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Abstract

Astrophysics typically uses observation, theory and simulation to further the under-
standing of the cosmos. By using high power lasers, scaled astrophysical events can
be created in the laboratory.

This thesis describes laboratory results based on two different astrophysical phe-
nomena, particle acceleration and the turbulent dynamo mechanism, both of which
are governed by magnetic fields.

Particle acceleration is commonly seen at astrophysical shocks. The exact mech-
anism of this acceleration, especially for electrons, remains unclear. One possible
method of electron acceleration is through lower hybrid turbulence, a phenomena
observed at the interaction between the Solar wind and a comet. The results from a
laboratory experiment demonstrate the observation of electron acceleration via lower
hybrid waves. Lower hybrid waves require an external magnetic field to generate the
necessary electron accelerating instability.

Magnetic fields themselves are ubiquitous throughout the universe. Having gen-
erated seed fields through, for example an astrophysical shock, these magnetic fields
can be amplified through the turbulent dynamo mechanism. To generate the dy-
namo mechanism within the laboratory, two plasma jets are collided. A new Fara-
day rotation diagnostic, for magnetic field measurements, was added to the suite of
diagnostics characterizing the turbulent plasma. The setup, calibration and analysis
for the Faraday rotation diagnostic is new to the OMEGA laser facility and dynamo
experiment. The results from this new Faraday rotation diagnostic and Thomson
scattering diagnostic allow the plasma parameters and evolution of the jets to be
fully characterized.

Finally, the thesis is concluded by drawing these results together.
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Chapter 1

Introduction and Motivation

This chapter introduces the concept of laboratory astrophysics and the motivation

for investigating it as a research area.

Astrophysics is traditionally studied through observation, first through the naked

eye and now through telescopes. Advances in telescope engineering have led to better

resolution, allowing deeper regions of space to be probed. There is still a certain

amount of luck in positioning the telescope at the right place and collecting data at

the right time. Further, astrophysical events often happen over very large time scales,

requiring data to be collected over the course of many years. Time on telescopes is

often at a premium and so an alternative method for carrying out experiments would

be helpful. Simulations offer an alternative way to replicate these events. However,

simulations are limited by the current state of physics understanding and at the cost

of running a supercomputer. As such, experiments are always required to validate

simulation results.

Laboratory astrophysics offers an alternative experimental route. By creating

conditions in the laboratory that are similar to astrophysical events, experiments can

be performed that can be used to understand astrophysical phenomena [1, 2, 3, 4, 5].

Performing experiments within the laboratory has advantages: experiments can be

performed at a much higher rate and with greater control over the system’s design.

1



2 CHAPTER 1. Introduction and Motivation

To create accurately scaled experiments [6, 7], there are certain conditions that must

be satisfied:

1. Create conditions required to match the astrophysical case,

2. Show that the underlying physics is independent of the scale of the system,

3. Design relevant experiments to further the understanding of specific astro-

physical cases.

To create astrophysically relevant conditions, often a plasma needs to be gen-

erated. Plasma makes up the majority of visible matter in the universe and is a

mixture of ionized gas. To create the plasma, a large amount of energy must be in-

jected to overcome the internal atomic attractions and so ionize the material. High

power lasers are one way of delivering this energy.

Laser technology has only recently, since the 1980s/1990s, been sufficient to reach

conditions labeled as high-energy-density (HED) laboratory physics. Laser facilities

such as OMEGA [8], in Rochester, NY, USA; LULI, in Paris, France; Vulcan in

Harwell, UK and Gekko XII [9], in Osaka, Japan are capable of producing energy

in excess of a kilojoule with multiple beam lines. These laser facilities now make

it possible to reproducibly attain the high temperatures, densities and pressures

required for HED physics.

Alternative facilities such as MAGPIE [10] at Imperial College London, UK and

Sandia National labs [11], NM, USA are pulse power machines that produce a plasma

by exploding an array of wires. By re-orienting the wires, different experiments can

be performed and so produce astrophysically relevant results.

In particular, magnetic fields have a great influence on the nature of astrophysical

events [12, 13]. In astrophysical plasmas, the magnetic field is often frozen into the

plasma and so is often dynamically significant. A number of effects arise from these

fields. For one, astrophysical shocks often result in turbulent plasmas. If these

plasmas are threaded with a weak magnetic field, the action of the plasma to fold
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over and twist as the turbulence progresses, the frozen in magnetic field becomes

amplified and so reaches dynamically significant levels [14, 15, 16]. This turbulent

dynamo mechanism has been widely investigated [17] within simulations but has only

recently been demonstrated experimentally [18]. Turbulent astrophysical plasmas

are also a hotbed for particle acceleration [19, 20, 21]. Observation of high energy

astrophysical particles [22, 23] has led to numerous simulations and theoretical work

[21, 24, 13]. One example of particle acceleration is where the Solar-wind interacts

with a comet [25]. High energy electrons are produced from this reaction and so

generate the observed X-rays. This phenomena has recently been investigated within

the laboratory, providing a platform for future investigation into particle acceleration

[26].

1.1 Thesis Layout

This thesis is organised to investigate different astrophysical phenomena. Chapter 2

introduces the basic concepts of plasma physics, hydrodynamics, waves in plasmas

and plasma diagnostics which are required to describe what is happening in space

and in the laboratory.

Chapter 3 describes a recent experiment investigating particle acceleration at the

LULI laser facility. A theoretical description of the phenomena, electron acceleration

via lower hybrid waves, is given in the context of the Solar-wind interacting with the

comet. The experimental setup is then described including the results from the op-

tical diagnostics. A radiative hydrodynamic simulation is then compared with the

optical data. Combining results from the X-ray data with particle-in-cell simulations

indicates that electron acceleration via lower-hybrid waves was achieved in the ex-

periment and an estimate of the accelerated electron energy is given. This chapter

demonstrates the observation of electron acceleration via lower hybrid turbulence

within the laboratory.
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Chapter 4 describes the setup, calibration and analysis of a Faraday rotation

diagnostic that has been implemented at the OMEGA laser facility. This diagnostic

allows a time resolved magnetic field measurement to be made. The inferred magnetic

field is then compared with the magnetic field determined by proton radiography.

This chapter shows that this Faraday rotation diagnostic can accurately measure the

magnetic fields within a plasma.

Chapter 5 describes the results from an experiment at the OMEGA laser facility.

The experimental campaign aimed to investigate the turbulent dynamo mechanism.

This chapter focuses on the results from the Thomson scattering diagnostic which

can characterize the flow properties of the plasma. This chapter first describes the

experimental campaign as a whole, followed by the effect different plasma parameters

have upon the Thomson scattered features. The plasma parameters, as determined

from the Thomson scattering diagnostic, are presented to show how the collision

of two plasma jets progresses. Next, the effect of the addition of Chlorine to the

target foils on the plasma jets is reported. Finally, a theoretical prediction of the

effect of Chlorine on the flow properties is presented. This chapter demonstrates how

Thomson scattering can be used to characterize the flow properties of two colliding

jets.

Finally, chapter 6 summarizes the results of the previous chapters and suggests

how the work could be taken further to improve upon current understanding of the

phenomena discussed within each chapter.



Chapter 2

Background Theory

This chapter will present an introduction to the necessary plasma physics for the

following chapters. Fluid theory, plasma waves and shock theory are first presented.

Finally, astrophysical phenomena and plasma diagnostics relevant for the remaining

chapters are described.

2.1 Plasma Physics

Plasma is the most common state of visible matter: stars, the interstellar medium

and the Solar-wind are all plasmas. A plasma is an ionized gas and this ionized

nature gives a plasma unique properties. The ions and electrons can move freely but

each individual particle is governed by the local electromagnetic field. This motion

leads to quasi-neutrality and collective effects whereby the movement of one particle

will cause others to react.

2.1.1 Debye Shielding and the Plasma Frequency

A plasma can screen and reduce electric fields very effectively. The effect of shielding

can be investigated [27] by placing a test charge +Q in a plasma with initial electron

and ion density ne0 and ni0 and electron and ion temperature Te and Ti. The electrons

5



6 CHAPTER 2. Background Theory

within the plasma will be attracted to the positive charge and the ions will be

repelled. The density of the electrons and ions that are perturbed by this test charge

can be described by,

ne (r) = ne0exp

(
eΦ

kBTe

)
, (2.1)

and

ni (r) = ni0exp

(
− eΦ

kBTi

)
. (2.2)

Assuming the perturbed potential Φ is small compared to the thermal energy,

|eΦ| � kBT , the perturbed density can be expanded in a Taylor expansion. The

electric potential can then be obtained by using Poisson’s equation, ∇2Φ = −en/ε0,

∇2Φ = − 1

ε0

[
Qδ (r)− ene0

eΦ

kBTe
− eni0

eΦ

kBTi

]
. (2.3)

Assuming quasi-neutrality, ne0 = ni0, and spherical symmetry,

∂2Φ

∂r2
+

2

r

∂Φ

∂r
− 1

λ2D
Φ = −Q

ε0
δ (r) . (2.4)

The parameter λD is a length scale and is defined as,

1

λ2D
=

e2ne0
ε0kBTe

+
e2ni0
ε0kBTi

. (2.5)

The potential Φ is then given by,

Φ (r) =
Q

4πε0r
e−
√
2r/λD . (2.6)

The parameter λD is the Debye shielding length which describes the combined

shielding action of electrons and ions. The electric potential around a test charge Q

decays exponentially for r > λD. Any deviation from equal densities of electrons and



2.1 Plasma Physics 7

ions tends to be smoothed by Debye shielding. Therefore a plasma has the tendency

to become quasi-neutral.

Debye shielding is an example of collective behaviour from a plasma. Addition-

ally, there is a timescale on which the electrons establish a shielded equilibrium. The

heavier ions take longer to reach their equilibrium conditions.

The potential perturbation is small, |eΦ| � kBT , and so the electron velocity is

not much changed from its thermal velocity ve ≈ (kBTe/me)
1/2. To establish a new

equilibrium, the electron must be able to reach its new position at a typical distance

λDe. This time can be estimated as τ ≈ λDe/vTe. The reciprocal of this response

time is the electron plasma frequency,

ωpe =
vTe
λDe

=

(
ne0e

2

ε0me

)1/2

. (2.7)

In summary, a plasma of size L must be sufficiently large L � λD and exist for

a period of time larger than the response time τ � ω−1pe to behave in a collective

manner.

2.1.2 Collisions

A simplified view of Coulomb collisions can be used to describe electron-ion scattering

[27]. The trajectory of an electron in the field of an isolated ion can be described

by the Coulomb force. Assuming that the impact factor of the electron, b, is the

distance of closest approach of the electron to the ion, then the electron feels an

average force,

FC ≈
Ze2

4πε0b2
. (2.8)

The electron experiences this force for a time ∆t ≈ 2b/v where v is the velocity
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of the electron and is assumed to be the time taken for which the force acts then,

FC = me
∆v

∆t
, (2.9)

and so,

Ze2

4πε0b2
= me∆v

v

2b
. (2.10)

The cross section for the collision is a function of the impact parameter and so if

an electron has an impact parameter that lies between b and b+db, the cross section

for the collision must be 2πbdb. The maximum impact parameter is the distance

beyond which the Coulomb field is not felt as strongly i.e., the Debye length. The

minimum meaningful impact parameter is where the electron encounters a head-on

collision and returns back along its original path and so ∆v ≈ v thus giving,

bmin =
Ze2

2πε0mv2
. (2.11)

Integrating across all possible impact parameters gives,

d

dt

〈
(∆v)2

〉
=

∫ bmax

bmin

2πbniv (∆v)2 db =

∫ bmax

bmin

niZ
2e4

2πε20m
2
ev

db

b
=

niZ
2e4

2πε20m
2
ev

ln (Λ) .

(2.12)

where the Coulomb logarithm, ln (Λ), is defined as,

Λ =
bmax
bmin

=

√(
ε0kBT

n0e2

)
2πε0mev

2

Ze2
≈ 3πn0λ

3
De

Z
, (2.13)

which is approximately the number of particles in a Debye sphere.
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For a 90o collision, (∆v)2 ∼ v2 giving,

1

τei
v2 =

niZ
2e4

2πε20m
2
ev

ln (Λ) , (2.14)

and so the electron-ion collision time is,

τei =
2πε20m

2
ev

3

niZ2e4ln (Λ)
. (2.15)

This simplified analysis has assumed that the electrons have one velocity, v.

Similarly, electron-electron τee, ion-electron τie and ion-ion τii collision times can

be written as [28],

τee =
2πε20m

2
ev

3

nee4ln (Λ)
, (2.16)

τie =
2πε20m

2
i v

3

neZ2e4ln (Λ)
, (2.17)

τii =
2πε20m

2
i v

3

niZ4e4ln (Λ)
. (2.18)

2.1.3 Resistivity

A cloud of electrons in an electric field, E, will be accelerated by the electric field and

decelerated by collisions. In this case, a friction force is described by the electron-ion

collision frequency, νei = 1/τei. If the electrons have a mean drift velocity vd much

less than the electron thermal velocity vth,e then,

d

dt
(mevd) = −eE − νeimevd ≈ 0 , (2.19)
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and so the current is,

j = −neevd =
nee

2E

meνei
. (2.20)

For a conducting medium, the resistivity η can be written as η = E/j and so for

v ≈ vth,e,

η =
Ze2lnΛm1/2

2πε20 (kBT )3/2
. (2.21)

Additional transport properties such as charge exchange whereby a moving ion

captures an electron and leaves a slow ion behind also add to the elastic scattering

to determine the transport properties of a plasma.

2.1.4 Beam Collisions

When a beam of particles passes through a background of particles, the beam can

undergo processes such as slowing and transverse spreading.

Following [29], relaxation processes arising from the interaction of test particles,

α, streaming with velocity vα through a background of field particles, β, can be

described through the stopping distance, Ls and the transverse and parallel spreading

distances, Lt and Lp, of the test particle beam as,

dvα
dt

= −να|βs vα , (2.22)

d

dt
(vα − vα)2t = ν

α|β
t v2α , (2.23)

d

dt
(vα − vα)2p = να|βp v2α , (2.24)

where vα = |vα| and the averages are performed over an ensemble of test particles
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and a Maxwellian field particle distribution for the slowing, transverse spreading and

parallel spreading of the beam.

Defining µ = mi/mp, ionisation Z, Coulomb logarithm ln (Λαβ), field particle

temperature T , test particle energy ε and electron density ne, the interactions can

be evaluated [29] for very slow xα|β � 1 and very fast xα|β � 1 test particles where

xα|β = mβv
2
α/2kBTβ as shown in Table 2.1.

Table 2.1: Expressions for the relaxation rates of different test and field particles given
in cm3s−1, taken from [29] The temperature and test particle energy are given in eV and
the electron density in cm−3 and Λ is the Coulomb logarithm.

Expression Slow (xα|β � 1) Fast (xα|β � 1)

Electron-electron

ν
e|e
S /neln (Λ) (cm3s−1) 5.6× 10−6T−3/2 7.7× 10−6ε−3/2

ν
e|e
t /neln (Λ) (cm3s−1) 5.8× 10−8T−1/2ε−1 7.7× 10−6ε−3/2

ν
e|e
p /neln (Λ) (cm3s−1) 2.9× 10−6T−1/2ε−1 3.9× 10−6Tε−5/2

Electron-ion

ν
e|i
S /niZ

2ln (Λ) (cm3s−1) 0.23µ3/2T−3/2 3.9× 10−6ε−3/2

ν
e|i
t /niZ

2ln (Λ) (cm3s−1) 2.5× 10−4µ1/2T−1/2ε−1 7.7× 10−6ε−3/2

ν
e|i
p /niZ

2ln (Λ) (cm3s−1) 1.2× 10−4µ1/2T−1/2ε−1 2.1× 10−9µ−1Tε−5/2

Ion-electron

ν
i|e
S /neZ

2ln (Λ) (cm3s−1) 1.6× 10−9µ−1T−3/2 1.7× 10−4µ1/2ε−3/2

ν
i|e
t /neZ

2ln (Λ) (cm3s−1) 3.2× 10−9µ−1T−1/2ε−1 1.8× 10−7µ−1/2ε−3/2

ν
i|e
p /neZ

2ln (Λ) (cm3s−1) 1.6× 10−9µ−1T−1/2ε−1 1.7× 10−4µ1/2Tε−5/2

Ion-ion

ν
i|i′
S /n′iZ

′2Z2ln (Λ) (cm3s−1) 6.8× 10−8 µ
′1/2

µ

(
1 + µ′

µ

)
T−3/2 9.0× 10−8

(
1
µ + 1

µ′

)
µ1/2

ε3/2

ν
i|i′
t /n′iZ

′2Z2ln (Λ) (cm3s−1) 1.4× 10−7µ′1/2µ−1T−1/2ε−1 1.8× 10−7µ−1/2ε−3/2

ν
i|i′
p /n′iZ

′2Z2ln (Λ) (cm3s−1) 6.8× 10−8µ′1/2µ−1T−1/2ε−1 9.0× 10−8µ1/2µ′−1Tε−5/2

These relaxation times can be related to a length scale using the velocity, vα, of

the test particles as L
α|β
y = vα/ν

α|β
y .

2.2 Plasma equations of motion

There are multiple ways to describe the movement of a plasma [30]. A simple de-

scription is to start by considering single particle motion. By considering the motion

of a charged particle, j, in an externally applied electromagnetic field, the equation
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of motion is,

mj
dvj
dt

= qj (E + vj ×B) , (2.25)

where m is the particle mass, q is the particle charge, E is the electric field, B is

the magnetic field and vj is the particle velocity where j signifies either electrons, e,

or ions, i.

This description allows the individual forces on each particle to be calculated.

However, for the large number of particles required to describe a plasma, this de-

scription becomes unwieldy and too computationally expensive.

A kinetic description can be used which considers the distributions of particles.

Assuming a Boltzmann distribution of particles in an externally applied electromag-

netic field, the equation of motion can be written as the Vlasov equation [27],

∂fj
∂t

+ vj · ∇fj +
qj
mj

(E + vj ×B) · ∂fj
∂vj

= 0 , (2.26)

where fj is a function which includes the variation of the number density in space

and time and the velocity distribution in each direction, fj (r,u, t). The Vlasov

equation is valid for hot, non-relativistic plasmas where collisions can be neglected.

This form of the equations of motion allows calculations for much larger sys-

tems. Often, the movement of individual particles is unknown and so it is useful to

consider the entire plasma as a fluid. There are several different fluid descriptions,

what follows is a single fluid form which treats the whole plasma as one fluid. The

velocity distributions are considered as Maxwellian and so are described by a single

temperature.
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Fluid Equations

By considering a volume, the rate of mass density, ρ = mn, flowing through the

surface bounding this volume is the surface integral and flow velocity, u. Using the

divergence theorem then gives,

∂ρ

∂t
+∇ · (ρu) = 0 . (2.27)

This continuity equation describes the conservation of mass within the system.

The total force acting over the surface of the same volume element is related to

the pressure, P . Conservation of momentum then gives,

ρ
Du

Dt
= −∇P , (2.28)

where D is the material derivative,

D

Dt
=

{
∂

∂t
+ u · ∇

}
. (2.29)

Equation 2.28 only includes pressure as a source term since only a simple fluid is

considered here.

The rate of change of energy within the fluid volume gives the conservation of

energy. The internal and kinetic energies are treated separately. Using the relation

dε = TdS− (P/ρ2) dρ, where ε is the internal energy per unit mass, S is the entropy

per unit mass and T is the temperature and combining this with the adiabatic

relation DS/Dt = 0 and the continuity equation then gives the energy conservation,

∂

∂t

(
ρε+

1

2
ρu2
)

= −∇ ·
[
ρu

(
u2

2
+ ε

)
+ pu

]
. (2.30)

Similarly to the momentum equation, this equation only includes pressure as a

source term for energy whereas other terms have to be included in more compli-
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cated systems. Assuming an ideal gas equation of state, the conservation of energy,

Equation 2.30, can also be written as [28],

DP

Dt
= −γP∇ · u , (2.31)

here γ is the adiabatic index and is the ratio of specific heats, γ = Cp/Cv.

Equations 2.27, 2.28 and 2.30 for the Euler equations of hydrodynamics.

2.2.1 Ideal Magnetohydrodynamics

It has been shown that a plasma can be treated as a fluid. However, since a plasma

contains charged particles, the fluid equations should be expanded to properly de-

scribe the plasma motion [31]. The continuity and energy equations remain un-

changed, but the momentum equation requires an additional magnetic term. The

electric term can be neglected since the fluid element exhibits the quasi-neutrality of

the plasma.

The ideal MHD equations can then be written as

∂ρ

∂t
+∇ · (ρu) = 0 , (2.32)

ρ
Du

Dt
= −∇P + J×B , (2.33)

DP

Dt
= −γP∇ · u , (2.34)

which correspond to the fluid description of the plasma. To close the system,

Maxwell’s equations are used,

∂B

∂t
= ∇× (u×B) , (2.35)
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J =
1

µ0

∇×B , (2.36)

where Faraday’s equation,

∇× E = −∂B

∂t
, (2.37)

has been substituted from the generalized Ohm’s law [28],

E = −u×B . (2.38)

Here, the displacement current has been neglected from quasi-neutrality. The

ideal MHD equations are non-relativistic since there is low frequency (velocity) within

the system.

The approximations required for the ideal MHD equations to be valid are:

1. Velocities are non-relativistic, to be consistent with quasi-neutrality.

2. Resistivity of the fluid is zero, the fluid is perfectly conducting.

3. Localisation of particles. This can occur as a result of collisions, when the

ion mean free path is much smaller than the spatial scale, or magnetic fields, where

magnetic entanglement or plasma microfluctuations cause the system to be localised

along the field lines, requiring the gyroradius to be much smaller than the spatial

scale.

The range over which ideal MHD is able to predict plasma behaviour is remark-

ably large. In these equations, the plasma is considered to act as one fluid and so a

single temperature is assigned to the fluid. Generally strong coupling between the

ions and electrons is seen when the collisionality between the two species is high, re-

sulting in both species being the same temperature allowing for a single temperature

fluid description to be valid. This also assumes that radiation is not dominant which

is true for many systems within the laboratory. Beyond this simple case, it may be
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required to treat the plasma as two or more fluids each with distinct temperatures.

Resistive MHD

The ideal MHD equations do not take into account many other effects that can be

important in plasma evolution such as heat conduction, fluid viscosity etc. However,

arguably, magnetic resistivity is the most frequent deviation from the ideal case

that could otherwise be explained fully by the equations above. For a perfectly

conducting plasma, the magnetic field lines are frozen into the plasma and so move

with the fluid. In many astrophysical settings, the finite diffusivity of the plasma

means that, whilst a magnetic field can diffuse out of the plasma, the time it would

take for this to happen is far longer than the time scale of the phenomena of interest.

Within the laboratory, it can be relied upon that the diffusion time is of the order of

the experimental timescale. As such, additional terms need to be included into the

ideal equations to take into account the effect of resistivity.

Ohm’s law should now be written as E + u×B = ρEJ, where ρE is the electrical

resistivity. The magnetic diffusivity, ηM = ρE/µ0 is then included as,

∂B

∂t
= ∇× (u×B)−∇× (ηM∇×B) . (2.39)

The first term on the RHS of the above equation represents advection of the

magnetic field within the plasma whilst the second term represents the diffusion of

the magnetic field through the plasma. The ratio of these terms is given by the

magnetic Reynolds number,

ReM =
u0`0
ηM

, (2.40)

where u0 and `0 are typical values of the fluid velocity and length scale within the

system. Consequently, if the magnetic Reynolds number in a system is sufficiently
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large, advection outweighs diffusion and the ideal equations are recovered. Such

characteristic ratios detail the relative importance of different effects within a sys-

tem and thus are of great importance when considering scaling between laboratory

experiments and astrophysical events.

2.3 Electrostatic and Electromagnetic Waves

Electrostatic and electromagnetic waves within a plasma are the font of many plasma

properties and instabilities [27, 32]. The dispersion relation for different waves can

be found by combining Maxwell’s equations to give,

∇ (∇ · E)−∇2E = − ∂

∂t
(∇×B) = − ∂

∂t

(
µ0J + µ0ε0

∂E

∂t

)
. (2.41)

Assuming that the electric field is oscillatory, E (k, ω) = E0exp [i (k · x− ωt)],

Equation 2.41 can then be written as,

c2k (k · E)− c2k2E = ω2

(
1− iσ

ε0ω

)
E . (2.42)

2.3.1 Waves in a warm non-magnetized plasma

Langmuir Waves

When the electron species has a finite temperature, the pressure can no longer be ne-

glected and ∇Pe = γekBTe. This change in pressure can be added to the conservation

of momentum as,

mene

[
dv

dt
+ (v · ∇v)

]
= −eneE−∇Pe . (2.43)

Assuming that each of these quantities, x, are oscillating around some constant
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part x0, such that x = x0 + x1 and that the oscillations are harmonic then leads to,

−iωmen0u1 = −en0E1 − ikP1 , (2.44)

where quantities x1y1 are considered negligible.

The continuity equation becomes,

−iωn1 + ikn0u1 = 0 , (2.45)

and Gauss’ law, ∇ · E = ρ/ε0, can be written as

ikε0E1 = −en1 . (2.46)

Assuming that the electron compression occurs one-dimensionally and faster than

thermal conduction, γ = 3. This then gives a dispersion relation of,

ω2 = ω2
pe + γek

2v2th,e . (2.47)

This is the Bohm-Gross dispersion relation. The waves associated with this dis-

persion relation are Langmuir waves. The propagation is possible because in addition

to the restoring electric field, which is responsible for the plasma frequency, there

is now an added pressure term which accelerates the high density regions back to

their equilibrium locations. This added energy causes the electrons to overshoot the

ions by an even greater distance and thus continue propagating forward through the

plasma.

Landau Damping

Landau damping is the effect of damping of longitudinal waves in a plasma

[33, 28]. Landau damping occurs because of the energy exchange between an elec-

tromagnetic wave and particles in the plasma with a velocity similar to that of the
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phase velocity. Those particles that have velocities less than the phase velocity will

be accelerated by the wave whilst those particles with velocities slightly greater than

the wave’s phase velocity will be decelerated and lose energy to the wave.

Ion acoustic waves

Waves can also propagate through the ion species, although the timescales are gen-

erally much larger due to the greater mass. Since the timescale applicable to ion

motions is far greater than that for electrons, instead of using Poisson’s equation,

the approximation of ne = ni due to Debye shielding can be made. Since the elec-

trons are so light, the electric field is related only to the electron motion such that

neeE = −kBTe∇ne whilst the pressure of the ions is ∇Pi = γikBTi. The conservation

of momentum is then given by,

mini

[
∂vi
∂t

+ (vi · ∇) vi

]
= −eniZE −∇Pi , (2.48)

where Z is the ionization of the ions.

Using a similar method to before, the dispersion relation is then found to be,

ω

k
=

√(
kBTe + γikBTi

mi

)
. (2.49)

This is the dispersion relation for ion acoustic waves, traveling at a fixed sound

speed. These waves have regions of compression and rarefaction. The ions will

primarily spread out due to their thermal distribution. There is also rarefaction

caused by the ions’ positive charges repelling one another. If Poisson’s equation

were used instead [27], the full dispersion relation would be given as,

ω

k
=

√(
kBTe
mi

1

1 + k2λ2De
+
γikBTi
mi

)
. (2.50)

This correction is minor for all ion acoustic waves except for those with wave-
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lengths smaller than the Debye length where single particle interactions are impor-

tant.

2.3.2 Waves in a cold magnetized plasma

When considering magnetized waves, the conductivity should be described as a tensor

[28]. The conductivity tensor is defined as J = σ ·E. The dielectric response is then

described as,

ε = I− i

ε0ω
σ . (2.51)

The equations of motion can be used to describe the full expression for the di-

electric tensor as,

ε =


ε1 −iε2 0

iε2 ε1 0

0 0 ε3

 , (2.52)

where,

ε1 = 1 +
ω2
pe

ω2
ce − ω2

+
ω2
pi

ω2
ci − ω2

, (2.53)

ε2 =
ωce
ω

ω2
pe

ω2
ce − ω2

+
ωci
ω

ω2
pi

ω2
ci − ω2

, (2.54)

ε3 = 1−
ω2
pe

ω2
−
ω2
pi

ω2
, (2.55)

and ωpi =
√
me/miωpe is the ion plasma frequency and ωce = eB0/me and

ωci = ZeB/mi are the electron and ion cyclotron frequencies for an external magnetic

field, B0, with magnitude B0.
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Defining S = 1
2

(R + L) and D = 1
2

(R− L) where,

R = 1−
ω2
pe

ω (ω + ωce)
−

ω2
pi

ω (ω + ωci)
, (2.56)

and,

L = 1−
ω2
pe

ω (ω − ωce)
−

ω2
pi

ω (ω − ωci)
, (2.57)

the dispersion relation can be readily determined. From Equation 2.42 the equa-

tion for electromagnetic waves can be written as M · E = 0 where,

M =
ω2

c2
ε+ kk− k2I . (2.58)

Defining N = ck/ω, the above equation can be solved by finding and setting to

zero the determinant of M. Choosing convenient axes such that ky = Ny = 0 and θ

the angle between k and B0 then,

AN4 −BN2 + C = 0 , (2.59)

where,

A = Ssin2θ + P cos2θ , (2.60)

B = RLsin2θ + PS
(
1 + cos2θ

)
, (2.61)

C = PRL , (2.62)
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where,

P = 1−
ω2
pe

ω2
−
ω2
pi

ω2
. (2.63)

The solutions are then N2 = (B ± F ) /2A where,

F 2 = (RL− PS)2 sin4θ + 4P 2D2cos2θ . (2.64)

F 2 is positive and so N2 is real and so there is no evanescent wave for a cold

plasma.

The solutions can also be written as,

tan2θ = − P (N2 −R) (N2 − L)

(SN2 −RL) (N2 − P )
. (2.65)

This equation then makes it simple to identify propagation parallel and perpen-

dicular to the magnetic field B0. Parallel propagation occurs when P = 0, N2 = R

and N2 = L. Perpendicular propagation occurs at N2 = RL/S and N2 = P .

Hybrid resonance

For perpendicular propagation N2 = RL/S. Resonance occurs when the denomina-

tor is zero and so,

1−
ω2
pe

2ω (ω + ωce)
−

ω2
pi

2ω (ω + ωci)
−

ω2
pe

2ω (ω − ωce)
−

ω2
pi

2ω (ω − ωci)
= 0 . (2.66)

The solution to this equation then gives the upper-hybrid wave,

ω2
UH = ω2

pe + ω2
ce , (2.67)
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and the lower-hybrid wave,

ω2
LH =

ωceωci(
1 + ω2

ce

ω2
pe

) . (2.68)

For a warm plasma with a quasi-perpendicular magnetic field (k⊥/k‖ ≈
√
mi/me),

the full dispersion relation for lower-hybrid waves can be found in Ref. [34]. Lower-

hybrid waves will be discussed further in Chapter 3.

Faraday-rotation

For waves traveling parallel to a magnetic field, there are two possible solutions,

N2 = R,L, with refractive indices given by,

N2 =
c2k2

ω2
= 1−

ω2
pe

ω (ω ± ωce)
, (2.69)

when neglecting the ion dynamics. These are the right-hand and left-hand po-

larized waves. The refractive index can be approximated as,

N± ≈ 1−
ω2
pe

2ω2

(
1−±ωce

ω

)
. (2.70)

Linearly polarized light can then be constructed by summing the two circularly

polarized components. The electric field can then be written as,

Ex,Linear = E0

[
cos
(ω
c

(N+z − ct)
)

+ cos
(ω
c

(N−z − ct)
)]

, (2.71)

and,

Ey,Linear = E0

[
sin
(ω
c

(N+z − ct)
)
− sin

(ω
c

(N−z − ct)
)]

. (2.72)
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Defining tanφ = Ey,Linear/Ex,Linear gives,

φ =
ω

2c
(N+ −N−) z . (2.73)

The difference between the two refractive indices is,

N+ −N− =
ω2
peωce

ω3
, (2.74)

and so,

φ =

(
nee

2

ε0me

)
eB

me

1

2cω2
z =

e3neB

8π2ε0m2
ec

3
λ2z . (2.75)

The rotation therefore depends on the electron density, magnetic field and length

through which the radiation will have traveled.

Faraday-rotation can be used to measure the magnetic field in space or in the lab-

oratory. In space, the electron density can be measured by absorption spectroscopy;

the length through which the radiation has traveled is measured by the dispersion of

the radio waves from the pulsar and so by measuring the angle as a function wave-

length the amount of rotation can be found and so the magnetic field determined

[35].

2.4 Shocks

Shocks are common throughout astrophysics and arise in numerous environments

such as the Earth’s bow shock [36], supernova remnants [13] and galaxy clusters

[37]. The main difference between astrophysical shocks and shocks in a more fa-

miliar setting such as in a gas, is that astrophysical shocks are collisionless. In

a normal gas, the collisions ensure that the constituent particles all have the same

temperature and also provide the mechanism to propagate pressure and temperature
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Figure 2.1: Shock illustration: Schematic of a shock adapted from [43] depicting how the
plasma properties change across the shock.

changes. The collisions in a gas also allow for dissipation in the form of viscosity.

In collisionless shocks, the lack of collisions means that collisionless shocks require a

different dissipation mechanism [38] compared with collisional shocks. These dissi-

pation mechanisms are often mediated by electromagnetic forces and often result in

heating, particle acceleration and the formation of instabilities [39, 40, 41, 42].

A shock is defined as a sudden change in fluid properties across a narrow transition

region as shown in Figure 2.1. The density and temperature jump across a shock front

have very different properties upstream and downstream of the shock. Upstream of

the shock, the fluid has no warning of the incoming shock since the shock travels

faster than the sound speed in the unshocked upstream material. Generally materials

dissipate energy by forming sound waves, however the amount of pressure that can

be sustained by the material is limited by the sound speed of the material. If more

energy is introduced to the material than the fluid can dissipate as a sound wave, a

shock is formed instead [43]. This energy can be introduced to the fluid through, for

instance, a laser pulse.
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2.4.1 Jump conditions

Whilst the fluid properties upstream and downstream of the shock can vary consid-

erably, both sides still have to obey mass, momentum and energy conservation laws.

Beginning with the hydrodynamic equations of motion for a fluid and a plane paral-

lel, steady-state disturbance (i.e., in the x-direction only and ∂
∂t

= 0). Conservation

of mass, momentum and energy then gives the following equations:

d

dx
(ρu) = 0 , (2.76)

u
du

dx
= −1

ρ

dP

dx
, (2.77)

d

dx

[
ρu

(
1

2
u2 + ε

)]
= −d (Pu)

dx
. (2.78)

Integrating across the discontinuity where x1 < xs < x2 and xs is the shock posi-

tion and the subscripts 1, 2 refer to the pre- and post-shock properties respectively,

gives,

[ρu]x
2

x1
= 0 → ρ1u1 = ρ2u2 , (2.79)

[
ρu2 + P

]x2
x1

= 0 → ρ1u
2
1 + P1 = ρ2u

2
2 + P2 , (2.80)

[
ρu

(
1

2
u2 + ε

)
+ Pu

]x2
x1

= 0 → ρ1u1

(
1

2
u21 + ε1

)
+P1u1 = ρ2u2

(
1

2
u22 + ε2

)
+P2u2 ,

(2.81)

where the simplification d/dx (ρu2) = ρudu/dx has been made with the require-

ment ρu 6= 0. Under these assumptions the shock width is infinitesimally narrow,



2.5 Astrophysical Plasmas 27

in reality this is not true and the width is affected by a number of factors including

viscosity and radiation. These effects generally only become important at or near

the shock front and so these equations are valid as long as we look at the shocked

and unshocked regions far from the shock front.

2.5 Astrophysical Plasmas

Many of the phenomena arising in astrophysical plasmas can be investigated within

the laboratory. Recent experimental campaigns have investigated collisionless shocks

[44], accretion columns in a binary star [45] and Rayleigh-Taylor formation at a

supernova [46]. The phenomena of most interest to this work is particle acceleration

by diffusive shock acceleration, and magnetic field amplification by the turbulent

dynamo mechanism.

2.5.1 Diffusive Shock Acceleration

Particle acceleration is known to occur at astrophysical shocks [47, 48]. It is gener-

ally considered that diffusive shock acceleration (DSA) can account for these obser-

vations of non-thermal particles. DSA is based on Fermi acceleration [49]. In Fermi

acceleration, charged particles gain energy through random scattering events with

magnetized clouds that move with average speed u. The particles will lose or gain

energy depending on whether they encounter a head-on or overtaking collision. Since

head-on collisions are more likely, the particles receive an overall gain in energy of

∼ (u/c)2. The scattering medium can be a turbulent magnetized plasma or a turbu-

lent wave spectrum [50, 51]. Since u� c, the particle acceleration is generally slow.

However, since there is turbulence present throughout the universe, this process oc-

curs almost everywhere in the interstellar medium and intergalactic medium. A more

efficient mechanism was suggested by Fermi [19] whereby the scattering clouds are



28 CHAPTER 2. Background Theory

u ushock

E1

2E

Shock

Figure 2.2: DSA: Schematic adapted from [22] shows a particle scattering off of magne-
tized clouds and so being accelerated across the shock front.

converging and so the particle will gain energy upon every collision resulting in an

acceleration ∼ u/c.

It was later suggested that shock waves provide the ideal environment for this

process [52] as shown in Figure 2.2. However, for DSA to effectively accelerate

particles, the particles themselves must already have large velocities that permit

multiple shock crossings. As such, an initial acceleration mechanism is required to

energize the particles in-situ. This is known as the injection problem [53] and will

be discussed further in Chapter 3.

2.5.2 Turbulent Dynamo Mechanism

The MHD equation for the magnetic field evolution, including diffusion, does not

include a term for magnetic field generation. There are a number of mechanisms

that can generate magnetic fields, one of which is the Biermann battery mechanism

which requires misaligned density and temperature gradients [54]. Having generated
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these seed fields [55], they can then become amplified through a dynamo mechanism

[12, 56, 57].

Biermann Battery

The thermally generated electric field is found from balancing the forces on the

electrons due to the pressure gradient and the electric field.

Inserting the electric field,

me
dv

dt
= −eE− ∇Pe

ne
= 0 , (2.82)

into Faraday’s law gives,

∂B

∂t
=

kB
nee
∇ne ×∇Te . (2.83)

Therefore there is a source term which is only non-zero if the density and tem-

perature gradients are misaligned to one another. Astrophysically this can arise in

a number of ways such as from asymmetrical shocks [55].

This Biermann battery mechanism [54] operates at small scales to produce seed

fields. Through dynamo action, the magnetic field is amplified to large values.

Turbulent Plasmas

A turbulent flow with a high Reynolds number can be considered to consist of eddies

of different sizes [58]. These eddies are considered to be a turbulent motion that is

moderately coherent within that region. The large eddies are unstable and break

up, transferring their energy to the smaller eddies. These smaller eddies undergo

a similar process and so an energy cascade transfers energy to smaller and smaller

scales until the eddy motion is stable and is effective in dissipating the kinetic energy.

At these small scales, the kinetic energy is converted into heat. To determine how the
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turbulent kinetic energy is distributed amongst the eddies at different wavenumbers,

k, the kinetic energy spectrum, E(k), can be considered. Following Ref. [59], a

Kolmogorov spectrum of E(k) ∼ k−5/3 can be determined for high Reynolds number

fluids.

Fluctuation Dynamos

In a conducting medium, magnetic fields can be amplified by the inductive effects

associated with the motions of the medium [17, 60, 61]. In this dynamo mechanism,

kinetic energy is transferred into magnetic energy. Since astrophysical plasmas are

often turbulent, this is often referred to as a turbulent dynamo [62, 63]. Turbulent

dynamos can be split into fluctuation (small-scale) and mean-field (large-scale) dy-

namos. The fluctuation dynamo produces magnetic fields that are correlated only

on scales of the order of or smaller than the energy carrying scale of the random

motions.

Fluctuation dynamos are generic in any random flow where Rm exceeds a critical

value Rm,cr ∼ 100 [17]. A magnetic field line frozen into such a fluid will then be

extended by the random stretching. For a nearly incompressible fluid, any random

shearing motion will increase the length of a fluid element and so also amplify the

magnetic field, due to flux freezing.

As the field strength increases, the rate of Ohmic dissipation increases until it

compensates the effect of random stretching. In the kinematic regime, the field grows

exponentially roughly on the eddy turnover time `0/u0 where `0 and u0 are typical

length and velocity scales of the plasma.

Whilst the turbulent dynamo mechanism has been postulated for astrophysical

plasmas, it has been difficult to replicate within the laboratory. A laboratory reali-

sation of the turbulent dynamo mechanism is discussed further in chapter 5.
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2.6 Laser-target interaction

To attain the high temperature and pressure regimes encountered astrophysically

within the laboratory, a large amount of energy is required. High power lasers are

one such way of delivering the required energy to overcome the material’s internal

attractions and so ionise the material [64].

When a high power laser is incident on a target, the substance removed from the

condensed target surface ionizes to form a plasma cloud. This cloud is also referred

to as the laser plasma corona. The dominant mechanism for this ionization for laser

intensities ≤ 1015 W/cm2 is through collisional absorption [28, 65], also known as

inverse Bremsstrahlung. Whilst the laser pulse is incident upon the neutral atoms, its

electric field causes the electrons to accelerate. These free electrons oscillate and will

collide with the ions, transferring energy from the laser pulse to the particles. This

leads to heating of the target and so, eventually, the bound electrons are released.

These newly freed electrons can then also oscillate with the laser field and so transfer

more energy to the neutral atoms, leading to avalanche ionization.

At high intensities, other forms of ionization can take place [30]. The electric field

of a high-intensity laser pulse acts to lower the barrier energy trapping the bound

electrons. By lowering one side of the potential, energies below the typical ionization

will now allow escape via quantum tunneling, thus leading to tunnel ionization. This

is different to multi-photon ionization whereby multiple photons are simultaneously

absorbed by a bound electron to escape the potential well. Here, for a high enough

frequency laser, fewer photons are required to ionize the atoms and so increases the

likelihood of ionization. Consequently, multi-photon ionization is most likely to occur

at high laser intensities when the laser has a large frequency.

The laser generated plasma is normally opaque to the radiation since the ab-

sorption takes place inside the corona, near the critical surface. The critical surface

is so-called since the electron density at this surface is equal to the critical value
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whereby the plasma frequency is equal to the laser radiation frequency.

The heat absorbed at the critical surface is transported by thermal conduction to

the target surface, termed the ablation front [64]. The solid density substance begins

to heat up at this front, its density lowers, and a new portion of the substance is

delivered to the flow from the target to the corona. This portion reaches the critical

surface, crosses it and continues its expansion in vacuum.

The hot plasma pressure ahead of the ablation front is transferred to the solid-

state density substance behind the ablation front. It is the corona pressure that

drives the flow in the target. For a thick target, the coronal pressure sustains the

shock wave traveling into the target interior. The pressure gradient in the dense

substance beyond the ablation front accelerates the target substance.

In this manner, a high power laser can generate a fast flowing, hot plasma within

the laboratory.

2.7 Plasma Diagnostics

There are numerous diagnostics for measuring different properties of a laser produced

plasma. There are several standard techniques to measure the temperature, density

and flow velocity of the plasma which then allows an array of plasma properties to be

determined. Whilst these quantities are generally inferred from separate diagnostics,

for particular plasmas Thomson scattering [66] can provide values for several of these

quantities in one measurement.

In many plasma experiments, it is useful to measure the magnetic field. There

are multiple techniques for making magnetic field measurements, including through

Faraday rotation. Chapter 4 discusses how a Faraday rotation diagnostic is utilised

at the OMEGA laser facility.

Two standard techniques for measuring electron density and temperature will

now be described.
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2.7.1 Interferometry

Interferometry can be used to infer the electron density of a plasma [67].

A Mach-Zender interferometer involves a laser being split into two optical paths,

one goes through the plasma and the other, a reference beam, passes through the

vacuum in the target chamber. The two beams are then recombined where they

interfere with one another before being imaged onto a CCD camera. If no plasma

is present, the resultant fringes appear as straight lines. If there is a plasma, the

refractive index along one path is different and so the relative phase of the wavefronts

are shifted causing them to interfere at different spots and leading to a distortion

in the fringe pattern. The phase distortions can be translated back into changes in

refractive index and so give a measurement of the plasma’s electron density.

In an experimental system, imperfections will result in phase shifts even when

there is no plasma present and so a background reference interferogram is subtracted

from the data to minimize imperfections. To retrieve the phase shifts, a Fourier trans-

form technique can be used. A Fourier transform technique uses a carrier frequency

to separate the zero-order background and the frequency of the fringes. The first or-

der spectrum, the fringe frequency, carries the phase information. To retrieve solely

the frequency information, a Fourier transform is made and everything except for

the first order portion of the spectrum is filtered out.

To recover the true phase, the interferogram must be unwrapped such that the

total phase difference has no discontinuities. The unwrapped phase map, s, can be

related to electron density through [67],

s =

[
∆ (N − 1)

λ

]
L , (2.84)

where ∆ (N − 1) is the change in refractivity, λ is the wavelength of the probe

laser and L is the path length through the plasma.
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The refractivity for a plasma which has a probe beam frequency greater than

electron-ion collision frequency,

(N − 1) = −1

2

ω2
pe

ω2
∼ λ2ne . (2.85)

Consequently the unwrapped phase difference map can be multiplied by a con-

stant factor to obtain an electron density.

This phase extraction can be carried out using the Interferometric Data Evalua-

tion Algorithms (IDEA) software.

2.7.2 Optical spectroscopy

Emission spectra are generated by spontaneous emission of photons due to electron

transitions within an atom. The distribution of the energy levels within the atom

are therefore dependent on the electron temperature. In equilibrium, the Saha-

Boltzmann distribution can relate the intensities of two different spectral lines to the

electron temperature of the plasma through [68, 69],

εz (p→ q)

εz (p′ → q′)
=
λp′q′Az (p→ q) gz (p)

λpqAz (p′ → q′) gz (p′)
exp

[
−Ez (p)− Ez (p′)

kBTe

]
, (2.86)

where εz is the emission coefficient for ionization state z, λpq and λp′q′ are the

wavelengths under comparison, Az is the Einstein coefficient of spontaneous emission,

g (p) is the statistical weight of the upper energy level in the transition, E(p) is the

energy of the upper level in the transition and Te is the electron temperature.

By taking line ratios, an absolute calibration of the spectrometer is not required.

The line ratios require sufficiently different lines in energy or electron scattering cross

section. None of the emission lines will be infinitely sharp and will be broadened in

some manner by the plasma.
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If an absolute calibration of the spectrometer is performed with a white light

source, the absolute emission can be fitted instead as,

ε (p→ q) =
hνpqAz (p→ q)

4πnz

gz (p)

Uz (Te)
exp

[
− hνpq
kBTe

]
, (2.87)

where nz is the density, νpq is the frequency of the emitted photon and Uz (Te) is

the partition function of ionizing stage z is given by,

Uz (T ) =
∞∑
i=g

gz (i) exp

[
−Ez (i)− Ez (g)

kBT

]
, (2.88)

where i is the ionization state and g is the ground state. An absolute calibration

makes it possible to find the electron temperature and, potentially, density.

The collisional-radiative code PrismSPECT can be used to fit an optical emission

spectra to obtain the correct electron temperature and density.

2.7.3 Xray spectroscopy

When an electron from the inner shell of an atom is excited, once it returns to a

lower level the energy which it previously gained is emitted by a photon. Atoms can

be excited by high energy charged particles such as electrons.

A crystal can be used as a wavelength dispersive X-ray spectrometer, which

diffracts the X-rays according to Bragg’s law which can be detected on, for instance,

an image plate.

In a von-Hamos geometry, the X-ray fluorescence from the sample is diffracted

by a cylindrically bent crystal [70, 71]. On the detector plane, the diffracted X-rays

create a 2D image. On the dispersion axis, the position of the detected X-rays is

correlated to the X-ray energy. The energy range of the detected X-rays is correlated

to the length of the crystal and the detector. The bending of the crystal enhances

the efficiency of the instrument by providing focusing in the non-dispersion plane.
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The non-dispersion axis indicates the spatial variation of the X-rays.

The main factors influencing the energy resolution and efficiency of the spectrom-

eter are the bending radius of the crystal, source size and spatial resolution of the

detector in the dispersion plane.

2.7.4 Thomson Scattering

Thomson scattering is a process by which incident electromagnetic radiation accel-

erates a charged particle and the particle re-emits radiation in response to being

accelerated [66]. Thomson scattering is the limiting case of Compton scattering for

low frequency. The process of photon re-emission can be described by accelerating

charges.

To describe the shape of the Thomson scattered signal and position of the reso-

nances, the theory can be followed in [72]. First, to describe the radiation produced

by a moving charge, Maxwell’s equations can be combined to give, in cgs units,

∇× (∇× E) +
1

c2
∂2E

∂t2
=

4π

c

∂J

∂t
. (2.89)

The electric field E and current density J = qv (t′) for a single charge, q, needs

to be determined. The behaviour of the electric field at a distance R from the charge

and time t can be related to the retarded time, t′, where,

t′ = t−R′/c . (2.90)

Equation 2.89 can be solved [73] to give,

E (r, t) = q

 (̂s− β) (1− β2)

(1− ŝ · β)3 R′2
+

ŝ×
[
(̂s− β)× β̇

]
c (1− ŝ · β)3 R′


ret

, (2.91)
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Figure 2.3: Thomson scattering co-ordinate system, adapted from [72].

and the corresponding magnetic field, B, is,

B (R′, t) = n (̂s× E) , (2.92)

where β = v/c, ŝ is the unit vector pointing from the charge to the observer and

n = ck/ω.

In scattering experiments, the condition R′ � L is normally made whereby the

observing point is at a large distance from the charge compared to the characteristic

length, L, over which the motion of the charge is observed. The first term in Equation

2.91 is therefore dropped in all following calculations and the approximation R′ ≈ R.

The measured property in a scattering experiment is the scattered power. The

scattered power, Ps, per unit solid angle, Ω, is given by,

dPs
dΩ

= R2S · ŝ , (2.93)

where S = c
4π

E×B is the Poynting vector. This then gives,

dPs
dΩ

=
R2c

4π
E2
s . (2.94)
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For low-velocity charges, the magnetic field can be neglected and the scattered

electric field, Es, can be written as,

Es (R, t) =
q

cR

[
ŝ×

(
ŝ× β̇

)]
ret

. (2.95)

The scattered power per unit solid angle is then written as,

dPs
dΩ

=
q2

4πc

[
ŝ×

(
ŝ× β̇

)]2
. (2.96)

To determine the orbit of the charge, the influence of the electromagnetic wave

is neglected and the unperturbed orbit is simply r (t′) = r (0) + vt′.

The retarded time t′ = t−(R′/c) ≈ t−(|R− ŝ · r|/c) for R′ ≈ R and ŝ is constant

in time.

Substituting the retarded time into the unperturbed orbit gives,

t′ =
(t−R/c+ ŝ · r (0)/c)

(1− ŝ · β)
, (2.97)

which then gives,

ki · r (t′)− ωit′ = ki

(
1− î · β

)
(1− ŝ · β)

R− ωi

(
1− î · β

)
(1− ŝ · β)

t− ki

(
1− î · β

)
(1− ŝ · β)

ŝ · r0 + ki · r (0) ,

(2.98)

where î and ŝ are the incident and scattering unit vectors.

For a plane monochromatic wave, the incident electric field can be written as,

Ei (r, t
′) = Ei0cos (ki · r− ωit′) , (2.99)
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and so the scattered electric field can be written as,

Es (R, t) =

(
q2

c2meR

)
[ŝ× (ŝ× Ei0)] cos [ksR− ωst− (ks − ki) · r (0)] , (2.100)

and so the charge, q, radiates the Doppler shifted electromagnetic wave whose

frequency and wave vector are,

ωs = ωi

(
1− î · β

)
(1− ŝ · β)

, (2.101)

and

ks = ωsŝ . (2.102)

It is convenient to work with a shift in frequency, ω = ωs−ωi = (ks − ki)·v = k·v,

and wave vector k = ks − ki.

For an electron, the time averaged scattered power in the solid angle dΩ is,

〈Ps (R)〉 dΩ =

(
cE2

i0r
2
0dΩ

8π

)[
ŝ×

(
ŝ× Êi0

)]2
, (2.103)

where the angled brackets represent a time average and r0 = e2/mec
2 = 2.8179×

10−13 cm is the classical electron radius.

Experimentally, the fluctuating density is measured. The spectrum is normally

written in terms of the spectral density function, defined as,

S (k, ω) ≡ lim
V→∞,T→∞

=
1

V T

〈
ne (k, ω) , n∗e (k, ω)

ne0

〉
, (2.104)

where ne0 is the mean electron density and N = ne0V is the number of electrons

within the scattering volume, V .

It can be shown that the scattered power [72], in the frequency range ωs →
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ωs + dωs and in the solid angle dΩ centred on R is,

Ps (R, ωs) dΩdωs = Pir
2
0LdΩ

dωs
2π

(
1 +

2ω

ωi

)[
ŝ×

(
ŝ× Êi0

)]2
neS (k, ω) , (2.105)

where L is the length of the scattering volume. The term (1 + 2ω/ωi) is a result

of two effects. The first is the relativistic headlight effect where light is preferentially

directed in the emitter’s propagation. The second effect is a result of the electron

motion in the direction of the incident light vector interacting with the magnetic

field of the probing beam. When the electron is moving towards the detector, the

increased force enhances the velocity and as a result the scattered power.

Neglecting collisions, the spectral density function can be written as,

S (k, ω) =
2π

k

∣∣∣1− χe
ε

∣∣∣2 fe0 (ω
k

)
+

2πZ

k

∣∣∣χe
ε

∣∣∣2 fi0 (ω
k

)
, (2.106)

where ε is the dielectric response of the plasma, χe and χi are the electron and

ion susceptibilities and fe0 and fi0 are the electron and ion distribution functions.

For a stable plasma, Landau damping and collisions keep the resonant wave

amplitude at a low level. The precise level of this damping depends critically on the

form of the distribution function.

The electron and ion susceptibilities can be defined as,

χe (k, ω) =

∫ +∞

−∞
dv

4πe2ne0
mek2

k · ∂fe0/∂v

ω − k · v − iγ
, (2.107)

and

χi (k, ω) =

∫ +∞

−∞
dv

4πZ2e2ni0
mik2

k · ∂fi0/∂v

ω − k · v − iγ
, (2.108)

and the dielectric function is then defined as ε (k, ω) = 1 + χe (k, ω) + χi (k, ω).
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In thermodynamic equilibrium, the one-dimensional velocity distributions are

Maxwellian and are given by,

fe0 =

√
1

πa2
exp

(
−v

2

a2

)
, (2.109)

and

fi0 =

√
1

πb2
exp

(
−v

2

b2

)
, (2.110)

where the mean thermal speeds are a =
√

2kBTe/me and b =
√

2kBTi/mi. The

scattering cross section can then be written as,

S (k, ω) =
2
√
π

ka

{
Ae
|ε|2

+
Ai
|ε|2

}
, (2.111)

where,

Ae = exp
(
−x2e

) [(
1 + α2ZTe

Ti
Rw (xi)

)2

+

(
α2ZTe

Ti
Iw (xi)

)2
]

, (2.112)

and

Ai = Z

√(
miTe
meTi

)
exp

(
−x2e

) [(
α2Rw (xe)

)2
+
(
α2Iw (xe)

)2]
, (2.113)

and

|ε|2 =

[
1 + α2

(
Rw (xe) +

ZTe
Ti

Rw (xi)

)]2
+

[
α2Iw (xe) + α2ZTe

Ti
Iw (xi)

]2
,

(2.114)

where xe = ω/ka, xi = ω/kb and α = 1/kλDe. The electron and ion susceptibili-
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ties can then be written as,

χe (k, ω) = α2 [Rw (xe) + iIw (xe)] , (2.115)

and

χi (k, ω) = α2 =
ZTe
Ti

[Rw (xi) + iIw (xi)] , (2.116)

where,

Rw (x) = 1− 2xexp
(
x2
) ∫ ∞

0

exp
(
p2
)
dp , (2.117)

and

Iw (x) =
√
πxexp

(
−x2

)
. (2.118)

Electron plasma resonance

There is a resonance in the high frequency part of the spectrum at ω ∼ ωpe. The

ions cannot respond to such frequencies and so the ion component can be neglected.

For collective scattering (where the laser wavelength λ > λDe and so the scattering

is from thermal fluctuations rather than from free electrons), the electron Debye

shielding contributes most to the spectrum. Each shield is from both the repulsion

of the electrons and the attraction of the ions, however, the majority of electrons

are moving so fast that the ions cannot respond to their motion and the shielding is

primarily achieved by the repulsion of other electrons.

To find the resonance, the real part of ε is taken to be zero. The resonance occurs

approximately when εR = 1 + α2Rw (ω/kvth,e) and so there are two roots. However,

at the lower frequency root, the Landau damping term is large and the resonance is

strongly damped. The high frequency root can then be denoted by xe0 = ω0/kvth,e �
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1. The phase velocity is much greater than the electron mean thermal speed and so

the waves propagate in the tail of the electron velocity distribution. If the effect of

damping is neglected then,

1

α2
= −Rw

(
x2e0
)
≈ 1

2x2e0
+

3

4x4e0
. (2.119)

This can be rearranged to give,

ω2
epw ≈ ω2

pe +
3kBTe
me

k2 , (2.120)

which is the Bohm-gross relation for longitudinal electron plasma waves.

Ion acoustic resonance

In the low frequency part of the spectrum, a resonance can occur at the ion acoustic

frequency. In the low frequency part of the spectrum, there are contributions from

both the ions and electrons. The resonances are then found by setting the full

permittivity to zero,

εR = 1 + α2 + α2

[
ZTe
Ti

Rw

(
ω

kvth,i

)]
= 0 , (2.121)

and so,

ωiaw ≈ ωac = ±k
(

α2ZkBTe
(1 + α2)mi

+
3kBTi
mi

)1/2

. (2.122)

Relative drift of electrons and ions

Resonant oscillations in a plasma are limited by electron and ion Landau damping.

The level of damping is proportional to the gradient of the velocity distribution

functions, taken at the phase velocity of the waves. The resonances are strongly

affected by a resonant drift of the ions and electrons because this shifts the phase
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velocity of the waves to a different part of the distribution function.

The effect of small electron drift velocities relative to the ions can be studied

by shifting the electron velocity distribution function relative to the ion frame of

reference. In this case the Maxwellian distribution functions become,

fe0 (v) =
e−(v−vd)

2/v2th,e(
πv2th,e

)3/2 , (2.123)

and,

fi0 (v) =
e−(v/vth,i)

2(
πv2th,i

)3/2 . (2.124)

The resonances then appear at,

εR = 1 + α2

[
Rw (xe − xd) +

ZTe
Ti

Rw (xi)

]
= 0 , (2.125)

where xd = vd/vth,ecosχ and χ is the angle between v and the drift velocity vd.

When there is no drift, the resonant fluctuations at the ion-acoustic frequency are

symmetric in amplitude, indicating that the Landau damping at both the positive

and negative roots are equal. Adding a drift reduces the damping on the positive root

and increases the damping on the negative root by moving the resonant waves onto a

shallower or steeper part of the distribution functions. For a normalized drift, xd = 1,

the electron and ion Landau damping on the positive root are nearly equal and

the electron Landau damping on the negative root has been significantly increased.

For drift velocities larger than the ion-acoustic speed, the electron damping on the

positive root goes to zero and if the growth of the electron wave is larger than the

residual ion damping, the system will become unstable.

In summary, Thomson scattering is an extremely versatile diagnostic which can

be used to obtain information on several different plasma quantities.
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2.7.5 Other Plasma Diagnostics

There are numerous additional plasma diagnostics. For instance, proton radiography

whereby mono-energetic protons are passed through a plasma and so are influenced

by the magnetic fields present in the plasma. The proton radiograph can be used to

reconstruct the magnetic field within the plasma [74].

Streaked optical pyrometry (SOP) measures the self emission from the plasma

along one axis and then streaks the emission in time. This variation of self emission

with time and space then allows the velocity of the plasma flow can be found.

2.8 Simulations

Simulations are important for describing aspects of the plasma that are difficult

to diagnose experimentally due to the complexity and non-linearity of high-energy

density plasmas. Different simulations are important for different aspects of the

plasma. Radiation hydrodynamic simulations, such as FLASH [75, 76, 77], cover

time and length scales over several orders of magnitudes by treating the plasma as

a fluid. This makes hydrodynamic simulations extremely useful for designing and

interpreting experiments. Kinetic effects cannot be included within hydrodynamic

codes as this then makes the simulations too computationally intensive. Instead, if

kinetic effects are required, particle-in-cell (PIC) codes are useful.

PIC codes, such as OSIRIS [78], use the Vlasov equation and so can be used to

investigate kinetic instabilities within the plasma. Consequently, PIC codes tend to

be computationally expensive and so are generally limited to short time scales and

small length scales. Its therefore often impossible to fully replicate a laser-plasma

experiment with a PIC simulation, but the combination of a hydrodynamic code and

a PIC simulation can more fully replicate an experiment.

Optical and X-ray spectra can be predicted using a collisional radiative code such
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as PrismSPECT [79]. These codes use atomic models to predict the resultant spectra,

given input plasma conditions. An assumption must be made of what kind of plasma

model to use, such as thermodynamic equilibrium, coronal model or a collisional-

radiative model. Additional populations, such as a hot electron distribution, can be

added to the plasma and so the code can predict the effect of this population on the

spectra.

2.9 Summary

In this chapter the basic theory required for the remaining chapters is described.

Basic plasma physics such as Debye length and Coulomb collisions are presented.

Single particle motion, fluid theory and MHD are used to describe the motion of the

plasma. Types of waves within a plasma that are most pertinent to the remaining

chapters such as lower hybrid waves and Faraday rotation are derived. The basics of

shock theory is described. Two different astrophysical problems are presented which

will be elaborated upon in future chapters with relevant laboratory experiments. The

interaction of a high power laser with a target and the associated plasma diagnostics

are described. Finally, a brief description of the plasma simulations used in future

chapters is presented.



Chapter 3

Electron Acceleration in a

Magnetized Plasma

In this chapter a recent laser experiment, led by the author at the LULI laser facility,

will be discussed. The relevant astrophysical motivation and theory is introduced.

The experimental setup, diagnostics and results of the experiment are then described.

Results from radiation hydrodynamic, particle-in-cell and PrismSPECT simulations

are used to aid understanding of experimental results. Finally the experimental

results are compared with a specific astrophysical case.

3.1 Astrophysical Motivation

The LULI experiment is the result of a campaign investigating particle acceleration

as an effort to further understand the mechanisms behind the high energy parti-

cles observed astrophysically. Astrophysical shocks are revealed by the non-thermal

emission of energetic electrons accelerated in-situ [47, 80, 81]. Strong shocks are ex-

pected to accelerate particles to very high energies [13, 37, 41], however, they require

a source of particles with velocities fast enough to permit multiple shock crossings.

Whilst the resulting diffusive shock acceleration process can account for observations,

47
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the kinetic physics regulating the continuous injection of non-thermal particles is not

well understood. Indeed, this injection problem is particularly acute for electrons,

which rely on high frequency plasma fluctuations to raise them above the thermal

pool [82, 53].

One mechanism for overcoming this injection problem is through lower-hybrid

turbulence. Here, through a wave-particle interaction, energy can be passed from

slow ions traveling perpendicularly to a magnetic field, to fast electrons traveling par-

allel to the magnetic field. This phenomenon has been postulated as an explanation

for the X-ray production seen at the interaction between the Solar-wind and a comet

[25]. The LULI experiment investigated the mechanism of lower-hybrid turbulence

as a possible way of overcoming the injection problem and generating a suprathermal

electron popoulation.

3.1.1 Lower-Hybrid Waves and Electron Acceleration

Lower-hybrid waves occur in a variety of laboratory and space environments and

have been suggested to be an important electron-heating or energization mechanism

in different magnetized plasma environments [83, 84, 85, 86].

Lower-hybrid waves are electrostatic ion waves that propagate quasi-perpendicularly

to an external magnetic field. Lower-hybrid waves have a frequency between the ion

and electron cyclotron frequency and can be generated through a plasma instability,

namely the modified two-stream instability (MTSI) [87]. The MTSI is similar to

the two-stream instability in the sense that it is formed through counter-streaming

flows, however unlike the classic two-stream instability, the MTSI requires an ex-

ternal magnetic field oriented quasi-perpendicularly to a counter-streaming ion flow

[41].

This instability excites lower-hybrid waves which have the following dispersion
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relation [34]:

ω2 = ω2
LH

(
1 +

ω2
pe

k2⊥c
2

)−1 (
1 + x2

)
, (3.1)

where ωLH is the lower-hybrid frequency,

ωLH =

√√√√ ωciωce

1 +
(
ωce

ωpe

)2 , (3.2)

and x is defined by

x2 =
mi

me

k2‖
k2⊥

(
1 +

ω2
pe

k2⊥c
2

)−1
, (3.3)

and ωpe is the electron plasma frequency, k‖ and k⊥ are the components of the

wave vector k parallel and perpendicular to the magnetic field, ωce and ωci are the

electron and ion cyclotron frequencies and mi and me are the ion and electron masses.

These lower-hybrid waves can accelerate electrons through Cerenkov resonance.

Since the lower-hybrid waves travel mostly perpendicularly to the magnetic field, this

wave-vector component is much larger than that of the wave-vector parallel to the

magnetic field. As a consequence, the lower-hybrid waves have a high phase velocity

along the field lines that resonate with fast moving electrons as well as a low phase

velocity across the field lines that resonate with the slow moving ions. Consequently

energy can be transferred via the lower-hybrid waves from the ions traveling per-

pendicularly to the magnetic field to electrons traveling parallel to the field. In this

manner, counter-streaming ions in an external magnetic field can accelerate electrons

to large energies and so produce high energy X-rays.

This convenient property of lower-hybrid waves as an efficient channel for the

acceleration of electrons above the thermal background, is well known in the magnet-

ically confined fusion community [88] where it has been exploited with considerable
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efficacy in past experiments [89, 90]. Although a different mechanism is favoured

in toroidal configurations, for highly oblique shock such as might be created in the

Solar wind [25, 91], supernova explosions [84] or during the formation of galaxy clus-

ters [92], it is thought that the MTSI driven by reflected ions from the shock front,

excites broad-band lower-hybrid modes.

The counter streaming ions that form the MTSI can then excite lower hybrid

waves. The relative motion of the counter steaming ions provides the free energy

that generates this instability. The energy from these counter streaming ions is then

absorbed by the lower hybrid waves. Electrons traveling along the magnetic field

lines can then absorb the wave energy, provided by the ions, and so are accelerated

along the field lines. This acceleration is possible since these lower hybrid waves

travel quasi-perpendicularly to the magnetic field and so have highly anisotropic

phase velocities. The phase velocity of these waves is low in the direction across the

field lines, allowing the waves to be in resonance with the ion beams, whilst the phase

velocity can be very large in the direction along the field lines. The waves excited

by the ion beams can then easily reach a Cerenkov resonance with the motion of

the electrons along the magnetic field lines, accelerating these electrons to very high

velocities [93]. In this manner, energy can be transferred from the counter streaming

ions to the electrons.

3.1.2 Comet and Solar-wind interaction

Turning to astrophysical environments, in the passing of a comet through the Solar-

wind, as described in Ref. [25], lower-hybrid waves have been invoked to explain

cometary X-ray emission. In this scenario, which is equivalent to what is described

in the experiment, the interaction of the incoming Solar-wind ions with the ions

reflected by the cometary bow shock excites waves within the LH frequency range.

Here, the photo-ionized cometary ions are accelerated by the v × B electric field,
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Solar-Wind 
Magnetic Field

Bow Shock

Cometary pick-
up Ions

Incoming Solar-
Wind Ions

Accelerated 
Electrons

Comet

Figure 3.1: Interaction of a comet with the Solar-wind: The relative motion between the
incoming solar-wind ions and cometary pick-up ions, across the solar-wind’s magnetic field,
result in the formation of the modified two-stream instability (MTSI) which, in turn, can
excite waves within the lower-hybrid frequency range. The lower-hybrid waves can transfer
energy from the counter-streaming ions traveling perpendicular to the magnetic field into
accelerating electrons parallel to the magnetic field and so produce a suprathermal electron
population capable of producing the observed X-ray spectra.

where B is the magnetic field of the Solar wind and v is the relative velocity of

cometary ions and Solar wind, these so called pick up cometary ions form a beam

in the Solar wind. Electrons are heated by LH waves, producing a suprathermal

electron population. This hot electron population is estimated to have an average

energy ∼ 100 eV and maximum energy ∼5 keV. These suprathermal electrons are

then capable of generating bremsstrahlung and K-shell radiation from excited ions,

mostly C, N and O [94].

An alternative explanation of the observed X-ray emission is offered by consid-

ering charge exchange processes [95]. In this scenario, the heavier ions in the Solar

wind exchange charges with the neutral gases in the comet [96], resulting in stronger

line emission. This is also supported by laboratory experiments using a beam ion

trap [96].
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1 kJ, 1.5 ns, 2ω
Laser Drive

Towards X-Ray 
Spectrometer

50 μm
PVDF Foil

Direction of
Dipole Field

Obstacle 6 mm
Radius

15 mm

Figure 3.2: Schematic of Experimental Setup: 1 kJ, 1.5 ns laser drive at 527 nm with a
spot size of 200 µm diameter is impacted onto a 50 µm PVDF (C2H2F2) foil target produc-
ing an expanding plasma jet from the back surface as shown in the overlaid image of the
550-800 nm optical emission of the plasma. A 12 mm diameter spherical obstacle is placed
15 mm from the target foil. The obstacle is either a dipole magnetized Neodymium sphere
with ≈ 7 kG surface field or a non-magnetized soda glass sphere of the same diameter.
Optical diagnostics (interferometry and SOP) have ≈ 25 mm field of view, 250 ps gate
time and look perpendicularly to the laser axis, similarly to the view above. An X-ray
spectrometer spatially resolves along the laser axis with an RbAP crystal and spectrally
resolves within the region of 630-770 eV.

3.2 Experimental Setup

While electron acceleration by lower-hybrid waves in the Solar system has been

inferred from satellite measurements [97, 25], laboratory experiments provide repro-

ducible and controllable conditions that can be used not only as a means of support-

ing space observations, but also for validating multi-scale transport predictions from

simulation codes [98]. This experiment, where a laser-produced plasma flow impacts

on a magnetized sphere (see Figure 3.2), mimics, for example, the interaction of the

Solar-wind plasma with a comet [25], an environment where excess X-ray generation

by accelerated electrons has been observed. The scaling between the experiment
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and the comet interaction with the Solar wind is determined by a set of parameters

shown in Table 3.1. While both lower-hybrid turbulence and charge exchange pro-

cesses [96] are possible explanations, the experimental results are compatible only

with the former.

The experiment was conducted at the LULI laser facility at École Polytechnique

(France). Various diagnostics were implemented to probe the plasma before and

after the interaction with the sphere (see Figure 3.4 for details).

The LULI laser facility delivers a 1 kJ, 1.5 ns laser drive (comprised of two 500

J laser beams) at 527 nm with a spot size of 200 µm diameter. The laser-drive was

focussed onto a 50 µm PVDF (C2H2F2) foil target producing an expanding plasma

jet from the back surface. A 12 mm diameter spherical obstacle is placed 15 mm from

the target foil. The obstacle is either a dipole magnetized Neodymium sphere with

≈ 7 kG surface field or a non-magnetized soda glass sphere of the same diameter.

Various optical and X-ray diagnostics were used to probe the plasma as shown in

Figure 3.3.
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3.3 Optical Data
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Figure 3.4: Optical Data: a) SOP data for a non-magnetized sphere. The plasma emission
in the optical band 550-800 nm along the flow axis is streaked in time for 500 ns. Vertical
dashed lines indicate the position of the target and sphere; horizontal lines indicate the
time at which the interferometry data and FLASH simulation snapshot (see Figure 3.5)
were taken. The plasma reaches the sphere by 200 ns indicating a flow velocity of 70 km/s.
b) Same as a) but for a magnetized sphere. c) Transverse optical interferometry data taken
at 300 ns for a non-magnetized sphere. The inferred electron density colour plot is overlaid.
d) Same as c) but taken at 290 ns for a magnetized sphere. e) Optical emission spectra
of the plasma (dark blue solid line) at 300 ns, 12 mm from the target along the flow axis
for the non-magnetized sphere case. Different spectra predicted by the code PrismSPECT
[99] (dashed lines) are overlaid and, when fitted by eye, give an electron temperature best
fit of 3 eV.
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3.3.1 Optical Diagnostics

Various diagnostics were implemented to probe the plasma before and after the

interaction with the sphere (see Figure 3.4 for details).

Streaked optical pyrometry (SOP) was used to determine the velocity of the

plasma outflow from the PVDF foil. The SOP diagnostic was setup such that plasma

emission in the 550-800 nm optical band along the laser axis was streaked in time for

500 ns. The SOP data can be used to infer the velocity of the plasma flow from the

foil. The emission from the laser-drive can be seen clearly at 0 ns in Figures 3.4a,b.

At 210 ± 10 ns, there is strong plasma emission at the sphere, indicating that the

plasma has traveled the 15 mm from the foil-target to the sphere, thus indicating a

flow velocity of 70 ± 3 km/s. The SOP data shown in Figures 3.4a,b indicates the

presence of transients between 200-300 ns. These transients are present in both the

magnetized and non-magnetized cases and so are caused by the interaction of the

plasma with the sphere, not by the magnetic field.

Transverse optical interferometry was used to determine the electron density.

The Mach-Zender interferometry diagnostic was implemented using a 2ω Quantaray

laser. The interferometry diagnostic had a ≈ 25 mm field-of-view, 250 ps gate

time and looked perpendicularly to the laser axis (similarly to the view shown in

Figure 3.2). A reference image with no plasma present was taken before each laser-

shot. The difference between the pre-shot image and on-shot image can then be

used to infer the electron density. The electron density colour maps were generated

using the Interferometric Data Evaluation Algorithm (IDEA) software [100]. The

electron density rises sharply close to the sphere in the magnetized case, but streams

smoothly around the sphere in the non-magnetized case and so the electron density

remains roughly constant. However, the shot-to-shot variations and noise in the

interferometry data are 3-7 × 1017 cm−3, and so taking a bulk electron density 5 ×

1017 cm−3 in the upstream flow is appropriate.
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The spectra from the optical emission of the plasma on the flow axis, 12 mm

from the target foil can be used to determine the bulk electron temperature of the

plasma. The optical spectroscopy diagnostic spectrally resolved the optical emission

of the plasma on the laser axis, 12 mm from the target foil. The absolute spectral

response of the diagnostic was made using a white light calibration, enabling the

true spectrum to be recovered from the raw data. The optical spectrum was then

fitted using the PrismSPECT software.

Combining the data from all optical diagnostics indicates that the interaction of

the plasma with the obstacle is different for both cases (see e.g., [101, 102]). For

the non-magnetized sphere, there is less pronounced plasma build up in front of the

sphere.

In the non-magnetized case, the plasma begins to flow smoothly around the sphere

[101]. Near the axis of the flow and close to the surface of the sphere a shock with

∼ 1 mm stand-off distance can be seen. In the magnetized case, the perpendicular

field lines constrain the flow, making it more difficult for the plasma to fully flow

around the sphere. Consequently, there is a larger pressure build up in front of the

sphere, generating a shock at ∼ 2.5 mm stand-off position, larger than that of the

non-magnetized case. Balancing the ram pressure of the plasma flow with that of the

compressed magnetic field gives an estimation for the expected stand-off distance in

the magnetized case of ∼ 1 mm, similar to the experimental value.

3.3.2 Hydrodynamics Simulations

To further understand the flow dynamics and its interaction with the sphere, 2-

dimensional radiation-magnetohydrodynamics (MHD) simulations were performed

using the FLASH code. The simulations agree qualitatively with experimental mea-

surements, as shown in Figure 3.4, while providing additional estimates of bulk

plasma properties.
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Figure 3.5: Radiative-magnetohydrodynamics Simulations a) Snapshot of a magnetohy-
drodynamic simulation with no external field after 400 ns, symmetric about the laser-axis.
Pseudocolour plots of electron temperature (top) and electron density (bottom) are shown.
b) Same as a) but with a constant 5 kG field perpendicular to the flow axis. Colourbars
are the same for both a) and b).

2-dimensional, radiation-magnetohydrodynamic simulations were performed us-

ing the publicly available code FLASH. FLASH is a parallel, multi-physics, adaptive-

mesh-refinement (AMR), finite-volume Eulerian code. The simulations performed

here include many of the high-energy density capabilities of the code [75], such as

three-temperature MHD solvers, non-ideal MHD effects such as magnetic resistivity,

heat exchange between ions and electrons, implicit thermal conduction and radiation

transport in the multi-group diffusion approximation, and laser energy deposition via

inverse Bremsstrahlung.

The FLASH simulations [75] were set up to fully reproduce the laser-plasma

interaction and the resulting flow expansion and collision with the obstacle. Sim-

ulations have been performed with and without a constant ambient field of 5 kG

strength orientated perpendicularly to the laser axis, which emulates the dipole field

of the experiment within the region adjacent to the sphere. Simulations were set

up such that the computational domain (2 cm × 4 cm) was symmetric about the

laser-axis and, utilizing FLASH AMR, spatial scales were resolved down to 8 µm.

Spatial reconstruction was carried out using a 3rd-order piecewise parabolic method

(PPM) [103] and a minmod limiter, while temporal integration was done with the
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second-order unsplit USM algorithm [104]. The upwind fluxes were computed using

the Harten-Lax-van Leer Contact (HLLC) [105] Riemann solver. The simulations

were carried out using the SCARF-MagnaCarta cluster at the Rutherford Appleton

Laboratory and the Asterix cluster of the Flash Center for Computational Science

at the University of Chicago.

The simulation predictions closely resemble what was observed in the experiment.

The plasma outflow from the foil target travels at 70 km/s, reaching the sphere at ∼

200 ns, as seen in the experimental data. In both the field and non-field cases, a shock

forms at the sphere surface. Similarly to the experiment, the non-field case results

in a much thinner bow-like shock than the field case. As shown in Figure 3.5 the

simulation predicts bulk electron densities ∼ 5× 1017 cm−3, rising to over 1018 cm−3

at the shock front, in agreement with the laboratory data. Additionally, at the time

and spatial position that the optical spectroscopy data was taken, FLASH predicts an

electron temperature of 3 eV, matching the experiment. The quantitative agreement

between simulation and experiment gives us confidence in the accuracy of the electron

temperature predictions from the FLASH code. The electron temperature is ∼ 200

eV at the beginning of the laser drive, but then it adiabatically cools to a bulk

electron temperature ∼ 3 eV for times t > 50 ns.

3.3.3 Implications for MTSI Production

To produce a MTSI experimentally, several conditions must be met. First, the

electric field produced by the shock must be strong enough to reflect ions and so

create a counter-streaming ion flow. Secondly, its imperative to check that the growth

of the MTSI is not damped by collisions within the plasma. This means that the

counter-streaming ions must be effectively collisionless with one another (although

they can be thermally collisional).



60 CHAPTER 3. Electron Acceleration in a Magnetized Plasma

Shock-Produced Electric Field

The magnetic field carried by the ablated plasma is weak, and from the measured

plasma parameters (flow velocity, v, Alfven velocity, vA, and sound speed cs) we infer

the shock formed to be highly super-critical with a fast magneto-sonic Mach number,

MMS = v/
√
v2A + c2s, of 5.7± 0.2, necessitating a significant reflected ion component

[106]. The electric field influencing the plasma near the shock can be estimated using

the magnetic field and ion density calculated in FLASH.

For the shock to reflect incoming ions, the cross-shock electric potential must

exceed the kinetic energy of the incoming ions. The electric field influencing the

plasma near the sphere can be estimated using [107] E‖ ∼ 1
2µ0nie

dB2
⊥

dx
, where E‖ is the

electric field parallel to the flow axis, ni is the ion density and B⊥ is the magnetic field

perpendicular to the flow axis and the derivative is taken along the flow axis direction.

FLASH simulations predict an electric field of ∼ 70 MeV/m at a distance of 0.5 mm

from the sphere at 300 ns, increasing as the simulation progresses. Assuming a

shock thickness on the order of the electron skin-depth L ∼ 10 µm, the resulting

cross-shock potential ≈ 700 eV is sufficient to reflect incoming Fluorine ions, with

an expected kinetic energy of ∼ 500 eV. These reflected ions produce the counter-

streaming ion flow, which are necessary for generating lower-hybrid turbulence, an

effect not captured in FLASH simulations.

Plasma Collisionality

Since the thermal background is relatively cold compared with the velocity of the re-

flected ions, the reflected ions will be dragged by the electrons in the thermal plasma

and so the ion-electron collision mean-free-path (note not the thermal collision mean-

free-path) is the most important quantity in determining whether or not the modified

two-stream instability will be damped by collisions. Using PrismSPECT, a down-

stream plasma electron density of 1017 cm−3 and 3 eV electron temperature, the
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ionisation of the Carbon, Hydrogen and Fluorine ions is 3, 1 and 2 respectively. The

ion-electron collision distance for the electrons to slow down the beam of reflected

ions can be calculated using standard expressions, see Table 2.1. Note that for this

case, the thermal energy of the electrons is large compared to the reflected ion beam

energy.

For the three different ions, this calculation gives a distance for the ions to be

slowed down by electron collisions as 1, 1.5 and 5 mm for the Hydrogen, Carbon

and Fluorine ions respectively. This means that for a 3 eV background plasma, the

Hydrogen and Carbon reflected ions will be slowed down within ∼ 1 mm, whereas

the Fluorine ions are effectively collisionless on the scales of interest for electron

heating. Electron-electron collisions on the other-hand are the dominant mechanism

for electron scattering. Although the electrons are only weakly magnetized, they can

be accurately treated as an isotropic fluid, and as such, can be shown to satisfy the

usual fluid limit of the lower-hybrid instability [87].

In the experiment, the counter-streaming Fluorine ions have a collisional mean-

free-path of ∼ 5 mm, to be compared with their gyroradius ∼ 2 cm. Thus the

Fluorine ions are not magnetised. However, since only electron heating by modes

with wavelength � 5 mm are considered, this does not affect the growth of the

lower-hybrid instability [87].

3.4 X-ray Data

3.4.1 X-ray Diagnostic

The X-ray spectrometer consisted of a 25 × 50 mm2 RbAP crystal, with 100 mm

radius of curvature, operating at a Bragg angle of 43.5o and is cylindrically bent

along the long axis of the crystal. In this Von-Hamos geometry, the X-rays from the

plasma are focused onto a 60×100 mm2 image plate detector as shown in Figure 3.6.
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Figure 3.6: X-ray Spectrometer setup and Calibration: a) Schematic of crystal and image
plate orientation in relation to the plasma. b) Spectra from PVDF and CH flag shots and a
full shot. The flag shots can be used for calibrating the energy of the X-rays. c) Schematic
of X-ray spectrometer, including how the crystal is housed.

This setup allows for both spectral resolution (620–770 eV full range) and spatial

discrimination with 1:1 magnification [71]. By geometrical considerations [71], it is

possible to show that a 1 mm source size is blurred on the image plane by 20 µm.

Both the crystal and image plate were housed in a light-tight enclosure containing

a small window through which the X-rays from the sample could reach the crystal

(see Figure 3.6). The window was filtered with 5 µm of Aluminium.

The raw signal on the image plate was analysed in the following manner. First,

the background noise across each data set was removed. The background signal
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varies linearly along both the horizontal and vertical axes of the image plate. This

background can be readily subtracted from the data signal. To calibrate the energy

scale along the image plate, both PVDF and CH foils, placed at the focal position

of the spectrometer, were used as shown in Figure 3.6. The PVDF foil produces a

fluorine line at 731 eV (similarly to the main experiment). The CH foil (as expected)

does not produce a line at 731 eV. Traces of Oxygen present in the vacuum chamber

(rather than in the material content of the target) produce lines at 653 eV, 664 eV

and 698 eV that can be seen on the image plate.

3.4.2 X-ray Data

The plasma emission in the soft X-ray range (630-770 eV) has been probed with an

X-ray spectrometer that spatially resolved along the flow axis [71]. The integrated

intensity of the observed Fluorine X-ray line can then be plotted as a function of

position along the flow axis (see Figure 3.7). The background corrected data showed

a clear line at 731 eV for all shots, the Fluorine He-α line. For every shot, the signal

from the Fluorine He-α line at a given distance from the sphere has been frequency-

integrated and averaged over a 0.3 mm interval. To collate the results, data from

shots with the same type of sphere were averaged together. To aid comparison,

different data sets are rescaled such that the peak of the spectrally resolved emission

in the region close to the sphere (as shown in Figure 3.7) for the magnetized case is

set to unity.

The standard deviation of the signal within the 0.3 mm spatial band determines

the primary error for each data point as shown in Figure 3.7. Additionally, since

the final data points are an average of several shots, the overall error is the sum in

quadrature of the error for individual shots.

The excess in soft X-rays in the magnetized shots suggests that electrons of

energies � 3 eV must be present. As lower-hybrid turbulence requires the reflected
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ions to move perpendicularly to the field lines, the case when the sphere was rotated

to have the field lines parallel to the flow has also been considered. In the latter

configuration, there was no appreciable increase in X-ray intensity close to the sphere.
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Figure 3.7: X-ray Data: a) Integrated X-ray intensity of the Fluorine He-α line as a
function of position along the laser axis. Data for magnetized sphere shots (blue diamonds)
has an increased intensity close to the sphere when compared with data for non-magnetized
sphere shots (red circles). b) X-ray data, showing the Fluorine He-α line for both the non-
magnetized (left) and magnetized (right) shots. For both cases, a white rectangle and
an additional plot have been overlaid. The white rectangle indicates the region where the
spatial lineouts were taken. The overlaid plots show the spectral structure within the white
rectangle (i.e. close to the sphere). The intensity of the non-magnetized spectra is taken
relative to the magnitude of the magnetized spectra.
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3.5 Electron Energy Determination

3.5.1 Particle-in-Cell Simulations

To investigate further the lower-hybrid origin for the excess X-ray emission near the

magnetized sphere and the possible presence of a suprathermal electron population,

2D particle-in-cell (PIC) simulations of the plasma flow collision with the dipolar

magnetic object were performed (see Figure 3.8) using the massively parallel, fully

relativistic code OSIRIS.

In these OSIRIS [78] PIC simulations, a hydrogen plasma is injected continuously

from the left hand boundary with temperature Te = Ti ' 3 eV and velocity v0.

Due to the high computational costs, OSIRIS simulations were performed with a

flow velocity v0
c

= 0.1 and an electron-ion mass ratio of mi

me
= 100, where mi is

the average ion mass and me is the electron mass. The simulation results need to

be scaled back to laboratory conditions. The simulation has an externally applied

magnetic field B = B0 + Bd, where Bd is the sphere dipolar field (modeled in the

simulation plane) and B0 is an upstream magnetic field with a magnitude chosen such

that the ion Larmor radius is ρi ' 8c/ωpi (where ωpi is the ion plasma frequency),

similarly to experimental conditions at the shock position. The simulation domain

has dimensions Lx × Ly = 960 × 1600c/ωpe and the grid resolution is 10 cells per

c/ωpe in both directions, with 25 simulation particles per cell per species. Periodic

boundary conditions are used in the y direction, and open boundary conditions are

used for the right hand boundary. Figures 3.8 a) and b) show only a fraction of the

simulation domain.

OSIRIS simulation results indicate, in agreement with previous FLASH simu-

lations, that as the plasma impacts the sphere (of typical size larger than the ion

Larmor radius), a bow shock develops [108]. The counter-propagating ion flow is

unstable and excites plasma waves in the lower-hybrid range ahead of the shock
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front (see Figure 3.8). These waves are then amplified and break, resulting in a

turbulent, compressed plasma region. In fact the ratio between the parallel (k‖) and

perpendicular (k⊥) wavenumber of these modes is consistent with the idealised dis-

persion relation for lower-hybrid waves of
k‖
k⊥
≈
√

me

mi
[25], as highlighted in Figure

3.8 (me and mi are the electron and ion masses, respectively). OSIRIS simulations

also show that when crossing the shock, the upstream plasma is significantly heated.

The observed downstream wave spectrum is thus consistent with the hypothesis of

a resonant interaction between electrons and ions being driven by lower-hybrid tur-

bulence.

The plasma ions are reflected at the shock front and travel upstream to a distance

of the order of the ion Larmor radius. The electron temperature was extracted from

the OSIRIS simulations by mapping the electron distribution function in space and

computing its second central moment. The downstream temperature was found to

be 10–100 keV and is maximum at the bow shock flanks.

The convergence of OSIRIS simulations with scaled up/down plasma velocities/ion-

electron mass ratios has been confirmed by comparing the results of previous simu-

lations similar to the one presented here with plasma fluid velocities down to 0.02c

and ion-electron mass ratios up to mi/me = 900 (see [108]). These parameters, in

particular the ion-electron mass ratio, control the separation between ion and elec-

tron temporal and spatial scales. Scaling them appropriately allows a significant

reduction of the computational effort to perform the numerical experiments, yet it is

still possible to gain important physical insight into the dynamics of these complex

systems.

A more accurate description of the experiment could be obtained by using, for

example, a multi-species plasma. In particular, the interaction between the different

species with the field at different times is expected to lead to a transient. However,

the transient always happens when the plasma cavity is formed and before the tur-
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bulent region is excited (which happens on ∼1 ion gyroperiods, in the collisionless

limit). Whether this transient time can be extended with the introduction of a multi

species plasma is an interesting question, but one very difficult to answer with full

PIC simulations. This would require separating clearly the time scales of the different

ion species, which is computationally extremely demanding.

Despite the OSIRIS simulations being collisionless and the laboratory plasma

being mildly thermally collisional, the OSIRIS results can still be applied to the

laboratory plasma. The electron-electron collisions in the laboratory plasma pre-

serve the electron isotropy and so the temperature anisotropy as seen in the OSIRIS

simulations will be less pronounced in the laboratory plasma. The electron-electron

collisions do not inhibit the development of the modified two-stream instability and

so the average hot electron energy in the OSIRIS simulations (75 keV) can still

be scaled to laboratory conditions to give a reasonable estimate of the average hot

electron energy in the laboratory.

3.5.2 Electron Energy

The average energy of electrons accelerated by lower-hybrid waves can be estimated

[25]. First the average energy gain of the electrons accelerated by lower-hybrid

turbulence is estimated. Assuming that the energy is transferred from the ions to

the electrons with an efficiency factor α, energy flow balance requires that

αnimiu
3 = neEe

√
Ee
me

, (3.4)

where ni and ne are the ion and electron densities of the resonant particles, u is the

ion velocity, and Ee is the resonant electron energy. The resonant electron density

can be obtained by balancing the growth rate of the ion instability against Landau
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damping due to electrons moving parallel to the magnetic field, hence

ne = Ee
ni
miu2

. (3.5)

The average energy of electrons accelerated by lower-hybrid waves is then given

by

Ee = α2/5

(
me

mi

)1/5

miu
2 , (3.6)

where α is an efficiency factor and u is the ion velocity. Using Equation 3.6, the

PIC results can be scaled to the laboratory measurements. Since the PIC simulation

predicts that lower-hybrid turbulence heats electrons to EPIC
e ∼ 75 keV, the expected

heating for laboratory conditions is

ELab
e

45 eV
=

EPIC
e

75 keV

(
mLAB
e

mPIC
e

)1/5(
mLab
i

mPIC
i

)4/5(
uLab

uPIC

)2

, (3.7)

where it is assumed that the efficiency factor is the same in both the laboratory and

in PIC simulations (also note that the electron-ion mass ratio in the simulation is

different from that in the experiment). Given that the predicted average electron

heating in the laboratory is ∼ 45 eV, this electron energy can then be used in

Equation 3.6 to determine an efficiency factor of α ∼ 0.1. The PIC simulation

suggests that these accelerated electrons have a nearly Gaussian spectrum. The high

energy tail of this distribution is then responsible for the observed X-ray excess.

The ∼ 45 eV electrons will be magnetised in the strong pre-shock fields. However,

their gyro-radii are still not sufficient to permit collisionless transport across the

shock [109].
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3.5.3 PrismSPECT Simulations

The collisional-radiative code PrismSPECT was used to calculate the X-ray emis-

sion from the predicted hot electron population of lower-hybrid electrons. The Prism-

SPECT calculation uses a bulk plasma electron density of 5×1017 cm−3 and electron

temperature of 3 eV, for a range of efficiency factors α from 0–0.5. For a given α,

the energetic electron population had a Maxwellian distribution with average energy

given by Equation 3.6 and density given by Equation 3.5.

When no hot electron population was present, no Fluorine X-rays were obtained.

As the efficiency factor α increases, the X-ray intensity of the observed Fluorine

line also increases (see Figure 3.9). The PrismSPECT results show that an average

hot electron energy of 45 eV is sufficient to produce the X-rays observed within the

laboratory.
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Figure 3.8: PIC Simulations: a) injected ion density, b) electron temperature and c)
wave spectrum. The wave spectrum is calculated by performing a Fourier transform on
the ion density to gain information on the parallel and perpendicular k-numbers. The black
dashed lines indicate modes that have a ratio in k-number consistent with the lower-hybrid
dispersion relation for ions reflected horizontally off of the shock. The black dotted lines
indicate modes that have a ratio in k-number consistent with the lower-hybrid dispersion
relation for ions reflected on the flanks of the bow shock. All figures are taken at the same
time of 6 ion cyclotron periods. These PIC simulations were performed by F. Cruz.



3.5 Electron Energy Determination 71

Efficiency Factor, ,
0 0.1 0.2 0.3 0.4 0.5

Li
ne

 In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

0

0.2

0.4

0.6

0.8

1

Electron Energy (eV)
0 48 63 74 83 0 
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3.6 Comparison with Astrophysics

3.6.1 Comparing the Laboratory and Space

Table 3.1: Laboratory, Space and Simulation Parameters: Where mp, me are the proton
and electron mass, e is the electron charge, ωpe =

√
106nee2/meε0 is the electron plasma

frequency, vte =
√

2eT/me is the electron thermal velocity, cs =
√
eZT/M + 3eT/M is

the sound speed, VA = B/
√
µ0 (Mni +mene) is the Alfven velocity, PT = 106neTe is the

thermal pressure and PM = B2/2µ0 is the magnetic pressure. The length scale, L, is the
minimum of the ion-beam mean free path, V τie and the ion gyro-radius.

Quantity Expression Experiment Comet-SW PIC

Ion Mass, M – 19 mp 16 mp 100 me

Ion Charge, Z – 2 1 1
Electron Density, ne ( cm−3) – 5/3× 1017 10 5× 1017

Electron and Ion Temperature, T, (eV) – 3 0.1 1
Flow Velocity, V, (m/s) – 70× 103 500× 103 3× 107

Magnetic Field, B, (T) – 0.5 10−9 320
Electron cyclotron frequency, ωce, (rad/s) eB/me 8.8× 1010 1.8× 103 5.7× 1013

Ion cyclotron frequency, ωci, (rad/s) ZeB/M 5.0× 106 0.060 5.7× 1011

Electron Larmor radius, rge, (m) mevte/ (eB) 1.2× 10−5 110 1.0× 10−8

Ion Larmor radius, rgi, (m) MV/ (ZeB) 0.014 8.4× 106 5.3× 10−5

Sound Mach number V/cs 8.0 320 360

Alfven Mach Number V/VA 8.0 29 0.70

Plasma beta PT /PM 0.80 4.0× 10−3 1.9× 10−6

Lower-hybrid frequency, ωLH, (rad/s) Equation 3.2 6.7× 108 10 3.3× 1012

Average electron energy (eV) Equation 3.6 30 100 5.0× 104

rge/ (c/ωpe) – 0.90 0.063 0.0014
rgi/ (c/ωpi) – 8.1 29 0.70
ωLHτie – 13 1.1× 1010 8.1× 106

V/ (LωLH) – 0.078 0.0058 0.17

Whilst the properties of plasmas in laboratory and space environments are often

vastly different, through appropriate scaling of the relevant parameters involved, a

comparison between the two environments can be made. In Table 3.1 the relevant

plasma parameters for this experiment, a comet interacting with the Solar-wind,

and the OSIRIS simulations performed for this experiment are compared. Since the

properties of greatest interest are those relating to the production of lower-hybrid

waves via the MTSI, the fluorine ions only have been considered. The parameters

shown in Table 3.1 for the interaction of a comet with the Solar-wind were chosen with

the following considerations in mind. The expanding gas cloud surrounding a comet



3.7 Conclusion 73

is mostly comprised of water and some carbon dioxide, meaning that the majority of

the cometary ions involved are photo-ionized oxygen ions. The temperature of the

ions varies between ∼ 0.02 − 0.2 eV, and so a value of 0.1 eV seems appropriate.

The Solar-wind comprises of a slow mode with speed ∼ 100 km/s. The Solar-wind

contains a magnetic field of ∼ 10− 200 µG and has ion temperatures of ∼ 1− 10 eV

with electron densities of 1−10 cm−3. The parameters in the OSIRIS simulations are

scaled to an electron density which matches the electron density in the experiment.

Table 3.1 shows that whilst many of the parameters such as cyclotron frequencies

and gyro radii are very different between the laboratory and astrophysical cases,

scaled quantities such as the ratio of gyro-radii to skin depth, are conversely quite

similar. The product of the lower-hybrid frequency, ωLH , and the ion-beam collision

time, τie is one way of comparing the growth of the instability. Clearly in collisionless

situations such as space and in OSIRIS simulations, the large time-scale between

collisions makes this quantity much greater than in the mildly-collisional laboratory

case. On the other hand, a comparison between the period of the lower-hybrid wave

oscillations and the time it takes for an ion to interact with a lower-hybrid wave

(either V/rgi or τie, depending on which quantity is smaller), is similar for all three

cases.

3.7 Conclusion

In this chapter the background, design and results of a laboratory astrophysics exper-

iment have been described. The process of electron energization through the MTSI

and lower-hybrid waves has been introduced, and an astrophysical setting for this

process of a comet and Solar-wind interaction has been described. The experimental

setup and results from both optical and X-ray diagnostics have been discussed and

compared with hydrodynamics simulations. The energy of the non-thermal electron

population, inferred from the X-ray diagnostics, has been determined through a mix-
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ture of PIC simulations and theory. The PIC simulations additionally indicate that

the electron energization process is indeed the result of the MTSI and lower-hybrid

waves. Comparison of the experimental conditions and those within the comet and

solar-wind highlights the differences between the mildly collisionless experimental

results and the completely collisionless setting of space. This is suggestive that this

experiment lends itself to future experiments at larger laser facilities where faster,

more collisionless flows are permissible and so would produce larger electron ener-

ization, allowing the effects to be fully investigated. Work within this chapter is

contained within an article accepted by Nature Physics [26].



Chapter 4

Technique for Making

Faraday-Rotation Measurements

at the OMEGA laser Facility

In this chapter a method for measuring magnetic fields at the OMEGA laser facility

is described. The setup, calibration and analysis of a new Faraday rotation diagnostic

is presented. A photometric calibration to determine the electron density is reported.

Finally, the magnetic field found from the Faraday rotation diagnostic is compared

with that determined from proton radiography.

4.1 Measuring magnetic fields

Measuring magnetic fields in plasmas is vital for a proper understanding of plasma

dynamics, but such measurements are often difficult to implement. Among the di-

agnostics commonly implemented in laser-plasma experiments [110, 111, 112], only

proton radiography, in which (quasi) mono-energetic protons are deflected in the

plasma by magnetic fields, has been used with some success at the OMEGA laser

facility [111]. Proton radiography often allows a spatially and time-resolved mea-

75
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surement of the magnetic field. Whilst reconstruction of magnetic fields from proton

radiography images is possible [74, 113], proton images are difficult to analyse, and

the presence of caustic structures can make the reconstruction of the path-integrated

magnetic field non-unique. Moreover, this method cannot distinguish easily between

magnetic or electric field deflections. This is particularly important in plasmas where

strong electrostatic turbulence is present along with magnetic field fluctuations. Al-

ternative diagnostics such as induction probes [114, 109] or polarimetry [115] have

been attempted on OMEGA, but they are either too invasive or lack the needed

sensitivity for accurate measurements.

Here we describe an implementation of a Faraday rotation measurement that

has a much higher sensitivity and can be used together with proton radiography for

accurate field measurements. The diagnostic makes use of the Thomson scattering

probe beam and so causes little disruption to the currently available diagnostics on

OMEGA. The requirement is that ne [cm−3]B [kG]L [cm] ≥ 2.4 × 1020 kG cm−2,

where B is the magnetic field, ne the electron density, and L the path-length of

the probe beam. This requirement is due to the resolution of the Faraday rotation

diagnostic, which is dependent upon the plasma’s magnetic field and electron density

and the probe beam path-length as determined by the experimental setup.

4.2 Experimental Setup

The Faraday rotation measurement was performed on a low-density turbulent plasma

[116]. Two 6% chlorine-doped plastic foils were each irradiated with 351 nm, 5 kJ

drive lasers in either a 5 or 10 ns pulse. This generated two counter-propagating

plasma flows which then each passed through a plastic grid, and collided with one

another at ∼ 25 ns after the start of the laser drive. The velocity of these flows prior

to their collisions is ∼ 200 km/s. The turbulence that results from this collision is

expected to produce dynamically significant magnetic fields through the turbulent
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dynamo mechanism [116]with one another at ∼ 25 ns after the start of the laser

drive.

The Faraday rotation measurement is built alongside the Thomson scattering

diagnostics [117], and the setup allows for a coincident measurement of the magnetic

fields with proton radiography. The Thomson scattering probe beam is a 30 J, 1 or

3 ns frequency doubled (526.5 nm wavelength) laser that probes the plasma within

a 50 µm2 region. To implement a Faraday rotation measurement, a Wollaston prism

was inserted into the Thomson scattering beam, see Figure 4.1. The prism splits the

beam into two polarization components, labeled S and P . The two polarizations are

further split such that half of each signal goes to the ion-acoustic wave (IAW) channel,

which resolves ion-acoustic fluctuations, and half to the electron-plasma wave (EPW)

channel, which measures the total scattered power across all wavelengths. Both the

IAW and EPW diagnostics are streaked in time with a 50 ps temporal resolution. The

IAW diagnostic is spectrally resolved, whilst the EPW diagnostic is not spectrally

resolved.

Proton radiography is implemented at the OMEGA laser facility using a D3He

capsule and CR-39 nuclear track detectors. Protons are generated by fusion reactions

occurring by laser-driven implosion of a spherical capsule containing D3He gas [118].

This releases mono-energetic protons with energies of 3.3 and 15 MeV (accounting

for Doppler shift). The protons are emitted isotropically, and thus illuminate the

interaction region of the two plasma jets (see Ref. [116] for additional details). The

capsule is positioned far enough away from the plasma such that the protons pass

through the plasma as a thin, planar sheet. Magnetic fields generated within the

plasma will deflect the protons, which are then imaged onto the CR-39 plates. These

proton radiographs can be used to infer the magnetic field structure [74] within the

plasma at the time the protons passed through. In this manner, quantities such as

the mean magnetic field can be readily determined from the proton radiographs and
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then used as comparison and validation with the Faraday rotation diagnostic.
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4.3 Analysis

Both the IAW and EPW diagnostics can be analysed in a similar manner with the

same considerations in mind. The difference in intensity of the two polarizations

depends on three different factors. First of all, in the absence of any magnetic fields,

the relative intensity of the S and P polarizations are determined by the relative

angle between the polarization of the light and the axis of the Wollaston prism.

This angle is denoted by θc. In addition, the difference in intensity between the two

polarizations also depends on the unequal response of the optics, detector and so on.

Finally, when a magnetized plasma is present in the light path, the induced rotation

of the polarization angle changes the angle at which the light enters the prism and

thus the ratio of the two polarizations from when there is no magnetic field. The

intensity of the two polarizations can be written:

IS = I0ASsin2(θc + ∆θ), (4.1)

and

IP = I0AP cos2(θc + ∆θ), (4.2)

where IS and IP are the intensities of the S and P polarizations, I0 is the initial

Thomson scattering laser intensity, AS and AP are the distinct transmission factors

for each polarization, and ∆θ is the rotation due to the magnetic fields. Taking the

ratio of Equations 4.1 and 4.2 gives

tan2(θc + ∆θ) =
AP IS
ASIP

. (4.3)

Using Equation 4.3, the degree of Faraday rotation (∆θ) can be determined,

provided that the calibration angle θc, the ratio of AS to AP and the ratio of IS to

IP is known. To determine the ratio of AS to AP , a measurement with no (or weak)
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magnetic field was used. A half wave plate in front of the Wollaston prism is set such

that the incoming polarization at the prism is θc = 45o. The axis of the Wollaston

prism is set so that the two images from each polarization are separated along the

streak camera input slit. The intensity of each polarization, IS and IP , is found by

integrating over the total signal for each polarization.

As always, there is some stray light entering the detector. This light should not

be included in the Faraday rotation analysis, since it has not been scattered and so

has not been influenced by the magnetic fields within the plasma. The IAW data is

spectrally resolved, and since the stray light occurs at the same wavelength as the

probe beam, it can be separated from the Thomson scattered signal, which instead

is shifted in wavelength as the probe photons interact with the plasma. In practice,

however, isolating the stray light from the scattered signal is not always possible, if

for example, the frequency shifts are such that there is still a large overlap between

the two. Conversely, as the EPW measurement is not spectrally resolved, there is

no obvious way to disentangle the stray light from the scattering measurement. In

this case, the approach is to minimize as much as possible the stray light.

While the IAW and EPW data should give the same rotation angle, in the analysis

there are other effects that could make the two measurements differ from one another.

Stray light has already been mentioned and needs to be dealt carefully; either by

isolating it from the sample data, as in the IAW case, or by checking that the

stray light is small enough as in the EPW case. Additionally, the IAW data (being

spectrally resolved) tends to be a lot noisier than the EPW data, and so the error in

the measurement is larger.

4.4 Calibration

It is important to take a calibration shot that is expected to have no (or at least

an undetectable) magnetic field. The calibration shot used here was a single plasma
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Figure 4.2: Calibration Shot: EPW (left) and IAW (right). In both images, the P
polarization is positioned above the S polarization. The dots at the top and bottom of both
images indicate timing fiducials and appear once every 1.1 ns and 0.548 ns respectively.
The horizontal black dashed lines in the IAW image indicate the position of the probe
laser. The horizontal blue dashed line in the IAW image represents the separation between
the S and P polarizations and so indicates the break in the vertical wavelength axis. The
lineouts underneath both images show the integrated signal of the P polarization (red) and
S polarization (blue).

flow (where only one foil is irradiated and so there is no collision). The only magnetic

fields present for this case are those from the seed fields generated from misaligned

temperature and density gradients. These seed fields are small, . 4 kG [116], and

below the detection threshold. There are of course caveats to using this calibration

shot. It can be seen from the measured IAW signal, shown on the top of Figure

4.2b, that the stray light from the probe laser is significant. In particular, for the

IAW, the wavelength of the stray light is close to the lower wavelength feature. As

such, integrating across the entire signal (i.e., both ion-acoustic features) can give

an incorrect result. Instead, only the lower (higher wavelength) peak should be

considered in this case. Additionally, for this particular calibration shot, whilst the

signal is not saturated on the CCD the signal has almost certainly saturated the
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more sensitive streak camera later in time. Nevertheless, during the initial 1 ns, the

signal remains unsaturated, has low noise and has a constant ratio between the two

polarizations. Turning to the EPW data on the left-hand side of Figure 4.2, the

two superimposed lineouts show the difference in the two polarizations. Again, the

signal is likely saturated on the streak camera towards the end of the shot. However,

for well over 1 ns of the shot, the signal is reliable and has an excellent signal to

noise ratio and a constant ratio between the two polarizations. Overall, this shot is

suitable to use as calibration: it is expected to have no magnetic field; high signal

to noise; unsaturated signal for a large duration of the shot. It can be seen from the

calibration shot that when the EPW data is good, it has far better signal to noise

than the IAW data.

Figure 4.3 plots the initial angle θc obtained from equation 4.3 (when setting

∆θ = 0). By requiring that θc = 45o, this allows the ratio AS/AP to be found

for both the IAW and EPW channels. This gives ASIAW
/APIAW

= 0.33 ± 0.02 and

ASEPW
/APEPW

= 0.58± 0.02.



84
CHAPTER 4. Technique for Making Faraday-Rotation Measurements at the

OMEGA laser Facility

Time (ns)
28.5 29 29.5 30

A
ng

le
 (

de
gr

ee
)

30

35

40

45

50

55

60

Figure 4.3: Calibration Shot: The resultant angle from both the IAW (blue) and EPW
(green) data for the calibration shot. The calibration shot is a single-jet shot for which no
measurable magnetic field is expected.

4.5 Data

In this section we will apply the Faraday rotation diagnostic to a few different data

shots in order to measure the magnetic field during and after the collision of the

two plasma flows. Data from Shot 1, taken 29.5 ns after the drive lasers are fired, is

shown in Figure 4.4. The Thomson scattering probe has a 1 ns pulse duration and

the IAW signal is saturated on the streak camera. The EPW data on the other hand

is very good, with minimal noise, and it can be used to determine the magnetic field

for this shot. In Figure 4.5, the calculated rotation angles (∆θ) obtained from the

IAW and EPW signals are reported. There is a significant difference between the

two curves. As mentioned, this is likely due to saturation of the IAW signal on the
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streak camera.
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Figure 4.4: Shot 1: EPW (left) and IAW (right). In both images, the P polarization
is positioned above the S polarization. The dots at the top and bottom of both images
indicate timing fiducials and appear once every 1.1 ns and 0.548 ns respectively. The
horizontal black dashed lines in the IAW image indicate the position of the probe laser.
The horizontal blue dashed line in the IAW image represents the separation between the
S and P polarizations and so indicates the break in the vertical wavelength axis. The
lineouts underneath both images show the integrated signal of the P polarization (red)
and S polarization (blue).

Shot 2, taken 32.5 ns after the drive lasers have been fired, also uses a 1 ns long

probe beam and it is shown in Figure 4.7. The signal is much weaker than for shot 1.

Figure 4.7 shows the resultant rotation angles extracted from IAW and EPW traces.

We notice again that EPW gives a much better signal to noise ratio, and thus allows

for a more precise determination of the rotation angle ∆θ.

Once the Faraday rotation angle has been determined, the magnetic field within

the probe beam’s path can be calculated. The Faraday rotation angle is given (in

Gaussian units) by [119]

∆θ =
λ2e3

2πm2
ec

4

∫ 2L

0

ne(s)B‖(s) ds. (4.4)
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Figure 4.5: Shot 1: Resultant angle from the IAW (blue) and EPW (green) data for Shot
1 averaged over 100 ps.

It is appropriate to use twice the size of the plasma, L, for the path length of the

integral because the experimental geometry is such that the scattered beam lies on

the opposing side to that from which the probe beam originates. The incident laser’s

wavelength is λ = 526.5 nm, and so implies

∫ 2L

0

ne(s)B‖(s) ds = 2.4× 1023∆θG cm−2. (4.5)

Equation 4.5 indicates that once the Faraday rotation angle and electron density are

known, the path-integrated field can be determined. The Faraday rotation diagnostic

can resolve 1o of rotation and so, as previously mentioned, the requirement for the

diagnostic to capture a change in magnetic field is ne [cm−3]B [kG]L [cm] ≥ 2.4 ×

1020 kG cm−2.
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Figure 4.6: Shot 2: EPW (left) and IAW (right). In both images, the P polarization
is positioned above the S polarization. The dots at the top and bottom of both images
indicate timing fiducials and appear once every 1.1 ns and 0.548 ns respectively. The
horizontal black dashed lines in the IAW image indicate the position of the probe laser.
The horizontal blue dashed line in the IAW image represents the separation between the
S and P polarizations and so indicates the break in the vertical wavelength axis. The
lineouts underneath both images show the integrated signal of the P polarization (red)
and S polarization (blue).

To determine the electron density, we have employed a full photometric calibra-

tion of the IAW channel, as shown in Figure 4.8. This allows for the integrated

number of counts on the detector to be converted into the total scattered power. To

complete the full photometric calibration, a 2ω fiducial laser was used. The amount

of light coupled through the Thomson scattering telescope was measured using an

energy meter and then cross referenced to a pick-off monitor at the start of the laser

path. Laser pulses were then recorded on the Thomson scattering system and the

energy measured through the cross calibrated energy meter. Transmission of the

Thomson scattering probe beam through the Faraday rotation package was charac-

terized separately and then included in the final calibration. The counts registered

on the IAW spectrometer could then be converted to a value for the total scattered
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Figure 4.7: Shot 2: Resultant angle from the IAW (blue) and EPW (green) data for Shot
2, averaged over 100 ps. The IAW data is much noisier than the EPW data because the S
polarization is very weak. Despite the noisiness in the IAW data, the EPW and IAW data
have a similar angular distribution.

power.

The total scattered power can be used to determine the electron density via

PS = PI dΩ r20
`TS
2π

∣∣∣ŝ× (ŝ× Êi0

)∣∣∣2 S(k)Z2ni, (4.6)

where PS is the scattered power, PI the incident power of the probe beam, dΩ the

collecting solid angle, r0 = 2.818×10−13 cm the classical electron radius, `TS = 50 µm

the interaction length, ŝ the unit Poynting vector, Êi0 the probe beam’s electric field

unit vector, S(k) the spectral density function, Z the mean ion charge and ni the

ion density. The incident power is provided by the on-shot calorimetry performed at

the OMEGA laser facility. The effective f-number of the collection optics was 9.1,
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Fiducial Laser Collection 
telescope

Insertable Faraday-
rotation system,
calibrated separately
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Diagnostic 
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Figure 4.8: Schematic of photometric calibration setup: Scattered light from the Thom-
son scattering probe beam is deposited onto the IAW streak camera and recorded on a
CCD as pixel counts. Initially, an energy meter is placed at the position of the IAW streak
camera and records the energy of the fiducial beam once it has passed through the vacuum
chamber and Thomson scattering collection optics (but not the Faraday rotation optics).
The measured transmitted energy of the fiducial laser is used to calibrate a reference energy
meter which records a pick-off of the fiducial laser, taken before the fiducial laser enters the
vacuum chamber. The reference energy meter can then be used to determine the energy
of the transmitted fiducial beam at the IAW spectrometer position. The IAW spectrome-
ter is returned to its standard position and the transmitted energy of the fiducial laser is
recorded on the IAW spectrometer as pixel counts. The reference meter then indicates the
total transmitted energy to the IAW spectrometer and so a relationship between the energy
transmitted to and the number of counts registered on the IAW spectrometer can be de-
termined. Finally, the Faraday rotation setup (Wollaston prism and turning mirrors) was
characterized outside of this setup, by recording the reduction in the probe beam energy
due to the Faraday rotation optics, which could then be included in the final calculation.

giving a solid angle of 10−2 sr. The spectral density function is [66, 120]

S(k) =
Zα4

(1 + α2)[1 + α2(1 + Z)]
, (4.7)

which can be obtained using the spectral fit to the ion feature as shown in Figure

4.9. Here α is 1/kλD, where λD is the Debye length. An average ionisation of

Z = 3.5 is expected for CH plasmas (that is, both species are fully ionized). From

this photometric calibration the electron density is found to be ∼ 7 × 1019 cm−3.

On a similar experimental setup where no Faraday rotation diagnostic was present

and so the electron features could be spectrally resolved, the electron density could
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Figure 4.9: Determining electron density and temperature: a) An IAW image that can be
used to determine the electron temperature of the plasma. This shot spectrally (vertical
axis) and temporally (horizontal axis) resolves the ion features. A Thomson scattering
spectra can then be fitted by eye to this data to determine the electron temperature and so,
through the full photometric calibration, determine the electron density for each Faraday
rotation shot. The black dashed line indicates where the lineout in b) is taken. b) Lineout
of raw data (red) from a) with fitted spectra (blue) indicating an electron temperature
∼ 300 eV. Its been assumed that the electron density is ≤ 1020 cm−3, that the ion and
electron temperatures are equal and that the plasma is fully ionized, giving an ionization
Z ∼ 3.5. c) An EPW image that can be used to determine the electron density. This shot
spatially (vertical axis) and spectrally (horizontal axis) the electron features and so a fitted
Thomson scattering spectra can be found to determine the electron density. Aside from
the differences in the EPW diagnostic, the experimental setup for this shot is the same
as those shown previously with Faraday rotation data. The white dashed line indicates
where the lineout in d) is taken. d) Lineout of raw data (red) from c) with fitted spectra
(blue) indicating an electron density ∼ 5 × 1019 cm−3, similar to the value found in the
full photometric calibration.
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be determined by fitting the Thomson scattering spectrum to the position of the

electron plasma waves. as shown in Figure 4.9. In this case, the electron density

was found to be 5 × 1019 cm−3, similar to the value found from the photometric

calibration.

Having determined the electron density and rotation angle, the path-integrated

magnetic field from the Faraday rotation measurement can be calculated using Equa-

tion 4.5. For this experiment, an effective path-length of 0.02 cm then gives a mag-

netic field of 40 kG and 160 kG for Shots 1 and 2 respectively. These data shot

values are well above the 4 kG seed values of the calibration shot.

4.6 Comparison with Proton Radiography

The accuracy of the Faraday rotation diagnostic can be characterized through com-

parison with proton radiography, a diagnostic already commissioned at the Omega

laser facility [121, 122, 123]. Proton radiography was performed on the same shots

as those discussed previously. Faraday rotation and proton radiography probed the

plasma at essentially the same time, to within 2 ns, which is much shorter than the hy-

drodynamic eddy turnover times at the largest scale, and so they both probe the same

magnetic field structures. The path-integrated magnetic field reconstruction[74] from

the proton radiographs show the entire interaction region, as opposed to the 50 µm2

area sampled by the Faraday rotation diagnostic, as shown in Figures 4.10 and 4.11.

As such, the proton radiographs can provide both a mean path-integrated field es-

timate for the entire region as well as the maximum path-integrated field produced

at the time of the radiograph. To make a fair comparison between the two diagnos-

tics, the mean-field from the proton radiography images is calculated within a 200

km/s ×2 ns ∼ 4 mm square region. This region is the extent that the two 200 km/s

plasma jets could travel within the 2 ns difference in diagnostic timing. Additionally,

because of the geometry of the experimental setup, the Thomson scattering beam
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Figure 4.10: Shot 1: Reconstructed magnetic field for Shot 1. The red dashed lines
indicate the extent the plasma within the Thomson scattering region can travel within
the 2 ns delay between the proton radiograph and Thomson scattering measurements
assuming the plasma travels at 200 km/s. The mean field within this red square is used
for comparison with the Faraday rotation diagnostic. This magnetic field reconstruction
was performed by A. F. A. Bott.

experiences about twice the path-length that the protons encounter. Accordingly, to

fairly compare the two diagnostics, the path-integrated magnetic field measured by

the Faraday rotation diagnostic is reduced by a factor of
√

2.

Figure 4.12 shows how the results from Faraday rotation and proton radiography

compare with one another. Both the mean path-integrated magnetic field within

the Thomson scattering region and the maximum path-integrated magnetic field as

calculated from proton radiography are plotted in the figure. The Faraday rotation

path-integrated magnetic field for each shot is estimated from the average rotation

angle within the 1 ns of signal.
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Figure 4.11: Shot 2: Reconstructed magnetic field for Shot 2. The red dashed lines
indicate the extent the plasma within the Thomson scattering region can travel within
the 2 ns delay between the proton radiograph and Thomson scattering measurements
assuming the plasma travels at 200 km/s. The mean field within this red square is used
for comparison with the Faraday rotation diagnostic. This magnetic field reconstruction
was performed by A. F. A. Bott.

The error bars in the proton radiography inferred mean path-integrated field

are found by sampling different 4 mm square regions throughout the reconstructed

radiograph. There is an additional error of around 20% inherent in the reconstruction

algorithm which is included; this uncertainty is the result of approximations employed

in the derivation of the algorithm. The error from the Faraday rotation measurement

comes from both the variability in the measured rotation angles and due to inferring

the electron density from the absolute calibration. The main source of uncertainty

in the Faraday rotation measurement is due to the electron density which is known

to within ∼ 20%. Whilst the small difference in timing between the two diagnostics
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Figure 4.12: Comparison with Proton radiography: The FRM calculated path-integrated
magnetic-field (red diamonds) for the shots described are compared with the path-
integrated magnetic fields calculated from proton-radiography (blue circles) for the same
shots. The largest path-integrated field structure recorded by proton-radiography (light-
blue stars) is plotted for comparison.

allows for changes within the path-integrated magnetic field to occur, there is a close

similarity between the mean path-integrated field inferred from the two diagnostics.

Additionally, the mean path-integrated field calculated from Faraday rotation is

consistently smaller than the maximum path-integrated field found from the proton

radiography reconstructions, as expected. The similarity in the mean magnetic-

field as calculated from the two diagnostics gives confidence in the results of both

diagnostics, suggesting that Faraday rotation can indeed be used for on-shot analysis

throughout a shot day at the Omega laser facility.
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4.7 Conclusion

A new Faraday rotation diagnostic has been fielded at the OMEGA laser facility.

The analysis of the results has been described and a comparison made with the

results from proton radiography. The Faraday rotation results are similar to those

from proton-radiography. One substantial advantage of this diagnostic is the fact

it does not rely on films or passive detectors (as CR-39). As such, analysis can be

performed immediately after the shot, allowing for magnetic field measurements to

be performed in real time during the experiment. The work within this chapter is

contained within an article submitted to High Power Laser Science and Engineering

special edition on Laboratory Astrophysics [124].





Chapter 5

Characterizing the Properties of

Colliding Turbulent Jets with

Thomson Scattering

In this chapter, the results from the Thomson scattering diagnostic at a recent cam-

paign at the OMEGA laser facility are discussed. An overview of the experimental

campaign’s goals are presented, with particular focus on the role of the Thomson

scattering diagnostic. The sensitivity of the Thomson scattering data to different

plasma quantities such as electron temperature and flow velocity is described. The

results from the Thomson scattering data, with different target material composi-

tions are presented. The resultant plasma parameters are then calculated and the

interaction between the colliding jets described. The effect of various quantities

on the plasma parameters is predicted theoretically and is then compared with the

experimental observations from the different target compositions.
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5.1 The Turbulent Dynamo Campaign

The results from the OMEGA experiment described within this chapter are the result

of an extensive campaign to understand how astrophysical magnetic fields are ampli-

fied to their observed values. A series of experiments have discussed the generation

of magnetic fields [109] and how these seed fields can then be amplified through a

turbulent medium [125, 114]. The interest in this astrophysical problem stems from

the fact that the universe is ubiquitously magnetized [16, 126]. However, galactic

magnetic fields observed through Faraday rotation [57, 127, 128] are much larger

than would be expected solely from a seed field generated through, for example, mis-

aligned density and temperature gradients (i.e., the Biermann battery mechanism).

Consequently, the comparatively large astrophysical magnetic fields are thought to

be the result of an amplification process such as a turbulent dynamo mechanism

[129, 14, 15, 16, 17].

This dynamo mechanism, in general, occurs in astrophysical plasmas although it

is difficult to obtain observational evidence [130]. Initially, a weak magnetic field is

present within the plasma. Turbulent motions which are the result of, for example,

the shock at a supernova remnant [131], cause the plasma to twist and fold in on

itself. Astrophysical plasmas tend to have large magnetic Reynolds numbers and so

turbulent motions stretch, twist and fold the magnetic field lines with are flux frozen

into the plasma due to the high Rm (i.e., small magnetic diffusivity) and thus the

magnetic field strength increases exponentially. Eventually, the energy within this

amplified magnetic field becomes dynamically significant to the motion of the plasma

at which point the magnetic energy within the plasma continues to grow linearly

and then saturates. This is what is known as the turbulent dynamo mechanism for

magnetic field amplification.

Whilst there are many numerical and theoretical studies that discuss the impli-

cations and nuances of the turbulent dynamo mechanism [17, 14, 62], observing this



5.1 The Turbulent Dynamo Campaign 99

within the laboratory has proven difficult. This difficulty can be explained by consid-

ering that laboratory dynamo experiments use either liquid metals or plasmas. The

electrical conductivity of liquid metals makes reaching high magnetic Reynolds num-

bers difficult. Conversely, hot plasmas are much better electrical conductors and are

therefore capable of reaching high magnetic Reynolds numbers, but they tend to be

magnetically confined in fusion devices with gas-to-magnetic pressure ratios β � 1,

and are therefore unsuitable to study how they became strongly magnetized initially.

The goal of the experimental campaign undertaken at the OMEGA laser facility was

to observe the turbulent dynamo mechanism within the laboratory. Through a com-

bination of simulations [132] and several experimental shot days, laboratory evidence

for the turbulent dynamo mechanism was achieved [18].

The experiment hosted a large number of diagnostics to confirm this result includ-

ing proton radiography, Faraday rotation, X-ray imaging, and Thomson scattering.

The proton radiographs and X-ray images were used to extract the magnetic field

power spectra and kinetic energy power spectra (by relating fluctuations in X-rays

intensity to density variations [133]), thus enabling the characterization of the tur-

bulent plasma. Proton radiography and Faraday rotation independently provide a

measurement of the magnetic field and therefore quantify the amplification. Thom-

son scattering enabled the plasma properties to be fully characterized.

The experimental campaign has so far completed 3 shot days, throughout which

several experimental variables have been altered. Here, the results from the Thom-

son scattering diagnostic will be discussed for all shot days. These results provide

information on the interaction of the colliding plasma flows and the turbulent plasma

their collision produces, crucially including an estimate for the magnetic Reynolds

number within the plasma. The effects of experimental changes, such as target com-

position, on the plasma flows will be presented and compared against theoretical

expectations.
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5.1.1 The OMEGA Experiment

A schematic of the experimental setup is shown in Figure 5.1a. Two foils, 8 mm

apart, were irradiated with ten, 500 J, 1 ns, frequency tripled (351 nm) laser beams,

each with an 800 µm spot diameter. The beams are stacked in time to produce either

a top-hat like 10 ns pulse or a 5 ns pulse that ramps up in intensity throughout the

laser-drive, see Figure 5.1b. The two foils are made of plastic (CH) and either doped

with 6%, 1% or 0% Chlorine, in atomic number. The two laser-produced plasmas

flow towards one another but are each perturbed by the presence of a grid. The

grids are placed 4 mm apart, equidistant from the mid-point of the two foils and are

250 µm thick and 3 mm wide. The grids have a variety of hole spacings and wire

thicknesses, either 300 µm holes and 300 µm wires (labeled AB−1), or 300 µm holes

and 100 µm wires (labeled AB−2). The two grids are designed such that along the

axis between the two foils, the central hole of one grid opposes the central wire of

the other grid.

The Thomson scattering diagnostic is implemented by a 30 J, frequency doubled

(526.5 nm) probe beam with a 50 µm focal spot. Thomson scattering was set up such

that the scattered light was collected with a 63o scattering angle and the resultant

scattering wavenumber was parallel to the plasma flow, see Figure 5.1c. To attain a

magnetic field measurement, the Thomson scattered light was split with a Wollaston

prism into two polarisations to generate a Faraday rotation setup (see Chapter 4 and

[124] for more details).
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5.2 Thomson Scattering Diagnostic

The Thomson scattering data was taken over multiple shot days allowing for several

changes in the diagnostic to be made between the shot days as shown in Table 5.1.

Throughout all the shot days, a proton radiography diagnostic was used. The laser

beams that backlight the D3He capsule which produces the fusion-reacted protons

for proton radiography are required by the OMEGA laser facility to be the same

pulse length as the Thomson scattering probe beam. When the Thomson scattering

diagnostic was temporally resolved over 1 or 3 ns, the Thomson scattering region was

50 µm2. When the Thomson scattering diagnostic was spatially resolved, the probe

beam was 0.6 ns in duration. The spatially resolved data is then collected across the

entire region of the plasma.

The composition of the target foils changed between the different shot days. In

the first shot day, the CH foils were doped with either 1% or 6% Chlorine by atomic

number. In the second and third shot days, the foils were purely CH and had no

dopant. On all shot days, a laser-drive of 10 ns was incident on each foil. On the

first shot day, some of the shots had a stacked laser-drive of 5 ns.

Table 5.1: Summary of Shot days: Thomson scattering data is either temporally-resolved
(TR) or spatially-resolved (SR). Whilst all shots have data from the ion-acoustic waves
(IAW), each shot can have either have data from electron-plasma waves (EPW) or Faraday-
rotation measurements (FRM) but not both. The target material and laser-drive change
throughout the shot days. Grid type AB−1 indicates 300 µm holes and wires whilst AB−2
grids have 100 µm wires and 300 µm holes.

Year TS FRM IAW EPW Target Drive Grid

2015 TR X X × Chlorinated 5 and 10 ns AB−1
2016 TR X X × No Chlorine 10 ns AB−2
2017 SR × X X No Chlorine 10 ns AB−2

Thomson scattering data can yield a wealth of information about the plasma [72].

The information gained from the ion and electron features is usually different i.e.,

the ion features are very sensitive to electron temperature and insensitive to electron

density.
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5.2.1 Thomson Scattered Ion Features

In the collective scattering regime, the Thomson scattered ion features have two

peaks [66]. By fitting the Thomson scattering data with a tailored version of the

code in [72], the different plasma parameters can be found. A fully fitted spectrum

is shown in Figure 5.2a.

Bulk flow velocity

The bulk flow velocity can be found from a global shift of the scattering features

from the probe laser wavelength as shown in Figure 5.2b. Positive flow velocity is

in the direction away from the scattering vector towards Grid B, as shown in Figure

5.1c.

Electron temperature and ionisation

The product of electron temperature, Te, and ionisation, Z, can be found from

the separation of the two ion acoustic peaks. The two resonances occur from the

ion-acoustic dispersion relation and so their separation is set by the sound speed

which depends on Te and Z. These plasmas have an electron temperature of a

few hundred eV and so are almost fully ionised. It can be confirmed through the

collisional-radiative code PrismSPECT [79] that for an electron temperature of 200

eV and electron density of 1020 cm−3 that the ionisation of carbon, hydrogen and

chlorine is 6, 1 and 14 respectively. Once the ionisation is known, the separation of

the two peaks depends only the electron temperature.

Reducing the ionisation for carbon from 6 to 3 dramatically changes the spectrum

as shown in Figure 5.2c. Note that if a reduced ionisation was used, a larger electron

temperature would be required to attain the same peak separation. Such a large

electron temperature would then generate a fully ionised plasma, and so the reduced

ionisation assumption would be incorrect.

Changing the electron temperature moves the ion acoustic peaks closer together

or further apart as shown in Figure 5.2d.
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Figure 5.2: Fitted ion features: a) Thomson scattering data (red solid line) is compared
with a predicted spectra (blue solid line). The predicted spectra has a flow velocity of 185
km/s, electron and ion temperature of 240 eV, fully ionised Carbon, turbulent velocity of
35 km/s, relative drift velocity of 100 km/s and an electron density of 1020 cm−3. b)-h)
are the same as a) with an additional fit (blue dashed line) that has: b) a flow velocity
of 145 km/s, c) Carbon ionization Z = 3, d) an electron and ion temperature of 340 eV,
e) an ion temperature of 340 eV and no turbulent velocity, f) no turbulent broadening,
g) no relative drift velocity between the electrons and ions and h) an electron density of
1019 cm−3.
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Ion temperature

Throughout the following, it is assumed that the electron and ion temperatures

are equal. This is a valid assumption because the ion and electron equilibration

times are such that by the time the Thomson scattering measurements are made,

the ions have had time to thermalize. To check, if the ion and electron temperatures

are taken to be non-equal, the ion temperature is then required to fit the broadened

ion acoustic peaks as shown in Figure 5.2e. The consequent ion temperature is much

larger than the electron temperature which is unphysical since the ions thermalize

more slowly than the electrons due to their increased mass.

Turbulent Velocity

The ion acoustic peaks can be Doppler broadened by the plasma. Arguably, the

width of the peaks should give a measurement of the ion temperature. However,

in this case the ion-electron equilibration time scale is such that by the time the

two jets collide, the ion and electron temperatures should be equal. As shown in

Figure 5.2f, when no additional broadening mechanism is present, the peaks are too

thin. In this experiment, it is expected that the dominant broadening mechanism

is through turbulent motions. The broadening due to turbulent motions is added

through a convolution with a Gaussian of the form ∼ exp

(
−1

2

(
λ−λ0
λturb

)2)
where λ is

the scattered wavelength, λ0 is the probe beam wavelength and λturb is the turbulent

broadening. To relate λturb to the turbulent velocity v0turb [134],

λturb
λ0
∼ v0turb

c
. (5.1)

The turbulence within this plasma can be considered to consist of eddies of dif-

ferent sizes up to a large, outer scale, L, which is set by the grid size. The turbulent

velocity at this small 50 µm scale should be converted into a turbulent velocity,

vturb, at the outer scale of the plasma (and so fairly compare it to other plasma

parameters). For a high Reynolds number flow, a Kolmogorov scaling [59] of
(
`
L

)1/3
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where ` ∼ 50 µm is the inner scale and L ∼ 600 µm is appropriate such that

vturb = v0turb (`/L)1/3.

Relative drift velocity

The relative drift velocity between the electrons and ions results in a different

relative height between the two peaks. If there is no relative drift, then the peaks are

equal in amplitude as shown in Figure 5.2g. The drift velocity is a result of Landau

damping.

Electron density

The Thomson scattered ion features are relatively insensitive to changes in elec-

tron density. This can be seen directly from the Bohm-Gross relation and is shown

in Figure 5.2h.

Instrument Function

An instrument function, encompassing broadening due to optics within the diag-

nostic, is included within the analysis. The width of the instrument function can be

fitted correctly using the unscattered stray light which gives a Gaussian instrument

function with width 0.025 nm is used appropriate.

5.2.2 Thomson Scattered Electron Features

The Thomson scattered electron features have two peaks which are much weaker

and broader than the ion features. The same code can be used to fit the electron

features.

Similarly to the scattered ion features, by fitting the unscattered light, an instru-

ment function is included with a Gaussian of width 5.4 nm. The spectral sensitivity

of the diagnostic must also be removed from the data before analysis such that the

spectrum is flat-fielded.

A fully fitted spectrum is shown in Figure 5.3a.

Electron Density
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Figure 5.3: Fitted electron features: a) Thomson scattering data (red solid line) is com-
pared with a predicted spectra (blue solid line). The predicted spectra has an electron den-
sity of 4.75× 1019 cm−3 with a Gaussian range of electron densities with width 1019 cm−3,
an electron temperature of 400 eV and a spatial gradient length scale of 100 µm. b)-e) are
the same as a) with an additional fit (blue dashed line) that has: b) an electron density of
4.25×1019 cm−3, c) a Gaussian range of electron densities with width 2×1019 cm−3, d) an
electron and ion temperature of 300 eV and e) a spatial gradient scale length of 500 µm.

The separation of the two peaks in the spectrum of the electron features is gov-

erned by the electron density. Small changes in electron density can drastically

change the separation of the two peaks, allowing a precise fit to be made as shown

in Figure 5.3b.
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In this experiment, it is not expected that the plasma will have a uniform electron

density. In fact, it is more likely for multiple electron densities to be present within

the interaction region due to the turbulent nature of the plasma. To include this

within the Thomson scattering analysis, a range of electron densities around some

central mean value have been included. The additional electron densities have been

weighted according to a Gaussian, centred on the mean electron density. The width

of this Gaussian then gives an indication of the range of electron densities within

the plasma. The thickness of the peaks is sensitive to the width of the Gaussian, as

shown in Figure 5.3c.

Electron Temperature

Changes in electron temperature alters the width of the peaks, as shown in Figure

5.3d, similarly to adding a range of electron densities. For these spectra, the elec-

tron temperature is found first by fitting the ion features and then any additional

broadening can be accounted for solely by a range of electron densities.

Spatial gradients

Inhomogeneities within the plasma can cause spatial and temporal gradients to

arise. By inclusion of spatial gradients within the predicted Thomson scattering

spectra, the electron and ion susceptibilities are changed accordingly.

Following the method in [135], the effects of gradients within a Maxwellian plasma

on the electron susceptibility can be written as

χe(k, ω) = χeqe −
i

Λ

∂

∂k
χeqe +

i

τ

∂

∂ω
χeqe , (5.2)

where χeqe is given by Equation 2.115 and Λ and τ are the spatial and tempo-

ral gradient scales along the scattering wavevector respectively. For a Maxwellian
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plasma, exact expressions can be found and so Equation 5.2 can be written as

χe (k, ω) = α2

{[
R(x) +

1

kvTe

(
−ω
Λk

+
1

τ

)
d

dx
I(x)

]
+ i

[
I(x)− 1

kvTe

(
−ω
Λk

+
1

τ

)
d

dx
R(x)

]}
,

(5.3)

where d
dx
I(x) =

√
πxe−x

2
and d

dx
R(x) = −

[
d
dx
I(x)erfi(x) + 2x

]
and erfi(x) =

−ierf(ix) = −i 2√
π

∫ ix
0
e−p

2
dp is the imaginary error function.

The ion susceptibility is unchanged by spatial gradients and the effects of gra-

dients should only be included in ε, i.e., in the denominators of Equation 2.111. In

these sorts of plasmas, it is likely that only spatial gradients will play a role and so

the spatial gradients only are included within the Thomson scattering code.

This method of including spatial gradients within the code fitting is different from

that of the previous section where a range of densities was included as a Gaussian.

The Gaussian range in densities indicates the different electron densities present

within the Thomson scattering volume. Consequently, a situation could be imagined

where there is no gradient in electron density across the entire plasma but there is

still a range of electron densities within the Thomson scattering volume which would

increase the width of the electron features. Conversely, a spatial gradient could

still be measured within the Thomson scattering volume even if there was only one

electron density within the measured volume. Spatial gradients and a Gaussian range

in electron densities therefore lead to different effects on the Thomson scattering

spectrum.

A relativistic correction to the phase velocity of the electron-plasma wave also

changes the relative heights of the electron features. It is therefore imperative that

relativistic effects [136] are accounted for first, as is done here, before the addition

of inhomogeneities within the plasma.

The relative heights of the two peaks can be very sensitive to these spatial gra-
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dients as shown in Figure 5.3e.

5.3 Thomson Scattering Data

The Thomson scattering data was either temporally or spatially resolved, depending

on shot day (see Table 5.1). The temporally resolved data used a streak camera that

had a resolution of 50 ps and so the data has been fitted every 100 ps. The spatially

resolved data had a 5 µm resolution on the CCD and so is fitted every 10 µm.

The data can be divided into those shots with no Chlorine doped into the foils

and those shots with Chlorine doped foils. The non-Chlorinated data is described

first, followed by the Chlorinated data.

5.3.1 Non-Chlorinated Foils

The data from the non-Chlorinated target foils has a mixture of temporally and

spatially resolved Thomson scattering data.

When the data was spatially resolved, smearing from the pulse duration of the

Thomson scattering probe beam prevents a measurement of the turbulent velocity.

Consequently, no turbulent velocity measurements are shown for the non-Chlorinated

data.

Electron temperature and flow velocity can be determined for the non-Chlorinated

shots. The electron temperature and flow velocity are plotted relative to where the

measurement was taken in terms of space and time within the experiment as shown

in Figure 5.4. For this Figure, t=0 ns is taken to be when the collision is predicted

to occur from FLASH which is 21 ns after the start of the laser-drive, and 0 mm is

the centre of the interaction region.

Figure 5.4a shows that, for each shot, the electron temperature remains relatively

constant, to within ∼ 30 eV, across the region probed by the Thomson scattering
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Figure 5.4: Spatial and temporal variation of a) electron temperature and b) flow velocity
for non-Chlorinated shots. Here 0 ns is set to the collision time of the two jets. The spatial
axis corresponds to distance along the laser axis where 0 mm is the centre of the interaction
region - the point in the middle of the two grids.
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Figure 5.5: Inhomogeneities in electron features: a) EPW image allows spectrally dis-
persed features (horizontal axis) to be fitted at different points in space (vertical axis). The
blue dashed lines indicates the extent of which a spatial gradient scale can be determined
within the plasma. Outside of these blue dashed lines, one of the electron features is too
weak and so it is not possible to accurately attain a measurement of the spatial gradient
length scale. b) Spatial graident length scale, as determined by fitting the electron features
within the 100 µm region in a), is plotted against space.

diagnostic, ∼ 1.6 mm. This indicates that the electron temperature is approximately

uniform across the plasma region probed by the Thomson scattering beam. Simi-

larly for those shots that are temporally resolved, the electron temperature does not

appear to vary more than 30 eV during the 1 ns pulse duration. This means that the

average electron temperature can be taken as a representative value for each shot.

Figure 5.4b shows that the flow velocity remains relatively constant, to within

∼ 40 km/s, across the region probed by the Thomson scattering diagnostic. This

indicates that the flow velocity can vary by up to 50% across the plasma region

probed by the Thomson scattering beam. However, the velocity does not change by

a large amount within the ns of the temporally resolved shots which are measured in

the centre of the interaction region. This means that, like the electron temperature,

an average flow velocity can be used for each shot when making further comparisons

within the central region of the plasma.

Figure 5.5 shows how the length scale of spatial gradients due to inhomogeneities

within the plasma changes against distance along the Thomson scattering probe

beam. This length scale is on the order of a few hundred µm and gives an indication
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Figure 5.6: Non-chlorinated plasma quantities: The electron temperature (red dia-
monds), bulk flow velocity (blue circles) and electron density (purple triangles) are plotted
against time. All shots included here have CH foils, a 10 ns laser-drive and grids of type
AB−2. A time of 0 ns indicates the collision time of the two flows and takes place 21 ns
after the laser drive. Open markers indicate shots that have spatially resolved Thomson
scattering and so the electron density is calculated from fitting the electron features; those
with closed markers indicate temporally resolved Thomson scattering and so the electron
density is found by an absolute photometric calibration. For all of these shots, a Thomson
scattering pulse length of 1 ns was used and the Thomson scattering beam was pointed at
the mid-point between the two foils. The data point shown is from the average data for
that shot, displayed at the centre of the Thomson scattering pulse (i.e 0.5 ns after the start
of the probe beam). A shot was taken with only one half of the laser-drive such that only
one plasma flow was generated. This shot is therefore indicative of the plasma conditions
before the collision of the two jets and is labeled as ’Single Jet’. Note the individual time
axes for the single and collided jets.

as to the scale at which changes in electron density occur. Unfortunately, the spatial

gradient was only retrievable from a subsection of one shot, making further conclu-

sions difficult. This is because once the two plasmas have collided, the resultant

Bresmsstrahlung from the hot plasma washes out the two electron peaks and so the

relative heights of the two peaks cannot be determined.

Electron temperature, flow velocity and electron density
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The electron temperature, flow velocity and electron density of the non-Chlorinated

shots are plotted against time as shown in Figure 5.6. The closed markers indicate

temporally resolved Thomson scattering, whilst open markers indicate spatially re-

solved Thomson scattering.

A shot with a single jet (i.e., only one foil was irradiated by the laser-drive) is

included for use as pre-collision parameters. The temporally resolved shot at ≈ 6

ns is very similar to the single jet shot in terms of both electron temperature and

flow velocity. This suggests that the Thomson scattering data for this shot is before

the collision, despite the probe beam delay time. This difference in timing could

be due to less energy in the drive beams compared with the other shots. This shot

characterizes the temporal uncertainty in the results from shot-to-shot variation.

The single jet shot shows that electron density, of one jet, is ≈ 1020 cm−3. This

electron density is in agreement with the colliding jet shots that take place imme-

diately prior to collision. As the collision progresses, the electron density rises from

≈ 0.5-1 × 1020 cm−3 to just under ≈ 2 × 1020 cm−3. This increase in electron den-

sity is partly due to the combination of having the two plasma flows converge. An

additional increase in electron density is likely because of the continuous influx of

material from the irradiated plasma which continues to flow into the interaction

region, although this is offset by the lateral expansion of the plasma.

The electron temperature increases from 70 eV before the collision to ≈ 400 eV

immediately after the collision. The collided plasma then cools to ≈ 300 eV around

8 ns after the initial collision. The plasma then maintains an electron temperature

of ≈ 300 eV for tens of ns afterwards.

The Thomson scattering probe beam itself has the potential to heat the plasma.

An estimate of this heating is given by [66],

∆Te
Te
≤ 5.32× 10−7

(
Zne

T
3/2
e

)
λ3
(
1− e−~ω/eTe

)
I0τ , (5.4)
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where Te is the electron temperature (in eV), ne is the electron density (in cm−3,

Z is the mean ion charge, λ is the laser wavelength (in cm), ω is the laser frequency,

I0 is the laser intensity (in W/cm2) and τ is the laser pulse duration (in s). This

equation can be regarded as an upper bound since it does not take into account the

rapid transport of heat away from the laser focus by both convection and conduction

- the high electron thermal conductivity is important for making the temperature

uniform across the interaction region. Taking ne ≈ 1020 cm−3, Te ≈ 400 eV for a 30

J, 1 ns probe beam focussed onto a 50 µm2 region gives ∆Te/Te ≤ 20%.

The velocity of the two plasma flows is ≈ 150 km/s before the collision. Once the

two plasma flows have collided, the velocity of the two flows sharply decreases. The

plasma itself is free to have some bulk motion within the observed 50 µm region and

so bulk velocities ≈ 50 km/s are measured tens of ns after the collision has occurred

as the parallel flow motion is transferred into all directions.

Energy Transfer

To examine how the energy within the counter-streaming jets is transferred as

the collision progresses, the thermal and bulk flow pressures are calculated according

to Ptherm = (ne + ni) kBTe and Pbulk = 1
2
niv

2
f , where vf is the flow speed found from

the Thomson scattering data. From Figure 5.7, it is seen that the collision between

the two jets is marked by a rapid increase in thermal pressure and a sharp decrease

in bulk flow pressure. As the two flows collide, the flow pressure of the jets along the

foil axis is converted into transverse motions and heat. A few ns after the collision,

this bulk pressure becomes very low and is likely comparable to the transverse flow

(or turbulent flow) pressure as the plasma isotropizes.

The horizontal, black, dashed line on Figure 5.7 indicates the total energy den-

sity before the collision for two single jets. The total energy density is calculated by

doubling the bulk flow and thermal pressures for the single jet. Before the collision,

the expected turbulent and magnetic pressures are negligible and so this single jet
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Figure 5.7: Non-chlorinated energy densities: The energy density contributions from
thermal pressure (red diamonds), bulk flow pressure (blue circles) and summation of the
two (dashed yellow squares) are plotted against time for different shots. All shots included
here have CH foils, a 10 ns laser-drive and grids of type AB−2. A time of 0 ns indicates
the collision time of the two flows and takes place 21 ns after the laser drive. Open
markers indicate shots that have spatially resolved Thomson scattering and those with
close markers indicate temporally resolved Thomson scattering. For all of these shots, a
Thomson scattering pulse length of 1 ns was used and the Thomson scattering beam was
pointed at the mid-point between the two foils. The data point shown is from the average
data for that shot, displayed at the centre of the Thomson scattering pulse (i.e 0.5 ns after
the start of the probe beam). The total expected energy density from before the collision
(i.e., the summed thermal pressure and bulk flow pressure for two single jets) is shown
with the black dashed line.

shot should provide the total available energy for the entire interaction. Immedi-

ately after the collision, the summed thermal and bulk pressures are approximately

equivalent to the black dashed line. After the collision, there is a deficit which is

likely accounted for by the lateral expansion velocity, which is not measured, and an

increase in turbulent and magnetic pressures expected for a turbulent plasma which
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is amplifying magnetic fields.

Assuming that this difference in the total energy density compared with the

energy density after the collision is due to magnetic and turbulent pressures, an

approximate magnetic field value can be determined. Assuming that the turbulent

velocity is similar to the late time velocity, ∼ 50–70 km/s, then implies a maximum

magnetic field of 500 kG. A magnetic field of a few hundred kG is consistent with

those results from Faraday rotation and proton radiography as described in Ref. [18].

5.3.2 Collision Mechanism for interacting jets

Using the non-Chlorinated measured values for the electron temperature, flow ve-

locities, electron density and a magnetic field of 100 kG as taken from Ref. [18],

the plasma state can be fully characterized to give the parameters in Table 5.2. The

Debye length for the collided jets is ∼ 15 nm which is greater than the ion separation

length n
−1/3
i ≈ 2 nm and so the plasma can be described classically. The Coulomb

logarithm is ∼ 7. If a Maxwellian distribution is assumed, the ion-ion mean free path

is λii ≈ 1 µm which is larger than the Debye length but smaller than any relevant

hydrodynamic length scales, implying a collisional plasma.

The interaction region in the centre is formed from two interacting plasma jets

which can each be approximated by a Maxwellian with peaks centred at U ∼ ±200

km/s. This initial distribution is then subject to a variety of processes due to the

collisions between counter-propagating particles.

To investigate the effect of the interaction of the two beams, its important to note

that 1
2
miU

2 > kBTe and so the ion motions are energetically dominant over electron

motions. This is the same as saying that the jet motion has a sonic Mach number

> 1 before the collision. The collisional relaxation times can then be calculated for

a test ion beam moving with velocity 2U into a stationary Maxwellian plasma. This

test beam is fast relative to the ions in the rest frame, but slow compared to the
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electrons,

Vti = 100 km/s < U < Vte = 10, 000 km/s , (5.5)

where Vti and Vte are the ion and electron thermal speeds. Estimating the beam

relaxation times accordingly, it is found that the predominant slowing and perpen-

dicular spreading of the test beam distribution is due to the ions. The associated

length scales over which particles in the jet experience these relaxation processes are

λs ∼ .49 mm and λt ∼ 4.5 mm for the slowing and perpendicular spreading of the

test ion beam.

The characteristic scale for the Weibel instability in the jet is [137, 138] `w ∼

c/ωpi ∼ 30 µm. The length scale for the development of electrostatic instabilities is

∼ 2 µm [137] which is smaller than the length scale associated with collisions. Fur-

ther, as the interaction between the jets develop, regions of higher density and lower

velocity might be expected which would then favour collisions as the dominant pro-

cess. It is therefore reasonable to describe the plasma interaction as approximately

Maxwellian even if the processes governing the initial jet interaction are not simply

collisional. Under this assumption, the temperature equilibration time between ions

and electrons is then calculated to be τie ∼ 9 ns, consistent with the assumption of

a plasma in thermal equilibrium.

Various transport quantities can then be calculated. The magnetization of the

ions and electrons, with Larmor radii Ωi and Ωe, is then found to be,

Ωiτii ≈ 5× 10−3 � 1 ,Ωeτie ≈ 1.3 ≥ 1 , (5.6)

and so the electrons are magnetized whilst the ions are unmagnetized. The

magnetized state of the electrons has various consequences, anisotropization of the

thermal and electrical conductivities and the appearance of various terms in the
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generalised Ohm’s law associated with a finite electron Larmour radius. However

since ion flows dominate bulk motion, it might be inferred that the plasma dynamics

would be relatively unaffected by this.

It can be concluded that conventional MHD provides a reasonable description of

the plasma dynamics, since Te ∼ Ti the electrical conductivity is essentially deter-

mined by the electrons and the viscosity by the ions [139]. This gives diffusivities,

ν ≈ 400 cm2s−1 , µ ≈ 1400 cm2s−1 . (5.7)

It can be concluded that the interacting plasmas can be reasonably described by

conventional MHD.

For this MHD type plasma, the characteristic fluid and magnetic Reynolds num-

bers can be estimated as Re∼ 1500 and Rm∼ 400, thus above the expected critical

magnetic Reynolds number for turbulent dynamo. Magnetic field measurements

from the Faraday rotation and proton radiography diagnostics indicate magnetic

fields [18] ≈ 100 kG which cannot be simply explained by the compression of the

field due to shock formation (which would only account for at most a factor of two),

nor by further generation by Biermann battery since the temperature gradients are

not strong enough. The expected timescale for saturation of the field is expected to

be on the outer-scale turnover time, ∼ 6 ns, which is comparable to the initial flow

collision and the magnetic field measurements.

5.3.3 Chlorinated Foils

A similar analysis can be completed for those shots that have a Chlorine dopant.

There are four different types of Chlorine shots: 1% and 6% Chlorine doping within

the CH foils and both 5 and 10 ns drive-laser pulse length. Consequently there are

often not many shots of the same initial condition which makes comparisons difficult.

For all of these shots, the Thomson scattering data was temporally resolved. The
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Table 5.2: Different plasma parameters associated with the collision of the two jets. The
magnetic field and turbulent velocity for the non-Chlorinated shots are assumed to be
similar to the non-Chlorinated shots. Within the table W = 5.2 × 10−9AV 2 [137] and
ln (Λ) is the Coulomb logarithm.

Quantity Expression Value

Ion Mass M – 6.5 mp

Ion Charge Z – 3.5
Electron Density ne ( cm−3) – 1020

Electron and Ion Temperature T (eV) – 300
Flow Velocity V (m/s) – 200× 103

Magnetic Field, B (T) – 0.1
Turbulent Velocity Vturb (m/s) – 100× 103

Length Scale (cm) – 0.06

Plasma Frequency ωpe (rad/s)
√

106nee2/meε0 5.6× 1014

Ion Plasma Frequency ωpi (rad/s)
√

106niZ2e2/miε0 9.7× 1012

Electron skin depth (m) c/ωpe 5.3× 10−7

Ion skin depth (m) c/ωpi 3.1× 10−5

Electron thermal velocity (m/s)
√
eTe/me 1.0× 107

Ion thermal velocity (m/s)
√
ZeTi/mi 9.4× 104

Debye length (m)
√
ε0eTe/106nee2 1.5× 10−8

Sound speed cs (m/s)
√
eZTe/M + 3Ti/M 1.7× 105

Sound Mach number V/cs 1.2

Plasma beta 2× 106µ0neeTe/B
2 1.2× 106

τ
i|e
s (s) Table 2.1 2.5× 10−9

τ
i|e
t (s) Table 2.1 2.2× 10−9

τ
i|i
s (s) Table 2.1 5.4× 10−11

τ
i|i
t (s) Table 2.1 5.4× 10−11

τee(s) 3.44× 105T 1.5
e /Zneln (Λ) 7.6× 10−13

τii(s) 2.09× 107A0.5T 1.5
i /Z4niln (Λ) 9.7× 10−12

τie(s) 6.27× 108AT 1.5
e /Zneln (Λ) 9.1× 10−9

Electrostatic length scale, `ES , (m) 3× 10−4V
√
AW/Z

√
neTe 2.0× 10−6

Electron cyclotron frequency, ωce, (rad/s) eB/me 1.8× 1012

Ion cyclotron frequency, ωci, (rad/s) ZeB/M 5.2× 108

Electron Larmor radius, rge, (m) mevte/ (eB) 5.8× 10−6

Ion Larmor radius, rgi, (m) MV/ (ZeB) 1.8× 10−4

Alfven Velocity VA (m/s), B/
√
µ0 (Mni +mene) 106 1.6× 104

Alfven Mach Number V/VA 12

Electron magnetisation ωceτie 1.6× 104

Ion magnetisation ωciτii 5.0× 10−3

Diffusivity ν (cm2/s) 1.92× 1019T 2.5
i /A0.5Z4niln (Λ) 410

Reynolds number Re VturbL/ν 1500

Resistivity µ (cm2/s) 1.4× 103Zln (Λ) /T 1.5
e 1.4× 103

Magnetic Reynolds number Rm VturbL/µ 400

Prandtl number, Pm Re/Rm 0.28
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Faraday rotation diagnostic was in place and so the electron features are not spec-

trally resolved. Instead, the electron density is found from an absolute photometric

calibration of the system, as described in Chapter 4.

Whilst none of the data was spatially resolved, there is some spatial variation in

exactly where the Thomson scattering data was taken. The grids used for this shot

day are slightly different to the non-Chlorinated foils in that they have larger wires

(300 µm compared with 100 µm). The smaller hole size means that the two jets are

more asymmetric and so the two jets collide slightly off-centre at ≈ 400 µm towards

Grid B (see Figure 5.1c). Correspondingly, the Thomson scattering probe beam was

pointed 400 µm towards Grid B. For one of the shots with 6% Chlorine and a 5 ns

drive, the two grids were swapped over and so the Thomson scattering measurement

made here is equivalent to 400 µm towards Grid A and so is further away from the

interaction region.

By fitting the ion features of the Thomson scattering spectrum, the electron

temperature and flow velocity can be plotted against space and time to give Figure

5.8.

Figure 5.8 shows that there is minimal temporal variation in the electron tem-

perature and flow velocity over the 1 or 3 ns Thomson scattering probe beam. This

means that an average electron temperature and flow velocity can be used for making

comparisons between the Chlorinated shots.

The addition of Chlorine acts to slow down the resultant plasma flow due to the

increase in target density and radiative cooling. The foil density before the laser-

drive for those shots with no Chlorine, 1% Chlorine and 6% Chlorine are 1.07 gcm−3,

1.29 gcm−3 and 1.55 gcm−3. This indicates that there is a large initial increase in

electron density when Chlorine is doped into the target foils. The increased power

of the 5 ns laser drive increases the flow velocity of the two plasma flows compared

with the 10 ns laser drive, advancing the collision time.
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Figure 5.8: Spatial and temporal variation of electron temperature and flow velocity
for Chlorinated shots: Shots with 1% Chlorine target dopant (purple-green); 6% Chlorine
target dopant (red-blue); a 10 ns laser-drive (diamonds) and a 5 ns laser-drive (triangles)
are plotted against space and time. Here 0 ns is set to the collision time of the two jets when
there is no Chlorine in the targets and a 10 ns laser-drive. The spatial axis corresponds to
distance along the laser axis where 0 mm is the centre of the interaction region - the point
in the middle of the two grids. All of the data is taken at either 0.4 or −0.4 mm, those
data points at −0.5 mm are artificially moved to more clearly present the data.
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Figure 5.9: Chlorinated plasma quantities: The electron temperature (red diamonds),
bulk flow velocity (blue circles), turbulent flow velocity (green squares) and electron den-
sity (purple triangles) are plotted against time for different shots with different initial
conditions. Here a time of 0 ns indicates the collision time of the two flows for CH foils
with a 10 ns laser drive and AB−2 grids. For the shots shown in this plot, all shots have
temporally resolved Thomson scattering and grids of type AB−1. The Thomson scattering
pulse length was either 1 or 3 ns, depending upon the shot and is pointed 0.4 mm away
from the mid-point of the two foils, along the foil axis such that it is measuring within
the interaction region. Each data point is an average of all of the acquired data for that
shot and is positioned at the centre of the Thomson scattering pulse (i.e., 0.5 ns or 1.5
ns after the start of the probe beam). Four different initial conditions are shown on this
plot and are indicated by the dashed black lines. Particular attention should be drawn to
those shots with 6% Chlorine and a 5 ns laser-drive (’6Cl5’) since for the later shot, the
two grids were swapped around. In effect, this means that the Thomson scattering probe
beam was measuring 0.4 mm to the other side of the foil axis centre and so is measuring
the plasma properties outside of the interaction region. Note that each region has its own,
individual time axis.

The electron temperature, bulk flow velocity, outer scale turbulent flow velocity

and electron density are plotted for these different target conditions in Figure 5.9.

The horizontal time axes refer to the FLASH predicted collision time of the non-

Chlorinated, 10 ns laser drive from the previous section. This allows for a direct

temporal comparison between the Chlorinated and non-Chlorinated shots.
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1% Chlorine dopant, 5 ns laser-drive

The plasma conditions of ’1Cl5’, shown in the leftmost portion of Figure 5.9,

imply that for those shots with 1% Chlorine dopant, 5 ns laser-drive, the two jets

have just collided. This type of shot is expected to have a larger flow velocity than

the non-Chlorinated shots due to the increased intensity of the laser-drive. The

flow velocity for ’1Cl5’ is ∼ 200 km/s which is faster than the non-Chlorinated flow

velocity of ∼ 150 km/s. The electron temperature is smaller for the ’1Cl5’ condition,

230 eV, compared with 400 eV for the non-Chlorinated case. The turbulent velocity

is smaller than the measured flow velocity, implying that the motions of the plasma

are not yet completely isotropic. This might suggest that the two ’1Cl5’ jets have

just collided and a few more ns is required to allow the turbulent region to develop

and for the field to fully saturate.

1% Chlorine dopant, 10 ns laser-drive

Those shots with 1% Chlorine and a 10 ns laser-drive are expected to behave

similarly to the non-Chlorinated shots. There are a few differences, such as the grid

spacings. It is expected that since the grid used for the non-Chlorinated shots have

wider hole spacings, they will allow more material through and so produce a higher

density interaction. The second panel in Figure 5.9 shows that the electron density

at the collision is ≈ 1 × 1020 cm−3 and then rapidly increases to 3–4 × 1020 cm−3

within 5 ns, an unexpectedly much larger density than that of the non-Chlorinated

foils.

The flow velocity of the ’1Cl10’ shots increases with time from 120-220 km/s over

6 ns. This trend is unexpected and so could be a result of shot-to-shot variation.

The electron temperature at collision time is ≈ 100 eV, similar to that of the

non-Chlorinated case, ≈ 70 eV. After collision, there is not the same rapid increase

in electron temperature to ≈ 300− 400 eV that was seen with no Chlorine, instead

the electron temperature rises steadily to ≈ 200 eV similar in value to the ’1Cl5’ ns
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laser-drive shot. This could suggest that the Chlorine is reducing the temperature

of the plasma.

The turbulent velocity increases from ≈ 50–100 km/s over 6 ns. The turnover

time for this plasma can be estimated as L/vturb ≈ 0.6 mm/100 km/s ≈ 6 ns.

6% Chlorine dopant, 5 ns laser-drive

The two shots with 6% Chlorine and a 5 ns laser drive (shown in the third portion

of Figure 5.9, labeled ’6Cl5’) cannot be directly compared. The second shot (the shot

later in time) has the two grids swapped around and so is equivalent to the Thomson

scattering region being 0.4 mm on the other side of the interaction i.e., far away from

the main collision point.

Within the turbulent interaction region, the electron temperature is large ≈ 350

eV, similar to the non-Chlorinated case, and the flow velocity is comparable to the

turbulent velocity ≈ 50 km/s, suggesting that the plasma is broadly isotropic since

there are movements of the plasma in any direction. This large electron temperature

implies that either this shot has captured a particularly hot region of plasma, or

Chlorine does not have such a large effect on electron temperature as was indicated

by the previous two data sets.

The turnover time for the plasma is ≈ 6 ns and so there has been sufficient time

for the magnetic field to saturate by the time this data is taken. Outside of the

interaction region, the plasma is relatively cool ≈ 150 eV, flowing at ≈ 100 km/s

towards the interaction region

It appears from these two shots that the electron density is much larger outside

the interaction region ≈ 2 × 1020 cm−3 compared with inside the interaction region

≈ 0.5 × 1020 cm−3. This is unexpected since there is less material outside of the

interaction region.

6% Chlorine dopant, 10 ns laser-drive

The 6% Chlorine and a 10 ns laser drive (and shown in the right-most portion
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of Figure 5.9, labeled ’6Cl10’) is the slowest target because of the large percentage

of Chlorine and has a flow velocity of ≈ 130 km/s. The cool electron temperature,

as compared with the non-Chlorinated shots, indicates that the Chlorine has cooled

the plasma. The reduced flow velocity implies that there is less energy within the

plasma to transfer into heat, which is a possible explanation for the lower electron

temperature.

The small electron temperature ≈ 150 eV, average flow velocity ≈ 130 km/s and

electron density ≈ 1.5 × 1020 cm−3 suggests that the predicted collision has taken

place.

Accounting for experimental differences between non-Chlorinated and

Chlorinated foils

The majority of Chlorinated shots have an unknown collision time and so the relative

timing of different data shots is hard to establish. However, it is clear that those

shots doped with more Chlorine have slower plasma flows than those without.

Those shots with no Chlorine are mostly taken from spatially resolved Thomson

scattering compared with the Chlorinated shots that all have time resolved Thomson

scattering. Whilst there should be no difference in the parameters attained through

spatially resolved compared with temporally resolved Thomson scattering, the mea-

surements are not identical and so may not capture the same things. The spatially

resolved Thomson scattering is averaged over the 0.6 ns probe beam whereas the

temporally resolved case looks at the scattering from a 50 µm2 volume and can re-

solve up to 0.05 ns. Differences can arise depending upon the time scales and spatial

extents of the phenomena being observed. For instance, for fast processes that can be

captured by the temporally resolved Thomson scattering may not be fully captured

by the spatially resolved Thomson scattering. However, it can be estimated that

the turnover time for this plasma is ≈ 6 ns and so the two diagnostics can likely be
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compared fairly to one another. From Figure 5.8, it is clear that the temporal and

spatial variation of the plasma within a 0.1 ns time scale and 0.1 mm spatial scale

is minimal.

The relative electron densities of the different shots shows that those shots with

Chlorine have a much larger electron density than those without. This disparity

in electron density could be an artifact of how the different electron densities were

measured (i.e., absolute calibration versus Thomson scattering fit). Those shots with

no Chlorine had both electron density measurements and both gave similar results

implying that the difference in electron density is not a diagnostic issue. It should

be noted that the photometric calibration was completed immediately after the non-

Chlorinated shot day and so a year after the Chlorinated data was collected. The

photometric calibration is expected to still be accurate to within 20–30% and so does

not explain the large electron densities of the Chlorinated data.

Hydrodynamic simulations using the code FLASH predict that the collision times

for ’0Cl10’, ’1Cl5’, ’1Cl10’, ’6Cl5’, and ’6Cl10’ are 21, 20, 24, 25 and 33 ns respectively

[132]. These predicted collision times suggest, like the experiment, that Chlorinated

foils are slower due to their increased foil density and that the increased laser-drive

increases the jet velocity, causing a collision to occur more quickly. The FLASH

predicted electron densities are ≈ 1020 cm−3, in agreement with the non-Chlorinated

foils.

5.3.4 Predicted effect of Chlorine, flow velocity, electron

temperature and electron density on the jet interac-

tions

The effect that the different parameters in the experiment have on equilibration times

and dimensionless parameters can be examined theoretically. This illustrates which

parameters are most important to the dynamics of the jet interaction. The Chlorine
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Figure 5.10: Calculated dependence on experimental parameters: a) The effect of chang-
ing different parameters on the ion-equilibration time (solid) and the transverse beam stop-
ping time (dashed) are plotted. b) The effects of changing different parameters on the fluid
Reynold’s number (solid) and magnetic Reynold’s number (dashed). The percentage of
Chlorine within the targets (yellow) is varied from 0%–6%; the electron temperature (red)
is varied from 100–600; the electron density (purple) is varied from 0.1–1.5 × 1020 cm−3;
the flow velocity (blue) is varied from 100–300 km/s.
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content (which alters the ionization and atomic mass), electron temperature, electron

density and jet velocity are varied and then the different properties are calculated.

These parameters are varied from the following values of: 0% Chlorine, 300 eV

electron temperature, 1020 cm−3 electron density and a jet velocity of 200 km/s.

Comparing the ion-equilibration time (solid lines) and transverse spreading time

(dashed lines) of the two plasma jets for the range in parameters observed in the

experiment, it is seen in Figure 5.10a that the ion-equilibration time is 1–10 ns

and the stopping time ranges between 1–50 ns. The ion-equilibration time is most

affected by the electron temperature and density whilst the transverse stopping time

is most affected by the jet velocity and electron density. Consequently changes in

the intensity of the drive beams and regions of denser material has a greater effect

on the interaction of the two jets than the addition of Chlorine to the targets.

The fluid Reynolds number (solid lines) and magnetic Reynolds number (dashed

lines) can be compared in Figure 5.10b. The velocity scale used when calculating the

Reynolds’ numbers is the turbulent velocity which remains unchanged throughout.

The fluid Reynolds number increases by a factor ≤ 2 as the percentage of Chlorine

increases. The fluid and magnetic Reynolds number is most greatly affected by

changes in electron temperature.

The fluid Reynold’s numbers accessed by the experiment are consistently ≥ 500

and are ∼ 1000 for typical jet-interaction parameters. The magnetic Reynold’s

numbers accessed by the experiment are ≥ 100 throughout the experiment and

∼ 500 for typical jet-interaction parameters. This also indicates that the Prandtl

number Re/Rm is ≤ 1 throughout the experiment.

By accessing a magnetic Reynold’s number ≥ 300 for a Prandtl number ≤ 1, the

experiment has reached a regime above the critical magnetic Reynold’s number and

so the threshold, as predicted by simulations [17], for a turbulent dynamo mechanism.

Figure 5.10 show that the addition of Chlorine to the targets does not have a large
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effect on the predicted plasma parameters most important to the jet dynamics. This

suggests that the main difference between the Chlorinated and non-Chlorinated shots

is due to the initial disparity in electron density. The flow velocity of the jets and

electron temperature appears to have the greatest effect upon the different plasma

parameters, suggesting that the laser-drive power is important to the dynamics of

the colliding jets.

By calculating the effect the different quantities accessed by the experiment have

on the plasma parameters, it can be seen that the plasma regimes accessed are similar

for all conditions. The interaction of the two jets is governed by the relaxation times

of the species within the jets whilst properties of the turbulent plasma produced are,

in part, a result of the different Reynolds numbers involved. Flow velocity, and so

laser intensity, has a great effect upon the relaxation times and so the interaction

of the jets. Chlorine does not have much effect on the plasma properties. How-

ever, Figure 5.9 implies that the addition of Chlorine may result in a lower electron

temperature, which does greatly effect the plasma parameters. The small number

of shots of each shot type and diagnostic differences between the Chlorinated and

non-Chlorinated shots, makes it difficult to say conclusively the effect of doping the

target foils with Chlorine. The increase in density from the addition of Chlorine cer-

tainly makes the plasma jets slower, which implies that there is less available energy

to convert into heat. Chlorine doping also causes the plasma to radiatively cool more

quickly, providing a possible explanation for the difference in temperature.

5.4 Conclusion

In this chapter, the Thomson scattering data from an experimental campaign at

the OMEGA laser facility has been described. These results show that when two

laser-irradiated plasma foils collide, energy is transferred from the fast flowing jets

into heating the collided plasma jets. The collided plasma jets are turbulent and
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so as the collided plasma twists and folds in on itself, magnetic fields generated

from misaligned density and temperature gradients within the jets are amplified by

a turbulent dynamo mechanism to become dynamically significant.

In a small number of cases, the target foils were doped with Chlorine or had an

increased laser-intensity. The Chlorine increases the density of the foils and so slows

down the resultant plasma jets. Conversely, the higher laser-intensity increases the

flow velocity of the plasma jets.

Theoretical plasma parameters for the range of quantities accessed by this exper-

iment suggest that Chlorine has some effect on the dynamics of the jets. However

quantities such as flow velocity and electron temperature, which are affected by the

addition of Chlorine, have a greater effect on the plasma parameters.

This chapter has shown that the information provided by the Thomson scatter-

ing diagnostic can help to characterize the interaction of two colliding jets and the

resultant turbulent plasma they produce.





Chapter 6

Summary and Future Work

6.1 Summary of Results

The work presented in this thesis has focused primarily on the experimental results

from two different laboratory based experiments which have applications relevant to

astrophysics. Indeed, within both experiments, the combination of turbulence and

magnetic fields has been crucial to the dynamics and outcome of the experiments.

Both experiments have astrophysical implications and through these experiments

and further work, it is possible to achieve a more thorough understanding of both

particle acceleration and the turbulent dynamo mechanism.

Chapter 3 presented the work of an experiment at the LULI laser facility which

investigated electron acceleration in a magnetized plasma. The experiment was

based on a particle acceleration mechanism that has been observed at the comet

and Solar-wind interface. Here, electrons are accelerated by lower-hybrid turbulence.

Lower-hybrid waves are generated through the modified two-stream instability, a col-

lisionless instability that is produced through shock reflected counter-streaming ions.

Lower-hybrid waves can transfer energy between ions traveling perpendicularly to a

background magnetic field to electrons traveling parallel to the background magnetic

field through a Cerenkov-like interaction. In this manner, electrons can be acceler-

133
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ated to large energies and so produce X-rays. Within the experiment, there is an

excess in X-ray production when a magnetic field is present compared with when

there is no magnetic obstacle present. This excess in X-rays in the magnetised case

is due to the production of electrons accelerated via lower-hybrid waves within the

experiment. In space, lower-hybrid waves are generated when a Solar-wind interacts

with a comet and so produces X-rays.

To confirm that lower-hybrid waves are indeed the cause of the excess in X-

rays in the magnetised case, scaled PIC simulations were performed to mimic the

experiment. In the PIC simulations, high energy electrons are produced and the wave

number spectrum from the ions is consistent with lower-hybrid waves. By scaling

the accelerated electron energy found in the PIC simulations, the electrons within

the experiment are found to be accelerated to 45 eV, from a thermal background of 3

eV. Using the collisional-radiative code PrismSPECT, it can be shown that this hot

electron population is sufficient to produce the X-rays observed in the experiment.

Producing an accelerated electron population from the thermal background has

important applications for astrophysics. Diffusive shock acceleration whereby charged

particles are accelerated by being repeatedly bounced across either side of a shock

requires the charged particles to have high, non-thermal velocities to permit multiple

shock crossings. Consequently, there must be some initial acceleration mechanism to

raise these non-thermal particles from the thermal pool. Lower-hybrid turbulence is

one such initial acceleration mechanism. Consequently, this experiment provides a

platform on which further experimental investigation can be performed on particle

acceleration.

Chapters 4 and 5 discuss the work from an experimental campaign investigat-

ing the amplification of magnetic fields through the turbulent dynamo mechanism.

To measure the amplified magnetic fields within the generated plasma, a Faraday-

rotation diagnostic was implemented. This diagnostic has not been used on the
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OMEGA laser facility before and so required a new diagnostic setup, calibration and

analysis.

The Faraday-rotation diagnostic was installed on the Thomson scattering probe

beam. The scattered light was collected, as usual, and then split by a Wollaston

prism into its two polarizations. These two polarizations behave differently in the

presence of a magnetic field and so by recording the intensity of the two polarizations,

a magnetic field measurement could be inferred. First, a calibration shot with no

magnetic field is required so that all changes in polarization intensity on data shots

can be correctly interpreted. The ratio in polarization intensity can be converted

into a magnetic field measurement provided that the electron density is known.

Whilst in general the electron density can be determined through fitting the

Thomson scattered electron features, due to the implementation of the Faraday-

rotation diagnostic, it was not possible to make a spectrally resolved measurement.

As such, the electron density had to be determined through a full photometric cal-

ibration of the entire Thomson scattering and Faraday-rotation system. A photo-

metric calibration is inherently less accurate than measuring the electron density

through Thomson scattered electron features. However, by comparing data from

both techniques, the electron density determined through a photometric calibration

is similar to that measured by the Thomson scattered electron features. Once the

electron density has been measured, the magnetic field can be determined from the

Faraday-rotation diagnostic.

The path-integrated magnetic field as measured from Faraday-rotation was com-

pared with that from proton radiography. The two diagnostics gave similar results.

Whilst proton radiography can reveal a 2D reconstruction of the magnetic field, this

takes time to perform and the data is not available on shot day. An advantage of

Faraday rotation is that the analysis can be performed during the shot day and

is coupled into the Thomson scattering diagnostic, reducing the total number of
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diagnostic ports required for the experiment.

Chapter 5 discusses the results from the Thomson scattering data recorded at

an experiment investigating the turbulent dynamo mechanism at the OMEGA laser

facility. The experimental results were taken over several shot days and so there are

some changes between the experimental shot days. The material composition of the

target foils was varied to include different amounts of Chlorine doping. Further, some

of the shots have an increased laser intensity, increasing the resultant flow velocity

of the plasma jets.

The Thomson scattering data can provide information on a variety of quantities

including electron and ion temperature, flow velocity, electron density and turbulent

broadening. Expanding the electron susceptibility to include gradients within the

plasma allows a measurement of spatial gradients to be inferred. Whilst it was not

possible to gather a measurement of the spatial gradients for the majority of the

data, as a proof of principle, it may be possible to measure these spatial gradients

within the plasma on future experiments. The collated data on the different plasma

quantities can then be used to interpret the flow dynamics of the plasma jets.

On collision, the non-Chlorinated plasma jets rapidly increase in temperature and

electron density as material flows into the interaction region and transfers energy

from the flowing jets into heating the turbulent region. As time passes, the plasma

begins to cool, presumably transferring much of its energy into generating magnetic

fields. The plasma is turbulent and so different regions of the plasma have slightly

different densities and move around one another with some outer scale turbulent

velocity. This outer scale turbulent velocity can be inferred as a broadening of the

Thomson scattered ion features. As the plasma twists and turns through its turbulent

motions, the magnetic field frozen into the plasma is amplified many times over

in a turbulent dynamo mechanism. The measured Thomson scattering parameters

confirm that a magnetic field will indeed be frozen into the plasma since the magnetic



6.1 Summary of Results 137

Reynolds number is large for the plasma in this experiment.

The collision and interaction of those jets doped with Chlorine and different laser

drives is similar to that of the non-Chlorinated jets. It appears that the Chlorine

somewhat slows down the plasma jets and cools the resultant plasma. Those targets

doped with Chlorine had a significantly higher mass density than those without.

This increased density could be the cause of the difference in flow velocity of the

Chlorinated jets. Further, if the jet velocities are smaller, there will be less available

energy to transfer into thermal energy thus resulting in a smaller electron tempera-

ture. The relatively small number of Chlorinated shots with the exact same target

conditions makes comparisons extremely difficult as it is unknown when the collision

occurred for each condition as well as if a particular shot is probing an unusually

hot or dense region of plasma. To try and disentangle whether or not Chlorine

should have a great effect on the plasma parameters and regime considered here,

theoretical plasma parameters were calculated for the parameter range accessed by

the experiment.

Different relaxation processes and dimensionless parameters were calculated for

the range of parameters measured within the experiment. It is readily seen that

the addition of Chlorine does not affect the ion-equilibration time, transverse beam

spreading time or the Reynolds numbers of the flows by a large amount. Instead,

changing the flow velocity and electron temperature has the greatest effect upon the

calculated parameters. The parameters accessed by the experiment all fall into the

same regime. The resultant plasma is collisional and the ion-electron equilibration

time is small enough ∼ 9 ns to allow the plasma to be treated as in thermal equilib-

rium. The length scale of collisions is small ∼ 2 µm and prevents the formation of

electrostatic instabilities. The plasma can be reasonably described by MHD. Lastly,

the magnetic Reynolds number is sufficiently greater than the critical value as pre-

dicted by simulations, suggesting that in all cases a turbulent dynamo mechanism
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could be at work. It would seem that the addition of Chlorine increases the target

foil density and so decreases the flow velocity of the jets, lowering the electron tem-

perature of the plasma. Consequently it would seem it is the reduced flow velocity

that has the greatest effect on the generated plasma rather than the Chlorine itself.

This experiment is part of a larger campaign to understand the role turbulence

plays in astrophysical plasmas. This on-going campaign has observed amplification

of magnetic fields through the turbulent dynamo mechanism. Future work based on

a similar setup aims to investigate the possibility of particle acceleration as well as

further investigating different aspects of the turbulent dynamo mechanism.

6.2 Future Work

In terms of an experimental standpoint, there is much that can be further investi-

gated. Particle acceleration is a currently hotly studied topic. Lower hybrid tur-

bulence is one mechanism by which particles can be accelerated. This lower hybrid

method of particle acceleration could be further investigated at a larger scale laser

facility than LULI such as Omega. A higher powered laser facility would increase

the flow velocity, v. Since the accelerated electron energy is proportional to v2, a

modest increase in flow velocity could greatly increase the accelerated electron en-

ergy. Further, following from the work of Ref. [44], this faster flow lends itself to a

collisionless shock which would allow the modified two-stream instability, necessary

for the generation of lower hybrid waves, to the develop un-hindered by collisions.

A multi-kJ laser facility can produce typical flow velocities ≈ 1000 km/s [44, 140],

which could increase the average electron energy to ≈ 5 keV. At this increased elec-

tron energy, the electrons themselves could be recorded on an electron spectrometer,

rather than inferring the electron energy from the resultant X-rays. An electron

energy spectra has useful astrophysical applications. The exact shape of the elec-

tron energy spectra is a debated topic since it depends on the exact form of the hot
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electron distribution function [141].

Additionally, a Thomson scattering diagnostic could be included to gather more

information about the shock reflected ions. Previous work has shown evidence of a

peak in the Thomson scattering spectra due to reflected ions [112, 142]. Inclusion of

a Thomson scattering diagnostic could provide direct evidence of shock-reflected ions

and also indicate the fraction of ions reflected off of the shock [102]. Whilst shock-

reflected ions were inferred from the measured data at LULI, direct evidence would

enable less reliance on simulations and theoretical predictions when deriving the

accelerated electron energy. Further experiments could more thoroughly investigate

the exact nature of electron acceleration via lower hybrid turbulence.

Particle acceleration is a phenomenon that commonly occurs in turbulent regions.

As such, one of the future goals of the turbulent dynamo campaign is to investigate

particle acceleration. Stochastic acceleration through a Fermi like process is expected

to occur within the turbulent plasma and so is currently being investigated.

The turbulent dynamo mechanism is a complicated process which has been in-

vestigated through numerous simulations in multiple regimes. Having demonstrated

magnetic field amplification through the turbulent dynamo mechanism, it would be

instructive if it was possible to ’turn off’ the dynamo mechanism whilst keeping the

same flow properties i.e., to reduce the magnetic Reynolds number by increasing the

magnetic diffusivity. This could potentially be achieved by increasing the ionization

of the plasma whilst decreasing the temperature through doping the foil with a high

Z material.

The experimental platform as it currently exists can provide further information.

The kinetic and magnetic energy spectra are theoretically informative. Increasing

the dynamic range of both the X-ray spectra and the proton radiographs would

increase the range in wavenumbers over which the spectra cover, allowing the power

spectra to be more accurately determined.



140 CHAPTER 6. Summary and Future Work

Focusing on developments that can be made to the Thomson scattering diag-

nostic, it would be interesting to be able to confirm that spatial gradients within

the plasma can be accurately measured. The work shown here has demonstrated

that spatial gradients can be measured, although this was only possible for one shot.

Learning how the development of the turbulence affects inhomogeneities within the

plasma would be an interesting measurement. Further, it would be useful to include

heat flux into the Thomson scattering code to see how temperature gradients affect

the plasma.

Whilst the Thomson scattering diagnostic has been used in imaging mode i.e.,

spatially resolved, the Faraday rotation diagnostic has not yet been spatially resolved.

Imaging Faraday rotation would allow the length scale over which the magnetic field

changes be determined. This would have useful applications when investigating the

turbulent dynamo mechanism. Changing the Faraday rotation setup to act in an

imaging mode should be a small alteration the existing diagnostic setup.

Overall, there are several further pursuits that these experiments could take. Fur-

ther investigations into particle acceleration and the turbulent dynamo mechanism

would provide fruitful experimental verification of theoretical predictions.
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