields that affect the transport
of the current through the target. This chapter describes the magnetic field formation and the
corresponding impact on the fast-electron transport. Also described are the principle processes of
laser absorption that accelerate the initially cold electrons to relativistic velocities. The properties
of coherent transition radiation (CTR), the radiative emission process that is used to diagnose the
fast electrons in the experiments that are described in this thesis and the effect of electron-bunch
velocity dispersion on the CTR signal is presented in the last section. The chapter begins by
describing the basic properties of plasmas.

2.2 Basic Plasmas Properties.

2.2.1 Definition of a Plasma

A plasma is an ionized gas of interacting particles that display collective behavior. The
collective behavior refers to the propensity of electric and magnetic fields to influence the motion
of the charged particles that constitute the plasma. The degree of collective behavior depends on
the density of the charged particles and on the temperature of the plasma. The plasma particles
limit the collective behavior by moving to cancel the electric and magnetic fields. The fields do
however penetrate because the plasma particle motions are inhibited by their inertia and by the
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plasma resistivity. Because the plasma electrons are most responsive to the fields, the electron
dynamics determine the lifetime of the fields in the plasma and the depth to which they penetrate.
For a perfectly conducting plasma, the penetration depth is given by c ωpe where ωpe is the
plasma frequency (see Sec. 2.2.3). The thermal motion (temperature) of the plasma electrons
limits their ability to completely cancel or shield out the fields. The thickness of plasma through
which the fields penetrate, referred to as the Debye length, is given by

12

⎛ε T ⎞
λD = ⎜ 0 2e ⎟ ,
⎝ ne e ⎠

(1.5)

where ε0 is the permittivity of free space, Te is the electron temperature multiplied by the
Boltzmann constant, ne is the free electron density and e is the electron charge. As Te increases
the shielding becomes less effective and the fields penetrate through more plasma. The Debye
length provides two quantitative, yet somewhat arbitrary, definitions of a plasma. The first
definition is concerned with the density of free electrons in the gas. When the density of free
electrons is so great that λD

L where L is the spatial extent of the gas, the gas is considered to

be a plasma. The second definition is concerned with the number of free electrons, N, in a sphere
of radius λD. To be a plasma, the inequality N >>> 1 must be satisfied.
A plasma can be described in terms of a kinetic model or a fluid model [33]. If the
electron dynamics need to be resolved, the kinetic model must be used. In this model, the plasma
is described in space, momentum and time by a particle distribution function. The evolution of
the system is then determined by Boltzmann’s equation which can be written

a
∂ a
∂ ⎛ ∂x
⎞ ∂ ⎛ ∂pi a
⎞ ⎛δ f ⎞
f ( xi , pi , t ) + ⎜ i f a ( xi , pi , t ) ⎟ +
f ( xi , pi , t ) ⎟ = ⎜
,
⎟
⎜
∂t
∂x ⎝ ∂t
⎠ ∂pi ⎝ ∂t
⎠ ⎝ δ t ⎠COLL

(1.6)

where f a ( xi , pi , t ) is the distribution function for the a th species of particle, and xi and pi are
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the space and momentum coordinates of the i th particle at time t. The right hand side (RHS) of
Eq. (1.6) represents collisions that modify the distribution function. The collisional term is often
simplified to produce a more tractable expression [34].
Many plasma physics problems can be solved by treating the plasma as a fluid of
mutually interacting charged particles. In this model, the motion of macroscopic fluid elements is
tracked. The fluid continuity and momentum equations are

∂ni
+ ∇ • ni ui = 0
∂t

(1.7)

⎡ ∂u
⎤
mi ni ⎢ i + (ui • ∇)ui ⎥ = qi ni ( E + ui × B ) − ∇pi ,
∂
t
⎣
⎦

(1.8)

where ni, ui, mi and pi are respectively the number density, velocity, mass and pressure that is
associated with the i th fluid element and E and B are the electric and magnetic fields. The fluid
equations are derived from the Boltzmann equation by integrating over the momentum [34]. The
continuity equation is obtained by integrating the Boltzmann equation and using the definitions
for the 0th and 1st moments of the particle distribution function [34]. The momentum equation is
similarly obtained after first multiplying the Boltzmann equation by the momentum. The fields

E and B are related through Maxwell’s equations.

∇• E =

ρq
,
ε0

(1.9)

∇ • B = 0,
∇× E = −

(1.10)

∂B
,
∂t

∇ × B = μ0 ( J + ε 0

∂E
).
∂t

(1.11)
(1.12)

where ρq is the charge density, J is the current density and μ0 is the permeability of free space. An
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equation-of-state is required to close the system of equations. In many cases, it is sufficient to
specify the ideal gas law equation of state,

pi = niTi ,

(1.13)

where Ti is the temperature of the i th species multiplied by the Boltzmann constant.

2.22 Plasma Resistivity

In solid density plasmas, the plasma resistivity determines the electric and magnetic field
penetration. The resistivity arises due to the exchange of momentum that occurs when plasma
particles collide. An expression for the resistivity is obtained by considering the plasma as a fluid
of electrons and ions. Because momentum transfer is dominated by collisions between particles of
different mass, one only needs to consider electron-ion collisions. The change in the momentum
of the electron fluid due to collisions with ions is,

ΔPei = me ne ( v e − vi ) vei ,

(1.14)

where me, ne, ve, and vi are the electron mass, electron number density, electron velocity and ion
velocity and vei is the electron-ion collision frequency.
A physical picture of the fluid interaction can be used to describe the momentum gain.
Because the collisions are Coulombic, ΔPei is proportional the Zeffe2, where e is the electron
charge and Zeff is the unscreened (effective) ion charge. ΔPei is proportional to the density of
electrons and ions, which are equal, and to the relative velocity between the two fluid species.
ΔPei can be written as,
ΔPei = η Z eff e 2 ne2 ( v e − vi ) ,

(1.15)
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where η is a constant of proportionality. Equating Eq. (1.14) and (1.15) leads to

η=

me vei
.
Z eff ne e 2

(1.16)

The constant η is the defined to be the plasma resistivity. The resistivity can be expressed
in terms of the plasma temperature. Let θ be the deflection angle of an electron in a Coulombic
collision with an ion. The deflection force F is applied to the electron for a time that is on the
order of t = b v e where b is the impact parameter (the minimum separation of the electron and
ion trajectories in the absence of the force). If the impact parameter is small, the electron will be
deflected through a large angle, and the gain in the transverse momentum will be of the same
order of its initial lateral momentum Ft ≈ Pei = me ve . For θ = 90o, the momentum gain is

me ve =

Z eff e 2
,
4πε 0 bv e

(1.17)

The collision frequency vei can be expressed in terms of the collision cross-section σ ei = π b 2 .
Using the definition vei = neσ ei v e with Eq. (1.17), Eq. (1.16) becomes

η=

Z eff π e 2

( 4πε 0 )

2

me v3e

.

(1.18)

For a Maxwell distribution of electron energies, v e2 = Te me where Te is the temperature so that
the resistivity becomes

η=

Z eff πme1 2 e 2

( 4πε 0 )

2

Te3 2

.

(1.19)

This equation illustrates the basic relationship that connects the resistivity to the
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temperature. Scattering theory [26] shows that small-angle multiple-Coulomb-scattering is more
influential in determining the electron angular distribution, than the large-angle scattering used to
derive Eq. (1.19). An appropriate correction to Eq. (1.19) is made by multiplying by the Coulomb
logarithm term ln ( λD b ) . The presence of λD indicates that the maximum impact parameter is
determined by the spatial limit of the plasma collective behavior. Additional corrections by
Spitzer [35], take into account the ion recoil momentum to give.

η = 5.2x10−5

Z eff lnΛ
.
Te3 2

(1.20)

Figure 2.1 [32] shows how the calculated plasma resistivity varies with plasma
temperature for a number of materials that are relevant to inertial fusion physics. Experiments to
measure the resistivity of Al from room temperature to 106 K [36] produces a result that is, with
in experimental error, in quantitative agreement with the calculation for Al. The curves indicate
that the Spitzer resistivity approximately describes the plasma resistivity for Te ≥ 10eV to

Te ≥ 100eV , dependent on material.

Figure 2.1 Calculations showing how the plasma resistivity varies with plasma
temperature for materials that are relevant to inertial fusion physics [32]. The Ohmic
limit indicates the range of temperatures that are relevant for Fast Ignition.
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2.2.3 The Plasma Frequency

The plasma frequency quantifies the dynamic response of plasma electrons to an
electromagnetic field. Electrons in the plasma are displaced from their equilibrium position by the
high-frequency electric field while the more massive ions remain approximately stationary. The
resulting charge separation produces an electrostatic field that pulls the electrons back towards
their equilibrium position. When the electrons overshoot the equilibrium position, they begin to
execute simple harmonic motion at the plasma frequency.
To derive an expression for the plasma frequency, the plasma is assumed to be cold Te =
0, and infinite in size. The ions are assumed to be stationary. The plasma oscillations are
restricted to the x direction. The electric field is obtained from Eq. (1.9),

dE e
= (ni − ne ).
dx ε 0

(1.21)

For B = 0 the continuity and momentum equations are
∂ne
+ ∇ • ne v e = 0,
∂t

(1.22)

⎡ ∂v
⎤
me ne ⎢ e + (v e • ∇)v e ⎥ = −ene E .
⎣ ∂t
⎦

(1.23)

The subscripts i and e denote the ion and electron properties respectively. Using a perturbative
approach, the dependent variables can be split into two components. An equilibrium component
described by the subscript ‘0’ and a perturbation described by the subscript ‘1’ i.e.

ne = n0 + n1

ve = v 0 + v1

E = E0 + E1.

(1.24)

Equations (1.24) are substituted into Eq. (1.21) through (1.23) and linearized. Since the plasma is
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assumed to be uniform and stationary, ∇n0, v0, E0 and the time derivatives of the equilibrium
values vanish to leave

dE1 e
= n1
dx ε 0

∂n1
+ ∇ • n0 v1 = 0
∂t

me

∂v1
= −eE1 .
∂t

(1.25)

If the perturbations n1, v1, and E1 vary in space and time as ei ( kx −ωt ) Eq. (1.25) become

imeω v1 = eE1

ω n1 = n0 kv1

ik ε 0 E1 = −en1

(1.26)

Eliminating v1 and E1 and realizing that n0 ≡ ne we obtain

ne e 2
.
ε 0m

ω = ωpe =

(1.27)

2.2.4 A Dispersion Relationship for Electromagnetic Waves in Plasma.

The dispersion relationship for electromagnetic waves is obtained by following the
procedure presented above for electron plasma waves but with the magnetic field B ≠ 0 . The

expression B = B0 + B1 with B0 = 0 should be included in the series of Eq. (1.24). Using
c 2 = 1 ε 0 μ0 , Eq. (1.12) becomes

c 2∇ × B1 =

j1

ε0

+

∂E1
.
∂t

(1.28)

Because the ions are assumed to be stationary, the electric current is due to the first order motion
of the plasma electrons i.e. j1 = −n0 ev e1 . Taking the time derivative of Eq. (1.28) , the curl of Eq.
(1.11) and eliminating ∇ × B1 gives
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− k ( k • E 1 ) + k 2 E1 =

iω
ω2
j
+
E.
ε 0c 2 1 c2 1

(1.29)

Because electromagnetic waves are transverse, the first term in Eq. (1.29) is zero. Assuming that
the perturbed quantities vary as ei ( kx −ωt ) and substituting j1 = −n0 ev e1 gives

(ω 2 − c 2 k 2 )E1 =

n0 e 2
E.
ε 0 me 1

(1.30)

Substituting the expression for the plasma frequency, Eq. (1.27) leads to

ω 2 = ωpe2 + c 2 k 2 .

(1.31)

Equation (1.31) is the simplest dispersion relationship for electromagnetic waves
propagating in plasma. Using k 2 = ε rω 2 c 2 and Eq. (1.31) the dielectric constant of the plasma εr
can be written as

εr = 1−

ωpe2
ω2

=1−

nc
,
ne

(1.32)

where nc is the critical density. Consider an electromagnetic wave propagating through a plasma
where the electron density increases along the propagation direction. The plasma frequency will
increase with the electron density. To satisfy Eq. (1.31), the wavenumber of the propagating wave
will decrease, reaching zero at the critical density surface where εr = 0. The wave will be reflected
from this surface or become evanescent beyond it. An expression for the critical density can be
obtained from Eq. (1.27) by setting ω = ωpe i.e.

nc =

meε 0ω 2
.
c2

(1.33)
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2.2.5 Short-Pulse High-Intensity Laser-Plasma Interactions

Short-pulse refers to laser pulse durations that are short compared to the hydrodynamic
expansion time of the solid targets that are irradiated by the laser. For practical purposes shortpulse here means less than a few tens of picoseconds. High-intensity here refers to laser
intensities that are in excess of 1018 Wcm-2.
The electric field strength at the position of the first Bohr orbit in a hydrogen atom is
given by

EH =

e

4πε 0 a02

= 5 x1011Vm -1 ,

(1.34)

where a0 = 5 x 10-11 m is the orbital radius. The intensity of an electromagnetic wave with this
field strength is

I=

ε 0 cEH2
2

= 3.4x1016 Wcm -2 .

(1.35)

A laser with this intensity will easily ionize a gas of hydrogen. Relativistic effects
become important when the ionized electron kinetic energy in the laser field is on the order of its
rest mass energy. Consider a plane wave that is incident to a solid surface. The laser electric field
EL can be expressed in terms of the vector potential A as

EL =

1 ∂A iω
A with A = A0 e − i ( kz −ωt ) .
=
c ∂t
c

The normalized vector potential is defined as

(1.36)
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a=

eA
.
mc 2

(1.37)

The condition a = 1 represents an electron whose kinetic energy in the laser field equals its rest
mass energy. Replacing EH with EL and using Eq. (1.35) through (1.37) with ω = 2π c λ where

λ is the laser wavelength, the laser intensity at which the electron motion becomes relativistic is
given by
IL =

2ε 0π 2 m 2 c 5

λ2

.

(1.38)

2
With the physical constants substituted, Eq. (1.38) becomes I L λμm
= 1.37 x 1018 Wμm2cm-2,

where λμm is the laser wavelength in microns. For one micron light, electrons acquire relativistic
energies with laser intensities of ~10 Wcm-2.

2.3 Relativistic Laser-Plasma Interactions

This section describes the main electron acceleration processes that are active in highintensity laser-plasma interactions.

2.6.1 Resonance Absorption

Consider an s-polarized plane wave that is incident to a plasma surface at an angle θ to
the surface normal. The geometry is shown in Fig. 2.2. The plasma density varies linearly in the z
direction as ne = nc z / L where L is the distance from the zero density to the critical density
surface. The laser electric field is given by E = Ex ( x, y, z )xˆ where x̂ indicates the direction of
the laser polarization. Because the plasma-density varies only in the z direction, Ex can be
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written

Ex = Ex ( z ) exp( y • k y ) = Ex ( z ) exp(i

yω sin θ
).
c

(1.39)

The magnitude of the wavevector component along the y direction, ky, is constant. Using
Maxwell’s equations, the electromagnetic wave equation in a plasma with a uniform charge
density in the absence of electric currents and magnetic fields is given by

∂ 2 Ex ∂ 2 Ex ω 2
+
+ 2 ε r ( z ) Ex = 0,
c
∂y 2
∂z 2

(1.40)

where ε r ( z ) is the dielectric constant along z. Substituting Eq. (1.39) into (1.40) gives
d 2 Ex ( z ) ω 2
+ 2 (ε r ( z ) − sin 2 θ ) Ex ( z ) = 0.
2
dz
c

(1.41)

Figure 2.2 Geometry for the resonant absorption of an obliquely-incident,
electromagnetic wave.

The field Ex ( z ) has a turning point at ε r ( z ) = sin 2 θ from which the wave will be
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reflected. Using Eq. (1.32) and (1.33), the plasma frequency and the electron number density in
the reflection plane are ωpe = ω cos θ and ne = nc cos 2 θ respectively. Importantly an obliquely
incident electromagnetic wave propagating in plasma, will be reflected from the plane
z = L cos 2 θ before it reaches the critical surface.

Consider a p-polarized plane wave that is obliquely incident onto the plasma. The electric
field is in the y-z plane so that a component of the field oscillates along the direction of the
plasma density gradient. This oscillating component of the laser field drives an electron plasma
wave. The electron plasma wave oscillates at the local plasma frequency that is generally lower
than the laser frequency. Consequently the transfer of energy from the electromagnetic wave to
the plasma wave is small. However, at the critical density surface the two frequencies are equal
and energy is efficiently channeled from the electromagnetic wave to the plasma wave. The laser
electric field can be written E = Ey ( x, y, z )yˆ + Ez ( x, y, z )zˆ . The electrostatic field is obtained
using Gauss’s law, Eq. (1.9), with ρ = 0 .

∇ • εrE = −

1
∇ε r ( z ) • E
ε r ( z)

=−

1 dε r ( z)
Ez .
ε r ( z ) dz

(1.42)

A resonance occurs at the surface where ε r ( z ) = 0 . The energy transferred to the electron plasma
wave depends on the strength of the laser field Ez in the vicinity of the resonance.
Because an obliquely incident laser will be reflected before reaching the critical surface,
the laser fields must tunnel a distance LT = L sin 2 θ where they will decay. With respect to the
energy coupling to the electron plasma wave, a trade off exists between the laser angle of
incidence and the tunneling distance. At normal incidence, the laser can propagate to the critical
surface but with no component of its electric field oriented to drive a plasma wave. At a high
angle of incidence, a large component of the laser electric field is orientated to drive a plasma
wave but the field must penetrate through a significant thickness of plasma. The optimum
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geometry for resonance absorption can be determined by analyzing the laser magnetic field. The
magnetic field is directed along the x-axis and can be written

B = Bx ( z ) exp[iω y sin θ c].

(1.43)

The z-component of the corresponding laser electric field is obtained by substituting Eq. (1.43)
into Ampere’s law, Eq. (1.12) . This gives

Ez = Bx ( z )sin θ ε ( z ).

(1.44)

The resonantly driven field at the critical surface is given by Ed ε ( z ) where Ed is the zcomponent of the laser field at the critical surface. The value of Ed is determined from the
product of the magnetic field at the turning point, z = L cos 2 θ , and an exponential decay factor
characterizing the tunneling loss. Following Kruer [33], the laser electric field at the critical
surface of the plasma is
1

⎛ −2ω L sin 3 θ ⎞
⎛ c ⎞6
Ed = 0.9 EFS ⎜
⎟,
⎟ sin θ exp ⎜
3c
⎝ ωL ⎠
⎝
⎠

(1.45)

where EFS is the free space value of the laser electric field. Analysis of Eq. (1.45) shows that the
optimum angle of incidence for absorption is

1

⎛ c ⎞3
⎟ .
⎝ 2ω L ⎠

θ R = sin −1 ⎜

(1.46)

For a laser of wavelength λ = 1 µm that is incident onto a plasma with L = 2 µm,

θ R ≈ 20o . If the plasma wave is driven hard enough, it can break and eject fast electrons in the
forward direction. The electrons will be preferentially ejected once per laser cycle. The electron
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beam that enters the plasma will therefore have an electron density modulation along its direction
of propagation, with bunches of electrons separated in space by a laser wavelength. The electrons
will propagate through the overdense plasma as a train of electron bunches.

2.3.2 Vacuum Heating

Vacuum heating [37] is a laser absorption process that occurs in the same geometry as
resonance absorption. However, in vacuum heating L

λ . Consequently the electric field of the

laser interacts directly with the solid (overdense) surface and there is no resonance condition. In
vacuum heating electrons are pulled from the solid surface by the laser electric field and reinjected with an energy that is on the order of the laser ponderomotive energy [38], in the first
half of each laser cycle. In the second half of the laser cycle, the fast electrons escape the laser
electric field because the electric field cannot penetrate into the overdense plasma. The electrons
are preferentially accelerated once per laser cycle along the target normal. The resulting fastelectron beam resembles the beam that is generated by resonance absorption, with bunches of
electrons separated in space by a laser wavelength.

2.3.3 The Ponderomotive Force and JxB Acceleration

For laser intensities that are in excess of 1018 Wcm-2, for 1 µm light, electrons can be
accelerated to relativistic energies by the JxB component of the ponderomotive force [38]. The
ponderomotive force describes the time-averaged effect of electromagnetic fields on the
dynamics of charged particles [39, 40]. In the plasma regime, the effect of the ponderomotive
force is modified by the collective behavior of the plasma particles. In this section, a generalized
expression for the ponderomotive force in the single atom regime that is relevant in the
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relativistic regime is derived and its properties discussed. The derivation follows that presented in
Ref. [41]. The equation of motion for an electron in an electromagnetic field can be written

d ⎛
e
e ∂A ν
⎞
Vν ,
⎜ Vμ − A μ ⎟ = −
dτ ⎝
m
m ∂xμ
⎠

(1.47)

where Vμ and A μ are the four-vector velocity and vector potential, e is the electron charge, m is
the electron mass and τ is the proper time. The lowest order motion of the electron is the
transverse motion due to the laser electric field. Using the Coulomb (or transverse) gauge

∇iA = 0 [26], the vector potential can be written A μ = ( gA ⊥ (ξ ),0,0 ) where g is a constant and

ξ = x − ct . Here x indicates space, t is time and c is the speed of light. The symbols ⊥ and
indicate the transverse and longitudinal dimensions respectively. The components of Eq. (1.47)
can be written

e
⎛
⎞
⎜ V⊥ − gA ⊥ ⎟ = 0,
m
⎝
⎠

(1.48)

e ∂A ⊥
iV⊥ ,
g
m ∂x

(1.49)

∂A ⊥
dγ
e
=− 2 g
iV⊥ .
dτ
mc
∂x

(1.50)

d
dτ

dV
dτ

=−

Equations (1.49) and (1.50) combine to give

d
(V − ct ) = 0.
dτ

(1.51)

Equations (1.48) and (1.51) can be solved to obtain the constants of the lowest order motion.
Consider now the next order motion of the electron. The vector potential has the form
A μ = ( gA ⊥ (ξ ), hB(ξ ),0 ) where g and h are constants that vary slowly compared to the spatial
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scale of the particle and the wavelength of the laser. Using ∇iA = 0 and substituting for the
vector potential one obtains

A⊥ i

∂g ∂h
dB
B+hi
+
= 0.
dξ
∂x⊥ ∂x

(1.52)

Dimensional analysis of Eq. (1.52), which indicates that the second term is small compared to the
other terms, gives hB ~gA ⊥ λ L where λ is the laser wavelength and L is the spatial scale over
which g and h vary. The components of Eq. (1.47) can now be written

∂g
e
e
⎛
⎞
,
⎜ V⊥ − gA ⊥ ⎟ = − A ⊥ iV⊥
∂x⊥
m
m
⎝
⎠

(1.53)

⎛ ∂ 1∂⎞
e
e
⎛
⎞
+
⎟⎟ g .
⎜ V − cγ − hB ⎟ = − A ⊥ iV⊥ ⎜⎜
m ⎠
m
x
c
t
∂
∂
⎝
⎝
⎠

(1.54)

d
dτ
d
dτ

The terms on the RHS represent small perturbations that arise of from non-uniformities in the
fields. Along with the exact condition cγ = c 2 + V 2 + V⊥2 , these equations form a closed set that
describe the second order electron motion. Substituting the solution of Eq. (1.48), for the lowest
order motion, into Eq. (1.53) and (1.54), and integrating for the period of a single oscillation
gives

∂g
e
e2
⎛
⎞
Δ ⎜ V⊥ − gA ⊥ ⎟ = − 2 ∫ A 2⊥
dτ ,
∂x⊥
m
2m
⎝
⎠

(1.55)

and

Δ ( V − cγ ) ≈ −

⎛ ∂ 1∂⎞ 2
e2
+
A ⊥2 ⎜
g dτ .
2 ∫
⎜ ∂x c ∂t ⎟⎟
2m
⎝
⎠

(1.56)

Here Δ represents the change in the quantity over a complete oscillation period. The integral

∫A

2
⊥

dτ in Eq. (1.55) and (1.56) evaluates to A 2⊥ λ K where K = − dη dτ = − d ( x − cγτ ) dτ
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= − ( V − cγ ) is constant to lowest order, as indicated by Eq. (1.51), and the notation
indicates the average value. For linearly polarized light, A 2⊥ is equal to half the vector potential
amplitude squared while for circularly polarized light, A 2⊥ equals the vector potential amplitude
squared.
In the slowly varying field approximation and using the expression Δ(cγ ) = Δ ( cγ )

( V ΔV + V ΔV )
⊥

⊥

−1

for the change in the electron energy over a oscillation cycle, Eq. (1.55) and

(1.56) can be combined to give

Δ ( cγ ) = −

λ e2
K 2 2m 2

A 2⊥

dg 2
e2
+
A 2⊥ Δg 2 .
dτ 2m 2 K

(1.57)

Equation (1.57) may be integrated to yield the single-cycle change in the electron energy. For K =
constant, corresponding to the lowest order electron motion, Δ ( cγ ) = 0 i.e. the electron neither
gains nor loses kinetic energy over the full oscillation cycle. However, the integration of Eq.
(1.54) for the second order electron motion yields K = K 0 + ○( dg 2 dx ) . These higher order
terms in K arise from field non-uniformities and when substituted into Eq. (1.57), lead to a nonzero change in the single-cycle electron kinetic energy. The electron acceleration that
accompanies the energy change can be obtained from Eq. (1.55) and (1.56). Defining the proper−1

time-oscillation-period to be Δτ = ∫ ( dη dτ ) dη = λ K −1 , the electron acceleration is,

ΔV⊥
e2
∂g 2
= − 2 A ⊥2
2m
Δτ
∂x⊥

(1.58)

and
ΔV
Δτ
or

=−

e2
∂g 2
A ⊥2
2
∂x
2m

(1.59)
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dVd
e2
= − 2 ∇ a 2 A 2⊥
dτ
2m

(1.60)

where Vd is the electron drift velocity. Multiplying Eq. (1.60) by the mass m and using the
expression E L = −∂A ∂t where E L is the electric field yields the expression for the
ponderomotive force

fp = −

e2
∇ a 2 E L2
2mωL2

(1.61)

where ωL is the laser angular frequency. The ponderomotive force is proportional to the square of
the charge and independent of the sign of the charge. The force is proportional to the gradient of
the laser intensity and is directed to regions of lower intensity, independent of the laser
polarization. Figure 2.3 illustrates the effect of ponderomotive force on an electron oscillating in
the electric field of a laser. The electron is initially at X0. As the electron oscillates and explores
the intensity gradient, it drifts out of the beam.

Figure 2.3 The intensity profile of a Gaussian beam (solid line) and the corresponding
magnitude of the ponderomotive force (dashed line).

The ponderomotive force ejects electrons from a focused laser at an angle θp to the laser
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propagation direction. The angle of ejection for an electron that is initially at rest can be
determined from the energy and longitudinal momentum transferred to the electron by the laser
[42]. The electron gains kinetic energy ΔE = ( γ − 1) mc 2 = pz c where γ is the Lorentz factor and
pz is the longitudinal electron momentum. The electrons total energy E = γ mc 2 is related to the
total momentum by E 2 = p 2 c 2 − m 2 c 4 where p is total momentum. The angle θp is obtained from
the ratio of the longitudinal and total momentum

θ p = cos −1 ( pz p ) = cos −1

γ −1
2
= tan −1
γ +1
γ −1

(1.62)

A detailed examination of the electromagnetic fields of a laser explains the independence
of the ponderomotive force on the laser polarization. Rather than being purely transverse, the
laser fields posses a small longitudinal component [43]. The complete set of field components
must be included to model the trajectory of an electron in the focus of a laser beam [43]. Consider
a laser that propagates in the z-direction and is polarized in the x-direction. The fundamental
motion of an electron in the laser is an oscillation with velocity v osc,x due to the electric field Ex .
As the electron explores the laser intensity gradient it will acquire a drift velocity v x along the
direction of the laser polarization. Because the electron oscillation is approximately in phase with
the oscillating longitudinal magnetic field component Bz , the electron will also drift in the ydirection with a velocity v y ∝ v osc,x × Bz . The electron drift direction is thus independent of the
laser polarization.
The fundamental oscillatory motion of the electron is in phase with the magnetic field
component By , so that there is a drift v z ∝ vosc,x × By in the z-direction. The ponderomotive force
remains valid for relativistic laser intensities [44]. At high intensities, the term v osc,x × By
dominates the motion and the electron predominantly acquires momentum in the z direction.
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In the plasma regime, the ponderomotive force is derived for the motion of fluid
elements. The longitudinal component of the equation of motion, due to the relativistic
ponderomotive force on a fluid element in a laser field, can be written in terms of the electron
kinetic energy as [38]

∂Pz
= mc 2∇(γ − 1).
∂t

(1.63)

The corresponding ponderomotive potential energy is

U p = mc 2 (γ − 1).

(1.64)

Electrons that are accelerated by the ponderomotive force acquire on average, an energy that is on
the order of the ponderomotive potential energy. The energy imparted to individual electrons
depends on the phase of the field in which they are accelerated. The electrons acquire a
distribution of energies. Substituting γ = 1 + a 2

where a = eA mc 2 , A2 = c 2 E L2 ω 2 and

E 2L = 2I ε 0 c (see Sec. 2.2.5) into Eq. (1.64) gives the ponderomotive scaling law [45],

2
⎛
⎞
I18 λμm
⎜
U p = 0.511 1 +
− 1⎟ [MeV],
⎜
⎟
1.37
⎝
⎠

(1.65)

where I18 is the laser intensity in units of 1018 Wcm-2 and λμm is the laser wavelength in microns.
The ponderomotive force felt by a fluid element a distance z inside the plasma can be
written as [38],

2
⎡ −2ωpe z ⎤ ⎛ cos(2ωL t ) ⎞ ⎞
4nc
∂ ⎛ mv osc
fp = −
exp ⎢
= − ⎜⎜
⎥ ⎜1 +
⎟ ⎟⎟ .
2
∂z
∂z ⎝ 2 ne
⎠⎠
⎣ c ⎦⎝

∂U p

(1.66)
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The ponderomotive force decays exponentially because the laser field penetration into the plasma
is limited to distances of order c ωpe . For the ponderomotive force to be effective, the laser
intensity must vary substantially over this distance. The term nc ne indicates that the magnitude
of the ponderomotive force decreases as the plasma density increases. The cosine term indicates
that the force oscillates at twice the laser frequency. Consequently, electrons are preferentially
accelerated twice per laser cycle. The accelerated beam of electrons acquires an electron density
modulation along its direction of propagation, with bunches of electrons that are separated in
space by half a laser wavelength.

2.4 Fast-Electron Transport in Overdense Plasmas

2.4.1 The Alfven Limit

Consider an infinitely long, cylindrical, fast-electron beam with a Lorentz factor of γ b , a
radius of rb and a current of I b , propagating in a plasma. Let F (r rb ) be the fraction of current
contained within a radius r . The plasma frequency ωpe is assumed to be high enough to maintain
the electrical neutrality of the plasma. According to Ampere’s law, the magnetic field is given by

Bθ ( r ) =

μ0 I b F (r rb )
.
2π r

(1.67)

The equation of motion for an electron in this field is
d 2 r ev z × Bθ
=
dt 2
γ b me

=

ev z μ0 I b F ( r rb )
.
2γ b meπ r

(1.68)

If the magnetic field is constant in time, the electron kinetic energy will be constant and the
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electron axial velocity vz,, and radial velocity vr, are related by
1

⎛
v2 ⎞ 2
v z = c ⎜ β b2 − 2r ⎟ ,
c ⎠
⎝

(1.69)

where β b = v b c and v b is the electron speed. Recasting Eq. (1.68) in terms of the dimensionless
variables R = r rb , VR = v r β b c , VZ = v z β b c and τ = tv b rb and using c 2 = 1 ε 0 μ0 , the
dimensionless equation of motion is

Ib
2VZ F ( R )
d 2R
=
.
2
3
dτ
R
⎡⎣ 4πε 0 me c β bγ b e ⎤⎦

(1.70)

The quantity in brackets has units of current and is defined as the Alfven current IA [19]. After
substituting the physical constants, the Alfven current for electrons can be expressed as

I A ≈ 17.1γ b β b [kA].

(1.71)

The ratio I b I A determines the solution to the equation of motion as shown in Fig. 2.4
[46]. For I b

I A , the fast-electron beam propagates unperturbed. As the current I b increases, the

interaction between the electrons and magnetic field becomes stronger. The electrons feel a force
of magnitude FM = ev z Bθ toward the axis. When I b = I A , electrons at the edge of the fast-electron
beam are turned through 90o by the magnetic field and cease to propagate as part of the beam. If
the fast-electron current is increased further, electrons at the edge of the beam counter propagate.
The counter propagating electrons represent a return current that will partially neutralize the
magnetic field due to the forward directed current. As a consequence, the fast-electron current
and the corresponding magnetic field are reduced. The process is self-limiting.

Normalized
beam radius.
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Fast electron propagation direction.

Figure 2.4 The trajectories of electrons, with VZ >> VR, in the self-generated magnetic
field of the beam [46]. The curvature of the trajectories corresponds to the Larmor radius.
IA denotes the Alfven current.

Fast ignition requires fast-electron beams with currents on the of order I b ~1000 I A [1]. A
question exists as to whether such currents can be transported. The derivation of the Alfven limit
above assumed complete electrically neutrality. It has been shown that an arbitrarily large current
can be transported if the electrical neutrality of the beam is fractional [47]. If f E is the fractional
electrical neutrality, the limiting current becomes

I lim ≈

17.1γ b β b3
[kA].
β b2 + f E − 1

(1.72)

However, the high plasma frequency in dense beams ensures that charge density fluctuations are
rapidly eliminated. For any realistic set of conditions, f E differs insignificantly from unity and
the standard result is recovered [48].
The Alfven limit depends on the radial distribution of current [46]. An electrically neutral
beam in which the axial velocity increases monotonically off axis, can support an arbitrarily high
current if c ωpe

rb [48]. That is when the current is concentrated in a thin shell at the beam

envelope. Because the magnetic field decreases rapidly for r < rb , electrons that are pushed
toward the axis by the field move rapidly beyond its influence, and continue to propagate as part
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of the beam. The maximum current is given by I b ~ I A ( 0.5rbωpe c ) . For ne = 3 x 1023 cm-3, c ωpe =
30 nm and rb = 20 µm, relevant to fast-ignition, I b ≈ 300 I A .
Another scheme to increase the fast-electron current uses magnetic neutralization [48].
Counter propagating currents generate magnetic fields that cancel the fields due to the forward
current. With no net magnetic fields, the forward current can be arbitrarily high. If fM is the
fractional degree of magnetic neutralization, Eq. (1.71) can be further generalized to

I lim ≈

17.1γ b β b3
[kA].
β b2 [1 − f M ] + f E − 1

(1.73)

2.4.2 Magnetic Focusing and Collimation

Although the electric fields that form on the surfaces of laser irradiated targets [49]
confine the majority of the fast electrons in the target, where they are continuously slowed by
collisions, self-generated magnetic fields have the greatest influence on the electron trajectories
[50]. Davis shows that the magnetic field influence must be considered for laser intensities I >
1016 Wcm-2. For a 500 fs long, relativistic electron beam, with a beam diameter of 10 μm, the
ratio of the maximum magnetic to electric force felt by a beam electron is v e Bmax Emax ~ 25 .
The magnetic field grows according to Maxwell’s equations. The electric field that is
established to maintain electrical neutrality, rises quickly in response to the fast-electron current
to reach a steady state. For η = 2 x 10-8 Ωm, corresponding to the cold limit resistivity of Al, the
electric field rise time is on the order of tR ~ ε 0η = 0.18 as. Consequently, the displacement term
in Ampere’s law is only important in describing the magnetic field growth in the first instant of
time [51] and can be neglected to leave
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∇ × B = μ0 J ,

(1.74)

where J is the net current density. The net current is constrained by the Alfven limit, current
neutralization requires that J = J fast + J ret . Substituting into Eq. (1.74) and making J ret the
subject gives

J ret =

∇× B

μ0

− J fast .

(1.75)

Because the return current is cold and collisional, its response to the electric field is described
with Ohm’s law, E = η J ret . Combining Ohm’s law and Faraday’s law, Eq. (1.11), gives

∂B
= −∇ × η jret .
∂t

(1.76)

Substituting Eq. (1.75) into Eq. (1.76) gives
∂B
η
= −∇ × ( ∇ × B ) +∇ × η J fast .
∂t
μ0

(1.77)

The first term on the RHS represents the magnetic field diffusion away from its source
that is represented by the second term. The diffusion time is τ d = d 2 μ0 η where d is the spatial
scale over which the current varies. Taking d = 8 μm, consistent with the focal spot diameter of
the multiterawatt laser that is the source of the fast electrons described in the thesis, τd ~ 40 ps.
This is significantly greater than the laser pulse duration (Δt = 0.5 ps), so that the diffusion can be
neglected. After expanding the source term, Eq. (1.77) becomes

∂B
= η ( ∇ × J fast ) + ∇η × J fast .
∂t

(1.78)
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The magnetic field growth depends on spatial gradients in the fast-electron current and
the background material resistivity. Assuming a cylindrical geometry, which is reasonable for a
propagating beam, the spatial gradients will be greatest in the radial direction. For a beam with a
current density that is peaked on axis, the first term on the RHS of Eq. (1.78) leads to the
generation of an azimuthal magnetic Bθ . The associated magnetic force is given by FM = −ev e Bθ
and points toward the axis. The higher current density that exists on axis causes greater Ohmic
heating of the background on axis. Because resistivity is inversely proportional to the background
temperature, the resistivity is minimized on axis and increases off axis. Consequently the
magnetic force that is associated with the second term on the RHS of Eq. (1.78) generates a force
that pushes electrons off axis.
For a real beam, the current density and resistivity gradients are complicated and vary in
time [21, 52]. Numerical simulations of the transport indicate that magnetic fields can cause
electron beam focusing [53], collimation [54] and hollowing [52]. Simulations using specially
constructed composite targets, where the cold-limit resistivity of the target material decreases off
axis, indicates a regime of “artificial” collimation [55, 56]. The concept uses the ∇η × J fast term
to initiate and seed the collimation. The collimation is then reinforced by the η ( ∇ × J fast ) term.

2.4.3 Collisionless Weibel Instability

The transport of high-current, fast-electron beams can only occur in the presence of a
neutralizing counter-streaming, return current [19]. The return current, which is induced to
maintain electrical neutrality, is composed of cold plasma electrons that are drawn from the
background material. Counter-streaming currents are unstable to electromagnetic beam
instabilities [57]. These instabilities are composed of longitudinal electrostatic and transverse
electromagnetic modes that grow by extracting energy from the propagating electrons. The
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transverse electromagnetic mode or collisionless Weibel instability [20] dominates in the high
energy regime of fast electron transport. The collisionless Weibel instability is driven by
magnetic fields that penetrate into the plasma. In a low-density collisionless plasma, the
penetration depth is c ωpe . The magnetic field causes the fast electron beam to fragment, in the
transverse direction, into a network of thin current threads or filaments. The filaments grow from
current perturbations. The evolution can be summarized as follows.
Initially, the fast and return currents neutralize each other, they occupy the same space
and their magnetic fields cancel. Current perturbations in either current lead to the generation of
localized azimuthal magnetic fields. The magnetic fields pinch and reinforce the current
perturbations, which in turn strengthens the magnetic fields. As the fields grow, the filaments
form. The filament diameters decrease until the inwardly directed magnetic pressure, is balanced
by the outwardly directed thermal pressure that is associated with the electron beam transverse
temperature [58]. Because the fast and return currents produce mutually repulsive magnetic
fields, the two currents separate spatially. Because of the Alfven process, the filaments become
current limited. The filaments form on the time scale of ωpe and on the spatial scale of c ωpe .
The collisionless Weibel instability may contribute to the electron beam angular
divergence. As the counter streaming currents separate, the magnetic neutralization disappears
and the filaments can no longer support the fast current they initially carried. Electrons are
deflected from the filament by the magnetic fields, and an initially collimated beam may become
divergent [59].
Because co-propagating currents attract, the fast electron filaments have a tendency to
merge or coalesce [24]. The number of filaments therefore decreases with propagation distance.
Because the coalesce of two Alfven current carrying filaments produces a filament that must itself
be Alfven current limited, at least 50% of the energy contained in the original filaments is lost
during the process [24]. The energy is transferred to the background which is heated.
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Filamentation and coalescence have been observed in particle-in-cell code simulations [24, 5961]

2.4.4 Resistive Filamentation Instability

In solid density plasma, where collisions cannot be ignored, the magnetic field
penetration is determined by the plasma resistivity η . The magnetic fields can drive
filamentation instabilities whose evolution is analogous to that of the collisionless Weibel
instability. The resistive filamentation instability (RFI) [22] is driven by magnetic fields that are
associated with the first term on the RHS of Eq. (1.78).
The RFI has been studied using a numerical model [22]. The model describes the growth
of filaments in an infinitely wide, solid-density plasma of fixed resistivity. In the model, the fast
electron density is assumed to be much less than the background electron density, so that the
electromagnetic fields arise only from the fast current. Fast electron collisions are ignored so that
the fast-electron interaction with the background is purely electromagnetic. The fast electrons are
assumed to have a relativistic Maxwell distribution of energies that evolves according to a
Boltzmann equation, Eq. (1.6), with no collisional term. The electromagnetic fields evolve
according to Maxwell’s equations. The filamentation is seeded by transverse modulations of the
form exp ⎡−
⎣ i ( km y − ωm t ) ⎦⎤ , where km is the wavenumber and ωm is the frequency of the
modulation. The growth rate of the purely growing mode is obtained from the dispersion relation

Γτ d + k +
2
m

1

γ be3

2

⎛ iΓ c ⎞
1 ⎛ v be ⎞
+
⎜
⎟ Z ′⎜
⎟ = 0,
γ be ⎝ v th ⎠ ⎝ km v th ⎠

(1.79)

where Γ is the instability growth rate normalized to the plasma frequency of the fast electron
beam ωbe , τ d = μ0 c 2 ηωbe2 is the magnetic diffusion time normalized to ωbe , γ be is the Lorentz
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factor corresponding to the beam velocity v be , v th is the thermal velocity of the beam and Z ′ is
the plasma dispersion function [62].
The dispersion relationship has been solved numerically for different values of v be v th .
Figure 2.5 shows the growth rate of the zero frequency mode versus the wave number for
v th = 0.1v be , v th = 0.01v be and v th = 0.001v be . The resistivity is η = 10-6 Ωm, corresponding to a
background temperature of TB ≈ 50 eV [36]. A region of instability develops where the inward
magnetic pinching pressure exceeds the outward thermal pressure. The Bennett radius,
rB = 2 γ be ( v th v be )( c ωbe ) provides an estimate of the minimum filament diameter by balancing
the pressures. The peak growth rate increases and moves to larger wavenumbers for colder
beams. For small wavenumbers, the growth rate asymptotically approaches zero. The growth rate
increases when the resistivity increases because the magnetic fields are stronger and penetrate
further. For η = 2 x 10-6 Ωm, corresponding to the cold limit for Al, the growth rate is about three
times lower. External factors such as laser beam filamentation [63], or target surface roughness
[45] may seed the instability and displace the peak growth to another wavenumber.

Figure 2.5 Growth rate for the resistive filamentation instability with v th v b = 0.001
(solid line), v th v b = 0.01 (dashed line) and v th v b 0.1 (solid/open circle line).
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2.5 Transition Radiation

This section describes the generation of transition radiation by electrons as they exit the
target. First the basic properties of transition radiation are presented. Coherent transition radiation
(CTR) generated by a beam of electrons is then described. Finally a velocity dispersion model
and the effect of velocity dispersion on the spectrum of CTR are discussed.

2.5.1 The Basic Properties of Transition Radiation.

Transition radiation is emitted when a charged particle moves with constant velocity in or
near to a medium that is inhomogeneous in space or time [64]. The origin of the emission can be
understood by considering the general rules governing the emission of radiation. In a vacuum the
emission is accompanied by a variation of the parameter v c where v is the velocity of the
charge and c is the speed of light. In a medium this parameter becomes n(r , t )v c , where n(r,t) is
time and space dependent refractive index. Emission in a medium can be caused by a variation in
the refractive index rather than the physical velocity of the charge.
The main characteristics of transition radiation can be obtained without resorting to a
convoluted mathematical treatment [26]. For a detailed discussion of the subject, the reader is
referred to Ginzburg [65]. Figure 2.6 illustrates the geometry from which a physically intuitive
picture can be constructed. A relativistic electron of charge q, moves in the positive z direction
towards a refractive index interface at z = 0. In its rest frame, the electron self-fields are purely
electric and from the point of view of an observer at O take the form

E1′ =

−κ ′qvt ′
,
r ′3

E2′ =

κ ′qb
r ′3

E3′ = 0.

(1.80)

59

r′

Figure 2.6 A relativistic electron moves towards a refractive index interface at z = 0.
An observer at O measures a time-dependent polarization P that generates
electromagnetic waves that propagate to the detector.

The primed variables refer to the properties of the electron in its rest frame with t ′ being
the proper time and r ′ the distance of the electron to observation point O . The invariant quantity
b is the impact parameter that specifies the transverse extent of the electrons self fields. The

parameter κ specifies the dependence of the electron self-field structure on the electric
permittivity and the magnetic permeability. In the laboratory frame, the field components are
obtained from the Lorentz transformations and take the form [26]

E1 = −

κ qγ vt
,
χ3 2

E2 =

κ qγ b
,
χ3 2

B3 =

κ cqb
,
χ3 2

where

χ = b 2 + γ 2 ( z − vt ) ,
2

(1.81)

where γ is the Lorentz factor. The fields are electromagnetic and induce a time dependent
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polarization P (ξ ,t ) . This disturbance propagates with the electron and can be decomposed into a
set of Fourier components of frequency ω whose amplitude is proportional to exp ( iωξ v ) . The
denominator in Eq. (1.81) indicates that the disturbance will be significant up to a radial distance

bmax = γ v ω .
While deep in the medium, the electron self-fields will be configured according to the
electromagnetic properties of the medium. When in the vacuum, the self-fields will be configured
according to the electromagnetic properties of the vacuum. A reorganization of the self-fields
occurs at the interface. The time dependent polarization P (ξ ,t ) contains frequency components
that are associated with this reorganization. These components can be expressed in terms of a
harmonically varying current density J (ξ, t ) . This harmonically varying current density is the
source of the transition radiation.
The electromagnetic vector potential A of the transition radiation at the detector is given
by

A( x ) =

μ0 eikR
4π R

∫ξ J (ξ, t ) exp[−ikn • ξ ]d ξ ,
3

(1.82)

where R is the distance to the detector, k is the wave number and n is a unit vector in the
direction of k . The detector lies in the radiation zone defined by R >> λ and λ >> bmax where

λ = 2π k is the wavelength of the transition radiation. Relating the current J (ξ, t ) to the
propagating disturbance exp ( iωξ v ) i.e. J (ξ, t ) ∝ qv exp ( iωξ v ) , decomposing the unit vector

n into its transverse and longitudinal components and substituting into Eq. (1.82) gives the form
of the radiated wave in the radiation zone.

A( x ) ∝ qv

eikR
ξ
exp[iω {−ik (ξ cos θ + b sin θ cos φ )}].
R
v

(1.83)
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Because the field is proportional to the velocity of the electron and to the magnitude of its
charge, the radiated intensity will be proportional to the kinetic energy of the electron and to the
square of its charge. Defining n(ω ) = kc ω as the frequency-dependent refractive index and β =
v/c, the second exponent in Eq. (1.83) can be written

⎡ ω⎛ 1
⎞⎤
ω
⎡
⎤
exp ⎢ −ib n (ω ) sin θ cos φ ⎥ exp ⎢iξ ⎜ − n (ω ) cos θ ⎟ ⎥ .
c
⎣
⎦
⎠⎦
⎣ c⎝β

(1.84)

The radiated energy will be appreciable over the region where the driving field of the
electron and the radiated field are in phase. In the radial direction the emission will be appreciable
provided

bmax

ω
c

n (ω ) sin θ ≈ 1.

(1.85)

Substituting bmax = γ v ω into Eq. (1.85) and rearranging gives

θ1 2 ≤

1

γ n (ω )

.

(1.86)

The transition radiation is emitted into a cone of half angle that is inversely proportional to the
electron energy. Figure 2.7 shows the angular distribution of transition radiation for electrons
with Lorentz factors of 3 and 10.
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Figure 2.7 The angular distribution of transition radiation for two different fast
electrons with energies corresponding to γ = 3 and γ = 10.

In the longitudinal direction the emission will be appreciable provided

⎞
ω⎛ 1
⎜ − n (ω ) cos θ ⎟ d (ω ) ≈ 1,
c⎝β
⎠

(1.87)

where d (ω ) is the frequency dependent formation length. For high frequencies and in the ultrarelativistic limit where n(ω ) ≈ 1 − ωpe2 2ω 2 and β ≈ 1 + 1 2γ 2 , Eq. (1.87) becomes

d (ν ) =

2 (γ c ω )

ν +1 ν

,

where

ν=

ω
,
γωpe

(1.88)

The formation length D is defined to be the maximum value of d (ν ) and occurs for ν = 1 . In
terms of the transition radiation wavelength, the formation length is given by D = γλ π . The
formation length increases linearly with the wavelength of the transition radiation and the energy
of the particle. Setting ν = 1 , shows that the spectrum of transition radiation extends to ω = γωpe .
Additional insight into the properties of transition radiation requires a more rigorous
treatment. Important results from the treatment provided in Ref. [65] are now summarized. To
obtain an expression for the transition radiation produced at the boundary between two
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homogeneous media, the wave equation must be solved in both media and the solution matched at
the interface between them. The solution to the wave equation in either medium is the sum of two
parts, the charge-field E Q which is attached to the charge and the radiation field E R that are
given by

Q
ω,k⊥ ,z

E

(Z ) = −

iπ q μ (1 − εμ c 2 v 2 ) exp[iω z v]
2ωπ 3 (εμ − c 2 v 2 − k⊥2 c 2 ω 2 )

Eω,R k⊥ ,z ( Z ) = −

k⊥2 c 2
iπ q
iω
α
εμ
[
∓
−
z ],
ω2
2ωπ 3
c

(1.89)

(1.90)

where ε and μ are the electric permittivity and magnetic permeability, k⊥ is the transverse wave
vector of the charge field and α is the amplitude of the radiated field. Equation (1.90) describes
the transition radiation in the radiation zone. The ∓ symbol indicates that the field can propagate
in either direction with respect to the electron. The total energy radiated is obtained by integrating
the radiation field along the entire electron trajectory z. The charge field, Eq. (1.89), contains the
term 1 − εμ c 2 v 2 . The condition εμ c 2 v 2 > 1 is called the Cherenkov condition and when
satisfied, indicates that the electron velocity exceeds the phase velocity of light in the medium
[66, 67]. If the Cherenkov condition is satisfied, radiation is produced along the entire trajectory
of the particle. Consequently, the contribution to the integrated energy from the Cherenkov
radiation will eclipse the contribution from the transition radiation. The transition radiation
energy can only be evaluated when the Cherenkov condition is not satisfied. In the ultrarelativistic limit the transition radiation emitted into the forward direction is given by

W2 (ω ) =

2q 2
πc

⎧⎪ ⎡ γωpe ⎤ ⎫⎪
⎨ln ⎢
⎥ − 1⎬ ,
⎩⎪ ⎣ ω ⎦ ⎭⎪

ω << γωpe ,

(1.91)
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W2 (ω ) =

q 2ωpe4 γ 4
6π cω 4

ω >> γωpe .

,

(1.92)

In the low frequency limit, the radiated energy has a logarithmic dependence on the
particle energy and radiated frequency. In the high frequency limit the radiated energy increases
with energy to the fourth power up to the plasma frequency, and then decreases as ω −4 .
Integrating W2(ω) over frequency gives

W2 =

q 2γωpe
3c

.

(1.93)

W2 is the total transition radiation emitted in the forward direction for an ultra-relativistic particle.
The radiated energy increases linearly with the particle energy. Because the highest emitted
frequency is ωmax = γωpe , the increase in the radiated energy is due to an increase in the
characteristic frequency of the emission rather than an increase in the number of emitted photons.
The number of photons emitted per interface can be estimated by evaluating the integral
N 2 = ∫ W2 (ω ) ωd ω , where

= h 2π

and h is Planks constant. Integration leads to

N 2 ≈ 0.0023 ( ln γ ) , indicating that the probability of a single electron producing a characteristic
2

photon from a single interface is small even in the ultra-relativistic limit.

2.5.2 Incoherent and Coherent Transition Radiation

Transition radiation is produced as electrons cross the rear surface of laser-irradiated
targets. The emission can be divided into two parts, the incoherent transition radiation (ITR) and
the coherent transition radiation (CTR).
The ITR energy is the sum of the transition radiation energy produced by individual
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electrons. Because the probability of a single electron producing a transition radiation photon is
small, a large number of electrons are required to produce a single photon. An f/2 optical system
with a 20 nm wide spectral window, collects only about 10-26 J of transition radiation energy
when a 1 MeV electron crosses a solid-vacuum interface [68]. About 106 such electrons are
required for a single optical photon. Because laser solid interactions accelerate a large number of
electrons (around 1012 per Joule of laser energy) the individual contributions sum to a measurable
quantity. The ITR signal is characterized by a prompt, bright, spectrally broad emission with a
duration that is a few times longer than the laser pulse duration [69].
CTR is emitted when an electron beam with an electron density modulation along the
direction of its propagation, crosses the target rear surface [68]. The electron density modulations
drive a time dependent polarization that possesses strong frequency components at the
frequencies of the modulation. The resulting emission is enhanced in a set of narrow spectral
bands, centered on these frequencies. Such electron density modulations are inscribed by the
laser. As discussed in Sec. 2.3, resonance absorption [33] and vacuum heating [37] accelerate
electrons once per optical cycle, whereas the JxB mechanism [45] accelerates electrons twice per
optical cycle. The resulting electron beams propagate through the target as a train of electron
bunches separated in space by λ or λ/2 respectively, where λ is the laser wavelength. CTR is
characterized by a prompt, bright, spectrally narrow emission of duration less than the laser pulse
duration. In the optical region of the spectrum, the CTR emission can be many orders of
magnitude brighter than all competing emission processes [70]. The underlying physics of CTR
emission will be discussed in the next section.

2.5.3 The Velocity Dispersion Model

The relationship between ITR, CTR and the electron beam longitudinal density
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modulation are now discussed. Figure 2.8 shows the geometry of the velocity dispersion model
[68]. The origin of the coordinate system is the intersection of the laser k vector with the target
rear surface. An electron density modulation is specified at the front surface of the target. The
angles Θ and θ are measured from the z-axis and specify the electron and photon moving angles
respectively. The angles Φ and φ (not shown) are the electron and photon azimuthal angles
respectively. The electron velocity and position are described by v = ( w, v z ) = ( v x , v y , v z ) and
r = ( ρ , z ) = ( x, y , z ) . The photon wavevector is described by k = ( q , kz ) = ( kx , k y , kz ) .

Figure 2.8 The geometry of the velocity dispersion model.

The radiated power of transition radiation in the solid angle d Ω and in the frequency
range d ω is given by [71].

d 2W
c
=
d Ωd ω 4(2π )6 sin 2 θ

N

2

∑E i (w i , vz,i ) exp[i(ωti − q ⋅ ρ ] ,

(1.94)

i =1

where E i (w i , vz ,i ) is the field amplitude of the transition radiation due to the i th electron.
Equation (1.94) can be divided into the components that describe ITR and CTR.
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d 2WITR
c
=
d Ωd ω 4(2π )6 sin 2 θ
d 2WCTR
c
=
d Ωd ω 4(2π )6 sin 2 θ

N

∑ E (w , v

i , j =1
i≠ j

i

i

z,i

2

N

∑E (w , v

) ,

(1.95)

)E∗j ( w j , v z, j ) exp[iω (ti − ti ) − iq ⋅ ( ρi − ρ j )].

(1.96)

i =1

i

i

z,i

The double sum over i and j in Eq. (1.96) shows that the CTR depends on a correlation between
propagating electrons. Eq. (1.95) and (1.96) are, in general, difficult to evaluate analytically [71].
A considerable simplification is obtained by assuming that the target material is an ideal
conductor i.e. ε (ω ) = ∞ . Such an assumption is reasonable for metal targets for frequencies that
are in the optical region of the spectrum. Importantly, the ideal conductor assumption removes the
ITR signal dependency on the emission frequency.
The properties of the ITR emission can be investigated by specifying a distribution function
to describe the fast electrons. Observations indicate that the fast electron beam energy distribution
is close to Maxwellian [72]. Assuming a Maxwell energy distribution and an angular distribution
that is independent of Φ but depends on Θ like cos 2 Θ , the full electron distribution function is

f E ( Θ, Φ, E ) = cos 2 Θ

3
exp[− E Thot ],
2π Thot

(1.97)

where E describes the fast electron energy and Thot is the fast electron temperature [29, 38].
Substituting Eq. (1.97) into Eq. (1.95) and replacing the sum by an integral gives an expression
for the radiated ITR power [68],

β 2 cos 4 Θ [sin θ − β sin θ cos(φ − Φ) ] exp [ − E Thot ]
d 2WITR
3e 2 N
dWd
d
. (1.98)
= 3
Θ
Φ
dΩdω 2π cThot ∫
⎡⎣(1 − β sin θ sin Θ cos(φ − Φ)) 2 − β 2 cos 2 θ cos 2 Θ ⎤⎦
2

The radiated power depends on the square of the electron charge, the number of electrons N and
Thot, but is independent of frequency. Figure 2.9 shows the angular distribution of ITR for fast
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electron temperatures Thot = 0.1 MeV, 2 MeV and 100 MeV. In the low energy limit, the angular
distribution of ITR approaches sin 2 θ independent of the electron beam angular distribution. In
the ultra-relativistic limit, the angular distribution of ITR tends towards cos 2 θ following that of
the electron beam. For the mildly relativistic case of Thot = 2 MeV that is relevant for laser
accelerated electrons, the angular distribution of ITR is almost flat.

Figure 2.9 The angular distribution of ITR for three different fast-electron beams with
Thot = 0.1 MeV, 2 MeV and 100 MeV.

The properties of the CTR signal depend on the correlation between the propagating fast
electrons. To describe the CTR signal, the fast-electron distribution function must incorporate
information that describes the correlations. To illustrate, consider an electron distribution function
that is separable i.e. f (τ , r , v ) = n (τ ) n ( ρ ) n ( z ) n ( v ) . With such a distribution function, it can
be shown that the radiated CTR power is given by

2
2 d WITR
d 2WCTR
= ( N − 1) n (ω )
,
dΩdω
dΩdω

(1.99)

where n (ω ) is the Fourier transform of the time dependent density modulation n (τ ) . The CTR
emission has been expressed in terms of the ITR emission which is a consequence of the
distribution function being separable. Because the spectral distribution of the ITR emission is
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independent of frequency, the spectral distribution of the CTR signal is fully determined by the
function n (ω ) . The CTR signal will thus be enhanced at spectral frequencies corresponding to
the electron beams longitudinal density modulation. Because the ITR signal is proportional to N,
which is typically very large in laser-plasma interactions, the coefficient (N-1) in Eq. (1.99)
indicates that the CTR signal is proportional to the square of the number of fast electrons and
significantly larger than the ITR signal. Finally, because ITR is independent of angle for
moderately relativistic fast-electrons, the angular distribution of CTR is fully determined by the
function n ( q ) where n ( q ) is the Fourier transform of n ( ρ ) .
To extend the treatment, it is necessary to specify a more realistic electron distribution
function. A real distribution function will be non-separable, and will evolve according to Eq. (1.6)
. To progress analytically, collisions and self-generated electric and magnetic fields that may
modify the longitudinal electron density modulations must be neglected. The velocity dispersion
model, which is now presented, uses a comb of delta functions to specify the electron beam
longitudinal electron density. For simplicity, the electron energy distribution function is taken to
be a non-relativistic Maxwellian. The transverse density distribution is specified to be and
Gaussian. The full distribution function for an electron bunch after propagating through the target
shown in Fig. 2.8 is [68]

f ( t , z, ρ , v ) =

(

)

βz
1
2
exp[− β Thot ], (1.100)
δ ( z + d − v z t ) exp − ( ρ − wt ) 2a 2
2
2π a
Thot (1 − β z2 )3 2

where a is the electron beam radius and β z = v z c . A total of Λ electron bunches, each
containing Nb electrons, are injected at the front surface. The bunches and separated in time by

τ α . The full distribution function is substituted into Eq. (1.96) and the result is integrated over the
transverse coordinate ρ and the velocity βz. The resulting expression is
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2 2
2
d 2WCTR
e2 N 2
= 2 2b 2 sin 2θ e − q a g (ω ,θ , Thot , t0 ) ,
dΩdω π cThot t0

(1.101)

where t0 = d c , d is the target thickness and g (ω ,θ , Thot , t0 ) is the Fourier transform of
g ( t ,θ , Thot , d ) where

Λ

g ( t ,θ , Thot , d ) = ∑
α =1

( t0

(

4
t − τ α ) exp ⎡⎢ − 1
⎣

(

)(

1 − ( t0 t − τ α ) cos 2 θ 1 − ( t0 t − τ α )
2

)

2
1 − ( t0 t − τ α ) − 1 Thot ⎤⎥
⎦.

)

2 32

(1.102)

The function g ( t ,θ , Thot , d ) specifies the electron density modulation. Figure 2.10a
shows the number of electrons that exit the rear surface of the target as a function of time. The
fast electron temperature is 1 MeV. The electron beam contains fifteen electron bunches that are
separated in time by 3.34 fs corresponding to the laser optical period. Figure 2.10b shows the
corresponding spectrum of CTR. The spectrum is determined by the function g (ω ,θ , Thot , t0 ) that
was obtained from g ( t ,θ , T , d ) using the fast Fourier transform. The spectral energy is peaked at
the fundamental frequency of the laser and its higher harmonics. The decrease in the amplitude of
successive harmonics is around an order of magnitude. Figure 2.10c shows the number of
electrons reaching the target rear surface with the modulation frequency doubled. The beam
contains thirty bunches with Thot = 1 MeV. The corresponding CTR spectrum, shown in Fig.
2.10d, is peaked only at the even harmonics.
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Figure 2.10 a) The number of electrons, with one bunch per optical cycle, reaching
the target surface as a function of time. The structure is obtained from Eq (1.102) [68]
with Thot = 1 MeV, Λ = 15 and θ = 10o. b) The corresponding CTR spectrum obtained
using the Fast Fourier Transform. c) The number of electrons reaching the targets rear
surface with two bunches per optical cycle and Λ = 30. d) The corresponding CTR
spectrum.

The spectrum of CTR is determined by the periodicity of the electron density
modulations. Consequently the CTR spectrum identifies which laser-absorption processes are
most active during the laser-solid interaction. If the electron beam contains a compound electron
density modulation i.e. it is comprised of two types of electron bunches, interference between the
frequency components of the two modulations can modify the CTR spectrum [73]. A compound
electron density modulation will result if resonance absorption or vacuum heating and JxB
acceleration simultaneously accelerate the electrons. Figure 2.11a illustrates a compound density
modulation. The circles represent bunches of electrons that have been accelerated by JxB
acceleration, and the ellipses, bunches of electrons that have been accelerated by resonance
absorption. The number of electrons in each bunch type is N1 and N2 respectively. There are twice

72
as many JxB bunches as there are resonance absorption bunches. Because of the π 4 phase
difference between the acceleration processes, the phase difference between the two modulations
is π 4 . Figure 2.11b shows the resulting CTR spectrum with N1 = N2/2. The spectrum is
described by the function g ′ (ω ,θ , T , t0 ) and is obtained from the fast Fourier transform of
g1 ( t , θ , T , d ) + g 2 ( t , θ , T , d ) where g1 and g2 are defined by Eq. (1.102). The subscripts 1 and 2

refer to the two different bunch separation times τα and τα/2.
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Figure 2.11 a) Illustration of a compound density modulation. N1 corresponds to the
number of electrons per bunch for bunches that are accelerated twice per optical cycle.
N2 is the number of electrons in bunches that are accelerated once per optical cycle. b)
The spectrum of CTR that is obtained when the density modulations of Fig. 2.10 copropagate with a phase difference of π/2 and with N2 = 2N1.

Because resonance absorption or vacuum heating generates CTR at all harmonics of the
driving laser but JxB acceleration only generates CTR at the even harmonics, interference can
only affect the emission at the even harmonics. The spectrum shown in Fig. 2.11b represents the
extreme case in which the second harmonic has been extinguished. Comparison with Fig. 2.10
indicates that the fourth harmonic has been simultaneously enhanced.
Figure 2.12 shows how the second harmonic CTR signal varies with the target thickness
and the fast electron temperature according to the velocity dispersion model. With Thot fixed, The
CTR signal decreases dramatically with increasing target thickness. For Thot = 1 MeV, the CTR
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signal decreases by around seven orders of magnitude over an electron propagation distance of
100 µm. For Thot = 2 MeV, the decrease is around three orders of magnitude over the same
distance.

Figure 2.12 The CTR energy’s dependence on thickness for three values of Thot
according to the velocity dispersion model.

The difference is attributed to electron-bunch velocity dispersion that reduces the
correlation between propagating electrons. Because each bunch contains electrons with a
distribution of velocities, each bunch disperses as it propagates and the modulation amplitude is
reduced. The electron-bunch rise time and the corresponding Fourier amplitudes that determine
the magnitude of the CTR emission decrease accordingly. Beams with a higher fast-electron
temperature have higher mean electron energy and, in the relativistic limit, a narrower spread of
electron velocities. Consequently, electron-bunch velocity dispersion is reduced in hotter beams.
The emitted CTR energy is therefore sensitive to both the target thickness and the fast-electron
temperature. This effect is demonstrated in Fig. 2.13. An electron density modulation that
resembles a comb function when it is injected, is moderated by electron-bunch velocity dispersion
as it propagates. The density modulation is shown after propagating 25 µm, 50 µm and 75 µm. It
can be seen that increasing the fast electron temperature from Thot = 2 MeV to Thot = 4 MeV
mitigates the effect of velocity dispersion.
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Figure 2.13 The effect of velocity dispersion and fast electron temperature on the
electron density modulation. The target thickness in microns is indicated in each pane.
The fast electron temperature is indicated at the top of each column. The modulation
amplitude decreases with increasing target thickness due to velocity dispersion. The
effect of velocity dispersion is however reduced for hotter beams.
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3. The Multi Terawatt Experimental Facility

3.1 Introduction

This chapter describes the Multi-Terawatt (MTW) laser facility that was used to carry out the
experiments presented in this thesis along with a coherent transition radiation (CTR) imaging
diagnostic that was used to acquire the data.
The MTW laser provides up to 10J of laser energy in a 500 fs long pulse that can be
focused to a peak intensity of around 4 x 1019 Wcm-2. Measurements of the laser pulse energy and
pulse duration indicate a shot-to-shot stability of around 1% and 10% rms respectively, while
images of the focal spot indicate a smooth intensity profile. This high level of stability provides
the potential to conduct high-energy-density-physics experiments with unprecedented control.
The transition radiation diagnostic (TRD) images the rear surface of planar foil targets
that are irradiated by the MTW laser, with the highest spatial resolution (Δ = 1.35 μm) ever
reported for a CTR imager. The optical and mechanical design of the TRD is described along
with the procedures that are used to align the device during the experiments.
Two additional diagnostic that were used in the experiments are also described. A single
photon counting spectrometer that was used to infer the laser-to-fast-electron energy conversion
efficiency in experiments with Cu targets, and a single-shot autocorrelator that measures the
duration of the laser pulses that are used to irradiate the experimental targets.

3.2 The MTW laser system

The MTW laser [74] was developed as a front-end prototype for the OMEGA EP laser
[18]. The front-end describes the parametric amplifier that provides 500 mJ pulses at a rate of 5
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Hz. A glass amplifier and grating compressor were added to provide high-peak-power laser
pulses for high-energy-density-physics experiments. The laser has a wavelength of 1053 nm and
can provide up to 10 J of energy in a 500 fs long pulse. This corresponds to a peak power of 20
TW. The laser pulse is focused by an off-axis parabolic (OAP) mirror with a focal length of 20
cm to peak intensity in excess of 5 x 1019 Wcm-2.
A layout of the MTW laser system and target chamber is shown in Fig. 3.1. The MTW
laser is based on optical parametric chirped pulse amplification (OPCPA). This technique
amplifies spectrally broad pulses with a high repetition rate [75]. The seed pulses are produced by
a commercially available, 76 MHz mode-locked oscillator [76] with a center wavelength of λ =
1053 nm, a spectral bandwidth of Δλ = 6 nm and a pulse duration of Δt = 200 fs, full width at half
maximum (FWHM). The laser pulses are stretched in time by a factor of around 104 to 1.8 ns
(FWHM) using a pair of diffraction gratings in an Offner configuration [77]. These pulses are
amplified in a two-stage OPCPA. The gain media in each stage are lithium triborate (LBO)
crystals that are pumped by 2.4 ns long square pulses of wavelength λ = 527 nm with a repetition
rate of 5 Hz [78]. The seed and pump pulses are synchronized by a master clock to overlap in the
LBO crystals with a temporal jitter of about 15 ps rms. In the pre-amplifier, the seed pulses are
amplified by more than seven orders of magnitude to 30 mJ using an average pump intensity of 1
GWcm-2. The conversion efficiency in this process is around 24%. The preamplifier output is upcollimated by a factor of 2.15 and imaged to the power amplifier. The power amplifier increases
the pulse energy from 30 mJ up to a maximum of 500 mJ with a pump intensity of 1.2 GWcm-2
and a conversion efficiency of around 37%. The total OPCPA pump-to-seed conversion
efficiency is about 34% and has demonstrated energy stability of almost 1% rms over 100 shots
[79]. Due to saturation in the OPCPA, the seed pulses acquire the square profile of the pump
during the amplification stage. The far field spatial profile of the amplified pulses has been
measured to be 1.1 times the diffraction limit while a diagnostic grating compressor has
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demonstrated that the pulses can be re-compressed to 1.07 times the Fourier transform limit. The
laser pulse contrast ratio has also been measured to be around 103 at 1 ps before the peak of the
pulse and around 108 at 50 ps before the peak [80].
During shot operation, the OPCPA is shuttered to a reduced repetition rate of 0.1 Hz,
selecting a single pulse from the 5 Hz output. A neodymium glass disk system amplifies the pulse
in a four-pass arrangement. The disks are oriented at the Brewster angle to reject vertically
polarized light. The maximum gain in this stage is 200 but typically the flash lamps provide a
gain of 80. Cooling of the laser glass after firing the amplifier limits the laser shot cycle to around
20 minutes. After amplification, the laser has a flat top intensity profile with about 98% of the
energy contained in a square of side 5.5 cm. To improve the focal spot characteristics, the pulse is
spatially filtered at the end of each amplification stage. The accumulation of linear and nonlinear
phase errors is negligible. The on-target energy is adjusted by throttling the OPCPA output with a
half-waveplate and polarizer pair. Importantly, Faraday rotators protect the front end of the laser
system from retro-reflections allowing solid-target experiments to be conducted at normal
incidence.

Seed

Stretcher

OPCPA

Disk Amplifier

Diagnostics

Compressor

Target Chamber

Diagnostics

Figure 3.1 The layout of the MTW laser facility.

The grating compressor is housed in a vacuum chamber that is held at a pressure of about
10-5 mbar. The system has a double pass configuration and a transmission of around 50%.
Measurements using a second order scanning autocorrelator and a second order single-shot
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autocorrelator show a laser pulse duration of better than 500 fs (FWHM) is achievable. The
maximum output power of 20 TW exceeds the critical power for self focusing in glass by around
three orders of magnitude [63] so that optics in the compressor and beyond the compressor must
be reflective. The damage threshold for the gold gratings, combined with a safety margin of 80%,
limit the maximum laser pulse energy at the compressor output to 10 J. Beam pick-offs direct
laser light out of the beam line to provide information on the laser spectrum, laser pointing and
centering and the laser pulse duration.

3.3 The MTW Experimental Area

The MTW target chamber is a spherical vessel of internal radius 33 cm that contains 26
access ports [81]. The target chamber is isolated from the grating compressor chamber by a gate
valve that allows each vessel to be independently vented. The operational pressure of 10-5 mbar
can be reached in less than 15 minutes. The laser beam enters the target chamber in the equatorial
plane and is steered to the OAP which has a focal length of 20 cm, a turning angle of 20o and an
enhanced gold reflective coating with a design reflectivity greater than 98%. The OAP is
mounted on a hexapod stage that provides six degrees of positional freedom. The steering mirror
that guides the laser beam on to the OAP provides another two degrees of freedom. The beam can
be focused to target chamber center (TCC) with an accuracy of around 5 μm.
The target positioning system (TPS) provides three lateral degrees of freedom and one
rotational degree of freedom about the vertical axis to allow target positioning with an accuracy
of 5 µm (lateral) and 0.7o (angular). The MTW target viewing system (TVS) monitors the target
during positioning. The TVS consists of two legs; one images the target in the horizontal plane,
the other images the target in an orthogonal plane but from an elevation of 54.5o. The target is
imaged using an 8-bit charge coupled device (CCD) camera and an optical imaging system with
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unit magnification. The TVS spatial resolution and depth of focus are 5 μm and 0.8 mm,
respectively. The target illumination is provided by a pulsed green light emitting diode (LED) via
a 3 mm diameter liquid core optical fiber from the ports directly opposing the TVS cameras.
The OAP was manufactured by LLE’s optical processing group from a fused silica
substrate using magnetorheological polishing [82]. A 260 mm diameter, 40 mm thick parent
parabola was manufactured from which three off axis pieces were cored. Each 115 mm diameter
OAP has an off axis distance of 68.4 mm, a turning angle of 20o, and a focal length of 194 mm.
An enhanced gold coating consisting of SiO2 and TA2O5 layers was applied to the finished optics
to obtain a high performance reflectivity [83]. Interferometric measurements made over an
aperture of 70 mm x 70 mm, show an rms wavefront surface error of 0.009 μm, an rms gradient
of 0.1 μm/cm and a Strehl ratio of 99.3%.

3.4 The Laser Focal Spot

Experiments to measure the properties of the MTW focal spot at TCC have been
undertaken with the 76 MHz mode-locked seed beam, the OPCPA beam and low energy glass
amplified pulses. Fourier analysis of the laser near field has been used to predict the focal spot
characteristics at TCC [84].
Using the diagonal of the MTW laser near-field beam envelope (7.8 cm) and the OAP
focal length fL = 20 cm, the f-number of the OAP is fN = 2.6. For a Gaussian beam, the diffraction
limited spot radius is w0 = 4λfN/π = 3.5 μm, where λ is the laser wavelength. The corresponding
Rayleigh range is Z R = π w o2 λ = 38 μm .
Measurements of the MTW focal spot were made using a focal spot microscope (FSM)
[84]. The FSM is located in the port directly opposite the OAP. A 20x infra-red, infinity-corrected
microscope objective [85] relays an image of the focal spot to a 16 bit CCD camera [86]. The
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field of view is 1.2 mm, the depth of focus is 1.6 μm and the spatial resolution is 1.35 μm limited
by the size of the camera pixels. To minimize the accumulation of noise from dark currents, the
CCD camera is cooled to -40 C. The objective is attached to a linear actuator [87] with a step size
of 20 nm and a 10 mm full range of motion. An encoder using a holographically ruled grating
[88] is attached to the underside of the actuator and provides closed loop control of the objective
with 0.5 μm precision. The objective can be driven through focus to obtain images of the focal
spot in different transverse planes. Figure 3.2a shows, in arbitrary units of intensity, the best focus
for the seed laser acquired with the FSM. Analysis indicates that approximately 50% of the
energy is contained inside a circle of radius R50 = 4 μm. Based on this radius, a 10 J laser pulse
that is compressed to a duration of 500 fs (FWHM) would produce a mean intensity at TCC of I50
= 2 x 1019 Wcm-2. The focal spot intensity profile indicates that the peak intensity is
approximately 2.5 times higher. Figure 3.2b shows Gaussian fits to horizontal and vertical
lineouts through the focal spot.
The FSM imaged the OPCPA focal spot. The spatial characteristics of the OPCPA focal
spot at best focus are quantitatively similar to those of the mode-locked seed laser. Figure 3.2c
and 3.2d show cross-sections of the OPCPA beam in planes that are 50 μm and 90 μm from the
plane of best focus, respectively. These are the planes in which the R50 encircled energy contour
respectively doubled and quadrupled its area. The laser intensity accordingly decreases by factors
of 2 and 4. The pattern is similar for positive and negative defocus. Within 50 μm, the focus
remains reasonably smooth with little internal structure. With 90 μm of defocus, the beam begins
to acquire the square envelope characteristic of its near field and has discernable structure.
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Figure 3.2 a) The mode-locked seed laser at best focus. The circle indicates that 50%
of the laser energy is contained in a spot of radius R50 ~ 4 μm. b) Horizontal and
vertical lineouts through the maximum intensity point of the focal spot and Gaussian
fits. The peak intensity is ~2.5x the intensity obtained using the R50 value of the
radius. c). The OPCPA focal spot defocused by 50 µm and d) defocused by 90 µm.

To gauge the impact of the glass amplifier on the laser’s focal spot, system shots were
taken with the amplifier set to provide a gain of 80. The focal spot images were recorded with the
FSM. To avoid damage to the FSM, the beam was attenuated prior to the glass amplifier by eight
orders of magnitude. This was done by throttling the OPCPA and by inserting attenuators into the
beam line. The attenuators were interferometrically characterized so that effects attributed to their
presence could be subtracted. Images of the focal spot were acquired at best focus and in adjacent
planes of defocus. These images were compared to the OPCPA images. No significant effect
from the glass amplifier was observed. Figure 3.3 shows how the encircled energy in the laser
focal spot varies with radial distance from the spot center for MTW shot 1463 and three OPCPA
shots. The encircled energy contours match within 2% over radii ranging from 2 to 100 µm.
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Figure 3.3 The variation in the focal spot encircled-energy with radial distance from
its center.

A technique to predict the MTW laser focal spot during full energy shots from precision
measurements of the laser beam near field has been developed [84]. The near field is measured by
a wavefront sensor located after the grating compressor. The near field measurement is used to
calculate the corresponding far field at TCC using Fourier techniques. The transfer function along
the optical path to TCC was assessed using phase retrieval [89]. Images of the laser focal spot at
best focus and in planes adjacent to best focus were obtained with the FSM and the near field
fluence was measured by the wavefront sensor. The retrieved phase solution is the best solution
that fits all the FSM direct measurements. This solution is used to determine the transfer function.
The validity of the technique to make focal spot predictions has been tested using beams with
purposely added waves of aberration. Agreement between predicted and directly measured R80
encircled energy was better than 1% in planes ranging from the best focus to ± 250 µm.

3.5 Coherent Transition Radiation Imager

This section describes the optical and the mechanical design of the transition radiation
diagnostic (TRD) that is the primary diagnostic used in this thesis.
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3.5.1 Optical Design

The TRD acquires high resolution optical images of the rear surface of targets that are
irradiated by the MTW laser. Images are obtained in a 24 nm wide spectral window that is
centered on the second harmonic of the laser (λ = 527 nm). A schematic of the optical system is
shown in Fig. 3.4. When a planar foil target is irradiated, a 20x infinity corrected objective [90]
with a working distance of 20 mm, collects the rear surface optical emission. The objective has a
numerical aperture of 0.42 with a 1.2 mm field of view. The depth of focus is 1.6 µm and the
spatial resolving power is 0.7 µm. A 150 µm thick glass microscope slide is used as a sacrificial
debris shield and is placed on the target side of the objective. The objective is mounted on a
motorized 1D linear actuator [87] with a 10 mm full range of motion and a 20 nm step size. The
objective has an exit pupil diameter of 8.4 mm. A 4 mm thick Schott KG5 glass filter with a
transmission of around 10-10 at λ = 1053 nm, and around 70% from λ = 400 nm to λ = 600 nm
prevents laser light from propagating into the system.
A 200 mm focal length achromatic lens images the target rear surface through a pinhole
that blocks stray light. A narrow band 50/50 beam splitter steers the light through 90o and a unit
magnification optical arrangement relays it to a CCD detector. A bandpass filter with a spectral
width of 24 nm that is centered on λ = 529 nm, is placed in the collimated region of this path.
Optical density (OD) filters, with a wavefront error of less than 0.1 µm in transmission, are used
to control the transmission to the detector. The overall transmission of the TRD at λ = 527 nm,
with no OD filters is 20%. The CCD camera has a dynamic range of 104 [91]. The 14 mm x 14
mm front illuminated chip [92] is composed of 1024 x 1024, 13.5 x 13.5 µm2 pixels with a fullwell capacity of 105 electrons. At λ = 527 nm the CCD quantum efficiency is 20%. The CCD
chip is cooled to minimize dark current and at -40o C, the contribution of dark current is less than
one electron per pixel per second. The readout rate for the 16-bit analog-to-digital converter can
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be varied from 100 kHz to 800 kHz, with a read noise of less than 5 electrons at the slowest
speeds.

Figure 3.4 The optical layout of the coherent transition radiation imaging diagnostic.

3.5.2 Optical Transmission Properties

Figure 3.5 shows the TRD optical transmission. The transmission for each optical
component was independently obtained by either direct measurement [93] or by reference to a
manufacturer-supplied data sheet. The transmission of light at λ = 527 nm is about 20%. The
transmission of light at the laser wavelength (λ = 1053 nm) is suppressed by about fifteen orders
of magnitude.
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Figure 3.5 The transmission curve for the TRD full system shows that the
transmission at the λ = 527 nm is ~ 1015 times greater than at λ = 1053 nm.

Because the targets are opaque metal foils, they will act as a beam block preventing direct
laser illumination of the collection optics in the experiments. The amount of laser light that is
transmitted to the detector is minimal. This was verified with 3 J laser shots taken with 500 x 500
x 20 μm3 Fe foils with the 24 nm bandpass filter replaced with an RG1000 filter glass [94]. This

material efficiently transmits light at the laser frequency, while strongly attenuating its second
harmonic. The results indicate that no appreciable amount of light at the laser frequency reaches
the detector.

3.5.3 Spatial Resolution

The spatial resolution of the TRD was determined from the modulation transfer function
(MTF) of the optical system [95]. The MTF quantifies the quality of an optical system. If an
imaged object is composed of spatial frequencies with unit contrast, the MTF is a measure of the
image contrast at the object spatial frequencies. The MTF describes the efficiency with which the
system passes each spatial frequency. The spatial resolution is defined as the reciprocal of the
highest frequency passed at which the contrast is maintained above a specified value.
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Mathematically, the MTF is the normalized absolute-value of the Fourier transform of the
system point spread function (PSF). The PSF is the image-space conjugate of a point source and
can be measured. However, a point source is difficult to construct in the laboratory since small
sources will appear extended when imaged with high resolution. Tatian has shown that the MTF
can be obtained directly by analyzing equally spaced samples of the system edge spread function
(ESF) [96]. The ESF is the image-space conjugate of a back-illuminated half-plane, which is easy
to construct. A brief explanation of the technique is now presented.
Let τ ( x) be the PSF of a linear optical system. [97]. The optical transfer function, T ( f ) ,
is given by

∞

T ( f ) = ∫ τ ( x ) exp ( −i 2π fx ) dx.
−∞

(1.103)

If T ( f ) = 0 for spatial frequencies f > D f L λ , where D is the clear aperture of the imaging
system, f L is its focal length, and λ is the wavelength that is used for imaging, τ ( x) is said to
be band-limited. According to the sampling theorem [97], τ ( x) can then be completely described
by a discrete set of equally spaced points that are separated by a distance ε<1 2f c . Here f c is the
maximum non-zero spatial frequency that can be passed by the system. Because of Eq. (1.103),
T ( f ) is also described by the sampled values of τ ( x) .
The optical transfer function is the Fourier transform of the PSF. As noted above, the PSF
of a high resolution system can be difficult to obtain due to the lack of an appropriate object space
conjugate. Conversely, because it is the image of a back-illuminated infinite half-plane, the ESF
E ( x) is readily obtained. Mathematically the ESF can be defined as the sum of an infinite set of
PSF by the integral

∞

E ( x) = ∫ τ (ξ )d ξ .
x

(1.104)
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Inverting Eq. (1.103) and substituting into Eq. (1.104) gives E ( x) in terms of T ( f ) .
Therefore E ( x) , T ( f ) and τ ( x) can all be completely described in terms of the sampled values
of τ ( x) . Tatian has shown that if E ( x) is band-limited, all three functions can be described in
terms of the sampled values of E ( x) . Equation (1.104) can be rewritten as

τ ( x) =

dE ( x )
dx

.

(1.105)

Substituting Eq. (1.105) into Eq. (1.103) gives

∞

dE ( x )

−∞

dx

T( f ) = ∫

exp ( −i 2π fx ) dx.

(1.106)

The direct evaluation of Eq. (1.106) leads to unreliable results because noise in the measured ESF
would be amplified by the differential coefficient. Integrating Eq. (1.106) by parts gives

∞

T ( f ) = ∫ E ( x )[−i 2π f exp ( −i 2π fx )]dx
−∞

(1.107)

This integral formally represents the Fourier transform of the ESF. However it does not
satisfy the Dirichlet requirement of being absolutely integrable because it is divergent [98]. In an
ordinary sense, the Fourier transform of the ESF does not exist. Tatian avoided this difficulty by
calculating the integral’s Cesaro sum [99]. A Cesaro sum is an alternate means of evaluating the
sum of an infinite series. Tatian independently verified the validity of his approach and used it to
derive equations from which T ( f ) can be obtained from the ESF. Hopkins and Dutton derived,
used and verified the validity of simplified versions of Tatian’s original equations in experiments
to determine the spatial resolution of optical components [100]. These equations, which are listed
below, were used to determine the spatial resolution of the TRD. The notation continues from the
previous equations.

88
T1 ( f ) = 2π f ε
T2 ( f ) = 2π f ε

N

∑ E (nε )sin(2π nf ε ) + R

1

n =− N
N

∑ E (nε ) cos(2π nf ε ) + R ,

(1.108)

2

n =− N

where

1
[ 2π f ε ]) sinc( f ε )
2
1
R2 = − sin( N + [ 2π f ε ]) sinc( f ε ).
2
R1 = cos( N +

(1.109)

E ( nε ) is the value of the ESF, n sample points away from the origin. E ( nε ) is normalized so
that E ( nε ) = 0 for n < − N and E ( nε ) = 1 for n > + N where N + 1 is the total number of
sampled points. T1 ( f ) is the real part of the optical transfer function and T2 ( f ) is the imaginary
part. The magnitude (MTF) of the optical transfer function is given by

M ( f ) = (T12 + T22 ) .
12

(1.110)

To measure the systems spatial resolution, the TRD was mounted to the target chamber.
Figure 3.6 shows the experimental layout. The CCD camera was cooled to -40 C. A scanning
electron microscope (SEM) resolution grid was mounted at TCC. Edges in the grid served as half
planes. The grid was back illuminated by a green ultra-bright LED that was synchronized with the
CCD exposure period. It was necessary due to saturation effects, to filter the LED light and
reduce its intensity. Importantly, the measurement of the resolution requires the use of incoherent
light. The LED light has a coherence length of 20 μm. The intensity reducing filter likely reduced
the coherence length of the light. Because out gassing from the LED can damage the diffraction
gratings, the LED protective dome and index matching material were chemically removed. To
minimize the LED temperature, the CCD exposure time was set to its minimum value of 10 ms.
To provide good contrast in the object, the illumination was evenly distributed over the object
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plane. Stray light was prevented from entering the optical system by mounting the SEM grid in a
pinhole and constructing a set of opaque screens around the objective.

Figure 3.6 Experimental layout used to measure the MTF

Figure 3.7a shows a section of an illuminated SEM grid at best focus. The objective was
initially positioned to image a defocused plane. The objective was then scanned through focus.
An image of the SEM grid was taken every 0.5 µm. A sharply focused, straight edge, in the SEM
grid was chosen for the analysis. The same edge was indentified in each of the adjacent planes.
Figure 3.7b shows a lineout through an edge. The dotted line in Fig. 3.7a indicates the location of
the lineout in the SEM grid. The background has been removed and line has been normalized to
unity. Equations (1.108) through (1.110) were used to obtain the MTF. To minimize errors
associated with using a single lineout, the analysis was performed on all lineouts from the edge.
The MTF was defined as the average MTF over all lineouts
With 20x magnification, the edge was not sufficiently sampled by the CCD. To avoid
aliasing, it was necessary to linearly interpolate each lineout to artificially double the sampling
rate. Figure 3.7c shows the MTF for the case with a debris shield in front of the objective. The
solid line is the theoretical MTF and the dotted line is the calculated MTF at best focus. The
spatial resolution is defined here to be the point at which the contrast is 10%. At best focus this
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corresponds to a spatial frequency of around 900 cycles/mm or to a spatial resolution of 1.1 μm.
The effect of defocus is illustrated in Fig. 3.7c by the dashed line MTF. With 4 μm of defocus,
the spatial resolution is 1.5 μm with the contrast falling about twice as fast as in the best focus
case. The results obtained for the MTF with and without the debris shield were found to be almost
identical. The analysis was repeated at several locations within the field of view. The resolution
was found to be constant across the field of view.

Figure 3.7 a) A section of an illuminated SEM grid, the dotted line indicates the
location of the lineout in b). c) The MTF of the optical system in theory (solid line), at
best focus (dotted line) and when defocused by 4 μm (dashed line).

A number of issues concerning the TRD spatial resolution require comment. The
minimum theoretical spatial resolution of the system is 1.35 μm determined by the CCD pixel
size. Because of the magnification, two objects that are separated in object space by the
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calculated spatial resolution of 1.1 μm, will in image space, be separated by 22 μm. Since the
pixels are approximately 13.5 μm in size, the images may appear on adjacent pixels. It is possible
that an empty pixel will separate the two images, however, this is not guaranteed. Since there is
no a priori information regarding the size and shape of the objects to be imaged, their imagespace separation by at least one pixel is a minimum requirement for them to be resolved. The
preceding analysis shows that the spatial resolution is determined by the CCD camera pixel size.
The edge that is used in the analysis was chosen for its sharpness and its straightness.
However, this choice was somewhat subjective. The determination of edge sharpness and
straightness was made from images generated by the system under test. Ideally the edge used
should be characterized independently to ensure its suitability. It is unlikely that one edge would
appear suitable while an adjacent edge appeared unsuitable due to a variation in the resolution
between the two locations. The resolution is likely to be a slowly varying function in the field of
view.
The coherence length of the LED used to illuminate the SEM grid was 20 μm. This is
significantly more than the edge sharpness and the system resolution. The removal of the LED
index matching material and dome combined with heating effects in the vacuum and the light
transmission through a diffusive OD filter most likely reduce its coherence length enough for it to
be considered incoherent.

3.5.4 Mechanical Design

Figure 3.8 shows a photograph of the TRD with the rear access panel removed. The TRD
is composed of two sections. The cone section resides inside the target chamber and is mounted
to the target chamber port flange. The rear vacuum-box section is attached to the outside face of
the cone section. The rear panel of the vacuum box can be removed for easy access to the filtering
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optics and the pinhole between shots. Vent holes in the KG5 filter mount link the vacuum box
volume to the target chamber allowing the diagnostic to be pumped. This allows the CCD camera
to be operated in vacuum without an independent pump. The operating pressure of 10-5 mbar is
reached in less than 15 minutes. The vacuum box can be isolated from the main volume of the
target chamber by replacing the KG5 filter mount and allowing the KG5 filter to act as a vacuum
window.

Figure 3.8 A photograph of the coherent transition radiation imaging diagnostic with
the rear access panel removed.

The TRD is mounted on the MTW target chamber, (shown in Fig. 3.9) where it occupies
the port directly facing the OAP. This port assignment drove many aspects of the mechanical
design. Significant amounts of γ radiation are produced during a high-intensity laser shot [49]. To
prevent this radiation from contaminating the CTR signal, the system is folded through 90o and
the detector is shielded behind a 10 cm thick lead brick wall. An additional 2mm of lead shield
(not shown in Fig. 3.9) is placed around the CCD camera to minimize single hits by scattered γ
rays arriving from the rear and top sides.
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Figure 3.9 A computer generated model of the MTW target chamber with the upper
section removed.

Figure 3.10 illustrates the effect of the lead shielding in suppressing the number of γ ray
single hits. The images were taken using 5 J laser pulses and 20 μm thick Cu targets, under nearly
identical experimental conditions. The solid curve histogram was taken with no lead shielding in
place. Individual γ rays produce pixel values of up to 4000 analog-to-digital units (ADU). A
reduction in the number of single hits by more than an order of magnitude was observed on the
subsequent shot with the lead shielding in place (dashed curve).
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Figure 3.10 Histogram showing the number of γ-ray single hits from two shots
conducted under almost identical conditions. The pixel values are analog-to-digital
units ADU.

A 50 mm x 35 mm x 150 μm thick sacrificial debris shield protects the microscope
objective from ballistic debris that is generated during the interaction of the laser with a solid
target. Figure 3.11a shows a three-dimensional computer generated model of the debris shield and
its holder. The holder slides over the microscope objective. The debris shield rests 18 mm away
from TCC. Because it is in a non-collimated region of the optical system, the debris shield has the
potential to degrade the optical performance of the system. This potential is minimized by making
the glass as thin as possible. The glass is held to the front of the holder by two springs. While
mounted, the debris shield wavefront error is around 0.1 µm in transmission over the full clear
aperture of the objective. Figure 3.11b shows a debris shield after a 3 J laser shot (MTW shot
1277) onto a 500 x 500 x 20 µm3 Fe target. There is an annular shaped deposition of target
material on the front of the debris shield. Figure 3.11c shows before and after pictures of the
debris shield. The after picture reveals that the debris shield has sustained significant damage
from target debris impact. Consequently the debris shield must be replaced after each shot.
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Figure 3.11 a) The debris shield and holder b) A photograph showing how material is
deposited on the debris shield during a shot. c) Before-shot and after-shot images of
the shield surface, taken using the camera of an interferometer, showing that the shield
sustains significant damage.

3.5.5 Diagnostic and Target Alignment

To obtain high resolution images, the microscope objective must be positioned 20 mm
away from the target rear surface with micron precision. This is accomplished with the second
arm of the optical system (see Fig. 3.4). Light from an ultra-bright green LED is transmitted
through the collection optics and reflected off the target rear surface. Small scale features on the
rear surface of the target act as focusing fiducials and are imaged to the CCD camera. The
external shutter control channel of the CCD synchronizes the LED with the CCD exposure period
to minimize image blurring. The LED light propagates through the OD filters. The choice of OD
filter depends on the intensity of coherent transition radiation (CTR) that is expected in the
experiment. The LED brightness is adjusted to accommodate the filters. To optimize the CTR
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signal that is transmitted to the detector during experimental shots, the OD filter strength has been
varied by more than six orders of magnitude. For shots where the OD filter strength is less than
102, the CCD camera exposure time is reduced to its minimum value of 10 ms. Additional OD
filters must be placed in the optical path of the LED light, prior to it entering the collection optics,
to avoid saturation of the detector. In the opposite limit where the OD filter strength is 106, the
exposure time of the CCD camera must be adjusted to one minute while the read out rate must be
set to its lowest level of 100 kHz.
The CCD images are relayed to a monitor that displays the target rear-surface structures.
A one-dimensional actuator with a step size of 20 nm and a full range of motion of 10 mm moves
the objective before another image is acquired. The images are compared and the sharpest image
is retained. The process is repeated until the position of best focus is determined. The LED is
deactivated during the shot and the CCD exposure time and readout speed are returned to the
standard values of 1 s and 400 kHz respectively. To mitigate the risks posed to the actuator
circuitry by electromagnetic pulses, it is disconnected during experimental shots. The actuator
maintains its position when powered down.
The procedures that are used to define the location of TCC and align targets in the MTW
target chamber, for CTR experiments, are now described. TCC denotes the point at which the
laser pulse is most tightly focused. It does not necessarily coincide with the geometrical center of
the target chamber. The location of TCC is established before each experimental campaign. For
the CTR experiments, the TRD is used to define the transverse coordinates of TCC. A 17 µm
diameter fiber is moved by the target positioning system (TPS) so that it appears in the center of
the TRD field of view. With the fiber in place, the TRD is removed from the target chamber and
replaced by the focal spot microscope (FSM). The difference in the pointing between the TRD
and the FSM is typically within 250 µm. The MTW seed laser is then released into the chamber
and focused. The FSM provides visual feedback of the focal spot as it is optimized by translations
and rotations of the OAP and the steering mirror. Once the focal spot has been optimized, it is
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translated onto the 17 µm diameter fiber. The coordinates of the fiber tip are recorded in the
target viewing system (TVS). The chamber is then prepared for experimental operations.
Target positioning is accomplished using the TPS with visual feedback from the TVS.
Figure 3.12 shows a target viewed through the TVS. The cross hairs indicate the location of TCC.
In the horizontal view the laser propagates from left to right. To achieve the highest intensity, the
target is moved until its front surface coincides with the plane of best focus. The target is centered
in the angled view. With three transverse and one rotational degree of freedom the target can be
positioned at TCC with about 5 µm of lateral and about 0.4o of rotational accuracy.

Figure 3.12 Images of the target viewed through the TVS. The cross hairs indicate the
location of TCC.

3.6 Supplementary Diagnostics

3.6.1 Single Photon Counting X-ray Spectrometer

This section briefly describes K-photon spectroscopy and a single photon counting x-ray
spectrometer [101]. The device was used to the determine the laser-to-fast-electron energy
conversion efficiency in Cu targets [17].
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Energetic electrons propagating through the target can create inner shell vacancies in the
background atoms [102]. The transition of bound electrons from the higher energy states into the
vacant lower energy state may cause the emission of an x-ray whose energy is characteristic of
the transition. In spectroscopic notation, the atomic electron energy shell with primary quantum
number n = 1, is called the K shell. The subsequent two shells are called L and M. A transition
from the L shell to the K shell produces a Kα photon while a transition from the M shell to the K
shell produces a more energetic Kβ photon. The yield of Kα or Kβ photons produced in the target
is proportional to the energy of the propagating electron beam. This provides insight into the shotto-shot stability of the fast electron current. Heating of the target occurs as the propagating
electrons are slowed by colliding with the background atoms. As the target is heated, the M shell
is depleted of electrons because of ionization. Because they are more tightly bound to the nucleus,
the L shell electrons remain. The ratio of the Kα and Kβ yields can be used to infer the
background temperature of the target.
The single photon counting spectrometer uses a 16 bit scientific grade, CCD camera [91].
The 27 mm x 27 mm back illuminated chip is composed of 2048 x 2048, 13.5 x 13.5 µm2 pixels.
To intercept a single Kα or Kβ photon per pixel, the CCD camera was located 80 cm away from
TCC. The spectral resolution of the CCD camera in the vicinity of the Cu Kα line (EKα ~ 8 keV),
is about 150 eV. Although the K-photon emission is isotropic, the CCD camera views the laser
illuminated side of the target at an angle of 23o from the target normal and with an elevation of
41o. For Cu targets, the signal-to-noise ratio is optimized using 75 µm thick Cu K-edge filters and
Pb collimators that suppress the hard x-ray background.

3.6.2 Time Expanded Single Shot Autocorrelator

This section describes the single-shot autocorrelator that is used to measure the MTW
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laser pulse duration. Autocorrelators use short laser pulses to measure their own duration [103].
The MTW laser system uses a time-expanded-single-shot-autocorrelator (TESSA) [104]. Figure
3.13 shows a schematic layout of the device.
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Figure 3.13 Top and side views of the MTW time-expanded single-shot
autocorrelator (TESSA) [104].

A pick-off from the main pulse is split into two equal parts. A diffraction grating tilts the
pulse front providing a time delay across the transverse dimension. The two components are then
focused into a non-linear crystal that produce second harmonic light. The non-collinear second
harmonic signal that depends on the local degree of pulse overlap in the non-linear crystal, is
recorded on a CCD camera. The collinear second harmonic signal is blocked. Each point in the
recorded signal is proportional to the time integrated second harmonic intensity along each line of
propagation. In this way, the temporal information of the pulse overlap is mapped to the spatial
domain. A pulse-shape-dependent decorrelation factor relates the pulse duration to the width of
the autocorrelation. Ambiguities in the pulse shape introduce errors into the decorrelation factor.
For MTW, the pulse duration is taken to be about 1.3 times less than the autocorrelation width.
TESSA provides reliable pulse durations for pulses in the range from 500 fs to 12 ps, with a
temporal resolution of around 50 fs and a dynamic range of around 20.
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Autocorrelators cannot uniquely determine the laser pulse shape. A pulse shape that is at
least consistent with the measured autocorrelation can be estimated. A simple model of the MTW
laser system can be used to determine the effect on the pulse shape, of mismatching the
stretcher/compressor ratios [105]. The model calculates the output pulse shape based on a
measured input pulse shape and the specified mismatch. In the model, the mismatch can be varied
until the calculated autocorrelation trace resembles the measured autocorrelation trace. This
method was used to estimate the shape of the laser pulse in the experiments described in Chap. 4.
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4. Fast-Electron Source Characterization

4.1 Introduction

This chapter describes the results of an experiment to generate and characterize laseraccelerated, fast electrons that propagate in solid density planar targets. The fast-electron
generation is studied using coherent transition radiation (CTR) [68] that is emitted as the
electrons exit through the rear surface of the target. The electrons are generated by focusing a 0.5
ps long laser pulse at normal incidence to the target front surface with peak intensities ranging
from I = 4 x 1018 Wcm-2 to I = 2 x 1019 Wcm-2.
The CTR energy variations with increasing target thickness are used to determine the
fast-electron temperature Thot. Using a velocity dispersion model [68], the fast-electron
temperature is found using Al targets to be Thot = 1.4 ± 0.1 MeV. Variation in the CTR energy
with laser intensity is found to obey the power law ECTR = I 5.7±0.5. To within experimental error,
these results are consistent with the predictions of the ponderomotive scaling law [45].
Based on the inferred value for Thot, the laser pulse energy and pulse duration, and the
inferred laser-to-fast-electron energy conversion efficiency of 20%, the fast-electron current that
propagates in the target is estimated to be around 1.2 MA. This current that exceeds the limiting
Alfven current [19] by more than an order of magnitude, indicates the likely presence of strong
magnetic fields that can influence the fast electron propagation.
This chapter is organized as follows. First an overview of experiments studying fast
electron generation is presented and the scaling laws connecting the fast-electron temperature to
the laser intensity are reviewed. The experiments that were performed to characterize the electron
generation in this thesis, are then presented. A velocity dispersion model is used to interpret the
experimental observations and relate the CTR energy variations with target thickness to the fast-
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electron temperature. Using Monte Carlo calculations, the variation in the CTR energy with target
material is used to explore the limitations of the velocity dispersion model. A scaling law
describing the variation of the CTR energy with laser intensity is presented. The CTR energy’s
shot-to-shot variability and the role of the target front surface pre-plasma formation, on the fastelectron production and CTR generation are discussed. In the final section, the results are
summarized and the conclusions presented.

4.2 Previous Work

Laser-accelerated electrons, generated in solid target interactions, have applications in
photonuclear physics [106], medical physics [107] and inertial confinement fusion [108].
Important applications for Petawatt class laser interactions with overdense plasmas include highfluence backlighter source development [17, 108, 109] and fast ignition [1, 32]. The electrons are
accelerated in these interactions using short-pulse (<10 ps) high-intensity (>1018 Wcm-2) lasers
[38]. An understanding of the electron generation mechanisms, the laser-to-fast-electron energy
conversion efficiency, and the mean electron energy are essential for understanding the target
interaction.
The dominant electron generation mechanism depends on the angle of laser incidence and
the laser prepulse. The laser prepulse heats the solid density surface. Target-surface ablation
forms a plasma whose scale-length can range from a few microns to a few tens of microns [108].
Stimulated Raman scattering in the low density pre-plasma, ne ≤ nc 4 where ne is the electron
density and nc is the critical density, can accelerate electrons to tens of MeV [110]. In long scalelength plasmas, L>>λ where λ is the laser wavelength, resonance absorption of an obliquely
incident laser at the critical density surface accelerates electrons [111]. In the same geometry,
vacuum heating accelerates electrons from plasmas with a short scale-length, L<<λ [37]. At
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normal incidence and at intensities in excess of 1018 Wcm-2 for 1 μm light, the JxB component of
the ponderomotive force accelerates electrons from the surface of overdense plasmas [45].
The acceleration mechanisms generate electrons with a distribution of energies.
Simulations indicate that the distribution function is close to Maxwellian [72]. The distribution
function is characterized by its mean energy <Eh>. The fast electron temperature Thot describes the
gradient (slope temperature) of the distribution function. In plasma physics, Thot is usually defined
by multiplying the actual temperature in Kelvin by the Boltzmann constant kB so that
Thot ≡ kBThot . For a Maxwell distribution, <Eh> = 3/2Thot. No direct experimental measurement of
the full electron energy distribution has been made. Electron spectrometers directly measure the
electron energy spectrum of electrons that leave the target [112]. Due to strong surface fields that
are associated with target charging [49], these electrons are a small but highly energetic fraction
(~1%) of the total electron population. Furthermore, the energy of the escaping electrons is
modified by the target surface fields. Consequently, the measured electron-energy distribution
does not accurately reflect the full energy distribution that is accelerated by the intense laser
pulse.
Electrons propagating inside the target are diagnosed using indirect methods. Multilayered targets are used to estimate Thot by measuring the Kα x-rays that are emitted as energetic
electrons propagate through layers of buried fluorescent materials. These higher-Z materials are
buried at varying distances from the laser-irradiated surface [72]. As the distance to the buried
layer increases, the x-ray signal decreases because the number of electrons with energy sufficient
to stimulate Kα radiation decreases. The fast-electron temperature is obtained from Monte Carlo
simulations that calculate the electron distribution that best reproduces the measured decrease in
Kα yield.
For a laser intensity of I = 5 x 1018 Wcm-2 and an angle of incidence of 30o, experiments
using the buried fluor technique, indicate Thot = 400 KeV [29]. Because the laser was obliquely
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incident, the electrons were accelerated by resonance absorption or vacuum heating. Errors in the
determination of Thot may arise due to resistive magnetic fields that form at the interface between
the fluor layer and the main target material [51]. These fields inhibit the electron propagation.
The buried fluor technique is sensitive to the properties of the propagation layer material and to
the shape of the distribution function [29]. The value of Thot in Ref. [29] increases by at least a
factor of 3 if the Spitzer resistivity [113, 114] of the propagation layer is used instead of its coldlimit resistivity. If the distribution function is mono-energetic rather than Maxwellian, a factor of
3 increase in the value of Thot is required to explain the experimental results.
Incoherent transition radiation (ITR) emitted from the target rear surface determines Thot
from the decrease in the radiated energy with increasing target thickness [69]. The radiated
energy decreases because the energetic electrons slow down as they propagate. Experiments
conducted using Al targets, with thicknesses ranging from 35 μm to 400 μm that were irradiated
with an intensity of a I = 2 x 1019 Wcm-2, indicated Thot ≈ 500 keV [69].
CTR is also used to determine Thot. The CTR signal is generated by an electron beam that
carries an electron density modulation along its direction of propagation [68]. The modulation
frequency determines the spectral frequency of the CTR emission. The radiated CTR energy is
proportional to the square of the modulation amplitude. The modulations are inscribed by the
driving laser. Electrons that are accelerated by resonance absorption or vacuum heating are
preferentially accelerated once per laser cycle, whereas electrons that are accelerated by the JxB
component of the ponderomotive force are preferentially accelerated twice per laser cycle. The
electrons propagate through the target as a train of bunches. Because each bunch contains
electrons with a distribution of velocities, each bunch disperses as it propagates and the
modulation amplitude is reduced. Beams with a higher fast-electron temperature have higher
mean electron energy and, in the relativistic limit, a narrower spread of electron velocities.
Consequently, electron-bunch velocity dispersion is reduced in hotter beams. The emitted CTR
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energy is thus sensitive to both the target thickness and the fast-electron temperature.
Measurements show that the CTR energy decreases dramatically with increasing target
thickness but for a fixed target thickness, increases dramatically with increasing Thot [70, 73, 115].
Using a laser intensity of around I = 3 x 1019 Wcm-2, CTR emission was observed at the rear
surface of 900 μm thick Al targets [70]. The fast electron temperature was determined to be
around 2 MeV [70, 73]. The analysis of Ref. [70] determined that the emission came from 30
bunches of 108 2-MeV electrons and was produced over a period of 50 fs. The estimate was
obtained by fitting the observed target-thickness-dependent decrease in the CTR emission, with a
velocity dispersion model that depended on the number of electrons per bunch, the number of
bunches, and the fast-electron temperature [70]. The number of bunches was determined from the
measured spectral width of the CTR emission. It was determined that only a small fraction of the
fast-electrons were bunched with the bunched component of the current carrying about 0.1% of
the total electron beam energy.
The emitted CTR energy appears to be inherently variable; the data of Ref. [70, 73]
indicates order-of-magnitude shot-to-shot fluctuations. The authors of Ref. [73] concluded that
interference between CTR emission that is generated from different density-modulated
components of the fast-electron beam, affected their estimate of Thot. The interference reduces the
CTR energy that is emitted at the laser second harmonic.
Details of the distribution function and its deviation from a simple Maxwellian shape are
determined with bremsstrahlung measurements [29]. Monte Carlo codes calculate the electron
distribution whose bremsstrahlung emission best matches the measured spectrum [72]. Analysis
indicates that the electron distribution has a high-energy tail that is sensitive to the laser intensity
[72]. Experimental observations using low-Z plastic targets irradiated with a laser intensity of
around 5 x 1018 Wcm-2, indicate that doubling the laser intensity increases the number of 4 MeV
photons by two orders of magnitude [29]. Further details of the electron distribution comes from
observing photo-nuclear reactions that are induced by bremsstrahlung photons with energies in
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excess of 10 MeV [72, 106]. Data from Kα and bremsstrahlung emission indicate that the highenergy tail is several times hotter that the main part of the electron-energy distribution [72].
Further evidence for a high-energy tail comes from optical probing of laser irradiated
transparent targets [30, 116]. Narrow jet-like features, about twenty microns in diameter and
hundreds of microns long, are seen extending from the laser interaction region with a velocity that
is close to the speed of light [30]. The features were interpreted to be ionization channels that are
created by energetic electrons from a high energy tail of the distribution function. The ionization
front due to the remaining electrons that form the bulk of the population, expanded into the target
with a lower velocity of 1.6 x 108 ms-1.
Simple scaling laws are used to connect the fast-electron temperature to the laser
Beg
intensity [29, 38, 45, 117]. The Beg scaling takes the form Thot
= 100 I171 3 [keV] where I17 is the

laser intensity in units of 1017 Wcm-2. This scaling was determined empirically from variations in
the emission of bremsstrahlung and Kα x-rays with varying laser intensity [29]. The maximum
intensity in the experiments used to derive the Beg scaling was around 7 x 1018 Wcm-2. The laser
was obliquely incident so that the electrons were primarily accelerated by resonance absorption or
vacuum heating. A similar scaling can be derived analytically assuming that the electrons interact
with the driving fields of the laser for only a fraction of an optical cycle [118].
pond
2
The ponderomotive scaling can be written Thot
= 0.511 ⎡ 1 + I λμm
1.37 − 1⎤ [MeV] where
⎣
⎦
18

I18 is the laser intensity in units of 1018 Wcm-2 and λμm is the laser wavelength in microns [45].
The ponderomotive scaling applies the electrons that are accelerated by a normally incident laser
with an intensity that exceeds 1018 Wcm-2, for one micron light. The formula is derived by
assuming that electrons acquire on average, an energy that equals the ponderomotive energy of
the laser [39, 40]. The scaling was reproduced by a particle-in-cell code simulation of a laser
pulse normally incident to a plasma with a sharp interface and a maximum electron density of
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ne = 4nc [45].
For intensities in excess of 1018 Wcm-2, the ponderomotive scaling produces a value for
Thot that is significantly higher than the Beg scaling. Experiments have failed to indicate which
scaling is most appropriate. Inadequate knowledge of the electron energy distribution function
has contributed to this but difficulties also arise from an inadequate knowledge of the focused
laser intensity [29]. Laser-beam filamentation [63] and ponderomotive [63] or relativistic self
focusing [119] can lead a considerably enhanced peak intensity. Poor laser beam quality may
produce structures (hot-spots) in the intensity profile of the laser focal spot. These hot-spots may
lead to the generation of a high energy tail in the fast-electron distribution. A reduction in the
uncertainties will be required to correctly specify the dependence of Thot on the laser intensity.

4.3 Experimental Rationale and Set Up

The aim of the experiment described here was to determine the most appropriate scaling
of Thot as a function of laser intensity. This was achieved by systematically monitoring the
variation in the emitted CTR energy with increasing target thickness. The experiment explores the
impact of collisional transport on the CTR signal in order to determine the limitations of the
technique. Detailed knowledge of the laser focal spot [84] combined with shot-to-shot laser
energy and pulse-duration stability [79], provides an opportunity to conduct an experiment with a
high level of control.

4.3.1 Laser Target Geometry

The experiments were performed on the Multi-Terawatt (MTW) laser facility at the
University of Rochester’s Laboratory for Laser Energetics [120]. The laser is horizontally

108
polarized with a central wavelength of λ = 1053nm and a square near-field spatial profile of side
5.5 cm. The laser can provide up to 10 J of energy in a single pulse of duration 500 fs,
corresponding to a peak power of 20 TW. The laser pulse intensity contrast ratio is about 103, 1
ps before the peak of the pulse and about 108, 50 ps before the peak. The laser pulse is tightly
focused at normal incidence to the target by an off axis parabolic mirror with a focal length fL =
20 cm. The focal spot of the MTW laser has been rigorously characterized with direct
measurements showing no intensity hot-spots [84]. Figure 4.1 shows the focal spot of the MTW
laser at the center of the target chamber. The focal-spot energy-contour that contains 50% of the
laser energy has a radius of about R50 = 4 µm. Figure 4.2 shows the experimental configuration
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Figure 4.1 a) The MTW focal spot at the center of the target chamber. b) Horizontal
and vertical line-outs through the peak intensity point of the focal spot.

Figure 4.2 A schematic diagram of the experimental setup. Not to scale
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The experiment was divided into two parts. First, the rear surface optical emission was
measured with targets of varying thickness while fixing the laser intensity. The mean laser energy
and pulse duration were EL = 4.7 J and Δt = 716 fs with standard deviations of 0.2 J and 135 fs
respectively. The corresponding mean intensity was I50 = 6.8 x 1018 Wcm-2 with a standard
deviation of 1.2 x 1018 Wcm-2. The I50 intensity refers to the mean intensity calculated over a focal
spot of radius R50. In the second part of the experiment, the laser intensity was varied while the
target thickness was held fixed at 20 μm. The laser energy was varied from EL = 1.4 J to EL = 5.2
J corresponding to an intensity range of I50 = 2 x 1018 to I50 = 1 x 1019 Wcm-2.

4.3.2 Targets and Diagnostics

The targets consisted of Al, Fe, Cu, Sn and Au planar foils mounted on 17 μm diameter,
silicon carbide stalks. The target details are shown in Table 1. The targets were positioned at the
center of the target chamber with an accuracy of around 5 μm in all three spatial dimensions. A
rotational stage allowed angular positioning about the vertical axis to an accuracy of around 0.4o.

Material

Atomic number (Z)

Thickness (μm)

Transverse dimensions (μm)

Al

13

6 10 20 30 60 100

500 x 500

Fe

26

20

500 x 500

Cu

29

5 10 20 50

500 x 500

Sn

50

10 20 30

500 x 500

Au

79

5 10 20 30 50

500 x 500

Table 4.1 List of targets
The transition radiation diagnostic (see Chap. 3) was fielded to acquire images of targets
rear-surface optical emission [121]. The optical system acquires images through a 24 nm wide
spectral window, centered on λ = 529 nm. The depth of focus is 1.6 µm and the field of view is
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1.2 mm. The images are captured on a scientific grade CCD camera with 106 13.5 x 13.5 µm2
pixels and a dynamic range of about 104 [122].
The laser pulse energy and pulse duration were measured on shot. The energy is
measured using an energy meter [123] with an accuracy of around 5%. The pulse duration is
measured using a single shot autocorrelator (see Chap. 3) with an accuracy of about 10%. For
experiments using Cu targets, a single photon counting x-ray spectrometer was used to measure
the Cu Kα and Kβ yields [101]. This data was used to infer the laser-to-fast-electron energy
conversion efficiency.

4.4 Results

4.4.1 Determination of the Fast-Electron Temperature

This section describes the experimental data and provides an estimate for the fast electron
temperature Thot. Figure 4.3 shows three images of the rear surface emission in both a linear (top
row) and a logarithmic (bottom row) scale, in arbitrary units of intensity. The images have been
corrected for the background that is recorded 20 s prior to the shot. The target material is Sn and
the thicknesses, from left to right, are 10 μm, 20 μm and 30 μm. The integrated CTR energies are
ECTR = 3.6 x 10-5 J, ECTR = 4.5 x 10-5 J and ECTR = 6.7 x 10-7 J respectively. The integrated energy
is obtained from the raw image after accounting for the transmission to the detector (which was
different for each shot), and the quantum efficiency of the camera. The integrated energy falls by
approximately an order of magnitude for each 10 µm increment in target thickness.
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Figure 4.3 Images of the rear surface optical emission from Sn targets with
thicknesses, from left to right, of a) 10 µm, b) 20 µm and c) 30 µm. The top row
presents the images on a linear scale while the bottom row shows them on a log scale.

The integrated CTR energy for 62 shots is shown in Fig. 4.4. Between two and five shots
were taken for each material at each thickness. Each point represents the mean integrated energy.
The error bars are standard deviations about the mean values and arise from shot-to-shot
fluctuations. The data shows a sharp decrease in the integrated energy with increasing target
thickness. For Au targets, the integrated energy decreases by around 4 orders of magnitude in
going from 5 µm to 50 µm while for Cu targets, the integrated energy decreases by about 3 orders
of magnitude over the same thickness range.
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Figure 4.4 The variation in the integrated CTR energy with target thickness in Al, Cu,
Sn and Au targets.

One source of the CTR energy dependence on the target thickness arises from electronbunch velocity dispersion [68]. Velocity dispersion results from a finite beam temperature and
reduces the correlation among propagating bunches of electrons as they propagate. This effect on
the CTR signal is described in Chap. 2 and has been quantified by Zheng et al [68]. The velocity
dispersion model, which is material independent, was used to estimate Thot in Al, Cu and Au
targets. The decrease in the integrated CTR energy, with increasing target thickness, was
calculated for fast-electron temperatures ranging from Thot = 0.5 MeV to Thot = 2 MeV in 0.1 MeV
steps. For each value of Thot, the calculated decrease in the CTR energy was compared with the
experimentally observed decrease in each material. The best fit value of Thot was the one that
minimized the difference between the calculated and observed decrease. The best fit values for
the Al, Cu and Au target data were found to be Thot = 1.4 MeV, Thot = 1.2 MeV and Thot = 0.9
MeV respectively. The results are shown in Fig. 4.5. The dotted lines show the calculated
decrease in the CTR energy with increasing target thickness according to the velocity dispersion
model, at the best fit fast-electron temperature, for each material. To indicate the sensitivity on
Thot, the dashed lines show the calculated variation in the CTR energy for a fast electron
temperature that is ± 0.1 MeV of the best fit value. The red asterisks show the experimental data
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originally shown in Fig. 4.4.
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Figure 4.5 The calculated values of Thot for electrons beams propagating in a) Al, b)
Cu and c) Au targets. The dotted lines are fitted to the data and indicate the variation
in the CTR energy with increasing target thickness according to the velocity
dispersion model. The dashed lines indicate the CTR variation when Thot is ± 0.1 MeV
of the best fit temperature. The asterisks indicate the experimental data.
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The results suggest that Thot depends on the target material. The variation in the CTR
energy with target material suggests the presence of collisional processes. Collisional processes,
such as multiple Coulomb scattering [27], also reduce the correlation among propagating
electrons. Figure 4.6 shows the rear surface emission from three 20 µm thick foils irradiated with
a laser of intensity I50 = 1 x 1019 Wcm-2. The materials from left-to-right are Al, Cu and Au. The
integrated CTR energies are ECTR = 1.1 x 10-6 J, ECTR = 5.4 x 10-7 J and ECTR = 6.5 x 10-8 J
respectively. The integrated CTR energy emitted from the rear surface of the Cu target is around
2 times lower than that emitted from the Al target. The integrated energy emitted from the rear
surface of the Au target is a further factor of 8 lower.
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Figure 4.6 The rear surface emission from 20 μm thick foils of a) Al, b) Cu and c)
Au. From left to right the radiated energies are ECTR = 1.1 x 10-6 J, ECTR = 5.4 x 10-7 J
and ECTR = 6.5 x 10-8 J.

Collisional processes exhibit a quadratic dependence on the atomic number (Z) of the
scattering material [26]. The dependence of the integrated CTR energy on Z, for four different
thicknesses of target, is shown in Fig. 4.7. Except for the highest Z materials such as Au (Z = 79),
the data suggests that the integrated CTR energy has no strong dependence on Z. For the 5 μm,
10 μm and 30 μm targets, the CTR energy is approximately constant from Al (Z = 13) to Sn (Z =
50). Although an order-of-magnitude variation in the integrated CTR energy occurs for the 20 μm
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targets, there is no systematic dependence on Z from Al to Sn. For the 5 μm targets, the integrated
CTR energy decreases by a factor of around 5 from Sn to Au while for the 20 μm and 30 μm
targets, the decrease from Sn to Au is about two orders of magnitude.

Figure 4.7 The variation in the CTR emission with atomic number for Al (Z = 13), Cu
(Z = 29), Sn (Z = 50) and Au (Z = 79) targets with thicknesses in the range from 5 to
30μm.

The Monte Carlo code GEANT4 [124] (see appendix) was used to estimate the effect of
collisional processes on the CTR energy. GEANT4 simulated the passage of a bunch of 1 MeV
electrons through a target. The geometry is shown in Fig. 4.8a. The target materials were Al, Cu
and Au and the target thicknesses ranged from 10 µm to 50 µm. 104 electrons, randomly located
within a front surface square of side 4 µm, were injected at normal incidence. A few simulations
that were performed with 105 electrons, confirmed that 104 electrons were statistically sufficient
to perform the analysis.
The injected electrons interacted with the background material via the GEANT4 multiple
Coulomb scattering (msc), electron bremsstrahlung (eBrem), and electron ionization (eIoni)
algorithms. The msc algorithm uses the multiple Coulomb scattering theory of Lewis [125]. The
model calculates the electrons angular and spatial distributions at the end of each step. Although
the scattering cross section depends on the electron energies, the msc algorithm does not calculate
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the energy loss incurred by an electron that scatters. The energy loss is determined by the eBrem
algorithm that uses the continuously slowing down approximation [126]. The eIoni algorithm
calculates the energy loss to electrons that are involved in the ionization of the background
material. The combined processes predict the degree of scattering by taking into account the
increase in the scattering cross section as the electrons slow down in the target.
Figure 4.8b shows the trajectories of 500 electrons that were injected into a 50 µm thick
Au target. The red and green lines respectively indicate the trajectories of electrons and x-rays
with energy in excess of 10 keV. The yellow dots indicate collisional events. The scattering
process has deflected a significant number of electrons from their original direction. Figure 4.8c
shows the same simulation viewed from a different perspective. Figure 4.8d shows an equivalent
simulation with a 50 µm thick Al target. The number of collisions in Al is significantly less, with
the electrons taking a relatively straight path through the target.
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Figure 4.8 a) The GEANT4 simulation geometry. b) A Visualization of the electrons
propagating in a 50 µm thick Au target viewed edge on. c) The Au target viewed from
a different perspective. d) A visualization of the electrons propagating in an Al target.

The efficiency with which the injected electrons reach the target rear surface decreases
with increasing Z. In the 50 µm targets, about 99% of electrons reach the rear surface in Al, about
95% in Cu and about 55% in Au. The remaining electrons exit the target through other surfaces.
In the Au target, around 5% of the electrons stop inside the target. The mean electron energy at
the target rear surface also decreases with increasing Z. In the 50 µm Al target, the electrons lost
about 5% of their energy while propagating to the rear surface, in Cu the energy loss was about
10% and in Au the energy loss was about 30%. The mean distance traveled (the mean total path
length inside the target) increases with Z. The mean distance traveled in the 50 µm Al, Cu and
Au targets was around 55 µm, 75 µm and 130 µm respectively.
Because the radiated CTR energy depends on the number of electrons that exit through
the target rear surface, the radiated energy is lower for high Z materials. The increased electron
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energy loss in high Z materials also reduces the CTR energy. However, the most important effect
that reduces the CTR energy in high Z targets is the increased multiple Coulomb scattering.
Scattering deflects electrons out of the propagating electron bunches. This reduces the amplitude
of the electron density modulation that is required for the generation of CTR. Figure 4.9 shows
the rear surface spatial distribution of GEANT4 electrons in the 35 µm thick Cu and Au targets.
The transverse spread of electrons in the Au target is significantly larger, while the peak density
is around 10 times lower.

Cu

Au

Figure 4.9 The distribution of fast electrons on the rear surface of a 35 µm Cu target
(left) and a 35 µm Au target (right).

The variation in the CTR energy with increasing target thickness, due to scattering, was
determined from the square of the number of electrons that remained within the original electron
beam envelope as the electrons propagate. Figure 4.10 shows the results. The decrease in the CTR
energy due to scattering in Al, Cu and Au targets is indicated by the open circles. The asterisks
indicate the experimental data. The predicted CTR energy decrease due to velocity dispersion,
originally shown in Fig. 4.5, is indicated by the black dots and dashed lines. In Al (Fig. 4.10a),
the CTR energy decreases by a factor of around 10 over a propagation distance (target thickness)
of around 50 µm. Scattering cannot explain the experimentally observed decrease that is around 4
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orders of magnitude. In Cu (Fig. 4.10b), scattering processes lead to a decrease in the CTR energy
of around 4 orders of magnitude in 50 µm thick targets. This is in reasonable agreement with the
experimentally observed decrease and with the decrease that is predicted by velocity dispersion.
For Cu target thicknesses that are less than 50 µm, scattering underestimates the observed
decrease in the CTR energy whereas for targets thicknesses that are greater than 50 µm, scattering
overestimates the decrease. The decrease in the CTR energy with increasing target thickness due
to scattering in Au targets (Fig. 4.10c), is in agreement with the observations and the velocity
dispersion prediction for thicknesses of around 20 µm. For Au target thicknesses that are less than
20 µm, scattering underestimates the CTR energy decrease whereas the energy decrease is
overestimated in thicker targets.
This is consistent with the data shown in Fig. 4.7 where the CTR energy decreases
abruptly in Au targets for thicknesses greater than around 20 µm. No CTR emission was observed
from the rear surface of 100 µm thick Cu targets, and no data was available from Cu targets with
thickness between 50 µm and 100 µm. In Sn targets, collisions should become important for
thicknesses intermediate to those for Cu and Au, but no data was available for Sn targets with
thickness greater than 30 µm.
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Figure 4.10 Predictions of the variation in CTR emission with increasing target
thickness due to collisions (open circles) in a) Al, b) Cu and c) Au. The dotted and
dashed lines indicate the variation in the CTR energy due to velocity dispersion as
described in Fig. 4.5. The asterisks indicate the experimental data.

Figure 4.11 shows the calculated variation in the CTR energy due to collisions, (blue circles in
Fig. 4.10) for the Al, Cu and Au targets. The x-axis is the target thickness normalized to the
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continuous slowing down approximation (CSDA) length for 1 MeV electrons. The CSDA length
is the distance over which the electron kinetic energy decreases to e-1 of its original energy. For 1
MeV electrons propagating in Al, Cu and Au targets, the CSDA length is around 2 mm, 0.7 mm
and 0.4 mm respectively [127]. The x-axis is therefore proportional to the number of collisions.
Figure 4.11 expresses the variation in the CTR energy due to collisions in a way that is
independent of material. The solid line indicates an exponential decrease in the CTR energy. The
predicted CTR energy decreases more slowly with the number of collisions than the exponential
law if the number of collisions is small. As the number of collisions increases, the decrease in the
CTR energy accelerates so that the decrease at least matches the exponential law.
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Figure 4.11 The variation in the CTR energy due to collisions, predicted from
GEANT4 calculations, in Al, Cu and Au foils with thicknesses from 10 μm to 50 μm.
The x-axis specifies the target thickness normalized to the CSDA, single e-folding,
energy-loss distance for 1 MeV electrons. As a guide, the line indicates an exponential
decrease.

The velocity dispersion model for determining the fast-electron temperature of electron
beams propagating in high-Z materials is unreliable because it does not take into account
collisions, which also effect the variation in the radiated CTR energy with target thickness.
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Because it is not complicated by collisions, the estimate obtained from the analysis of electrons
propagating in Al, Thot = 1.4 ± 0.1 MeV, is taken here to be the most representative of Thot.
Neither the velocity dispersion model nor the GEANT4 simulations take into account the
influence of self-generated, electric and magnetic fields that affect the fast electron transport [50].
The results presented above can be used to determine which is the most appropriate
scaling of Thot with the laser intensity. Using the mean value of the I50 laser intensity in the
experiments, <I50> = 6.8 x 1018 Wcm-2, the ponderomotive scaling [45] predicts Thot = 0.75 MeV
while the Beg scaling [29] predicts Thot = 0.41 MeV. The I50 intensity refers to the intensity
calculated over an area of the focal spot that contains 50% of the laser energy. Neither the
ponderomotive scaling nor the Beg scaling reproduces the experimentally inferred value of Thot
using this measure of the laser intensity. Analysis of the MTW laser pulse intensity profile shows
that the laser-pulse peak intensity is approximately 2.5 times greater than the I50 value. This was
discussed in Chap. 3. The mean value of the peak laser intensity in the experiments was <Ip> =
1.7 x 1019 Wcm-2. Using this measure of the laser intensity, the ponderomotive scaling predicts
Thot = 1.36 MeV, while the Beg scaling predicts Thot = 0.55 MeV. Within experimental error, the
ponderomotive scaling predicts the experimentally inferred value of Thot = 1.4 MeV. The variation
in the CTR energy with target thickness is consistent with a fast-electron temperature that
matches the ponderomotive scaling, for intensities that are close to the peak of the laser pulse.

4.4.2 CTR Energy Scaling with Laser Intensity

This section presents the results of an experiment to determine the CTR energy’s
dependence on the laser intensity. The experiment was performed with 20 µm thick targets using
laser intensities with peak values ranging from I = 4 x 1018 Wcm-2 to I = 2 x 1019 Wcm-2. The
intensity was varied by increasing the laser energy from around 1.4 J to 5.2 J. The targets were
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irradiated at normal incidence. Since the variation in the integrated CTR energy is approximately
independent of material for 20 µm thick targets with low to moderate atomic number, Al, Fe, Cu
and Sn targets are treated collectively.
Figure 4.12 shows the experimentally measured variation in the integrated CTR energy
with increasing laser intensity (circles). The data set contains 22 shots. Errors in the measured
value of the radiated energy are not taken into account. However these errors are expected to be
small compared to the shot-to-shot variations in the radiated energy that produce the scatter in the
data. A power law fit to the measured data (solid line) indicates a strong dependence on the laser
5.7 ± 0.5
intensity with ECTR = 2.5 x 10-4 I Laser
. The variation in the CTR energy with increasing laser

intensity is used to identify the most appropriate scaling of Thot with laser intensity. From the
range of intensities used in the experiment, values of Thot were calculated from both the
ponderomotive scaling [45] and the Beg scaling [29]. The velocity dispersion model [68] was
used to estimate the variation in the CTR energy with Thot for the range of calculated Thot values.
This provides an estimate for the variation of the CTR energy with laser intensity. A power law
fit was made to the estimated CTR energies. Using the values of Thot obtained with the Beg
BEG
4.0
scaling, the variation in CTR energy with laser intensity followed the power law ECTR
∝ I Laser
.

Using the values obtained from the ponderomotive scaling, the power law was found to be
POND
6.0
ECTR
∝ I Laser
.
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Figure 4.12 The variation in the CTR energy with laser intensity in low to mid-Z
targets. The circles represent the data and the line, a power law fit to the data.

Similar power laws in both the resonance-type absorption and ponderomotive regimes
have been reported from experiments with 10 µm Al foils over the same range of laser intensities,
but with 40 fs long laser pulses [128]. In those experiments, the laser was obliquely incident to
the target surface. Electrons that are accelerated by resonance absorption or vacuum heating
propagate along the direction of the target normal, while electrons that are accelerated by the JxB
mechanism propagate along the direction of the laser. The oblique geometry produced two
angularly separated electron beams. Because CTR is beamed along the direction of the electrons
that generate it, the CTR energy emitted by the two electrons beams is also angularly separated.
The radiated, second harmonic, CTR energy was measured along the two directions. The
variation in CTR energy with laser intensity for electrons accelerated along the target normal
4.6 ± 0.3
which is approximately the result obtained from the Beg
followed the power law ECTR ∝ I Laser

scaling and the velocity dispersion model presented above. The variation in CTR energy with
laser intensity for electrons that were accelerated along the laser propagation direction, which
5.4 ± 0.2
correspond to the direction of electrons reported in this thesis, scaled like ECTR ∝ I Laser
.
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The conclusion (from both experiments reported here) that the ponderomotive
mechanism is the prevailing electron acceleration mechanism is consistent with the experimental
geometry. In both experiments the laser was normally incident to the target. It was found that the
ponderomotive scaling determines the fast-electron temperature from the laser peak intensity. It
should be noted that this conclusion may be a consequence of using CTR to determine the fast
electron properties. Although electrons are accelerated from all parts of the laser focus, only the
most energetic i.e. those accelerated from the region of laser peak intensity, lead to the generation
of CTR. The properties of the fast-electron beam that were determined from the experiments may
therefore correspond to the slope of a high energy tail in a non-Maxwellian fast-electron
distribution.

4.4.3 CTR Energy Shot-to-Shot Fluctuations

In this section, the shot-to-shot variability of the CTR signal that was observed in the
experiments is discussed. Figure 4.13 shows images of the rear surface optical emission from four
50 µm thick Cu targets, irradiated with a peak intensity of I = 2 x 1019 Wcm-2. The images were
taken on back-to-back shots under almost identical experimental conditions. The variability in
laser intensity was about 2% rms. The letters a through d indicate the chronological order of the
shots. OD refers to the optical density of the filters, in powers of ten that were used to optimize
the transmission of the CTR signal to the detector. The first image was acquired through an OD3
filter. The image is faint, the peak pixel values are around 100 analog-to-digital units (ADU),
indicating that the filtering was too strong. For the next shot, the filter was reduced to OD0.9.
Based on this change, the maximum pixel values were expected to be around 1 x 105 ADU.
However, 28 pixels were saturated, having pixel values in excess of 5 x 105 ADU. For the third
shot, the filter was changed to OD2. The image, which is considered optimal, contains maximum
pixel values of around 5000 ADU. Consequently the OD2 filter was not changed for the final
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shot. However, the final image is heavily saturated with more than 2000 pixels containing in
excess of 5 x 105 ADU. The increase in both the CTR peak signal and integrated energy is more
than an order of magnitude compared to the previous shot. The error bars in Fig. 4.4 and 4.7 and
the scatter of data points in Fig. 4.12 also indicate the presence of shot-to-shot fluctuations.
Possible reasons for the shot-to-shot variability are now discussed.
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Figure 4.13 The rear surface emission from four 50 µm thick Cu targets shot back-toback under almost identical experimental conditions. The letters a) through d) indicate
the chronological order.

Operational activities are an unlikely source of the variability. Target positioning, the
MTW laser system and the CTR imaging diagnostic, all discussed in Chap. 3, provide consistent
levels of performance, both shot-to-shot and campaign-to-campaign. Targets are characterized
prior to each campaign to ensure they meet the thickness, straightness and mounting
specifications. The uncertainty in target thickness, obtained from the manufactures data sheet, is
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around 1 μm for all thicknesses and cannot account for the observed variability.
The laser-to-fast-electron energy conversion efficiency has been estimated to be ηL-e = 20
± 10% from the yield of Cu Kα [129]. In the experiment reported here, both the Cu Kα and Kβ
yield were used to infer the conversion efficiency. The Cu Kα and Kβ yield was obtained on the
four shots shown in Fig. 4.13 and two others. The measured and fitted spectra are shown in Fig.
4.14. The yield of Cu Kα indicates a conversion efficiency of ηL-e = 20 ± 1.6% while the Cu Kβ
indicates ηL-e = 20 ± 2%. The shot-to-shot variability of the laser intensity over the six shots was
around 2% rms. Since the laser energy and conversion efficiency remained approximately
constant for the six shots, the fast electron current remained approximately stable. The observed
shot-to-shot variations in the CTR energy are not attributable to variations in the magnitude of
fast electron current.

b)

a)

Kα
Kα
Kβ

Kβ

Figure 4.14 a) The measured x-ray spectrum and b), the fitted spectrum showing the
variability of the Kα and Kβ yield.

The CTR energy variability appears to be an inherent characteristic of the emission.
Although the magnitude of the fast electron current was stable, the variation in the CTR suggests
that the density modulated component of the current is varying. In the experiments, around 1013
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electrons are accelerated by the laser. This estimate is obtained by dividing the total electron
beam energy by Thot = 1.4 MeV. The CTR energy is proportional to the square of the bunched
current. If 0.01% of the electrons remain bunched at the target rear surface, the CTR energy will
be proportional to 1018. If the bunched current increases by an order of magnitude, the CTR
energy will increase by two orders of magnitude. However, the variation in the total current will
be at most an undetectably small 0.1%.
The plasma that forms at the target front surface determines which laser absorption
mechanisms are active [38, 61]. Shot-to-shot variations in the plasma may influence the relative
significance of the various processes shot-to-shot. This will be discussed Sec. 4.4.4. Beyond that
the fast- electron trajectory through the target is highly unstable with collisions [27], electron
beam filamentation [22], filament coalescence [24], return current heating of the background
material that changes the resistivity [36], hosing instabilities that can deflect fast electrons in the
transverse direction [25] and the rear-surface electrostatic Debye sheath [130]. All can influence
the electron transport and possibly the amplitude of the electron density modulations.
Electron beams with longitudinal electron density modulations that contain multiple
frequencies, drive oscillating currents in the target rear surface that can destructively or
constructively interfere [73]. This was discussed in Chap. 2. Such electron density modulations
would result if resonance absorption or vacuum heating and JxB acceleration are simultaneously
active in the laser-target interaction. The amplitude of the individual modulations and the phase
difference between them, which may change shot-to-shot as the pre-plasma properties vary, has
considerable leverage over the degree of interference. The interference affects only the even
harmonics and in the extreme case, the second harmonic can be completely extinguished. Partial
realization of the extreme condition could significantly reduce the second harmonic signal. The
authors of Ref. [73] indicated that this effect cannot be ignored in the analysis of CTR data. Fastelectron beams that are generated by the MTW laser likely posses such a density modulation.
Because the laser is normally incident, JxB acceleration is likely to be the most important electron
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acceleration mechanism. This is supported by the conclusion that the value of Thot in the
experiments follows the ponderomotive scaling. However, the condition of normal incidence is a
global description of the interaction geometry. The focused laser has some component of its
electric field directed along the target normal. In the experiments described here, the most
extreme rays are incident on the target with an angle of around 11o. Topological features on the
target surface (surface roughness) or laser driven reshaping of the interaction surface [38] mean
that normal incidence does not apply locally. Consequently resonance absorption and vacuum
heating can occur and contribute to the measured second harmonic CTR emission.

4.4.4 Effect of Preplasma Formation on CTR Energy

This section discusses experiments in which the CTR energy increased by an order of
magnitude when the laser pulse shape was changed. The enhanced emission occurred with a laser
pulse that likely carried a high-intensity shoulder on its leading edge. Figure 4.15 shows CTR
data from 30 µm thick Au targets. The circles indicate targets that were irradiated with Pulse 1
and the squares, targets that were irradiated with Pulse 2. In all there were 7 shots. The y-axis
shows the integrated CTR energy. The x-axis indicates the laser pulse shapes through their
measured single-shot autocorrelation. The laser pulse peak intensity was I ~ 2 x 1019 Wcm-2.
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Figure 4.15 The radiated CTR energy in two experiments that used different laser
pulse shapes. The x-axis indicates the two pulse shapes through their measured
autocorrelation traces. The durations of pulse 1 and 2 (determined from the width of
the corresponding autocorrelation traces) were 562 fs (FWHM) and 715 fs (FWHM)
respectively. Blue circles indicate the CTR energies produced using pulse 1 and red
squares, the CTR energies produced using pulse 2.

Pulse 1 in Fig. 4.15, corresponds to an MTW laser pulse at best compression. The pulse
duration was 562 fs (FWHM) and the ratio of the FWHM to the full width at 20% of the
maximum was about 1.3. The radiated CTR energy for the three shots that used Pulse 1 (circles)
was ECTR = 16.8 ± 10 nJ. Pulse 2 was produced by introducing spatial and angular mismatch into
the MTW stretcher compressor system. The pulse duration was 715 fs (FWHM) and the ratio of
the FWHM to the full width at 20% of the maximum was about 4.2. The CTR energy produced
using Pulse 2 (squares) was ECTR = 170 ± 62 nJ. The mean integrated CTR signal systematically
increased by around an order of magnitude when Pulse 2 was used. Figure 4.16 shows how the
integrated CTR energy varies with target thickness in Au targets. The data obtained using Pulse 2
has been added to the data originally shown in Fig. 4.4 that used Pulse 1.
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Figure 4.16 The variation in the CTR energy with increasing target thickness in Au
targets. The circles indicate the mean radiated energy at each thickness using Pulse 1
and the square indicates the radiated energy using Pulse 2.

The autocorrelation trace cannot be used to uniquely determine the laser pulse shape
because an infinite number of laser pulse shapes can produce the same autocorrelation trace.
However, a pulse shape that was at least consistent with the autocorrelation trace was estimated,
and used to determine how much energy resided on the leading edge of the laser pulse. The pulse
shape was estimated using a simple model of the MTW laser system that allows the introduction
of angular and spatial mismatch in the stretcher-compressor system [105]. The model requires
knowledge of the laser pulse spectrum. The laser pulse spectrum was measured at the beginning
of the laser chain. Since phase information was unavailable, the pulse was assumed to carry a
linear spectral phase. The pulse was Fourier transformed into the temporal domain and
propagated through the stretcher-compressor model. The effect of spectral narrowing in the glass
amplifiers was not included in the calculation. The autocorrelation was calculated and compared
with the experimentally measured autocorrelation. The mismatch parameters were modified until
a good match between the calculated and measured autocorrelation traces was observed. Figure
4.17a shows the calculated laser pulse shape along with a diffraction limited pulse. The calculated
pulse carries a leading-edge shoulder with an intensity of around 1018 Wcm-2 and duration a few
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picoseconds. The high intensity shoulder contains around 30% of the total laser pulse energy.
Ordinarily, autocorrelations cannot distinguish between the leading and trailing edge of a
laser pulse. In this case, the shoulder was associated with the leading edge because it was
assumed that energy on the trailing edge of the pulse could not produce the observed increase in
the CTR energy. Figure 4.17b shows the measured autocorrelation trace (called TESSA) together
with a trace for a transform limited pulse and a trace for the calculated pulse.

Figure 4.17 a) The inferred shape of Pulse 2 and b), the measured and calculated
autocorrelations for Pulse 2. For comparison, transform limited profiles are shown.

The effect of the high-intensity laser pulse shoulder on the pre-plasma formation and the
subsequent effect on the CTR generation are now discussed. The low density pre-plasma that is
generated by the laser pulse pedestal interacting with a solid Al target was estimated using the
hydrodynamics code LILAC [131], for intensities I < 1015 Wcm-2. About 5 ps before the arrival of
the laser pulse peak, the pre-plasma extended about 20 µm from the target front surface. The
distance from the critical density surface at nc ≈ 1 x 1021 cm-3, to the ¼-critical density surface
was about 10 µm, and the distance from the critical density surface to the peak density surface at
ne ≈ 1.8 x 1023 cm-3, was around 1 µm.
The effect of the high-intensity shoulder on the pre-plasma formation was investigated
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using the particle-in-cell (PIC) code OSIRIS [132] (see appendix). The simulations were
performed in a 25 µm long by 6 µm wide planar geometry. The space was divided into 1000 x
160 cells, with each cell containing 100 particles. Based on the density profile that was
determined by LILAC, the plasma density was increased over 20 µm from 0 to 1.25nc before
increasing sharply to 80nc. The simulation boundary conditions were open on all sides. The
background electron temperature was TB = 1 keV. The plasma was fully ionized with an ion
charge-to-mass ratio of 1836:1. The ions were allowed to move. To model the high-intensity
shoulder, a Gaussian pulse with a wavelength of λ = 1 µm was focused at normal incidence to the
solid density surface, and maintained at an intensity of I = 1.2 x 1018 Wcm-2 for 1 ps. The case of
a laser pulse with no leading-edge shoulder i.e. where the laser pulse peak interacts directly with
the target, was simulated using a laser pulse intensity of I = 1.2 x 1019 Wcm-2.
The results indicate that a channel develops through the low density plasma in about 100
fs, through which the remainder of the laser pulse can propagate. The channel developed
independent of the whether the laser pulse carried a high intensity shoulder. Material ablates from
the solid-density surface and the critical density surface moves toward the laser. Material piles up
due to the laser ponderomotive pressure [133], to form a reduced-density plateau with a sharp
interface. For times greater than 100 fs, the density scale-length L = ( d ln ( ne ) dz )

−1

was less than

the laser wavelength. Figure 4.18 shows the plasma density profile 200, 300 and 400 fs after the
target interaction. The top row is for the laser pulse with the high intensity shoulder and the
bottom row is for the pulse with no shoulder. With the high-intensity shoulder, the critical surface
advanced at a rate of around 1.5 µm per 100 fs, and the peak density in the vicinity of the critical
surface was ne ≈ 4nc. With no shoulder, the critical surface advanced at about half the rate. The
peak density in the vicinity of the critical surface was ne ≈ 13nc.
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Figure 4.18 The plasma density profile, determined by simulations, 200 fs (a and d),
300 fs (b and e), and 400 fs (c and f) after a laser-target interaction. The top row
shows the profile for a laser pulse that carries a high-intensity, leading-edge shoulder
while the bottom row shows the profile when the laser pulse carries no shoulder.

The main effect of the shoulder is to reduce the peak density in the vicinity of the critical
surface, compared to the case with no shoulder. The peak density decreased by a factor of around
3 when the laser pulse carried the high-intensity shoulder. The peak density is determined by the
laser ponderomotive pressure [133]. The process can be explained as follows. The absorption of
laser light raises the electron temperature at the target surface. The resulting pressure expels
electrons from the surface to create an electrostatic sheath that pulls the ions into the vacuum.
This is the origin of the preformed plasma. The laser exerts a force of order F = 2I/c on the
plasma. At low intensities far from the peak of the laser pulse, the force is weak and the
expansion of plasma into the vacuum is almost free. Near to the laser pulse peak where the
intensity is high, the force is strong enough to impede the flow of plasma.
The plasma density and scale-length at the critical surface determine the relative
importance of the various electron acceleration processes. For an obliquely incident laser pulse
and L>>λ, resonance absorption accelerates electrons. For L<λ, the electrons are accelerated by
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vacuum heating. For L<λ, a trade off between the laser angle of incidence and the peak density in
the vicinity of the critical surface, determines the relative importance of vacuum heating and JxB
acceleration. JxB acceleration is more effective than vacuum heating for laser incidence angles
θ1 2 ≤ sin ( β osc nc ne ) where
−1

βosc is the electron oscillation velocity normalized to the speed of

light [134]. For ne nc = 4 (see Fig. 4.18a-c) and for I = 1019 Wcm-2 and I = 1018 Wcm-2, JxB
acceleration is more effective for angles of incidence θ < 28o and θ < 19o respectively. For
ne nc = 13 (see Fig. 4.18d-f) and the same intensities, the incidence angles for which JxB

acceleration is more effective are θ < 15o and θ < 10o respectively.
When the 5.5 x 5.5 cm2 MTW laser pulse is focused by the 20 cm focal length off-axis
parabolic mirror, the most extreme rays arrive at the center of the target chamber with an angle of
about 11o. Consequently, JxB acceleration will be more important than vacuum heating.
However, the relative importance of JxB acceleration increases, as the plasma density in the
vicinity of the critical surface decreases. A laser pulse with a high-intensity leading-edge shoulder
will likely promote the acceleration of electrons by the JxB mechanism and consequently enhance
the CTR emission at the laser second harmonic.

4.6 Summary and Conclusions

Solid target experiments have been conducted with Al, Fe, Cu, Sn and Au foils with
thicknesses ranging from 5 µm to 100 µm using the MTW laser. The laser was focused at normal
incidence with peak intensities, (i.e. the maximum value of the intensity in the laser focus)
ranging from I = 4 x 1018 Wcm-2 to I = 2 x 1019 Wcm-2. The details of the electron generation and
transport were inferred from variations in the emission of coherent transition radiation (CTR)
with target thickness, target material and laser intensity.
The integrated CTR energy was found to decrease with increasing target thickness. The
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decrease in the CTR energy in thin targets was principally caused by electron-bunch velocity
dispersion that reduces the correlation between propagating electrons. A velocity dispersion
model was used to determine the fast electron temperature Thot, from the variation of the CTR
signal in Al targets, to be Thot = 1.4 ± 0.1 MeV. This is consistent with a fast-electron temperature
that matches the ponderomotive scaling [45] for intensities close to the peak of the laser pulse.
That is, the ponderomotive scaling determines the fast-electron temperature from the maximum
value of the laser intensity.
The decrease in the radiated CTR energy with increasing target thickness occurred more
rapidly in high-Z targets. The additional decrease was attributed to collisional processes that also
remove the correlation between propagating electrons. The collisional transport of electrons in
high Z targets makes the determination of Thot, from the variation in the radiated CTR energy with
increasing target thickness due to electron-bunch velocity dispersion, unreliable.
The dependence of the CTR energy on laser intensity was determined for peak laser
intensities in the range from I = 4 x 1018 Wcm-2 to I = 2 x 1019 Wcm-2. The CTR energy
dependency was found to follow the power law ECTR = 2.5 x10−4 I 5.7 ± 0.5 . This result is consistent
with the ponderomotive scaling of Thot with the laser peak intensity.
Based on the inferred value for Thot, the MTW laser pulse energy and pulse duration, and
the inferred laser-to-fast-electron energy conversion efficiency of 20%, the fast-electron current
that propagates in the target is estimated to be around 1.2 MA. This current that exceeds the
limiting Alfven current [19] by more than an order of magnitude, indicates the likely presence of
strong magnetic fields that can influence the fast electron propagation.
Shot-to-shot variations in excess of an order of magnitude were observed in the CTR
data, under almost identical conditions. This variability appears to be an inherent characteristic of
the CTR emission. Variations in the properties of the target front surface pre-plasma that
determine the characteristics of the laser absorption, the energy transfer into fast electrons, and
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the relative phase of electron bunches that are accelerated by the various acceleration
mechanisms, are the most likely source for the variability in the CTR emission.
A systematic, order of magnitude, increase in the CTR emission was observed when the
laser pulse shape was changed to one that likely carried a high intensity (I ~ 1018 Wcm-2) shoulder
on its leading edge. The characteristics of the laser pulse shoulder were inferred from
measurements of the laser pulse’s intensity autocorrelation. The particle-in-cell code OSIRIS,
simulated the interaction of a high-intensity laser-pulse shoulder with a solid target. The main
effect of the shoulder was to reduce the peak density of the pre-formed plasma, in the vicinity of
the critical density surface (interaction surface), compared to the case of a laser pulse with no
shoulder. In the simulation, a picosecond long, leading-edge shoulder with an intensity of around
1018 Wcm-2, reduced the interaction-surface plasma density by a factor of ~4. The peak of the
laser pulse then interacted with the reduced density plasma. Because this aided the laser field
penetration into the plasma, the relative effectiveness of laser light absorption by the JxB
mechanism was increased and consequently, the emission of CTR at the laser second harmonic
was enhanced.
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5. Fast electron transport experiments

5.1 Introduction

This Chapter presents experimental results and numerical simulations that characterize
the directionality of fast electrons in solid planar targets. In the experiments, the electrons are
accelerated from the target front surface by an intense laser pulse with a peak intensity of I = 2 x
1019 Wcm-2. The spatial distribution of the fast electrons at the target rear surface is inferred from
high resolution coherent transition radiation (CTR) imaging.
Three-dimensional (3D) hybrid-particle-in-cell (hybrid-PIC) code modeling of the
experiments identifies a regime of transport in which the fast-electrons are collimated by an
azimuthal, resistive, self-generated magnetic field. Such a transport regime may benefit fast
ignition by providing a way to maximize the fast electron beam density, thus optimizing the
energy viability of the scheme.
In the experiments, bright micron-scale structures in the CTR images are suggestive of
electron beam filaments [22]. These features are seen superimposed on larger annular structures
with diameters that increase with target thickness. The annular structures are suggestive of
electron beam hollowing.[135]. The increase in the spatial extent of the CTR emission with
increasing target thickness is used to infer a fast-electron-beam half-angle divergence of θ½ =
15.7o ± 0.9o.
The numerical electron transport model predicts a target rear-surface electron density
distribution that reproduces the details of the CTR distribution in the experiments. The variation
in the electron density with target thickness resembles an expanding annulus which filaments due
to the resistive filamentation instability [22]. The annular pattern results from partial collimation
of an initially divergent beam by a resistive, azimuthal, self-generated magnetic field that forms at
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the outer edge of the electron beam. An electron beam with an initial angular distribution of θ½ ~
56o is reduced to a beam with an angular distribution that is peaked at θ½ ~ 16o.
This chapter is organized as follows. The first section provides an overview of previous
fast electron transport experiments with solid targets. The results of the current experiments are
then presented. High-resolution images of the target rear-surface CTR emission are described.
The number and mean size of the bright small-scale structures and their dependence on the laser
intensity, target thickness and material, CTR brightness and the overall spatial extent of the CTR
emission is presented. The variation in the CTR spatial extent with target thickness is used to
determine the fast-electron divergence angle. A 3D hybrid-PIC code, electron transport model is
described. The model predicts a rear-surface fast electron density distribution in solid Al targets
that reproduces the details of the CTR distribution in the experiments. An explanation for the
small-scale CTR structures and annular emission pattern involving the generation of a resistive,
self-generated magnetic field is presented. The chapter is then summarized with conclusions.

5.2 Previous work

Understanding fast electron transport in solid-density material is central to fast ignition
research [1, 32]. In fast ignition, electrons are accelerated from the coronal plasma that surrounds
an imploded inertial fusion fuel capsule. To reach the dense fuel region of the capsule, the
electrons must propagate a few hundred microns along a density gradient that rises from critical
density up to a thousand times solid density [28]. Experiments to study the electron transport are
carried out using surrogate targets such as metal foils. The electrons are accelerated by laser fields
from the target front surface [38]. The mean energy of the electrons is inferred to range from a
few hundred keV to a few MeV [29, 72, 73]. Experiments indicate that the transfer of energy
from the laser to the electrons is on the order of 20% [17]. With current laser energies ranging
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from a few joules [79] to a few kilojoules [18], the associated electric currents range from a few
hundred kiloamps to a few hundred megaamps. Such currents exceed the limiting Alfven current
[19], and can only propagate in the presence of a neutralizing counter-streaming current of cold
background electrons [48]. These currents give rise to strong magnetic fields [136] that perturb
the electron trajectories. Simulations suggest that the counter streaming currents are unstable to
filamentation instabilities in which the currents fragment into a network of parallel current
threads [22-24]. Experiments are needed to determine the directionality and transverse
distribution of laser-accelerated electrons propagating in solid density matter.
Jet like structures that are suggestive of electron beam filaments have been observed in
transparent glass targets using optical probing [30]. The glass targets were irradiated with a laser
intensity of around 1019 Wcm-2. The laser pulse contrast ratio was about 1010. The target front
surface was coated with a 10 µm thick layer of Al to prevent laser light from directly entering and
damaging the glass. An optical probe beam was used to sidelight the target along a direction that
was orthogonal to the electron beam propagation direction. A CCD camera with a spatial
resolution of 5 µm and a temporal resolution of 600 fs imaged the target from the side directly
opposite the probe beam.
The glass target was initially transparent to the probe. Immediately after the interaction,
opaque regions that are associated with the creation of plasma were observed in the images. The
plasma develops as energetic electrons, accelerated from the target front surface, propagate into
the glass and ionize it. Varying the delay between the interaction and the probe allows the
dynamics of the ionization to be studied. Two distinct regions of ionization were observed. The
first was an opaque region that was centered on the interaction and expanded radially into the
target with a velocity of around 1.6 x 108 ms-1. This ionization was associated with the bulk of the
fast electron population propagating into the target. The second region was located ahead of the
main ionization front and contained jet like features that were around twenty microns in diameter
and hundreds of microns long. The jets originated from the interaction region and extended
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through the target with a velocity that was close to the speed of light. The jets were likely formed
by electrons from the high energy tail of the electron energy distribution. The number of jet-like
tracks varied shot-to-shot. When multiple tracks appeared, they extended from the interaction
region in a parallel or slightly diverging fashion.
The possibility that the jets were formed by high energy photons was eliminated by
inserting a 200 μm wide vacuum gap into some of the targets. The vacuum gap prevents the
propagation of fast-electron currents that exceed the Alfven limit, because there are no
background electrons available to provide a return current. The vacuum gap prevented the
propagation of the ionization front, confirming that the ionization was associated with a high
current of relativistic electrons.
PIC code simulations suggested that the jets were bundles of electron beam filaments that
were formed in the target front-surface preformed plasma due to the collisionless Weibel
instability [116]. These structures seeded resistive filamentation in the solid density material
away from the interaction. In the simulations, the jet like structures were magnetically collimated
and extended from the interaction region without mutually interacting because the resistive
magnetic fields decreased rapidly outside the jets.
Structured patterns, that are suggestive of filaments viewed end on, have been observed
in the CTR emitted from the rear surface of insulators and metals irradiated with laser intensities
of a few 1019 Wcm-2 [73, 137]. Structures averaging about 10 μm in diameter were seen in the
CTR emission from the rear surface of Al targets [73]. The authors suggested the structured
pattern may result from “Weibel type” filamentation of the propagating electron beam. CTR
imaging of low density foam targets with a spatial resolution of Δ = 2 μm, revealed concentric
rings of filamentary structures [137]. The structure diameters averaged about 7 μm while the
inner ring diameter was about 50 μm. 3D PIC simulations showed that the collisionless Weibel
instability produced a fast electron density distribution at the target rear surface that reproduced
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the details of the observed CTR emission pattern. An experiment comparing plastic targets with
Al targets showed a structured pattern of emission in the CTR emitted from the plastic targets but
not from the Al targets [138].
Because CTR is produced by a small fraction (probably less than 0.1% [70]) of the total
fast electron population, it may not properly characterize the electron transport in general.
Imaging of the rear surface of Al targets, under almost identical experimental conditions, using
incoherent transition radiation (ITR) that is produced by all the fast electrons at the target rear
surface, indicated no structure [69].
Protons accelerated from the target rear surface are used to infer the rear surface electron
density distribution [139]. The protons are accelerated from a Debye sheath field that forms on
the target rear surface as the fastest electrons escape from the target [49]. Spatial variations in the
strength of the sheath field depend on variations in the spatial distribution of the electron density
and energy at the target rear surface. The protons are measured with radiochromic film (RCF)
stacks. The shape of the proton distribution in the RCF was found to depend on the shape of the
laser focal spot [139]. A line laser focus resulted in an elongated proton distribution and a
structured laser focus resulted in a structured proton distribution. Experiments performed with the
nominal laser focal spot showed a smooth distribution of protons suggesting that the fast electron
density distribution at the rear surface was smooth.
X-ray pinhole camera images of solid plastic targets that contain buried fluorescent
tracer layers of Al and Au, show micron-scale bright spots of emission that are superimposed
onto larger annular like emission structures

[140]. The targets were irradiated at normal

incidence with a laser intensity of around 3 x 1019 Wcm-2. Photon energies below 1.5 keV were
filtered while the camera integrated the higher energy photons. Although no discernable
correlations were obtained, the diameters of the annular emission depended on the depth of the
tracer layer and on the tracer material. The annulus diameters ranged from 50 μm to 120 μm
while the tracer depths ranged from 10 μm to 100 μm. The annular patterns, which were
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confirmed as originating from the tracer layers, indicate that the background temperature in the
tracer layers peaks in the annulus. The strong dependence of the x-ray brightness on the tracer
temperature is consistent with the annulus temperature being 25% higher than the temperature at
the center. Though no satisfactory explanation could be provided, the patterns are suggestive of
electron beam hollowing [135].
The divergence and transverse spread of the electron beam inside laser irradiated targets
has been inferred in a number of experiments. Cu Kα imaging with a spatial resolution of Δ = 10
μm, indicated that the electron beam spreads laterally enveloping a large volume of the target
[141]. X-ray pinhole camera imaging of the combined 22 keV Ag Kα and bremsstrahlung
emission from the front surface of solid Ag targets, indicated an x-ray source size of about 60 μm
that was independent of the target thickness [141]. The corresponding laser focal spot size was
about 7 μm, full width at half maximum (FWHM). The lateral spread was attributed to fastelectron refluxing, where fast electrons are trapped inside the target by strong Debye sheath fields
that form on the target front and rear surfaces [49]. The electrons circulate inside the target where
they continue to cause the production of x-ray photons until their energy drops below the
threshold for the process. The threshold for creating a Ag Kα photon is around 22 keV with the
cross section being approximately flat for electron energies that exceed 50 keV [142]. The
stopping distance for an electron with an energy of 1 MeV in Ag is about 660 µm [126]. In thin
targets, such electrons make many passes through the target.
Diagnostics that measure K-photon or bremsstrahlung emission (for bremsstrahlung
photon energies up to a few hundred keV), integrate the emission over the full refluxing-life-time
of the fast-electrons. Fast-electrons with enough kinetic energy to produce multi MeV
bremsstrahlung photons escape from the target without refluxing. These photons provide
information about the first pass of the fast-electrons through the target. Because refluxing
removes the electron density modulations that are required for the generation of CTR, CTR also
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provides information about the fast-electron’s first pass through the target. High-energy
bremsstrahlung and CTR emission are thus suitable for fast ignition studies where the properties
of fast electrons that are directly transported from the laser focus are of interest.
The spatial distribution of CTR and high energy photons provides information about the
fast electron beam divergence. The increase in the spatial extent of the rear surface CTR emission
with increasing target thickness, suggested an electron beam half angle divergence of around θ½ =
8.5o in Al using target thicknesses ranging from 20 µm to 1000 µm [73], and θ½ = 10o to 20o in
foams using target thicknesses ranging from 250 µm to 750 µm [137]. The peak intensity in both
experiments was around 3 x 1019 Wcm-2. Because the emission of radiation by relativistic
electrons is beamed along the direction of the electron propagation, the angular distribution of the
electrons can be obtained from the angular distribution of the radiation. The angular distribution
of high-energy bremsstrahlung photons indicated that the most energetic electrons diverged with
a half angle of θ½ = 50o [49] in experiments conducted with a peak laser intensity of around 1020
Wcm-2. Photons with energy in excess of 200 keV were measured with an array of thermoluminescent detectors while photons with energy in excess of 8 MeV, were measured using Au
activation. Despite the fact that both CTR and the high energy bremsstrahlung originate from the
most energetic electrons, no correlation between the angular divergences inferred from the two
techniques is evident.
The half-angle divergence of the full electron beam in Al targets was inferred to be θ½ =
17o from the variation in the spatial extent of the ITR emission with increasing target thickness
[69]. Although the ITR signal is integrated over the fast electrons refluxing-life-time, it is most
intense for the electrons first pass through the target when the fast-electron energies and
transverse densities are highest.
The previous work on fast electron transport in solid targets encompasses a broad range
of experimental techniques. However, there is an absence of strongly systematic studies. The
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experiments have been carried out at various locations under varying experimental conditions and
in some cases, under conditions that are not well characterized. The experimental results often
lead to contradictory conclusions and a clear understanding of the relevant physics has not yet
emerged. The experiments described in this thesis aim to reduce the uncertainties by performing a
systematic study of the fast-electron transport in solid targets.

5.3 The Experiment Rationale and Set Up

The aim of the experiments presented in this chapter is to infer the fast-electron beam
divergence and transverse spatial distribution, in solid density targets, during the electrons first
pass through the target. The experiments were performed on the Multi-Terawatt (MTW) laser
facility at the University of Rochester’s Laboratory for Laser Energetics [120]. The MTW laser
that was described in Chap. 3 provides a well characterized and stable experimental environment
that is favorable for performing strongly systematic studies. The experimental geometry, which is
identical to that of the electron beam source characterization experiments, is described in Sec. 4.3.
The targets consisted of Al, Cu, Sn and Au planar foils mounted to 17 μm diameter silicon
carbide stalks. The target details are shown in Table 5.1. The transition radiation diagnostic
(TRD) was fielded to acquire high-resolution (Δ ~ 1.4 μm) images of the target rear-surface
optical emission [121].

Material

Atomic number (Z)

Thickness (μm)

Transverse dimensions (μm)

Al

13

6 10 20 30 60 100

500 x 500

Cu

29

5 10 20 50

500 x 500

Sn

50

10 20 30

500 x 500

Au

79

5 10 20 30 50

500 x 500

Table 5.1 List of targets.
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5.4 Results

5.4.1 Target Rear Surface Emission Pattern

This section describes the distribution of CTR observed in the experiments. Figure 5.1
shows representative images of the rear surface emission from six targets. The units, which are
analog-to-digital units (ADU), indicate the distribution of the intensity on an arbitrary scale in
each image. The emission is shown on a linear scale. The target material and thicknesses are a) 10
μm Al, b) 10 μm Au, c) 20 μm Al, d) 20 μm Sn, e) 30 μm Al, and f) 30 μm Au. The emission
regions contain bright, small-scale structures that are suggestive of electron beam filaments [20,
22]. The structures range in size from about 1.5 μm to about 8 μm in diameter. The number of
structures per image varies between 2 and 7.
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Figure 5.1 High resolution images of the target rear surface emission in arbitrary units
of intensity. The targets are a) 10 μm Al, b) 10 μm Au, c) 20 μm Al, d) 20 μm Sn, e)
30 μm Al and f) 30 μm Au.
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Identifying a filamentary structure is somewhat subjective. Because the CTR signal-tobackground is greater than the dynamic range of the camera, the intensity contrast of the image
does not necessarily represent the intensity contrast of the emission. Measurements indicate that
the CTR signal-to-background level is at least 104 (see Chap. 3) while the signal-to-noise ratio in
the images shown in Fig. 5.1b and 5.1e is about 102. Filamentary structures whose peak
amplitude is just above the detector noise may not be identified, while those below the noise
cannot be seen. Furthermore, the effective signal-to-noise ratio of the detector varied between
some shots. This was because the neutral density filters that are used to control the overall
transmission to the detector had to be changed. Consequently there is no universal noise base.
The amplitude of each filamentary structure can only be defined by reference to the noise level in
the image where it resides. This introduces unknown errors in estimating both the number of
structures and their transverse dimensions.
Within the limitations described, the number of filamentary structures was counted. A
degree of objectivity was inserted by processing the images. The images were smoothed with
each pixel taking the mean pixel value of itself and its eight neighbors. A threshold value,

N max

where N max is the maximum ADU value in the image was subtracted. This removed the pixel-topixel variations caused by noise. Care was taken to eliminate x-ray single hits and hot pixels.
Local maxima within each image were identified.
Because of their finite contrast, the filamentary structures are connected at some fraction
of their peak amplitude. The number of filamentary structures in a particular image was defined
to be the number of local-maximum structures that remained unconnected, at some arbitrary
fraction of their peak amplitude. The number of structures identified as filamentary structures
decreased as the fractional amplitude threshold was lowered. The number of filamentary
structures that remained unconnected at 75% of their maximum amplitude was counted. The
mean number of filamentary structures per image was found to be independent of the target
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material, the spatial extent of the rear-surface CTR emission and the radiated CTR energy. Figure
5.2 shows how the number of filamentary structures varies with target thickness averaged over all
shots at each thickness and over all materials. The error bars are standard deviations and arise
from shot-to-shot fluctuations.

Figure 5.2 The variation in the mean number of filamentary structures per shot with
increasing target thickness averaged over all materials.

Figure 5.2 suggests that the mean number of filamentary structures increases as the target
thickness is increased for thicknesses between 5 µm and 30 µm. However, electron beam
filaments in thin targets may not have sufficient propagation distance over which to separate
before reaching the rear surface. The finite spatial resolution of the imaging system, Δ = 1.35 µm,
means individual structures that lie with in a tightly packed group may not be individually visible.
The contrast of the filamentary structures in the 100 μm thick targets was lower, making them
more difficult to identify. The presence of a single structure, implying no filamentation, was
counted as one. With the uncertainties considered, it appears that the number of filamentary
structures remains approximately constant at 2 or 3 on average, independent of target thickness.
The diameters of the filamentary structures were obtained at 75% and 50% of their peak
amplitudes. The diameters were calculated from the corresponding areas that were obtained by
counting the number of pixels enclosed by contours, at 75% and 50% of the individual structure
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peak amplitude. The maximum error in assessing the areas occurred for the smallest structures
and was estimated to be about 10%. The structure diameters ranged from about 1.5 µm to about 8
µm. This is not surprising. Based on the radius of the MTW laser focal spot (R50 ≈ 4µm), which is
the source of the electron beam, one would not expect filaments to exceed 8 μm (FWHM) in
diameter. Due to the finite spatial resolution of the imager, the smallest structures in the image
cannot be less than about 1.4 µm in diameter. Figure 5.3 shows how the mean-diameter-per-shot
of the filamentary structures varies with target thickness, at 75% and 50% of the individual
structure maximum amplitude, averaged over all materials. The error bars are standard deviations
that arise from shot-to-shot fluctuations. The mean diameters at 75% and 50% remain
approximately constant, at about 2 µm and 4 µm respectively, for thicknesses that are less than ≤
30 µm. For thicknesses of 50 µm to 100 µm, the diameters are on average a factor of 2 larger.

Figure 5.3 The variation in the mean diameter of the filamentary structures, at 75%
and 50% of their maximum amplitude, with target thickness averaged over all
materials.

The dominant spatial mode (fastest growing mode) of the filamentation instability can be
seeded by external factors associated with the roughness of the target surface or laser beam
filamentation and self focusing [63]. Though no systematic study was undertaken, the surfaces of
the targets used in the experiments had a variety of structural patterns. These patterns are used to
focus the TRD to the rear-surface of the targets before the shot (see Chap. 3). The spatial scales
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and amplitudes of the target surface structures respectively range from a few microns and a few
hundred nanometers, to structures that are barely discernible. The structural patterns vary with the
target foil thickness and material, depending on how the foils were manufactured. However, the
number and size of the filamentary structures in the CTR emission was independent of the target
thickness and material, implying that the target surface roughness had little influence.
On some shots, the bright, micron-scale filamentary structures described above, were
seen superimposed on less-bright, annular-like structures whose diameter increased with target
thickness. The annular patterns are suggestive of electron beam hollowing and annular
propagation [135]. Figure 5.4 shows the rear surface emission from three targets in arbitrary units
of intensity. The top row shows the emission on a linear scale while the bottom row shows the
emission on logarithmic scale. From left-to-right the targets are 30 μm thick Al, 50 μm thick Cu
and 60 μm thick Al. The logarithmic scale (lower half of Fig. 5.4) shows that the emission pattern
possesses a well defined perimeter.
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Figure 5.4 Images of the rear surface CTR emission showing small-scale structures
embedded into a larger ring-like structure that generally defines the perimeter of the
emission region. The top row shows the emission on a linear scale while the bottom
row shows the emission on a logarithmic scale. The target materials are a) 30 μm Al,
b) 50 μm Cu, and c) 60 μm Al.

5.4.2 Determination of the Electron Beam Divergence

The increase in the size of the rear surface CTR emission, with increasing target
thickness, is used to infer the angular divergence of the fast-electron beam. The spatial size of the
emission was determined from the logarithmic scale images in which the emission pattern has a
well defined perimeter. The number of pixels along the horizontal and vertical dimension of the
image was counted. The radius of the emission pattern was then defined to be half the mean value
of its measured horizontal and vertical dimensions. The edge of the emission pattern was
determined by eye on the logarithmic plots. This proved to be the most reliable technique for
determining the size of the emission. Figure 5.5a shows how the size of the emission region
increases with increasing target thickness for Al, Cu, Sn and Au targets. No dependence on the
target material is observed. This is expected. Multiple Coulomb scattering reduces the emitted
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CTR energy because the scattering reduces the amplitude of the electron beam density
modulation as discussed in Chap. 4. The magnitude of the scattering scales as Z2, where Z is the
target material atomic number [27]. However, the scattering cannot affect the spatial extent of the
observed CTR emission. Because the scattered electrons are no longer correlated to the electron
density modulation, they do not contribute to the CTR emission and become invisible to the CTR
technique.

Figure 5.5 a) The variation in the radius of the rear surface emission with target
thickness for each material and b) the variation in the size of the emission with
increasing target thickness averaged over all materials.

Figure 5.5b shows the increase in the size of the emission region, averaged over all
materials, as a function of target thickness. The error bars are standard deviations. The dashed
line is a linear least-squares-fit to the data. The line is described by the equation,
RCTR = 0.28LThick + 4.3 [μm] where RCTR is the radius of the emission and LThick is the target
thickness. The gradient of the line corresponds to a fast-electron beam half-angle divergence of

θ½ = 15.7 ± 0.9o. The fitted line intercepts the zero-thickness axis, corresponding to the target
front surface, at a radius of R = 4.3 ± 1 µm. To within experimental error, this is consistent with
the MTW laser focal spot radius of R50 ~ 4 µm [84].
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5.5 Numerical Simulations of the Fast-Electron Transport.

This section describes hybrid-PIC code simulations, performed using LSP [143], that
model the transport of fast electrons through solid-density targets in 3D. The simulations show
that an initially divergent fast-electron beam is partially collimated by a self-generated, resistive
magnetic field [136]. These results were published in Physical Review Letters, volume 102, page
235102 in 2009 under the title “High-Current Relativistic Electron-Beam Transport in Metals and
the Role of Magnetic Collimation” [144].

5.5.1 The 3D hybrid-Particle-in-Cell Code Fast-Electron-Transport Model

The simulations model the transport of fast electrons in solid-density Al targets with
thicknesses that match the targets used in the experiments. The large spatial scale of the
simulation means that the electron transport and laser interaction cannot be modeled
simultaneously. Instead, the fast electron beam is specified using scaling laws that relate its
properties to the properties of the laser pulse.
In the model, the fast electrons are promoted from the background plasma (injected) with
an exponential energy distribution that is given by exp ( − E Eh

) , where the mean energy 〈Eh〉 is

given by the maximum of the ponderomotive [38] and Beg [29] scaling,

{

2
Eh [ MeV ] = max 0.511 ⎡(1 + I λμm
/ 2.8 × 1018 )
⎢⎣

1/ 2

}

1/3
2
− 1⎤ , 0.1( I λμm
/ 1017 ) .
⎥⎦

(1.111)

Here I is the laser intensity in Wcm-2 and λμm is the laser wavelength in microns. The laser pulse,
which is Gaussian in space and time, is given by I = I 0 exp ( − r 2 / rw2 − (t − t0 ) 2 / τ w2 ) where
rw = r0 2 ln 2 and τ w = τ 0 2 ln 2 and where r0 and τ0 are the spatial and temporal FWHM of the
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pulse respectively. The laser pulse duration was taken to be τ 0 = 650 fs, the laser focal spot radius
was taken to be r0 = 5.5 µm (FWHM) and the maximum intensity was taken to be I 0 = 1.45 ×
1019 Wcm-2, consistent with the parameters of the MTW laser. The laser-to-fast-electron energy
conversion efficiency was 20% and independent of the laser intensity [129].
The fast-electron angular distribution at the target front surface is given by θ1/ 2 =
α tan −1 ⎡⎣ 2 / ( γ − 1) ⎤⎦ where θ1 2 is the half angle, γ is the electron Lorentz factor, and α is a free

parameter used to adjust the angle. Electrons with kinetic energy E = (γ − 1)mc 2 , are randomly
injected into the target in a cone of half-angle θ1 2 . The FWHM injection angle is determined
from the distribution of injection angles for all electrons over the duration of the simulation.
Because the electron injection angle for each electron depends on the electron energy, the range
of angles with which the electrons are injected depends on the instantaneous intensity of the laser
pulse, at the point of injection. The range of angles can be controlled by carefully specifying the
laser pulse characteristics, specifically its spatial width, rise-time and peak intensity. The
parameter α is introduced so that the injection angles can be modified without having to respecify the laser pulse. The injection angles are modified by adjusting α until the electron beam
divergence in the target matches the angle that was inferred from the experiments. With α = 1,

θ1 2 describes the angle with which electrons are ejected from a focused laser by the
ponderomotive force [42].
The Al targets had transverse dimensions of 120 µm and thicknesses of 20, 40, 60 and 80
µm. A broad vacuum region (width = 50 µm) surrounded the target to marginalize any unphysical
influence from the conducting boundary conditions. The spatial resolution was 1 µm in the
longitudinal (z) and transversal (x and y) directions for |x|, |y| < 30 µm, with the transverse
resolution gradually increased to 3 µm for |x|, |y| > 30 µm. The background plasma temperature
TB rises due to the Ohmic heating that is associated with the collisional return current [145], and
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2
cv , where η is the resistivity,
is calculated by LSP. The heating rate is given by dTB dt = η J ret

Jret is the return current density and cv = 3/2 ne is the specific heat capacity for an ideal electron gas
at constant volume. The electron density is given by ne = Z eff ni , where Zeff is the specified degree
of ionization and ni is the ion density. The ideal gas model underestimates the heat capacity
because it does not include ionization energy loss. Consequently the temperature due to Ohmic
heating is overestimated. To correct this, Zeff must be artificially elevated [146]. However,
choosing too high a value of Zeff produces an unrealistically high value of the resistivity in the
low temperature regime. The plasmas resistivity was therefore saturated at temperatures lower
−2
−2
than TB = 50 eV, according to η = 1/ ηmax
+ η Sp
, where η Sp ∝ Z eff TB−3 2 is the Spitzer resistivity

[113, 114] and ηmax = 1.6 × 10-6 Ωm is the peak resistivity of the plasma that occurs for a
temperature of TB = 15 eV [32, 36]. At TB = 100 eV, the spectroscopic software PrismSpect [147]
estimated the degree of ionization to be about 8. The resistivity in the simulation approximately
matched the Spitzer resistivity for TB = 100 eV and Zeff = 8. The resistivity and the Ohmic heating
were well modeled throughout the temperature range of interest.

5.5.2 Fast Electron Annular Transport and Filamentation.

The simulations were conducted for Zeff = 6, 8, and 10. Figure 5.6 shows the density
distribution of fast electrons, with energy E > 250 keV, at the back of the target for α = 1, Zeff =
8 and different target thicknesses. The density distributions are averaged in time using

∫ ne (r, t )dt

1.065τ

where ne(r,t) is the time dependent, transverse, fast-electron density

distribution. Comparison of the simulations with the experimental observations shows that the
distribution of the fast-electron density, at the target rear-surface, reproduces the details of the
CTR distribution. The filaments are arranged in an annular configuration with individual filament
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diameters that are in the range from around 4 μm to 8 μm.
Although electrons with energy in the vicinity of 250 keV do not contribute to the
generation of CTR, the higher energy electrons that do contribute (those with energy E >> 250
keV) have similar trajectories to the lower energy electrons. However, the exponential electron
energy distribution that was used in the simulations, meant that the number of electrons in the
higher energy category was too low to adequately illustrate the transverse spatial distribution.
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Figure 5.6 The simulated transverse density distribution of fast electrons (in units of
cm-3) on the rear surface of the a) 20 µm, b) 40 µm, c) 60 µm and d) 80 µm thick Al
targets

Figure 5.7 shows how the spatial extent of the target rear-surface density distribution
varies with target thickness (squares), in the simulations, for electrons with energy E > 250 keV.
For comparison, the CTR emission-size data originally plotted in Fig. 5.5b is also shown.
Although the ponderomotive law [42] was used to determine the initial angular divergence of the
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electrons in the simulations, it does not follow that the ponderomotive force is dominant in
determining the electron divergence in the experiments. The ponderomotive law specifies a single
angle as opposed to a distribution of angles, and is strictly applicable to the single atom regime
where collective plasma effects are absent. In solid density plasma, the electron trajectories are
dominated by the collective behavior and by collisions. Particle-in-cell code simulations that selfconsistently calculate the impact of electric and magnetic fields on the electron trajectories
indicate that other mechanisms, such as the collisionless Weibel instability, produce a similar
divergence [59].

Figure 5.7 The experimentally observed variation in the radius of the CTR emission
region with increasing target thickness (red dots) and a linear least squares fit to the
data (line), originally shown in Fig. 5.5b. The squares indicate the radius of the
electron beam, simulated using LSP, at the target rear surface. The simulated beam
divergence matches the experimentally observed value with the angle parameter α = 1
(see Sec. 5.5.1).

Figure 5.8 shows transverse temperature cross-sections for a 80 µm thick target, in planes
that are 20, 40, 60 and 80 µm from the front surface. The plasma temperature is maximum in the
annulus or in the filaments and has a minimum value on-axis in all transverse beam cross-sections
except for the first few microns (z ≤ 6 μm), where the divergent beam maintains its maximum
density on-axis. The temperature decreases toward the rear surface. Figure 5.8d shows that
heating at the target rear surface occurs outside the filaments. This is due to electrons that
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propagate along the rear-surface due to E × B drift, where E is the rear-surface electric Debye
sheath field and B = ∫ ∇ne × ∇TB dt [148]. This magnetic field B, grows because of spatial
gradients in the target rear-surface electron density and temperature. The distance over which this
magnetic field penetrates into the target is given by the diffusion distance d = τ D μ0 η , where

τD is the magnetic diffusion time and µ0 is the permeability of free space. For τD = 500 fs (the
duration of the experiment) and η = 1.6 x 10-6 Ωm, d = 0.5 μm. The significance of this magnetic
field on the fast-electron transport in the target, and the subsequent generation of CTR as the
electrons exit the target, is likely to be small and its effects have not been considered.
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Figure 5.8 Simulated cross-sections, normal to the electron beam propagation
direction, in the 80 µm thick target at a) 20 μm, b) 40 μm, c) 60 μm and d) 80 μm
from the target front surface showing the background temperature of the target
material. The temperature peaks in the annulus or in the filaments.
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5.5.3 The Role of Self-Generated Magnetic Fields.

The propagating beam of fast electrons is a source of magnetic fields. These fields exert
forces back onto the fast electrons and influence their trajectories. The sign of the self-generated
magnetic field is determined by spatial variations in the fast-electron current density and the
background resistivity. The magnetic field growth is described by Faraday’s law,

∂B
= −∇ × E = −∇ ×η J ret ≈ ∇ × η J fast = η ⎡⎣∇ × J fast ⎤⎦ + ∇η × J fast ,
∂t

(1.112)

where J ret is the background current density, J fast is the fast current density and E = η J ret is
Ohms law. The first term on the right hand side (RHS) of Eq. (1.112), is the source term for
magnetic fields that result from spatial variations in the current density, while the second term is
the source term for magnetic fields that arise from spatial variations in the resistivity. Because of
the beam geometry, the strongest gradients are associated with the radial direction. Consequently
the magnetic fields are predominantly azimuthal and the corresponding forces, radial. The
predominant magnetic force is given by FR = −e(v z × Bθ ) .
Figure 5.9 shows cross sections through the azimuthal component of the magnetic field in
the 60-µm target, 350 fs after the peak of the laser pulse. The strongest field, B ~ 15 MG, is
generated at the transverse edge of the electron beam and is most intense in the first 10 µm. A ~5
MG magnetic field with the opposite polarity forms to the inside of the peak electron density.
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MG

Figure 5.9 Cross sections through the azimuthal magnetic field (in units of MG) for
the 60-μ m target, 350 fs after the peak of the laser pulse.

Near the target front surface, the current density is maximum on axis, with a peak
gradient that occurs at a radius that is on the order of the laser focal spot radius. Consequently, the
magnetic field (blue region in Fig. 5.9) that develops at the outside edge of the beam is negative.
The corresponding magnetic force is therefore directed inwards and the electron beam angular
divergence is reduced. Electrons pile up in the vicinity of the outside edge field to produce an
annular structure. Because the current density near to the axis at the front surface decreases
relatively slowly with the radial coordinate, the magnetic fields that form near to the axis are
relatively weak. As the annular profile begins to form away from the target front surface, the
current density gradient at the inside edge of the annulus, generates a magnetic field (red region
in Fig. 5.8) that reinforces the annulus from the inside. However, this field remains weaker than
the outside edge field. The magnetic field strength is amplified because the fields form where the
temperature is low and the resistivity, which multiples the current gradient term in Eq. (1.112), is
large.
The magnetic fields that develop due the gradients in the background resistivity,
described by the second term on the RHS of Eq. (1.112), were unimportant in the simulations
described here. For temperatures TB < 15 eV, the second term vanishes because the resistivity is
fixed. For TB > 15 eV, the temperature gradients were less than the current density gradients so
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that the corresponding magnetic fields were weaker. Furthermore, the temperature gradients were
largest at the edge of the annulus where the current density that multiples the temperature
gradient term, was relatively low.
The main effect on the propagating electron beam is a reduction in the half-angle
divergence caused by the magnetic field that forms at the fast-electron beam outside edge. With

α = 1 and Zeff = 8, the outside edge field partially collimates the beam. A beam with an initial
half-angle divergence of θ½ ~ 56° (mean angle = 37°), averaged inside the FWHM of the beam
spatial and temporal distribution, is reduced to a beam with an angular distribution peaked at θ½ ~
16°, as observed in the experiments. Consequently the variation of the electron density
distribution with increasing target thickness resembles an expanding annulus.
The experimentally inferred half angle divergence could be reproduced for Zeff = 6 and
Zeff = 10 by respectively decreasing or increasing the divergence parameter α by 7%. A lower
value of Zeff corresponds to weaker magnetic pinching force because it corresponds to a lower
value of the resistivity. Consequently, to match the experimentally observed value of the
divergence, the initial angular divergence was reduced. For Zeff = 10, the same argument leads to
a reverse effect in which the angle had to be increased.
Shot-to-shot variations in the spatial extent of the CTR emission, seen in the experiments,
may result from variations in the laser intensity that determines the initial divergence angle. The
laser intensity on target can vary due to laser self focusing effects [63, 119] in varying pre-plasma
conditions at the target front surface. Shot-to-shot variations in the magnitude of the fast-electron
current may also affect the measured divergence. Because the fast-electron current must be
compensated, an increase in the magnitude of the fast current will drive an increase in the
magnitude of the collisional return current and consequently, enhance Ohmic heating. According
to the Spitzer model of resistivity [113], the enhanced Ohmic heating will drive the resistivity
lower. This will reduce the magnetic field that grows due to the first term on the RHS of Eq.
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(1.112). The magnetic collimation force will thus be weaker and for the same initial electron
beam divergence, the divergence in the target will be larger. A decrease in the fast-electron
current will have the opposite effect.
It is important to note the role of the laser-to-fast-electron energy conversion efficiency in
determining the relationship between the initial divergence and the divergence in the target. The
conversion efficiency determines the magnitude of the fast electron current for a given laser
energy. As described above, increasing or decreasing the fast-electron current affects the degree
of collimation because it affects the strength of the resistive magnetic fields that are responsible
for the collimation. The conversion efficiency in the simulations described in this section was ηL-e
= 20%. This is based on solid target experiments performed using the MTW laser in which the
conversion efficiency was determined to be ηL-e = 20 ± 10 % [17]. This represents a large
uncertainty in the fast-electron current. In addition, this value of the conversion efficiency is most
likely an underestimate. The value was based on calculating the Cu Kα yield from fast-electrons
in Cu targets that lose energy according to the continuous slowing down approximation [127] and
comparing the result to experimentally measured Kα yields. The model did not include the fastelectron energy loss that is associated with the growth of Debye sheath fields on the target
surfaces and the subsequent acceleration of ions [49]. The effect of the additional energy loss on
the conversion efficiency has not been quantified. The additional loss mechanism implies that the
laser-to-fast-electron conversion efficiency should be higher if the calculated Kα yields are to
match those observed experimentally. This uncertainty in the conversion efficiency directly
equates to uncertainty in the strength of the collimating resistive magnetic fields and the
connection between the initial electron beam divergence and the divergence in the target. The
qualitative conclusion that the electron beam divergence in the target is reduced by the magnetic
fields however remains valid.
The magnetic field also drives the resistive filamentation instability. The annulus breaks,
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along its circumference, into filaments that have diameters that range from around 4 µm to 8 µm.
The Bennett radius predicts the minimum filament size by determining the radius at which the
magnetic pinching pressure that drives the filamentation, balances the thermal pressures that
restrains it. The Bennett radius is given by rF = 2 γ be ( v th v be ) c ωbe , where γbe is the Lorentz
factor, v be is the beam velocity, v th is the beam thermal velocity and ωbe is the beam plasma
frequency. The ratio v th v be is obtained by associating the thermal velocity of the beam with its
initial angular divergence angle of θ½ = 56o. The beam plasma frequency is determined from the
beam electron density ne, while v be and γ be are obtained by assuming a fast electron mean energy
of 1 MeV. Assuming ne = 3 x 1020 cm-3 (see Fig. 5.6a), gives a minimum radius of rF ~ 2 µm. The
radius calculated here is taken as an order of magnitude estimate for a resistive filament radius
because the Bennett radius validity condition v th

v be , is not satisfied.

Figure 5.10 shows the location of the fast-electron-density iso-surface (red-solid), at 50%
of the peak density in each transverse plane, in the 60 µm target, 350 fs after the peak of the laser
pulse. The blue-transparent surface corresponds to the case with the magnetic field artificially
suppressed. The electrons diverge with a half angle of 56o. The apparent collimation in the first
few microns with the field suppressed is an artifact that results from plotting the surface that
represents 50% of the maximum density. Although the electrons diverge from the front surface,
their density outside the original beam envelope is initially below 50% of the maximum density.

164

Figure 5.10 The fast-electron-density iso-surface at 50% of the peak density in each
transverse plane, 350 fs after the peak of the laser pulse (red) and the iso-surface with
the magnetic field artificially suppressed (blue).

5.6 Summary and conclusions

Experiments to infer the fast electron beam directionality in solid-density planar targets
have been preformed. The initially cold electrons were accelerated by a laser that was focused at
normal incidence to the target surface with a peak intensity of I = 2 x 1019 Wcm-2. A transport
regime is identified in which >1 MA, relativistic currents, are collimated by self-generated,
resistive, magnetic fields within the targets. The strongest magnetic fields appear at the edge of
the electric current due to a radial shear in the current density.
Coherent transition radiation (CTR) imaging of the target rear-surface, with a spatial
resolution of Δ = 1.35 μm, indicates a structured pattern of emission. The images contain bright,
small-scale structures with a mean diameter of about 4 μm that suggest the electron beam
filaments [22]. The mean number of structures per shot was determined to be either 2 or 3. The
number and transverse size of the structures was independent of target material, target thickness,
target surface roughness, laser power, the emitted CTR energy and the overall size of the
emission region. On some shots, the small scale structures were seen superimposed on larger
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annular structures that suggest the electron beam hollows as it propagates [135]. The variation in
the spatial extent of the CTR emission with increasing target thickness gives an electron beam
angular divergence of θ1/2 = 15.7 ± 0.9o.
Three-dimensional, hybrid-particle-in-cell code simulations of the electron transport
indicate a target rear-surface electron density distribution that reproduces the details of the CTR
emission seen in the experiments. The variation of the electron density distribution with target
thickness resembles an expanding annulus that breaks into filaments due to the resistive
filamentation instability. The radialy expanding annular pattern results from the partial
collimation of an initially divergent fast-electron beam by a self-generated, resistive, azimuthal,
magnetic field that forms at the outside edge of the beam. An electron beam with an initial halfangle divergence of θ½ ~ 56o (FWHM) is reduced to a beam with an angular distribution that is
peaked at θ½ ~ 16o, as seen in the experiments.
These observations may be important to fast ignition in which a collimated or focused
electron beam is essential for the energy viability of the scheme.
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6. Thesis Summary and Conclusions

Solid target experiments have been carried out with Al, Fe, Cu, Sn and Au foils with
thicknesses ranging from 5 µm to 100 µm using the MTW laser. The laser was focused at normal
incidence with peak intensities ranging from I = 4 x 1018 Wcm-2 to I = 2 x 1019 Wcm-2. The details
of the electron generation and transport were inferred from high resolution, coherent transition
radiation (CTR) imaging of the target rear surface.
A transport regime is identified in which >1 MA, relativistic currents are collimated by
self-generated, resistive, magnetic fields within the targets. The strongest magnetic fields appear
at the edge of the electric current due to the radial shear in the current density. The degree of
collimation may be controllable through the laser intensity that determines the initial electron
beam divergence. These findings may benefit applications such as fast ignition whose energy
viability depends on being able to provide a large current of collimated electrons.
In the experiments, the integrated CTR energy was found to decrease with increasing
target thickness. This decrease was principally caused by electron-bunch velocity dispersion
which reduces the correlation between propagating electrons. A velocity dispersion model [68]
was used to determine the fast electron temperature from the variation of the radiated CTR energy
with increasing target thickness in Al, to be Thot = 1.4 ± 0.1 MeV. This value of Thot is consistent
with a fast-electron temperature that matches the ponderomotive scaling [45] for intensities close
to the peak of the laser pulse.
The decrease in CTR energy with increasing target thickness occurred more rapidly in
high-Z targets. The additional decrease was attributed to collisional processes that also remove
the correlation between propagating electrons. The collisional transport of electrons in high Z
targets makes the determination of Thot, from the variation of the CTR energy with increasing
target thickness due to electron-bunch velocity dispersion, unreliable.
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Based on the inferred value for Thot, the MTW laser pulse energy and pulse duration, and
the inferred laser-to-fast-electron energy conversion efficiency of 20%, the fast-electron current
that propagates in the target is estimated to be around 1.2 MA. This current exceeds the limiting
Alfven current [19] by more than an order of magnitude indicating the likely presence of strong
magnetic fields that influence the fast electron propagation.
The CTR energy dependence on laser intensity was found to follow the power law
ECTR = 2.5 x10−4 I 5.7 ± 0.5 for peak laser intensities in the range from I = 4 x 1018 Wcm-2 to I = 2 x
1019 Wcm-2. This result was consistent with the ponderomotive scaling of Thot with the laser peak
intensity.
Although Thot typically describes the slope temperature of a Maxwellian energy
distribution, the energy distribution function cannot be determined from the CTR data. Because
CTR is primarily produced by the highest energy electrons, the value of Thot obtained here may
correspond to an energetic tail of the fast-electron energy distribution.
Order of magnitude shot-to-shot variations in the radiated CTR energy were observed
under almost identical experimental conditions. This variability appears to be an inherent
characteristic of the emission. Variations in the properties of the target front surface pre-plasma
that determine the characteristics of the laser absorption and energy transfer into fast electrons are
the most likely source for the variability in the CTR emission.
A systematic, order of magnitude, increase in the CTR emission was observed when the
laser pulse shape was changed to one that likely carried a high intensity (I ~ 1018 Wcm-2) shoulder
on its leading edge. The particle-in-cell code OSIRIS, simulated the interaction of a high-intensity
laser-pulse shoulder with a solid target. The main effect of the shoulder was to reduce the peak
density of the pre-formed plasma, in the vicinity of the plasma’s critical surface, compared to the
case of a laser pulse with no shoulder. The peak of the laser pulse then interacted with the
reduced density plasma. Because this aided the laser field penetration into the plasma, the relative
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effectiveness of laser light absorption by the JxB mechanism was increased relative to that of the
vacuum heating mechanism and consequently, the emission of CTR at the laser second harmonic
was enhanced.
Images of the rear surface emission, that were acquired with a spatial resolution of Δ =
1.35 μm, contain bright, small-scale structures that suggest the electron beam filaments [22]. On
some shots, the small-scale structures were superimposed onto larger annular structures that
suggest the electron-beam hollows as it propagates [135]. The mean number of structures per shot
was determined to be 2 or 3 and the mean diameter, at 50% of the individual structure peak
amplitude, was about 4 μm. The number and diameter of the small-scale structures was
independent of target material, target thickness, target surface roughness, laser power, the emitted
CTR energy and the overall size of the emission region. The increase in the overall size of the
emission, with increasing target thickness, indicates that the electron beam diverges with a halfangle of θ½ = 15.7 ± 0.9o.
Three-dimensional simulations performed with the hybrid-PIC code LSP [143], predict a
transverse distribution of the fast-electrons that closely resembles the transverse distribution of
CTR in the experiments. The variation of the electron density distribution with target thickness
resembled an expanding annulus that breaks into filaments due to the resistive filamentation
instability [22]. The annulus forms due to partial collimation of the fast electron beam by the selfgenerated magnetic fields at its outside edge. The magnetic fields reduce the fast electron beam
divergence inside the target. The simulations predict an electron beam with an initial half-angle
divergence of θ½ ~ 56o (FWHM) is reduced to a beam with an angular distribution that is peaked
at θ½ ~ 16o as seen from the experiments.
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7. Appendix

To help interpret the experimental observations a number of simulation tools have been used.
This section provides a brief description of each.

7.1 GEANT4

GEANT4 [124] is a multi-functional, object-orientated, Monte Carlo toolkit primarily used in the
design of particle detectors. GEANT4 models the physical geometry of simulations, the
component materials, the particle generation, the particle propagation through the component
materials, the propagation through externally applied electric and magnetic fields and the detector
response. GEANT4 contains a comprehensive set of physical models to describe the interaction of
fundamental particles with matter over a broad range of energy ranges. The interactions are based
on a sources spanning decades of investigation and contain much of what is known and accepted.
Moreover the models continue to be updated as knowledge is refined and new resources become
available. GEANT4 stores the particle tracking and event information in various levels of detail
for post processing, either with external software packages or with specially written visualization
software. A transition radiation package is included in GEANT4 but is not applicable for
transition radiation photons with energy lower than around 1 keV. GEANT4 comes with a set of
tutorial exercises aimed a developing familiarity with the basic functionality and simulation
capabilities. These exercises are easy to modify and provide a useful starting point for the
creation of a new simulation, indeed the simulations described in Chap. 5 were developed using
this approach.
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7.2 OSIRIS

OSIRIS [132] is a Fortran 90 based particle-in-cell code (PIC) for performing fully parallelized,
fully explicit, fully relativistic, object orientated, collisionless simulations of laser plasma
interactions in both 2D and 3D.
PIC codes are used to model plasmas in the kinetic regime and so the electron plasma
frequency ωpe and magnetic skin depth c/ωpe must be resolved. The simulated plasma is somewhat
analogous to a real plasma but with the plasma particles replaced by macro-particles. The macroparticles represent a large number of real particles that have the same six-dimensional phase
space coordinates and move around the simulation space influencing the motion of other macroparticles. Because the macro-particles are relatively few in number, compared with the number of
particles in a real system, they can be tracked. At the end of each time step the macro-particle
distribution function is used to calculate the electric and magnetic fields at each point in the
simulation. In the next time step the macro-particle distribution function is modified by the
calculated fields and the simulation proceeds in a self-consistent way. Because ionization and
recombination are not modeled and because charge is conserved at the simulation boundaries, the
system obeys the charge continuity equation and Gauss’s law. Since ∇ • B = 0 is always satisfied
the whole system evolves according to Maxwell’s ∇ × E and ∇ × B equations.
In large simulations, the simulation geometry is broken up into smaller units or cells. To
resolve c/ωpe and to be stable, the cells must be smaller, by a factor of about 3 or more in practice,
than c/ωpe.

The electric and magnetic fields in a particular cell should not influence the

distribution of particles in an adjacent cell, a cell should thus be greater in size that the Debye
length ve/ωpe, where ve is the electron thermal velocity. At the end of each time step, the relevant
information about the particle distribution is transferred to adjacent cells. This aspect of PIC
codes means that large simulations can be run on multiple computers with each computer

171
simultaneously conducting calculations for one cell.

7.4 LSP.

LSP is a 2D and 3D, implicit, hybrid-PIC code employing the Friedman algorithm which enables
simulations to use larger time steps than conventional explicit PIC codes that must resolve the
plasma frequency [149]. Consequently the propagation of fast electrons through larger-scale,
solid density, cooler material can be modeled over time scales that are experimentally realistic
[150]. The terminology hybrid results from the ability for the electrons to be treated as either fluid
entities or kinetic entities. The background electrons are usually treated according to the fluid
equations while the fast electrons are described by a distribution function that evolves according
to a Boltzmann equation. Because the plasma frequency remains unresolved, the laser-solid
interaction cannot be simulated. Instead the properties of the fast-electron beam are obtained
using a set of empirically derived scaling laws and user specified laser properties.
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10 Glossary
ADU

Analog to Digital Units

CCD

Charge Coupled Device

CTR

Coherent Transition radiation

ESF

Edge Spread Function

FSM

Focal Spot Microscope

FWHM

Full Width at Half Maximum

ITR

Incoherent Transition Radiation

LED

Light Emitting Diode

LLE

Laboratory for Laser Energetics

LSP

Large Scale Plasma

MTF

Modulation Transfer Function

MTW

Multi TeraWatt

ND

Neutral Density

OAP

Off Axis Parabola

OD

Optical Density

OPCPA

Optical Parametric Chirped Pulse Amplification

PIC

Partial In Cell

PSF

Point Spread Function

RCF

Radiochromic Film

RHS

Right Hand Side

RMS

Root Mean Square

SEM

Scanning Electron Microscope

TCC

Target Chamber Center

TESSA

Time Expanded Single Shot Autocorrelator

TPS

Target Positioning System

TRD

Transition Radiation Diagnostic

TVS

Target Viewing System

