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Abstract

Since its inception, the laser has found numerous applications beyond
anything that could have been foreseen at its creation. With scientific
and technological advancements, lasers are now capable of delivering a
large amount of energy in very short timescales: giving us the ability to
form interesting states of matter such as plasmas. As it became possible
to create such material on earth, it made sense to consider applications

this could be used for.

Astrophysics typically uses a combination of observation, theory and sim-
ulation in order to further our understanding of the cosmos. The ability of
the laser to create matter in similar states to those found in many astro-
physical phenomena opened up a complimentary research area: laboratory

astrophysics.

The thesis begins by describing the basic physics underlying plasmas and
fluid theory, before extending this to a non-dimensional form in the ideal
hydrodynamic case: the so-called Euler equations. A novel way of includ-
ing non-ideal terms, such as radiative, magnetic and quantum effects, is
shown. Restrictions, and guidelines, to creating suitable lab experiments
are drawn from this, and an experimental analogue of a polar star system
is described. The design, simulation, execution and analysis of the ex-
periment, led by the author, is given. Good agreement is found between
experimental results, simulations and astrophysical theory. An experi-
mentally measurable quantity, the structure factor, is then derived from
hydrodynamics, and extended to include radiative effects, using the frame-
work introduced in the first section. The impact of including such effects
is discussed and determined to be non-negligible. Finally, we conclude by

drawing together all these areas.
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CHAPTER

Introduction and Motivation

“Begin at the beginning,” the King said, very gravely, “and go on till you
come to the end: then stop.”

— Lewis Carroll, Alice in Wonderland

HIS chapter introduces the concept of laboratory astrophysics, and the
motivation for investigating it as a research area. A brief history of laser
facilities used for laboratory astrophysics, and the history of experiments, is also

given.

No other area of physics seems to attract so much attention and interest from the
general public as astrophysics. From the time of the Ancient Greeks — looking up
into the sky and separating space into the celestial and terrestrial realms — to the
overturning of the theory of the earth-centred universe by Galileo, and the creation
of the Hubble Space Telescope in the 1990s, advances in astrophysics have garnered
a large following.

Traditionally astrophysics is a science of observation. First by the naked eye, and
then using telescopes, much of what we understand comes from observance of light
at varying wavelengths, and by related diagnostics (i.e. spectroscopy). Theoretical
models are also devised, and checked against observation. More recently, computer
simulations have also been used to investigate astrophysical environments.

Improvements in telescope engineering have led to better resolution, and allow us
to probe further into different regions of space, but we are still limited to being a
passive observer. Imaging rare cosmic events can still be a matter of luck: requiring

that your telescope is looking in the right region, at the right time. Astronomical
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events can also occur over very large time scales, requiring the data be collected over
the course of many years. As time on large telescope systems is increasingly at a
premium, alternative methods of carrying out experiments would be welcomed. Of
course, simulations also offer a chance to simulate large scale events at convenient
times, but these are limited by the state of understanding of the physics at the
time, and the cost of running a super-computer. Experiments are always required to
validate simulation results.

Laboratory astrophysics thus offers an alternative experimental route. If we can
create conditions in the laboratory that are similar to astrophysical events, then we
can perform experiments on earth to aid our understanding of cosmic phenomena.
Performing experiments in the laboratory has advantages: we can perform experi-
ments at a much higher rate, and with greater control over the system’s make-up.
We also are able to actively probe the material, such as with X-ray radiography (see
chapter 4), absorption spectroscopy etc. However; to do this we need to satisfy certain

conditions to show that we can:
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 our understanding of specific astrophys-

ical cases.

1.1 History of Laboratory Astrophysics

1.2 Lasers as a means to create a plasma

The requirement that we can produce astrophysically relevant conditions in the lab-
oratory primarily rests on our ability to create a plasma. The majority of the visible
matter® in the universe resides in the plasma state: particularly those of interest in
astrophysics, such as around stars and in the interstellar medium [ISM]. We can gen-
erally think of a plasma as a form of ionised gas, where one, or more, of the electrons
per atom is no longer bound in the atomic structure of its component atom. In order
to create a plasma, we need to be able to impart a large amount of energy to overcome
the internal atomic attractions and ionise the material. Lasers are one such way of

delivering the required energy.

*The suspected presence of dark matter has somewhat diluted the simplicity of this claim, now
requiring ‘visible’ as a qualifier.
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The ability of a facility to be able to deposit such high energies means that the
field is relatively young. Laser technology has only been sufficient to reach such
conditions, that we call high-energy-density [HED] laboratory astrophysics, since the
late 1980s/early 1990s. Lasers such as Shiva, (5), and Janus, Livermore, CA, USA

were developed in the 70s and worked in the terawatt power regime.
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Figure 1.1: Overview of the advances in laser power from 1960s to early 2010s. The
introduction of a new laser technology causes a jump in the power reached. Repro-
duced from (6).

Subsequent work led to lasers such Omega, in Rochester, NY, USA (7); Nova, in
Livermore, CA, USA(8); Gekko XII, in Osaka, Japan (9); LULI, in Paris, France;
Vulcan in Harwell, UK; and Helen in Aldermaston, UK in the 80s & 90s where laser
energy was in excess of the kilojoule level, and systems contained multiple beam lines.
Much higher laser energies were possible in the 2000s, such as NIF, Livermore, CA,
USA; Orion, Aldermaston, UK, as well as upgrades to many of the previous laser
systems. With such systems work began in earnest on HED laboratory astrophysics
as it was now easier to reach, reproducibly, the temperatures, densities and pressures
of plasma required.

With each successive jump in laser technology, the parameter space that can be
accessed has increased. This has implications for both fluid, and warm dense matter
regimes’: higher pressures allow for more extreme states of matter can be created,

coupled also with improved control of laser properties (such as spatial and temporal

TWarm Dense Matter [WDM] refers to material that is around normal solid density, but is heated
above standard conditions. Many planetary cores would be described as warm dense matter.
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pulse shaping), and, for fluids, higher velocities and temperatures mean we can leave
the realm of ideal hydrodynamics and explore radiative and magnetic effects (10; 11).

It is worth mentioning that there are other methods of producing the correct
conditions for laboratory astrophysics: namely pulsed power machines, such as a Z
pinch. The plasma in this case is formed by passing a very high current through a
thin wire in a very short time (of the order of nanoseconds). The wires themselves
then explode and launch a plasma flow, by action of the J x B force. By using
different orientation of the wires, an array of different experiments can be performed.
Astrophysically relevant experiments are similar to those that can be achieved with
laser-produced plasmas, such as investigation into the formation of astrophysical jets
(12). Two such machines are the Z machine in Sandia National labs, NM, USA and
MAGPIE at Imperial College London, UK.

1.3 First Laser Experiments

One of the first laboratory HED astrophysics laser experiments involved the investi-
gation of hydrodynamic instabilities of relevance to supernovae (13; 14). When super-
novae explode, material can be ejected in many layers, with each having a different
make-up of elements. The interactions between these layers can become unstable as
a result of their physical properties, such as the relative density, which causes the two
layers to mix. At the time of the experiment, the timescale of the mixing could not
be explained by current theory: simulations predicted the mixing would occur at half
the speed that observation of the supernova explosion showed. The ability to create
an analogue of these mixing condition in the lab was thus of great interest.

The target was designed in an ‘indirect drive’ orientation with the laser being used
to generate a thermal field of X-rays which, in turn, were used to accelerate a two
layered target of copper and plastic. This allowed for investigation of the Rayleigh-
Taylor instability [RT] with active probing, and at various times along its evolution.
Not only did this experiment provide a stream of data to compare with simulated
results, and thus to understand where the difference arose, but it also gave evidence
for use in supporting various theories. Thus the concept of a laboratory analogue
to an astrophysical event was introduced, and experimental planning began more
completely. Previously, due to lower laser energy, laboratory astrophysics experiments
had concentrated more on understand one feature of, say, the atomic physics; such
as low-energy nuclear cross-sections (15). The greater laser energy now allowed for

us to simulate an entire system, and observe it dynamically evolving.
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Since 1997, the number of astrophysically motivated laser experiments has grown
substantially. From the mixing caused by instabilities in supernova explosions (16),
physics of supernova remnants (10; 17; 18), to formation of astrophysical jets (19; 20),
and sources of magnetic field in the universe (21), many new areas of astrophysics
have been probed by novel, earth-based experiments.

The advent of the laser systems, and interest in laboratory astrophysics, has been
aided by other complimentary experiments that can be performed with lasers. One
major driver, for which lasers such as Shiva, Nova and Omega were constructed, was
to achieve fusion power via Inertial Confinement Fusion [ICF], (5). Weapons research,
made even more important following the introduction of the Comprehensive Nuclear-
Test-Ban Treaty in 1996, also requires conditions similar to those created for ICF and
laboratory astrophysics, and thus also provided funding for construction of high-power
laser facilities, such as the Helen and Orion lasers of AWE, Aldermaston, UK.

1.4 Scaling

Whereas ICF and weapons research require similar conditions to be created to those
required for laboratory astrophysics, they do not require the same stringent conditions
for scaling between the laboratory and astrophysics. Thus of equal importance to the
rise of laser systems capable of creating these conditions was the theory behind scaling
of the fluid equations (16). Again, this has been expanded beyond hydrodynamics to
include many other effects, as will be detailed in chapter 3.

While the equations that describe the motion of plasma are the same wherever
and at whatever scalet, it is not immediately obvious that this means experiments at
small scale (in a lab) have any use, or application, to what happens on a large scale
(in space). However, it can be shown that these equations can be rewritten in such
a way that does not depend on the scale of the system, be that time, space, velocity
etc. We can expect the small and large scales to evolve in similar ways, and that
understanding something in the lab would have useful implications for understanding
cosmic events, under certain conditions. For ideal conditions, this rewriting of the
equations turns out to be relatively simple. However, as we include more physics,
further criteria are required to be fulfilled before we can be confident of similarity

between two systems. Nevertheless, this is not impossible, and is regularly done in

tCaveat: mnot including extreme conditions where quantum and/or relativistic effects become
important.
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current laboratory astrophysics experiments. The ideal case is described in chapter

2, and expanded to more complicated cases in chapter 3.

1.5 Astrophysical Events

We might ask ourselves what the point is of going to all the effort of designing, and
performing, an experiment on a laser system, when we can just use observational
data and simulations. Notwithstanding the argument given above — relating to the
long timescales of astrophysical events — there are some cases where a laboratory
experiment allows us to investigate something that cannot be observed directly.

One such example would be that of material that passes between two stars. The
majority of solar-type stars are thought to belong to binary star systems (22), in which
two stars are sufficiently close to one another that they orbit around a common point
(their centre of mass). In such cases the stars are likely to be of different types, and
as their life cycles evolve it is common for material from one star to start moving onto
the other. What happens next is determined by the nature of the stars themselves
(i.e. how large they are, their mass etc.) but we are particularly interested in the
case where one of the stars has a high mass, and strong magnetic field: a white dwarf.
In this case, there is a strong gravitational pull from the white dwarf, which begins
to pull plasma from the other star towards the white dwarf. However; as plasma is
affected by magnetic fields, the stream of material is directed along the field lines
of the white dwarf, much like a bar magnet moves iron filings. The material is thus
directed onto the poles of the white dwarf, and accelerated towards the surface, where
it impacts, and a shock wave is expected to form. Such an energetic event releases
significant radiation, and this can be detected by telescopes in the form of X-rays.
However, a white dwarf radius is rather small, in astrophysical terms, and the region
of interest where the shock forms is only 1/10 th of the radius. In other words we
can detect emission, but we cannot work out from which region of the star it has
come because the resolution required is too great for modern telescopes. This is
important, because the different theories put forward to explain this mass transfer
predict different radiation signatures from different regions of the star.

In this case a laboratory experiment allows us to create a testable analogue to the
astrophysical event. In the lab it is quite possible to resolve a feature 1/10 th of the
scale of the target. This means we can mimic a particular method of mass transfer,
and see what happens to the properties by probing them. We can then apply this

understanding to the observational data from the telescopes to better characterise
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the star system. This would not be possible alone by just observing the star. More

detail of this can be found in chapter 4.

1.6 Thesis Layout

Thus, this thesis is organised to address these points. Chapter 2 introduces the basic
concepts of plasma physics and hydrodynamics, which are required to describe what is
happening in space and in the laboratory, and shows how we can create the conditions
to match the astrophysical case. Chapter 3 recalls the scaling of the fluid dynamic
equations that shows that, if certain conditions are satisfied, the two systems will
evolve similarly independent of their size. This is then expanded beyond the ideal
case of the Euler Equations to include radiative, magnetic and quantum effects. This
simplifed method is original work by the author, and also includes quantum effects for
the first time, and satisfies the condition that the underlying physics is independent
of the scale of the system.

Chapter 4 details the design, preparation, results and analysis of a laboratory
experiment designed to simulate the astrophysical case of accretion between a late,
main sequence star and a highly magnetised white dwarf. This experiment was part
of a longer series of experiments from a collaboration between many universities,
with this experiment primarily led by the author. This satisfies the requirement that
we can actually design relevant experiments to aid understanding of astrophysical
events in the laboratory. Finally, chapter 5 details how we can apply the effects of
radiation, derived from the equations in chapter 3, to the structure factor by deriving
this from radiative hydrodynamics. Theoretically the structure factor is important
in relating the interaction between particles, and how this changes in time and thus
is of importance in understanding dense plasma properties. The dynamic structure
factor [DSF] is related experimentally to thompson scattering, and so the effect of
radiation could change the diagnostic response. All points are drawn together in the

conclusion in chapter 6.



CHAPTER

Background Theory

“..the Cabbage Research Institute, whose students were the first to get a
cabbage to a height of five hundred yards propelled entirely by its own juices.
Nobody asked why they felt it was necessary to do this, but that was science
for you, and, of course, students.”

— Terry Pratchett, Raising Steam

N this chapter the underlying assumptions and basis of plasma physics

Iwill be introduced. A description of single particle motion is given, before

being expanded to the idea of plasma as a fluid, and the ideas of hydrodynamics.
For the specific case of a plasma, magnetic effects are introduced to lead to the ideal
magnetohydrodynamics equations. The chapter ends with a brief introduction to
plasma physics in astrophysics, and which phenomena are of particular interest to

study, thus giving the motivation for laboratory analogues of such events.

2.1 Plasma Physics

Beyond the more familiar terrestrial states of matter, the plasma state is the most
common state of matter in the (visible) universe. Plasma is found in and around stars,
in the interstellar medium, and, on earth, within fluorescent lighting and lightning. In
simple terms a plasma is considered as an ionised gas, which gives it unique properties
that set it apart from the other matter states. However; much like liquids and gases,
plasma can be described in terms of fluid theory, which is discussed later.

It is from the ionised nature of a plasma that its unique properties derive. The
ions and electrons are free to move separately, but an individual particle’s movement
is mediated by the local electromagnetic field which is itself dependent on the sur-

rounding ions and electrons. This free, but related, motion leads to the properties of
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quasi-neutrality and collective effects. As the electrons and ions can move, any charge
imbalance that is formed will cause a movement of nearby particles such that, overall,
neutrality is restored. Such a charge imbalance can result from the random thermal
motion of the particles. This also gives rise to the collective effects: movement of one
particle will cause others to react.

There is some lower limit over which these effects are seen. We quantify this by
considering the Debye length, A\p, which defines the distance past which particles

shield each other from charge imbalances, and quasi-neutrality holds:

e? n Zin;
A — _e 'Y
P Lok‘B (Te +Z T; )

2

~1/2

(2.1)

where e is the electronic charge, kg Boltzmann’s constant, £g vacuum permittivity, n;

the number density and 7} the temperature, of the electrons or ions, subscript e or i
respectively, and Z; is the charge state of the ions. As the ions are much heavier than
the electrons, we normally work in the approximation that the ion movement can be

neglected compared to the electrons and this leads to the electronic Debye length:
6()]{3 BTe
Ap =4/ n. (2.2)

To see how this affects the properties of charged particle interactions, we can

compare how the potential of a charged particle differs in a plasma to that felt in a
vacuum. For a vacuum, the potential, ¢¢ (Coulomb potential), of a point charge, ¢,

at a distance, r, from the charge is simply defined as:

_ 4
471'80’/“

bc

(2.3)

which gives us the standard 1/r dependence of an electric field.

We now consider that the point charge is placed into a plasma, where the ions
and electrons are in thermal equilibrium, and thus follow a Boltzmann distribution.

We define the charge density, p., as:

pe = €(n; —ne) (2.4)

and the distributions of ions and electrons as:

Ne = Mo €XP (k(j;) . M; = Ngexp (— ljjT) (2.5)

9
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where ng is the equilibrium particle number density.

Using Poisson’s equation, V2¢ = —p./co, and the assumption that the thermal
kinetic energy is much larger than the electrostatic energy (i.e. distances greater than

the Debye length), we can solve to give the potential:

_ 4 _Var
0= Amegr exp ( AD ) (2:6)

and it is obvious that the potential drops off far quicker - exponentially - in a plasma

than in a vacuum, at distances greater than the Debye length. This effect is called
Debye Shielding. However to be a well behaved plasma, the number of particles that
are screening the charge needs to be large: otherwise the screening of the charge is
not isotropic. Thus it is useful to determine the number of particles, Np, in the Debye

sphere, defined as a sphere with radius of the Debye length centred on the charge ¢:

Np = — M n,. (2.7)

To be effectively shielded Np >> 1, or A\p >> n, /3 Thus we can determine a length

scale over which the plasma is ‘well behaved’ (23):

ngl/?’ << Ap <</ (2.8)

where ¢ is the characteristic length scale of the system. This equation effectively says

that the Debye length much be large enough that it encompasses enough particles to
allow for isotropic screening, but is smaller than the length scale we are interested in
observing, such that collective behaviour and quasi-neutrality apply over that scale.

When describing a plasma, and of similar importance to the Debye length, the
Plasma frequency is also used to describe a plasma’s properties. A movement of
electrons will cause a separation of charge locally within the plasma: creating an
electric field that acts to restore charge neutrality. From the equation of motion of a

charged particle in an electric field, we can thus define this oscillation frequency as:

noe?
Y 2.9
“p MeEo (2.9)

which is the electron plasma frequency, where m, is the electron mass. (Again, we

have assumed that the ions are stationary over the timescales of electron movement.)

10
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2.2 Plasma Equation of Motion

2.2.1 Kinetic Theory

When considering plasmas we are primarily interested in their movement. The sim-
plest description thus starts with consideration of single particle motion, giving the

equation of motion (from Newton’s Second Law):

dv.
mj% = gj (E—|-’l)j X B) (210)

which describes the motion of a charged particle in an externally applied electro-

magnetic field. The standard Lorentz force is recognisable on the right hand side of
the equation — where F is electric field and B is magnetic field — v, is the particle
velocity, and subscript j is either for electrons, e, or ions, i.

However this description is somewhat problematic practically. This formalism
requires us to separately calculate the forces on, and movement of, each individual
particle. Given that one of the criteria of a well-behaved plasma is a large number of
screening particles, this can quickly become unwieldy, and, in the case of simulations,
far too computationally expensive. Separately, the Lorentz force as depicted here is
not exact as it fails to take account of the generation of fields by the particle itself as
it moves, thus altering the overall force.

Instead a kinetic description can be used, in which distributions of particles are
considered. If we consider Boltzmann distributions of particles, again in an externally

applied electromagnetic field, we can write the equation of motion as:

%‘ij'ij—f—ﬁ(E—i"UjXB)-afj

—= = 2.11
8t mj 811]- 0 ( )

where f; is a function that includes the variation of the number density in space and

time, and the velocity distribution in each direction, f;(r,w,t). This is known as the
Viasov Equation(24) and is valid for hot (i.e. thermal energy > electric potential),
non-relativistic plasmas where collisions can be neglected.

This form of the equation of motion simplifies the single particle case, and allows
us to calculate movement for much larger systems. However, in many problems in
plasma physics, we do not need to know what is happening to individual particles,
or distributions of the particles, but rather we can consider the entire plasma as
a fluid and instead follow what happens to fluid elements. This is a much larger
simplification than the kinetic approach but it can explain many features of plasma

physics.

11
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2.2.2 Fluid Theory

Instead of considering particles, we can consider the plasma to be a fluid which is
made up of fluid elements. There exist many fluid descriptions of plasmas, but we
shall start with the simplest single fluid form which treats the whole plasma as one
fluid. The velocity distributions are considered only as a Maxwellian distribution and
thus can be defined by a single temperature, rather than explicitly defined as in the

Vlasov equation.

2.2.2.1 Continuity Equation

We start by considering a volume of fluid containing a certain mass. The rate of
mass flowing through the surface bounding this volume is the surface integral of the
density, p, and flow velocity, w. Using the divergence theorem, and requiring that

this be true for any volume, we have:

0

PP LV (pu) =0. (2.12)
ot

This is the Continuity Equation and details the conservation of mass within a system.

Simply, the change of mass of a fluid element is only dependent on the mass flow into
or out of that element. If there were sources, or sinks, of mass then these would

appear on the right hand side of equation (2.12).

2.2.2.2 Momentum Equation

Again considering a volume of fluid, the total force acting over the surface of such an
element is related to the pressure, p. Using the divergence theorem, and Newton’s

second law of motion, we have:

p% = —Vp. (2.13)
This is the Momentum Equation, which details the conservation of momentum within
a system. Equation 2.13 only includes pressure as a source term, as we are only
considering a simple fluid. However, many other terms are important, especially in
the case of a plasma, and these will be discussed in later sections.
In equation (2.13) the formalism of a the material derivative is introduced:
%Z{%-ﬁﬂkV}. (2.14)

This is no longer just telling us about how a property varies in time at the position

12
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of the particle, but rather how the property changes for a fluid element (24). Thus
we now consider how the property changes at a fixed point in space, the first term on
the right hand side of equation (2.14), but also how a property changes as we move

in the frame of the fluid from one region to another, the last term in equation (2.14).

2.2.2.3 Energy Equation

We begin by considering the rate of change of energy of a volume of fluid in time.
The internal energy and kinetic energies are treated separately. We make use of the
thermodynamic relation de = T'dS — (p/p?)dp — where ¢ is the internal energy per
unit mass, S is the entropy per unit mass and 7" is the temperature — , the adiabatic

relation DS/Dt = 0 and continuity equation (equation (2.12)) to give:

0 oo\ u?
e (pe—ir 5P > =-V- {pu (7 +e> +pu} . (2.15)

This is the conservative form* of the Energy Equation which details the conservation

of energy within a system. As with the Momentum equation, equation (2.13), this
equation only includes pressure as a source term for energy, whereas many more are
important in more complicated systems.

Together equations (2.12), (2.13), (2.15) form the Euler Equations of hydrody-
namics. (The form of the energy equation, equation (2.15), here is written in a way
that is easier to work with practically. It can also be written in a form that is more
similar to the other two equations as: Dp/Dt = —ypV - u where 7 is the adiabatic

index.)

2.3 Magnetohydrodynamics and beyond

In the previous section it was stated that a plasma can be described as a fluid, and
then we showed the equations of motion for a fluid system. However, as a plasma
contains charged particles, the equations in the previous section need to be expanded
before we can use them to describe plasma motion.

The continuity and energy equations remains unchanged, equation (2.12) &(2.15),

but the Momentum equation (2.13), requires addition of a magnetic term:

Du
"Dt
* By conservative form here we follow the definition in Drake (25), where the change in density

of a quantity is determined by the flux of that quantity and the net volumetric sources, or sinks, of
that quantity.

=—-Vp+J x B, (2.16)
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where J is the current density.

This is the fluid extension of the kinetic equation (2.10). However; as the fluid
element exhibits the ‘quasi-neutrality’ property of a plasma, the electric term is ne-
glected.

2.3.1 Ideal Magnetohydrodynamics

With this modification, we acquire the Ideal MHD Equations, in Eulerian form:

0
P4V (pu) =0, (2.17a)
ot
Du
= Jx B 2.17b
Py = ~Vp+dJd xB, (2.17b)
Dp
=_r _ _ . 2.1

which correspond to the fluid description of the plasma. However we need to close

the system using Maxwell’s equations:

aa_? —V x (uxB), (2.17d)

J-LtvxnB (2.17¢)
Ho

Where equation (2.17d) is the Maxwell-Faraday Equation, with the substitution

of E from the expression of the ideal, generalised Ohm’s Law:

VXE:—a—B, E=—-uxB.
ot

Equation (2.17e) comes from Ampere’s Law, neglecting displacement current.
The neglection of displacement current, from the approximation of quasi-neutrality —
which was also used to neglect the electric term in the Lorentz force in equation (2.13)
— also introduces the concept of low frequency /velocity within the system. Naturally
this means the Ideal MHD equations are non-relativistic.

The approximations required for the Ideal MHD equations to be valid are as

follows:

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

14
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2. Resistivity of the fluid is zero, i.e. 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 ion gyroradius to be much smaller
than the spatial scale (52).

The range over which ideal MHD is able to predict plasma behaviour is surprisingly
large. Even in cases where not all the assumptions are adequately satisfied, the
predictions from the ideal case are successful and qualitatively useful.

In these equations, we consider the plasma to act as one fluid, thus, we also
assign a single temperature to the fluid. Generally strong coupling between the ions
and electrons is seen when the collisionality between the two species is high, which
results in both species having the same temperature — thus a single temperature fluid
description is valid. This also assumes that radiation is not dominant, which is true
in many systems with high density (25). However beyond the simple case it may be
required to treat the plasma as two —electron and ion —, or three — electron, ion and
radiation —, fluids each with distinct temperatures. In shocks, for example, the ion
temperature will differ from the electron temperature as the shock directly heats the
ions. However, if the system has a high degree of collisionality, the electron and ion
temperatures will equilibrate quickly behind the shock front. If the shock wave is
sufficiently radiative, then the radiation temperature can also differ from that of the
ion and electrons directly ahead of the front: a so-called ‘radiative precursor’. More

of this is discussed later, in chapter 4.

2.3.2 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 above equations. As stated in the approx-
imations of ideal MHD, we assume that the fluid is perfectly conducting. In such a
case magnetic field lines are ‘frozen into’ the plasma and thus move with the fluid.
In many astrophysical cases, such as sun spots and coronal ejections (26) (where
magnetic diffusivity also allows for magnetic reconnection), the finite diffusivity of
the plasma means that, while a magnetic field can diffuse out of the plasma, the

time that it would take for this to happen is far longer than the time scale of the
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phenomenon we are interested in. However, in the lab, it can very easily be the case
that the diffusion time is of the order of the experiment timescale. We must be aware
of this and either design the experiment so that the diffusion time is much greater,
or include additional terms into the ideal equations to take into account the effect of
resistivity.

To take resistivity into account we have to modify equation (2.17d) as Ohm’s Law
is now written as E +u x B = pgJ (where pg is the electrical resistivity):

%—?:Vx(uxB)—Vx(anB), (2.18)

where 1 (= pg/uo) is the magnetic diffusivity.’

In equation (2.18) the first term on the right hand side represents advection of
the magnetic field with the plasma, whereas 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:

¢
Rey = 20, (2.19)
77

where ug and ¢y are characteristic values of the fluid velocity and length scale of

the system respectively. Thus if the Magnetic Reynolds number in a system is suf-
ficiently large, advection outweighs diffusion, and the ideal equations are recovered.
Such characteristic ratios detail the relative importance of different effects within a
system and thus are of great importance when considering scaling between laboratory
experiments and astrophysical events. They can be derived by dimensional analysis

of the fluid equations, as will be done in the following section.

2.4 Scaling

The ultimate aim of laboratory astrophysics is to provide useful insight into cosmic
events using small scale experiments on earth. The crux of this approach therefore
relies on there existing a connection between small scale, and large scale, events. This
can be achieved by rewriting the MHD equations in a dimensionless form which also
generates characteristic ratios, much like the Magnetic Reynolds number above. This
approach is well known in engineering with standard fluid mechanics, where it is used

to determine similarity between flows (27), or to scale between prototypes (28).

tIf the diffusivity is constant we can write this as: %—? =V x (u x B)+nV?B.
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2.4.1 Ideal Case

We begin by considering the ideal MHD equations (2.17) (with the form of the energy
equation as in equation(2.15)). These equations contain variables for density, fluid
velocity, and so on, which are functions that vary in time and space, and have an
associated dimension associated with them. For example, p is the mass density of
the system, usually written in terms of g/cc, which will vary in time and space, as
related by the Continuity equation (2.17a). However each variable can be rewritten
in terms of a characteristic value, which contains the dimension of the property, and
a dimensionless function that describes how that value changes in time and space.
This separates the dimension of a property from its evolution in time and space.

Thus the fluid velocity, position, time and density are written as:

by

u— up, 1T = lr*, t— —t*,  p— pop’, (2.20)
Ug

where ug, ¢y, and py are the characteristic fluid velocity, length, and density of the
system, respectively. From now on we will use the convention that starred quantities
(i.e. u*) are dimensionless, while quantities with subscript 0 (i.e. ug) correspond to
a characteristic value for that variable.

The above assumptions imply :

0 ug O %A
a—)%%, v_>€0

(2.21)
Similarly, we can set
p — pop*, B — ByB*, ¢ — ege’.

However, the choice of the values for py, By, and ¢ is not arbitrary. We will see
below that these characteristic values are defined as functions of the density and fluid
velocity, to keep the equations scale invariant.

Starting with equation (2.17a), we replace the variables with those given above:

Polo aﬂ* LPoUO — 4 i
v =0
G ot 4 (pru’) =0,

and we can divide through by the common factor of poug/¢y, leaving:

dp*
ot*

+ V- (prut) =0, (2.22a)

which has the same form as equation (2.17a) except now there is no inherent depen-

17



2.4. Scaling

dence on scale, as all the variables are dimensionless.
The same process can be applied to the Momentum, (2.17b), and Energy, (2.17¢),

equations:

ou* Po B? B*?
g (W pod T opoud ( ) 2

here we have divided through by a common factor of pyud/fy, and used the relation
Jx B = (B-V)B/uy— V(B?/2u) which follows from equation (2.17e), valid in
the ideal case. Here the first term represents the magnetic tension and the second
the magnetic pressure of the system. As we require this to be invariant in the same
manner as equation (2.22a), we define py = pou3, which corresponds to the material,
or ram, pressure of the system; and BZ = popoug. Written in this way, the reference
magnetic field has a value such that the fluid velocity and the Alfvén velocity (29)
are the same. Substituting these into the above equation gives us the dimensionless

form of equation (2.17b):

a *
o ( Yo V*u*) =V + [(B* . V*)B* - V* (2.22b)

ot
For the Energy equation:

0 ( €0 pru*? B} B** ) l ( €0 u*? > EyBy
ot \ud 2 topoud 2 ud 2 Hopoly

B*2
)

where we have divided through by a common factor of pyug/fy. As we did to generate
equation (2.22b), we define the characteristic internal energy per unit mass to be ¢y =
u3 to make the equation invariant to scale, and take the value of By as defined above
(also using that Fy/By ~ ug from Ideal Ohm’s Law) and we acquire the dimensionless
form of equation (2.15):

w2

pe—|—2+2 ==V |p'u 6—|—2 +p'u*+ E* x B*|. (2.22c)

ot*

Following the same process, the Induction Equation, (2.17d), becomes:
oB*

ot*

where we have divided through by a common factor of u2./fiopo (= Boug/lp). Thus we

— V* x (u” x BY) (2.22d)

have shown that equations (2.17) can be written in a scale invariant form in the idea
case, equations (2.22a)-(2.22d). This implies that we can relate systems of different
scales if both cases follow ideal MHD, which provides a link between astrophysical

events and laboratory experiments.
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2.4.2 Non-Ideal Cases

However, as was touched on in section 2.3.2, real phenomena cannot always be de-
scribed with ideal MHD. If we include other terms in the equations of motion, how
does this affect the scaling? To illustrate this we perform the same process on the

resistive MHD induction equation, (2.18):

8B* o
e V* x (u* x BY) UOKOV x (n*V* x B*), (2.23)
1 "o

Rey  uoly

We can see that we recover the scale invariant portion of the ideal MHD Induction
equation, (2.22d), but the final term, relating to magnetic diffusion, is modified by
a constant term. In fact, we can recognise this as the reciprocal of the Magnetic
Reynolds number, (2.19). Such values are important when considering non-ideal
fluid dynamics as they tell us about the relative importance of competing effects that
affect the plasma dynamics (in this case, the ratio between magnetic field advection
with the fluid, and magnetic field diffusion through the fluid.)

Here the magnetic diffusion term still depends on parameters of the system and
thus it is not so easy to draw a parallel between a small-scale lab experiment and an

astrophysical event. However, this can be remedied in one of two ways:

1. If we exactly match the value of the multiplying constant on the non-ideal term
in both cases then the equations are once again equivalent. In this case we

would require:

[ReM]lab = [ReM]astro’

2. If we consider that the magnitude of each term in the equation is similar, then
by making the multiplicative constant small, this term can be neglected. In this

case, if Rey; is very large then

1
1 ~1
+R6M

and we recover the original, scale invariant case.

These two methods allow for a comparison, but by different routes. In the first
case the two systems have the same value of the multiplicative constant, and thus
exhibit exactly the same behaviour, relevant for that term. The difficulty in this case

is that it can be very hard to design an experiment that can exactly replicate the
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2.5. Shocks

value needed to simulate an astrophysical event. The benefit is that this places no
restrictions on the initial value of the constant: as long as they are equal the constant
can be very large or very small, or anywhere in-between, thus allowing for different
physical meanings.

The second case uses an approximation that considers a term to become unim-
portant in affecting the overall dynamics if its multiplicative constant is very small.
We recall that the magnetic Reynolds number is a ratio of the relative strength of
advective and diffusive effects on a magnetic field. If this number is large, advective
effects are more important than magnetic diffusion. This then returns the form of
the equations to the ideal case: the non-ideal term is neglected. However this does
require that numbers, such as the magnetic Reynolds number, are sufficiently large in
both systems we are interested in. Fortunately astrophysics is on our side: in many
astrophysical events (such as supernova explosions (30)) the magnetic Reynolds num-
ber is sufficiently large, ~ 10%°, that we can ignore diffusion. The difficulty in this
case is achieving a sufficiently large magnetic Reynolds number in the lab.

These two cases relate to two different types of similarity relation between systems
of different scales. As defined by Falize et al. (31), the first case is the absolute
similarity concept (32) where we rescale physical quantities, but the equations are
the same. The second case is the global similarity concept (32) where only the form
of the equation is invariant, not all of the properties (i.e. as the magnetic Reynolds
number differs, so too do the resistivity, scale lengths etc.) Global similarity is less
constraining than absolute similarity, but requires more careful justification when
attempting to compare two systems. A hierarchy of similarity relations, which we
will not go further into here, is found in Falize et. al (2011) (31). *

In this section we have only gone beyond the ideal case by including the effect of
resistivity in the induction equation. The underlying fluid equations can, however, be
modified to include many other effects, such as as radiation, and these can then be
scaled to generate other characteristic ratios. This will be considered in the following

chapter 3.

2.5 Shocks

The previous sections have shown that we can describe a plasma using a variety of

methods, and that, in the case of fluid theory, we can apply understanding from

!Evidently the best similarity relation involves an exact reconstruction of the system of interest.
There are some logistical problems with this when considering astrophysical events...
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2.5. Shocks

one scale to another by relating the two cases with the scale invariant form of the
equations of motion. This is a useful, and necessary, description, but now we turn to
describing some of the dynamics that can occur in plasmas that we are interested in
studying.

When a plasma moves we can observe standard flow not unlike water flowing
down a stream, or air being heated and expanding above a flame. However, it is the
cases that lead to more extreme behaviour that are the most interesting, for example
weather systems caused by turbulent air flow. Of particular interest in plasma physics,
not least because of its ubiquity in astrophysics, is the shock wave. Indeed, shocks
are an important part of a subset plasma physics which is defined as High-Energy-
Density Physics, [HEDP]. Such environments may have densities around solid density,
or above, and/or temperatures up to hundreds of eV: in short, the conditions you
would expect in a supernova explosion (30), or a inertial fusion experiment on earth
(33).

2.5.1 Formation of a shock wave
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Figure 2.1: An example of how a shock affects fluid properties, adapted from Drake
(25). The shock velocity, us, is the speed at which the incoming flow meets the shock,
here defined as u;, = —u;.

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

region. As can be seen in figure 2.1, the density and temperature jump across a shock
front such that the pre- and post-shock regions have quite different properties. Any
sudden introduction of energy into a system, such as a laser pulse, can cause a shock
wave.

Shocks can be described as a ‘hydrodynamic surprise’ because they do not give
warning to the fluid ahead of themselves, ‘upstream’, as they travel faster than the
sound speed in this, unshocked, material. Generally materials dissipate energy by
forming sound waves; but the amount of pressure that can be sustained is limited by
the sound speed, an inherent property of the material (25). If more energy is given to
the fluid than can reasonably be dissipated by sound waves, then a shock is formed

instead.

2.5.2 Jump conditions

As figure 2.1 shows, the properties on either side of a shock can vary quite consider-
ably. However both sides of the shock front still have to obey the laws of conservation
of mass, momentum and energy. Thus we can derive jump conditions that link the
properties on either side of a shock front.

Starting from the hydrodynamic equations of motion for a fluid, equations (2.12),
(2.13) & (2.15) we consider a plane parallel, steady-state disturbance (i.e. only con-

sider the z-direction, and 0/0t = 0.) Thus we can write:

0
0 0

0 u?
~ (pu (E + e) +pu) = 0. (2.24¢)

Integrating across the discontinuity, where x; < xy < x5 where x, is the shock

position, subscript 1,2 referring to pre- and post- shock properties respectively, gives:

[pu]if =0 — P1U1 = PaU9, (225&)

[pu? + p] if =0 —  puf+p = poul + po, (2.25b)
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2.5. Shocks

1 v 1 1
{pu (§u2 + e) —|—p'u} =0—=puy (Quf + €1> +pi1ug = pauy (§u§ + €2> + paug,
xr1
(2.25¢)
where we have used a%(mﬂ) = pug—z, and required that pu # 0. Under these as-

sumptions the shock width is infinitesimally narrow: in reality this is not true and
the width is affected by a number of other factors, including viscosity and radiation.
However these effects generally only become important at, or near, the shock front
and thus these equations, (2.25), are valid as long as we look at the shocked and

unshocked regions far from the shock front.

2.5.3 Density Ratios

From the jump conditions we can relate properties before and after the shock. It is
useful to rearrange the jump condition equations and extract ratios of properties that
can be experimentally measured. Of particular use is the density ratio, sometimes
called the compression ratio 7, from which information can be drawn relating to
the importance of non-ideal terms, such as radiation, in the fluid dynamics. We
will consider only the hydrodynamic case here, but this will be expanded to include
radiation in a later chapter.

Starting from equations (2.25), and using the equation of state for a polytropic

gas to close the system (that is pe = p/(y — 1), we can write the density ratio as:

P2 _ pa(re+1)+pi(re—1) (11— 1)
;o pin+1) +pen—1)(r—1)

In the limit that ps >> p;, which we call a strong shock, this expression simplifies
to:
p2_ (2t 1) (2.26)
pr (2—1)
which states that the density ratio tends to a set value, and that it is only dependent
on the post-shock polytropic index. Equation (2.26) is the source of the claim that
the strong shock compression ratio limit is four. This is true for a material with
v = 5/3, but this maximum value can vary quite considerably for different values of
v, which itself can be dependent on other properties of the system, such as ionisation
and radiation.
We quantitatively determine a strong shock by use of the upstream Mach Number.
This is again a characteristic ratio, which relates the upstream velocity to the sound

speed:
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u u2 1/2
M, =2 = (”1 > (2.27)
Cs1 T1P1

where ¢, = (71p1/p1)/? is the sound speed in the upstream, unshocked material.

The alternative form of the Mach number shows that it also relates the ram pressure,
p1u?, to the thermal pressure.

If M, is large, then we define the shock to be strong.

2.6 Radiative Effects

Up until this point, we have only considered equations that describe a fluid, hydro-
dynamics, the ideal case for a plasma, ideal MHD, or with some magnetic resistivity
effects, resistive MHD. Of course it is rarely the case that conditions can be described
just using these forms of the equations, especially when considering many astrophysi-
cal phenomena. There are a wide range of cosmic events which laboratory experiments
can help illuminate, but these straddle a large range of parameters. The interaction
of the solar wind with the earth’s magnetic field, (34), involves low density plasma
which is highly mediated by magnetic effects. At the other end of the parameter
space, supernovae explosions are high density, strongly radiative events (30), where
radiation plays an important role in the evolution of the system.

We previously touched upon resistive magnetic effects, but we will now also briefly
consider the effect of radiation. Generally when considering radiation we use the
optical depth of the plasma to determine how the equations of motion need to be
modified. Optical depth is a measure of how far radiation can propagate within a
medium, which is related to the medium’s opacity. Opacity can be a complicated
function of density, temperature, ionisation state etc. in which much work has been
done (35), and it is very much still a current area of research (36). Optical depth and
opacity are related in equation (2.28) (from (37)) below:

I(v) = L(v)exp(=7(v)); 7(v) = K(v)pz (2.28)

where [ is the transmitted intensity of photons through a plasma, [y the initial in-

tensity, 7 the optical depth, x the opacity per unit mass, p the mass density and z
the path length. The opacity and optical depth, and hence intensity of photons, are

dependent on the frequency of the radiation, v.
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2.6.1 Mean Opacities

It would appear that we need to know the spectral distribution of the radiation in
order to determine its opacity in the plasma of interest. However, this is normally
rather difficult to calculate, and often unnecessary. If we can replace the opacity with
a mean opacity that can give the correct value for the radiative properties, we reduce
the complexity of the problem considerably. This is not generally possible, but can
been done in specific cases. Below we follow the definitions given by Mihalas and
Mihalas (38).

The Rosseland mean opacity, kg, can be used if we are interested in radiation
playing the role of transporting energy within a fluid. By replacing the opacity with
a single mean opacity we can find the correct value of the radiative energy transport.
It requires the fluid to be in local thermal equilibirum [LTE] and in the equilibrium
diffusion limit (where the temperature change is negligible over one mean free path
of radiation (25)). As such, the Rosseland mean opacity is used to describe radiative
effects within stellar interiors: which we define as an optically thick fluid. In general

we define a fluid to be optically thick when it satisfies:

1
fo >> )\R = — (229)
PRR

where {; is the characteristic scale of the system and A\g is the Rosseland mean free

path. The Rosseland mean is a harmonic mean which gives greater weight to the
transparent regions of the spectrum.

Alternatively, the Planck mean opacity, kp, can be used when we are interested in
correctly calculating the total energy emitted by the fluid. Again the fluid needs to
be in LTE, such that the fluid is treated as a thermal source, but this does not give
the correct flux in the diffusion limit. Thus this opacity is useful when considering
radiation loss from the fluid, without transporting energy throughout the fluid. This
we define as being an optically thin fluid: i.e. the radiation has minimal interaction

with the fluid after being emitted. For a fluid to be optically thin we require:
1
EO << Ap=— (230)
PKP

where Ap is the Planck mean free path.
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2.6.2 Radiative Effects in Shocks

The equations of motion for a plasma will be modified in the presence of radiation,
but the form of these equations depends upon whether the plasma in question is
optically thick or thin to radiation. This will be covered in greater detail in chapter
3.

As part of the modification of the dynamics, radiation can also modify the effects
of a shock. The effect of this is dependent on the surrounding environment, such as
whether the plasma is optically thin or thick, but this can be quantified by various
parameters, as defined by Michaut et al. (39) and adapted below. The parameters

used are:

tcool
= , 2.31a

which is the ratio of the cooling timescale to the characteristic timescale. If y >> 1

then the shock is not radiative, but if Yy << 1 then radiative effects must be considered

as radiative cooling dominates.

Bo = (Pofo + po)uo (2.31)

Frf(r)

which is a modified version of the Boltzmann number: a ratio of the material energy
flux to the radiative flux (effectively the competing forces of convection and radiation
on the temperature). F'g is the radiative energy flux, and f(7) is a ratio of the actual
radiative flux to ¢T*, where o is the Stefan-Boltzmann constant, which takes into

account the effect of optical depth, 7, and geometry.

_ _ Poo
Erg(T)

which is a modification of the Mihalas number, where Ey is the radiative energy

(2.31c)

density, and g(7) is the ratio of the actual radiative energy density to black body
radiation 40T*/c, where o is the Stefan-Boltzmann constant and ¢ the speed of light,
again taking into account the effect of optical depth and geometry.

Using these parameters, we can determine the effect of radiation within a system.
For example, a case commonly found in astrophysics, involves a radiating shock in
an optically thin environment: where both the pre- and post-shocked material is
optically thin. Thus they are characterised by y << 1 and radiation affects the system
predominantly as a loss mechanism, rather than affecting the dynamics elsewhere.
Michaut et al. (39) define the other radiative shock types to be:
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1. Optically thin — as defined above,

2. Hybrid Radiative Shocks, x << 1 and Bo << 1 (also possible for R << 1) —
where one side of the shock front is optically thick, and the other thin,

3. Optically thick, flux dominated, x << 1, Bo << 1 & R >> 1 — optically thick
on both sides of the shock, low Mach number, radiative energy and pressure do

not need to be included,

4. Optically thick, radiation dominated, x << 1, Bo << 1 & R << 1- optically
thick on both sides of the shock, high Mach number, radiative energy and

pressure are important in the shock structure and dynamics.

2.7 Dynamic Structure Factor

As well as performing experiments, and developing theories, to further understand
astrophysical conditions, it is necessary to be able measure properties to determine
whether predictions from our current understanding are correct. For many fluid cases
experimentally measured properties are compared to values calculated directly from
the fluid equations: i.e. density jump across a shock front.

In WDM regimes the dynamic structure factor [DSF] of a material is of use in
characterising the system. It relates theoretically to the many-body correlations in
time and space within the system (40), and furthermore it can be found experimen-
tally by relation to X-ray Thomson Scattering (41), [XRTS]. Many thermodynamic
properties can be defined in terms of the DSF, and therefore it is of interest to cal-
culate and measure. Simply, the DSF tells us how the density in the material at one
point in space and time affects the density at another point in space and time.

The Dynamic Structure Factor [DSF|, S(k,w), is formally defined as (42):

S(k,w) = ﬁ / ¢t p(k, ) p(—E, 0))dt, (2.32)

which gives the response of a material to density fluctuations p(k,t) of wavevector

k, frequency w, where N is the total number of particles, and (---) represents an

ensemble (or thermal) average.
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2.8 Astrophysical Relevance

We have previously stated that much of the visible universe is in a plasma state,
and have shown that we can scale equations describing the dynamics between the lab
and astrophysics. The previous section also defined an important feature of plasma
physics: the shock wave. However; what is important to know when considering
astrophysics, and in which areas can laboratory experiments be of use?

As briefly discussed in the introduction, chapter 1, the use of laboratory astro-
physics has the advantage of on-demand experiments, and allows active probing of
the system. As long as we can determine similarity between the equations of mo-
tion describing the laboratory and astrophysical plasmas, then we can improve our
understanding at the large scale by performing small scale experiments. One caveat
of such experiments is that we do not aim for replication of an astrophysical event.
For example, when investigating the physics of supernovae explosions, the incentive
is not to recreate a supernova explosion in the laboratory. In this case there are many
properties inherent to the astrophysical case, such as the interplay between gravity
and fusion reactions, which cannot be replicated in the laboratory. However, if we
are interested in the case of core material transport via instabilities as a result of a
supernova explosion (43), or the generation of magnetic field as a result of turbulent
flow (44), it is possible to create conditions in the laboratory that show similarity
with the astrophysical case. While the source of the plasma flow may be different in
both cases, by matching the characteristic ratios, or form of the equations of motion,
we have a similarity relation between the flows which allows us to make comparisons.

From understanding aspects of supernovae explosions (e.g. the radiative nature of
supernova shocks (30; 45) and the importance of hydrodynamic instabilities in mixing
of core and outer elements (13)) and remnants (17; 46), to the core structure of planets
(47; 48), and source of magnetic field in the universe (21; 44), laser experiments have

wide applications to astrophysics.

2.9 Summary

In this chapter, the basic theory required for the rest of the thesis was described.
Plasma physics was introduced as well as a simple, single particle, equation of motion.
While exact, this approach causes difficulties when considering the large number of
charged particles within a plasma, and so first general fluid theory was shown, which

was then expanded to take into account the charged particle nature of a plasma with
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the introduction of the ideal MHD equations. Despite being a relatively simple for-
malism — treating the plasma as a single fluid — this approach is surprisingly accurate
for many descriptions of plasma dynamics.

Thinking beyond the ideal case, the idea of non-perfectly conducting fluid was
introduced, which also introduced the concept of a characteristic ratio, the Mag-
netic Reynolds number, which relates the importance of different effects within the
plasma. Next, by showing that the fluid equations can be written in a form that
is independent of the scale of the system, we see that these characteristic ratios are
also important when requiring similarity between a laboratory experiment and an
astrophysical event. The idea of similarity is briefly discussed.

Beyond standard dynamics, the physics of shocks is introduced, and jump condi-
tions derived for the simple, ideal case. The concept of radiation is introduced, the
simplification of using mean opacities when considering its effect, and how radiation
can modify shock properties.

As a means of characterising WDM, the dynamic structure factor is briefly intro-
duced, and the relation to the experimentally measureable XRTS is mentioned.

Finally, astrophysical relevance was briefly discussed, defining the scope for simi-
larity between the laboratory and astrophysics.

Many of these elements will be built upon in the following chapters.
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CHAPTER

Scaling of Hydrodynamics

“Space is big. Really big. You just won’t believe how wvastly, hugely, mind-
bogglingly big it is. I mean, you may think it’s a long way down the road to
the chemast, but that’s just peanuts to space.”

— Douglas Adams, The Hitchhiker’s Guide to the Galaxy

N this chapter the concepts of scaling will be extended from the ideal case
Iintroduced in chapter 2. The concept of similarity and previous work in

the area will be discussed. We then write down a general form of the hydrodynamic
equations, which considers radiation, magnetic effects, viscous effects, heat transfer
and quantum effects together for the first time (1). This equation is then scaled and
new characteristic ratios are defined. Examples of how this approach is useful in

designing, or analysing, experiments is then shown.

3.1 Similarity Concepts

As previously discussed in the Background Theory chapter 2, when we try to draw
parallels from a laboratory experiment to an astrophysical object, we refer to it as a
similarity relation between the two systems. The simplest case is one where the lab-
oratory experiment exactly reproduces the conditions of the astrophysical case. This
would be the ‘Perfect Similarity’ case from Falize et. al (2011) (31), and it has been
used to study equation of state of planetary interiors (49), as well as other compact
objects (50; 51). However it is not always possible to reach the exact conditions which
we are interested in, as the spatial, temporal and energy scales may be outside the

range of what is currently reproducible in an experiment.
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However a similarity relation between the laboratory and astrophysical systems
exists if we can show that both evolve in a way that the governing equations are in-
variant under a scale transformation; this requires the corresponding spatial, density,
pressure, time, and so on, values in one system to be mapped onto the other system
by multiplicative constants. This similarity can be obtained via fluid equations (52),
or even at the kinetic level (53; 54) under some conditions.

In the ideal case the exact same form of the equations is acquired, but for non-
ideal extensions we find characteristic ratios that are dependent on the scale of the
system. We then either need to match the values, or make the value large enough,
that we can draw similarities between a laboratory experiment and astrophysics. In
this chapter we focus on the magneto-hydrodynamics [MHD] similarity, and provide a
general framework to include effects arising from finite resistivity, thermal conduction,

radiation diffusion and quantum non-locality.

3.2 Previous Work

Fluid similarity has previously been discussed, quite extensively, by Ryutov et al.
and Falize et al. (31; 52; 54; 55; 56; 57). On the other hand, only selected aspects of
the full governing equations have been investigated in the previous work, ¢.e. viscous
hydrodynamics (52), radiative effects (31; 56; 57), ideal MHD (55; 56), or collisionless
shocks (54). In this chapter we bring together the different elements of the equations
in a simple conceptual form for the first time. By rewriting these equations in a
dimensionless form we derive a set of characteristic ratios containing the details of
the microscopic properties of the fluid at a given scale. Values of these ratios tells us

how important local properties are in determining the overall fluid motion.

3.3 Full Quantum-Magneto-Radiative Hydrodynamic
Equations

We first write the full set of MHD equations in presence of heat conduction, radiation
diffusion and quantum effects (25; 58; 59; 60). We assume the plasma is described
by a single fluid, but with appropriate transport coefficients that are derived from
kinetic theory (61).

3.3.1 Continuity Equation

The equation for the conservation of mass is given by:
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3.3. Full Quantum-Magneto-Radiative Hydrodynamic Equations

dp
— . pr— '1
By +V-pu=0, (3.1a)

where p is the mass density, ¢ the time and u the fluid velocity. As we do not generally

have sources or sinks for mass, this equation stays the same in the ideal and non-ideal

case.

3.3.2 Momentum Equation

The equation for conservation of momentum reads as:

0
P (8_1: Tu- VU) - —Vp—l— (I)Bohm +v Oy +FEM + frada (Blb)

where p is the fluid (ram) pressure, ® g,p,, the quantum Bohm potential, o, the stress

tensor, F gy, electromagnetic volume forces (the interaction of charged particles and
EM fields), and f,..q the volume force of radiation on matter. This equation shows
that, in the most general case, the momentum associated to a fluid element can change
not only by the inertial term and the pressure gradient — as seen in the ideal case
in chapter 2 —, but also due to exchange effects (the Bohm potential contribution),
magnetic effects, viscous drag, and radiative forces. Each one of these non-ideal terms
will be discussed in detail in the following sections. We also note that in equation
(3.1b) the radiation force on matter, f,.q, in its most general form, includes effects

from absorption and scattering (62).

3.3.3 Energy Equation

The equation for conservation of energy is:
0 pu? u?
el Ll o) . -
at(pe+ 5 + R)—i—V [pu(6+2 +pu
=-V-H—-J -E+Ppopm- -t — fraa-u, (3.1¢)

where € is the specific internal energy, Er the energy density of the radiation field, H
the energy flux from non-ideal terms, J the current density, and E the electric field.

The non-ideal energy flux is:

H=Fr+ (pr+Er)u+q—0,-u. (3.1d)

where F'p is the radiative energy flux, pg is the radiation pressure and g the heat

flux. Here, we have distinguished between the radiative enthalpy flux associated with
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3.3. Full Quantum-Magneto-Radiative Hydrodynamic Equations

the matter motion, (Er + pr)u, and the radiative energy flux in the rest frame of the
fluid, F'i (see discussion in (62)).*

Differently from previous work, the above equations correctly describe quantum
effects, which become important for high density fluids (63) — when the number

density reaches values > 10?4 cm™

— as in white dwarfs or neutron star matter, or at
small scales. This means that Pauli blocking, tunnelling and wave packet spreading
begin to exert an effective quantum pressure to the system (60). This approach follows
from the fact that deterministic equations can be used to describe both single-particle
and many-body distribution functions in the quantum limit if an appropriate potential
is introduced in the hydrodynamic equations (64; 65). A description of the source of

this term is given in section 3.4.3 below.
3.3.4 Induction Equation

Starting from Ohm’s law, and neglecting displacement current, we obtain:

0B

E—Vx(uxB)—Vx(anB)

' ) 4
N m VpXVp+VX (BXEMVT)7 (316)

e(l+2) p? Me A

where B is the magnetic field, n the magnetic diffusivity (n = 1/o.uo where o, is
the electric conductivity and po the vacuum permeability), m the average mass per
particle, m. the electron mass, e the elementary charge, Z the degree of ionisation,
T.; the electron-ion collision time, A = x4 + d1x% + 6 (Where g = we.Te; is the Hall
parameter and w,, is the electron cyclotron frequency), 7' the fluid temperature, and
5(/)/ , B, 6o and 0, are Braginskii coefficients (66). Values for the Braginskii coefficients
are given in Table 3.1.

In addition to magnetic diffusion (second term on the right hand side of equation
(3.1e)), we have written the induction equation to include baroclinic generation of
magnetic field via the Biermann battery mechanism (67; 68), and the advection of the
magnetic field due to the Nernst effect (69). These are the last two terms on the right

hand side of equation (3.1e), respectively. In many laboratory and astrophysical

*(We can also rewrite the J - E term in equation (3.1c) to show conservation of magnetic energy

more clearly, using %% = ;—OlB -V x E which allows us to write:
o) u? B? u? ExB
Tpe+ Bt Ert )4V | pu e+ o) +pu+ =—-V-H+Ppopm U= frad-u,
ot 2 2,[1,0 2 o

where (E x B)/ug is the Poynting vector.)
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3.4. Explicit Form of Source Terms

Z2=1 7Z=2 7Z=3 Z=4 Z— x

By 3.053 1.784 1.442 1.285  0.877
S 3.7703 1.0465 0.5814 0.4106 0.0961
B8 15 1.5 1.5 1.5 1.5
61 1479 10.80 9.618 9.055  7.482

Table 3.1: Numerical values for the Braginskii coefficients for various values of Z,
adapted from (66).

scenarios, these terms represent the next highest order corrections to Ohm’s law
(70; 71). While Ohm’s law contains several additional terms (69), here we restrict
to the case of small magnetic fields, where zeroth order (Biermann battery) and first
order (Nernst) terms have been shown to be the dominant mechanism for magnetic
field generation in many plasma experiments (72).

We require equations for the charge density and electric field to close the set of

equations (3.1). We can relate these using Gauss’ Law and Ohm’s Law:

V. E= p?o (3.1f)
. 1 2 1
E——uxB+gvxB- P _pgylahXutbgy (3.1g)
Nee Me A

Where, as above, the second term is due to diffusion of the field, the third the

Biermann battery, and final term the Nernst effect.

3.4 Explicit Form of Source Terms

The source terms in equations (3.1b), (3.1c) and (3.1d) are explicitly given by:

th V2\/ﬁ
P ponm = 2m€miv ( \/ﬁ > (32&)
2
o, =pv |Vu+ (Vu)" — g(V . u)l} +(¢(V-u)l (3.2b)

34



3.4. Explicit Form of Source Terms

k
q = ki VT = —xppCpVT = — XZET G (3.2d)
m(y —1)

where £ is the reduced Planck constant, m; the ion mass, v(= u/p) the kinematic
viscosity with g being the dynamic viscosity, I the identity tensor, ¢ the second
coefficient of viscosity, pc the charge density, kg the Rosseland mean opacity, x, the
coefficient of heat conduction, yy, the kinematic coefficient of thermal diffusivity, C'p
the specific heat capacity at constant pressure, and v the adiabatic index.

The quantum potential is explicitly given in Equation (3.2a). A derivation of this
term is given below in section 3.4.3. Equation (3.2b) gives the form of the stress
tensor which does not assume that the fluid is incompressible, i.e. V - u does not
have to be equal to zero (25). It also considers the effects of viscosity, and extends
this to second order, (. Equation (3.2c) defines the electromagnetic (Lorentz) force
on the system, in standard form. Finally, equation (3.2d) describes the thermal heat
flux in the diffusive limit (73).

3.4.1 Optically Thick

- va = frad (326)
Er 40T?
= —-— -2f
Pr 3 3¢ (3.2f)
1607
3KRP

When the fluid is optically thick, we can reduce the pressure tensor to a scalar
radiation pressure and write it in terms of an isotropic energy density. Equation
(3.2e) is thus only applicable in this limit. Equation (3.2f) represents the isotropic
thermal radiation pressure within the plasma, and the related energy density of that
radiation assuming a Planck distribution (74). Equation (3.2g) gives the radiative
energy flux, within the local thermodynamic equilibrium (LTE) approximation. In
this form, it corresponds to the Rosseland heat flux (25; 74). These equations are not
applicable to the case of optically thin systems, or when there is an optically thin

pre-shock material, but optically thick post-shot material (59).
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3.4. Explicit Form of Source Terms

3.4.2 Optically Thin

Under optically thin conditions, the source terms relating to radiation can be written

as

Pr = 07 (32ha)

frad = 07 (32hb)

where the transfer of momentum to the plasma by radiation is zero, by definition, as

the plasma is optically thin, and the remaining radiation terms, relating to radiative

energy flux (equation (3.21)), are written in terms of a cooling function,

OF
Ly = 8_tR + V- [Fp+ Egu] ~ prpoT?. (3.21)

This can be approximated with a form that is similar to the optically thick case

(equation (3.2f)) where kp is the Planck opacity (57).

3.4.3 Quantum potential

Given the presence of the Bohm potential in the above equations, and the fact that
this term is often omitted, it is important to give a detailed explanation and derivation
of its appearance. It arises from rewriting the Schrédinger equation in polar form with

a wavefunction given by

¢ _ ReiS/h7

where R and S are real valued functions. The Schrodinger equation can be thus

divided into an imaginary part

OR 1

2
- = 2 . .
™ 5 (RV?S+2VR-VS), (3.9)
and a real part
0S (VS)?
ina— 1
T { - +V+Q|, (3.10)
where V' is the external potential and
R VR
~ 2m R

If we now identify, using the correspondence to the classical limit, R?> = p, and

u = V.S/m, then equation (3.9) can be re-expressed as a continuity equation, while
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3.5. Dimensional Analysis

equation (3.10) has the form of an energy equation with the classical potential cor-
rected by the quantum term (). This leads, for example, to the inclusion of pQ/m as
an energy density correction in the momentum equation.

In general the equations with quantum potential correction are written separately
for the ion and electron species (60). For simplicity, we start by considering the case of

an ideal fluid where the source terms are only pressure gradient and electromagnetic

forces:
2 v2 Vroun
8ue+ue-Vue=—vpe ~ " (E+u.xB)+ " v "), (3.11a)
ot MeNe M 2m? D
a 7 7 h2 VQN/ 4
= +uz--Vui=—vp + (B +u; x B) + —V N (3.11b)
ot min; My 2m; NG

where n. (n;), ue (u;), and p. (p;) are the electron (ion) number density, velocity

and pressure, respectively. Quantities with no subscript are instead used to describe

average fluid properties. By defining an average mass density and fluid velocity as
MeNeWUe + MNU;

P = MeNe + MiN;, U=
MeNe + MMy,

we can combine equations (3.11), into a single fluid description by multiplying each
one by n.m. and n;m;, respectively, and by adding them together. The resulting
momentum equation is
ou h? Y
pl = +u-Vu)|=-Vp+JxB+ P v VP (3.12)
ot 2m.m; VP

which has the same form of the quantum potential as seen in equation (3.2a). In this

derivation we have assumed quasi-neutrality, and taken the total pressure to be the

sum of the electron and ion pressures, that is p, + p; = p.

3.5 Dimensional Analysis

Now we can take the full forms of the fluid equations, equations (3.1), and apply
dimensional analysis to rewrite them in a dimensionless form. Non-ideal terms are
modified from the original terms in the non-dimensionless equations by characteristic
ratios, which contain the information about the scale of the system. Each non-ideal
term generates a characteristic ratio, which can be used to determine conditions for
similarity when comparing laboratory experiments to astrophysical events.

We follow the convention set out in chapter 2, equations (2.20)-(2.21) — where
starred quantities (i.e. u*) are dimensionless, while quantities with subscript 0 (i.e.

up) correspond to a characteristic value for that variable.

37



3.5. Dimensional Analysis

3.5.1 Induction Equation

We first consider equation (3.le) with the inclusion of the resistive, baroclinic and
Nernst terms. By applying the transformation defined in chapter 2 with the addi-
tional inclusion of a temperature scaling T" — ToT™ we have:

— /iopotio = 2 VHopouoV* % (u* x B*)

ly ot* ly
2 * % * %
Ug * * 7k * muO v b X V p
— N0/ V*x (n*V*x B
o é% Hopolo (77 )+ BE(Q)(l + Z) p*z

T ) " 2 17
+ \/Mﬂpguo OEB1XH +60 V* % (B* « V*T*) )
0 Me A

Dividing through by uZ./topo/ {0, gives:

0B"

o5 V* x (u* x B*) — ReMv* x (n*"V* x B*)

g eV K (BT (3.13)

where can recognize the magnetic Reynolds number, equation (2.19), as

14
RBM = M,
Mo

which represents the ratio of magentic advection to magnetic diffusion, and the di-

mensionless numbers

Bi — ey/Hopolo(1 + Z)7 Ne — uglome A

7 7 3.14
m TOTez' ﬁl X%{ + ﬁo ( )

which we will refer to as the Biermann number and Nernst number, respectively.

These numbers represent the importance of magnetic field generation, due to the
presence of electron currents, compared to magnetic field advection.

This shows that the equations of resistive MHD are scale invariant only if Re,y,
Bi and Ne, are the same in both the laboratory and astrophysical systems, or, alter-

natively, very large in both systems, such that these terms are negligible.

fu — wou*,r — Lor*,t — %t*,p — pop*

38



3.6. Similarity for non-ideal equations in the optically thick case

3.6 Similarity for non-ideal equations in the opti-
cally thick case

We now consider the full system of equations (3.1) and also define additional scaling

variables for current density, electric field and charge:
J = hJ*, E — EE*,  po— po,pe-

We also use the optically thick expressions for source terms, as defined in section
3.4.1.

3.6.1 Momentum equation

Starting with the momentum equation (3.1b), using the above scaling transforma-
tions, dividing through a common factor pyu? /¢y, and after manipulation (for a more

detailed derivation please see appendix A) we get:

ou* 1 1 V*2/p*
(G ) = e e ()

(v u*)l} o (V) U*)l}

* 1 * % **T_g
+V {Re{vu + (V*'u") 3 ”

1 1
o Tt
(3.15)

Similarly to the resistive case shown in chapter section 2.4.2, we see that we again
recover an equation with the same form as (3.1b), but with non-ideal terms modified
by characteristic ratios. We define these below.

The Mihalas number, R, represents the ratio of ram pressure to radiation pressure,

and it is related to the more familiar Boltzmann, Bo, number by

R pous 3y —1

= —B 3.16
40Ty /3¢ dug 7y . (3.16)

where Bo = poCpTyug/cTy.

Here, we have used kgTy ~ mu?, and Cp ~ vkg/m(y — 1). The Boltzmann
number gives the ratio of the material enthalpy flux to the radiation flux. The relation
between the Mihalas number and Boltsmann number shows that these terms are of

similar magnitude, as can be seen in equation (3.2f).
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3.6. Similarity for non-ideal equations in the optically thick case

The importance of quantum effects to classical ones within the system is described

by the number:
2memiliud

Ho = =0,

(3.17)
which we will refer to as the Bohm number.

We can also recognise the Reynold’s number, the ratio of viscous to inertial effects,

and its obvious extension when considering the second coefficient of viscosity:

14 l
Re = Potio 0; Re; = Potioto (3.18)
1 ¢
From charge conservation, pc, = Jo/ug, it follows
2 3
Op= LM _ Pt (3.19)

B pC’og[)EO B JoEoly’
which represents the ratio between Ohmic and convective heat transfer, which we call

the Ohmic Number.
The ratio between convective transport and Hall diffusion is expressed by the

coefficient

QO — U~/ Hopo _ Mopoug (3.20)
T Joly JoBoly' ‘

which we refer to as the Hall number.

3.6.2 Energy equation

Following the same approach as before, but now using the energy equation (3.1c), and
dividing through by a common factor of pyu/fy, the dimensionless energy equation

can thus be written as (see appendix A for more details):

a * % p*u*Q 3 *4 * ko k * U2 * ok
8t*(p€+ 5 —i-}—%T + V' p'u e—i-? +pu

1 77 3 1~
{chick p* R +P6’7—1p

1 2 1
+§ {V*u* + (V)T — g(V* : u*)l} ~ut 4 R_eg(v* ~u)I - u*}
1 1 v*%/p*) 1.
———J" - E"+ —p'V" cut — =T"V*"-u* (3.21
o o' ( N R (3:21)
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3.7. Similarity for non-ideal equations in the optically thin case

Analogous to the momentum equation we have new dimensionless numbers. Ratios
not given above are defined below.
We define the radiation number, II;;., which is related to the Boltzmann number

(in the same way as the Mihalas number, above) by:

(3.22)

3 20ous 3¢ —1
Inick = f'rPOZ0Y% (— 0 7 Bo) .

60T \ 16Ag ~

This number describes the importance of material energy flux compared to the ra-

diative energy flux, weighted by the ratio of the mean free path of the radiation,
Ar = 1/KRpo, to the characteristic length scale of the system.
The Péclet number gives the importance of thermal diffusion against convective

transport:
fgmug o goUg

Pe =

— = , 3.23
XtnksTo Xth ( )

where we have used again the relation kT ~ mug.

3.7 Similarity for non-ideal equations in the opti-
cally thin case

It is worth noting that the Mihalas and the radiation numbers as shown above rely on
the material in question being optically thick to radiation. The form of the equations
as shown so far cannot be used in presence of an optically thin plasma. The scaling
relations in the optically thin case have been discussed in terms of cooling functions
and characteristic timescales (52; 56), and using Lie group theory (57). Moreover, in
the special situation of thick-thin radiation transport a more complex treatment is
required (59).

The dimensionless momentum and energy equations now read as follows, using
expressions for optically thin radiation terms from section 3.4.2, where we follow the

cooling function formalism.
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3.8. Laboratory to Astrophysical Scaling

3.7.1 Momentum Equation

ou* 1 V*2/p*
’ (at* "' N

* * * * * _2 *. * L *‘ *
+ V. {Re{V'u, + (V*u)T 3(V u)l]+Re<(V u)l}

1
+ —ptE" + —J* x B*

Qgr Qu
(3.24)
3.7.2 Energy Equation
8t*(p€ + 5 )+V -{p’u, (e —|—§)+pu]
=V" L 7 PN 4 Vu* + (V'u *) Z(V* u )| -u*+ ! (V- u")I - u
N Pe~ — 1 R 3 - Re;
1 v*w/?> I
——J* E" 4+ —)p'V* uf— —— T 3.25
QO Ho ( NG T 1 32

As for the optically thick case, we recover a set of dimensionless characteristic
numbers. The only difference is that the radiation term is now altered, and the

proper number to use in this case is

L. :u—g:)\_ppo_ug :)‘_Pv_lBO
thin ﬁpaﬁoTé by 0Ty by v

which has a similar form to the radiation number for the optically thick case. It is
a measure of the ratio between the material and radiative energy fluxes, weighted by
the ratio of the mean free path, A\p = 1/kppy, to the characteristic length scale of the
system fy. However, please note that ratio between the radiation mean free path and

{y is reversed when going from the optically thick to the optically thin regime.

3.8 Laboratory to Astrophysical Scaling

A summary of the scaling variables and all the dimensionless numbers is given in
Table 3.2. As discussed earlier, similarity between the laboratory and astrophysical
object is achieved if the dimensionless numbers are the same or suffiently large in both
systems (the ideal MHD case). Under either of these conditions, we take K(()l), u(()l),
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3.9. Experimental Comparison

,0((]1), Jél), Eél), and To(l) as the characteristic scaling parameters for the laboratory

experiment. The astrophysical system has corresponding values given by

2 1 2 1 2 1
0 =guts”, ui? = gug”, o6 = geny,

2 1 2 1 2 1
I = ga1”, B =g, Ty = gsTyY,

where gopcde ¢ are scaling constants. From this set of parameters, we can scale all
the other characteristic quantities as

ty) = —btél), oS = geainy’, B = gn/5eBSY

2 1 2 gd (1
& =il o =0

Thus we have the absolute similarity case from Falize et al. (31). All the details con-
cerning the microphysics of the two systems are contained only in the dimensionless

numbers given in Table 3.2.

3.9 Experimental Comparison

3.9.1 Assumptions

We now apply the scaling relations to a few recent experiments and discuss how
they can be used to meaningfully describe astrophysical environments. We focus
our attention on the case when radiation becomes important, mainly because, as we
will see below, this is where similarity between the laboratory and the astrophysical
systems is difficult to achieve. On the other hand, in absence of significant radiative
effects, hydrodynamic or MHD similarities has been successfully applied to wide range
of problems. A comprehensive review of laboratory astrophysics experiments is given
in the following articles (15; 16; 25; 75).

In order to evaluate these numbers, we will first define some assumptions. We
assume the plasma is in thermodynamic equilibrium at temperature 7' (in eV) and
carries a mass density p (in g/cm?®) from ions of atomic mass A and charge Z. The
magnetic field is B (in G). Charge neutrality implies an equal number of negative
charges carried by mobile electrons. These assumptions are applicable to both the

laboratory and astrophysical plasmas. Following (52; 76), the kinematic viscosity is

3.3 x 1075 AL }

Z4pA

43 p2A
2.8 X 10% 5 teperim

v (cm?/s) = Min { (3.26)

where A is the Coulomb logarithm. The thermal diffusivity is (52) is
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3.9. Experimental Comparison

Characteristic quantity Definition
Length lo

Velocity U

Density 0o

Current density Jo

Electric field E
Temperature To

Time to = go/’do
Pressure Po = poud
Magnetic field By = ug~/1opo
Specific internal energy €0 = u?

Charge density pco = Jo/uo
Reynolds number Re = pouglo/ 1
Reynolds number (bulk) Re¢ = pouoly/C
Magnetic Reynolds number Ren = uplo/n
Biermann number Bi = e(1+ Z)\/fopolo/m
Nernst number Ne = uglomeA ) Tote (B X% + B5)
Mihalas number R = 3cpoud /40Ty
Radiation number (Thick) Winier, = 3lopous /16ARa Ty
Radiation number (Thin) Wipin = Appous /oo Ty
Péclet number Pe = lyug/xn
Ohmic number QOr = poud | JoEoly
Hall number Qu = popoud/ JoBolo
Bohm number Ho = 2mem;udls/h?

Table 3.2: List of scaling variables and dimensionless numbers

(Z+1)pA

Al/2T
8.6 x 10? =

(3.27)

) 1 -3 AT®/?
Xth(ch/s):Min{ 3.3 x 107 7 :

The magnetic diffusivity can be written as (77)

(3.28)

The electron-ion collision time is given by (76)
A2T3/2
Z2pA\

In the case of a fully ionised plasma, the Rosseland opacity is only determined by the

Tei (8) = 5.2 x 1071° (3.29)

free-free absorption, thus (58)
Z3p

KRR (CmQ/g) =44 % ]_OSW

(3.30)
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3.9. Experimental Comparison

For typical astrophysical plasmas, the Planck opacity is (78)

A
kp (cm?/g) = 1.8 x 10%3 A2;4, (3.31)
and for bremsstrahlung-dominated cooling (52)
2 w0 Z°p
kp(cm®/g) = 3.1 x 10 T (3.32)

At higher densities (near and above solid) and when line radiation transport must be

included in the calculations, the Rosseland and Planck opacity are tabulated as (35)
kpr (em®/g) = rop™T?, (3.33)

where kg, @ and [ are material dependent constants (see Tables 3.3 & 3.4). The

Rosseland and Planck opacities are bound to a maximum value given by (35)

Z
KPR (cm?®/g) = 6.1 x 10° R (3.34)

Even in the case that the dimensionless numbers are large in both the laboratory
and astrophysical systems, their magnitude can be very different. It is then important
to quantify the error in fluid variables in the ideal MHD approximation due to finite

values for such dimensionless numbers. For the optically thick case, we have:

AB 1 1 1 \Y?
~ + , (3.35)

Biq Re?2, = Bi? + Ne?
Apu 1 1 1 1
~ =ttt = 3.36
(pu)ia <R2 * H TRa T Re? * (3:36)

1 1 )1/2
+_ )
Qn O

Ape 1 1 1
~ = — 3.37
(p€)ia (R2 N 10k i Pe? " ( )

1/2
1 n 1 n 1 n 1
Hy  Re?  Rel Q% ’
where Biq, (pu)iq, and (pe)iq refers to the magnetic field, momentum and energy,

respectively, in the ideal MHD approximation. Similar relations can be straightfor-

wardly derived for optically thin plasmas.
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3.9. Experimental Comparison

Material Ko o 15}

CH 2.00 x 10 0.14 -2.00
Al 1.04 x 10 0.48 -2.48
Ti 3.07 x 10" 0.39 -2.21
Fe 6.29 x 107 0.31 -2.27
Cu 5.93 x 107 0.29 -2.21
Mo 1.99 x 10 0.22 -1.49
Sn 3.70 x 106 0.16 -1.57
Xe* 2.00 x 108 0.00 -2.00
Ba 5890 x 105 0.14 -1.62
Eu 2.80 x 105 0.09 -1.45
W 559 x 10° 0.01 -1.12
Au 6.00 x 105 0.30 -1.50
Pb 4.11 x 10° 0.00 -1.05
U 7.76 x 10° 0.04 -1.14

Table 3.3: List of coefficient values for the mean Rosseland opacity for various el-
ements from equation (3.33). Adapted from (35) and (25), and * from SESAME
tables.

Material Ko « 15}

CH 2.00 x 10° 0.00 -1.00
Al 6.01 x 108 0.48 -2.42
Ti 1.40 x 10® 0.44 -2.07
Fe 222 %108 0.38 -2.13
Cu 2.31 x 108 0.36 -2.22
Mo 1.54 x 10" 0.31 -1.56
Sn 1.91 x 10" 0.23 -1.59
Xe* 3.00 x 10° 0.00 -2.00
Ba 277 x 107 024 -1.64
Eu 1.68 x 107 0.24 -1.54
W 3.06 x 10 0.20 -1.23
Au 3.33x 105 0.17 -1.23
Pb 417 x 105 0.16 -1.27
U 1.04 x 107 0.19 -1.42

Table 3.4: List of coefficient values for the mean Planck opacity for various elements
from equation (3.33). Adapted from (35) and (25), and * from SESAME tables.
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3.9.2 Experiments

Characteristic quantity Lab Astro
Length 100 pm 1.0 x 10® km
Velocity 300 km/s 3.0 x 10® km/s
Density 1g/em® 1.7 x107% g/cm?
Temperature 250 eV 1000 eV
Time 300 ps 9 hours
Pressure (Ram) 90 TPa 15 MPa
Reynolds number 4.0 x10° 1.9 x 10*2
Magnetic Reynolds number 8.7 1.0 x 10%°
Biermann number 130 5.2 x 1013
Nernst number 0.1 1.3 x 108
Mihalas number 5,000 3.3 x 1076
Radiation number (Thick) 0.5 2.7 x 1074
Péclet number 1,200 3.6 x 10°
Bohm number 6.4 x10% 2.5 x 10%8

Table 3.5: Example of scaling under radiative conditions from the laboratory (10) to
a supernova shock breakout.

Firstly, we consider a recent implosion experiment on the National Ignition Facility
(NIF) laser (10) which is related to shock waves in core-collapse supernova explosions,
surrounded by an optically thick envelope or wind. Typical values for these type of
systems are given, based on values from Katz et al. (30), in Table 3.5. Whilst
the experiment can indeed reproduce the supernova shock in many aspects, as the
Reynold’s number and Péclet numbers are large in both cases, the similarity breaks
down when considering the Mihalas number, and is only marginally satisfied for
magnetic transport (due to diffusion and advection along the temperature gradient,
rather than with the fluid flow as in the astrophysical case). This means that the
radiation pressure is significantly smaller than the material pressure in the laboratory
and it does not change the form of the energy equation, unlike the astrophysical case
where radiation pressure is much more important than the material pressure. Even
if R > 1 in the laboratory, the effect of radiation can be important due to radiation
flux in the energy equation, but in this case, the large difference in the radiation
number makes the similarity marginally satisfied. This example shows that radiation
dominated environments are yet challenging to achieve even on the currently available

largest laser facilities.
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Characteristic quantity Lab Astro
Length 150 pm 1.4 x10% km
Velocity 500 km/s 35 km/s
Density 1 x107* g/em® 6.6 x10719 g/cm?
Temperature 100 eV 15 eV
Time 300 ps 0.5 days
Pressure (Ram) 25 GPa 810 Pa
Reynolds number 1,800 1.8 x 107
Magnetic Reynolds number 160 1.6 x 106
Biermann number 3.8 1.9 x 10°
Nernst number 1.9 x 107* 12
Radiation number (Thin) 460 4.4 x 1076
Péclet number 3.4 3.4 x 10*
Bohm number 6.2 x 10% 6.2 x 1049

Table 3.6: Comparison of laboratory experiment to an astrophysical case (Herbig-
Haro object). From (19).

Radiative jets and outflows are present in several young stellar objects (79).
Amongst more recent work, we focus on the the experiment by Tikhonchuk et al.
(19), who claim to have good scaling between their experiment and astrophysics, and
have entered a regime where radiative effects are important. The scaling relations
and corresponding dimensionless numbers are given in Table 3.6. We indeed see that
in this specific case, the experiment succeeds in matching the trend, if not magnitude,
of many of the dimensionless numbers, for example the Reynolds and Péclet numbers
and therefore we can expect the general hydrodynamic flow to be well matched in
the two systems. However the radiation number remains too large compared to the
astrophysical case: material energy flux in the laboratory is dominating over the ra-
diation flux. Similarity is partially satisfied when considering Magnetic Reynolds and
Biermann numbers — suggesting that the magnetic field diffusion is negligible; but
the difference in the Nernst number indicates the importance of thermal advection in
the laboratory case.

Other experiments have been able to better match values relating to radiative
effects. In the experiments by Krauland et al. (11; 80) the values of I, are similar
in the experimental and astrophysical cases: ~0.03 and ~1, respectively. Thus the
radiative and material energy fluxes are comparable within an order of magnitude.
This is characteristic of the more complex optically thick post-shock, optically thin

pre-shock conditions found, for example, in accretion processes in interacting binary
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star systems.

It is also important to note that, while values of these characteristic ratios can
lead to one process dominating over the other (e.g. the effects of radiative flux are
greater than those from material flux in the laboratory, see Table 3.5), their ratio
could be many orders of magnitude different to the astrophysical case. A well scaled
experiment would show, at least, the correct trend in the ratio of the characteristic
values (i.e. large, if the value for the astrophysical case is large, or vice versa) for all
quantities.

Another aspect of the scaling relations that is worth discussing is the importance
of the Bohm potential. Whilst this term is of no significance in the tenuous inter-
stellar plasma, it can become important when considering small scales, or compact
objects, particularly for densities exceeding 10%* — 10%Y cm ™3 (60), which are found,
for example, in white dwarfs and neutron stars.

This is particularly relevant when considering Kolmogorov turbulence (81). In the
inertial range pul /¢ = é = constant, where u, is the characteristic velocity at scale ,
and € is the total power injected into turbulence, the characteristic eddy turnover rate
at scale £ is ug /0 ~ (é/p)"/3¢=%/3. Quantum effects are expected to become important

when 12 /2m* ~ mu?, which defines the scale

h? 3/8 P\ 1/4
0, =~ (2mem> (E> . (3.38)

We also notice that the rate of viscous dissipation on a scale £ is given by v//(2.

Equating this to the eddy turnover rate, we determine the scale at which viscous

dissipation becomes dominant:

0, ~ /A (2) v (3.39)

€

and quantum effects will lie within the inertial range if £, > ¢,, or

1.9 x 107

v(em?/s) < i

(3.40)

Since the viscosity decreases as function of the density, it is then obvious to expect

quantum effects to become more important at higher densities. Similar considerations
apply to the resistive scale. If the above conditions are satisfied, we would see some
change in the structure of turbulence below the scale ¢,. This can become important

when considering the fluid core of white dwarf stars (82) as shown in Table 3.7.
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Characteristic quantity Astro

Length 103 km
Velocity 50 km /s
Density 107 g/cm?
Temperature 10 keV
0./t 50

Table 3.7: Typical parameters for white dwarf stars, adapted from (83; 84).

In the laboratory, Bose-Einstein Condensates exhibit both quantum effects and
fluid behaviour (85). A calculation of the Bohm number for He-4, with a limiting
critical velocity of 18.2 cm/s, gives H¢g ~ 0.001 for a scale length of 0.31 pm (corre-
sponding to the diameter of the cylindrical channel the He fluid was flowing through)
(86). As we expect, Hg < 1, and so quantum effects are of great importance in such

systems.

3.10 Summary

In this section we expanded the fluid dynamic equations, introduced in chapter 2,
to include non-ideal source terms including quantum, resistive and radiative effects.
We then performed dimensional analysis to acquire the scale invariant form of these
equations, which revealed a set of characteristic numbers that can be used to quantify
the departure from ideal fluid behaviour. The scale invariance properties of the
MHD equations have been successfully exploited to describe astrophysical phenomena
in a variety of laboratory experiments (16; 25; 75), and here we have provided a
unified theoretical framework that is common to all these experiments and can be
applied to the planning and analysis of future ones. To show this, we compared
recent laboratory experiments to their astrophysical counterparts to determine the
extent of their similarity. We conclude that many effects are well described in the lab
at present — i.e. magnetic and viscous effects — but radiative effects are still difficult
and require more research. Work in this chapter is contained in an article published
in the Astrophysical Journal, Cross et al. (2015) (? ).
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CHAPTER

The Orion Experiment

“See now the power of truth; the same experiment which at first glance
seemed to show one thing, when more carefully examined, assures us of the
contrary.”

— Galileo Galilei,

Discorsi e dimostrazioni matematiche, intorno d due nuove scienze

(Discourses and Mathematical Demonstrations Relating to Two New Sciences)

N this chapter a recent laser experiment, led by the author at the Orion
laser facility (87), will be discussed. The relevent astrophysical motivation
and theory is introduced in the first section, and then previous work is described.
Instrumentation and diagnostics used on the experiment are introduced, as well as
the target and laser parameters. Finally the results are shown and discussed, with

particular emphasis on the comparison to the astrophysical case.

4.1 Theoretical and Astrophysical Motivation

4.1.1 Astrophysical Background

The Orion experiment is a result of a campaign to further our understanding of an
astrophysical event by using a laboratory analogue. The astrophysical case of interest
is the accretion region of a binary star system of a Magnetic Cataclysmic Variable
[IMCV] star pulling material from a late, main sequence star (88).

In binary star systems movement of material from one star to another is common

(22). Generally this is mediated by gravity: with the denser star — the primary —
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White Dwarf

Late, Main
Sequence Star

Accretion Stream

B > 10 MG

Figure 4.1: Figure, adapted from (89), showing the accretion of material onto a white
dwarf from a larger star. Material is initially pulled from the main sequence star,
and accelerated, due to the gravitational force of the white dwarf. As the material
becomes more ionised, and enters into the white dwarf’s magnetic field, it instead
follows the field lines and impacts onto the poles of the star in an accretion column.

pulling material from the lighter — the secondary. Under these conditions, we find
accretion discs around the primary star as a result of conserving angular momentum,
where material begins to orbit the star, gradually moving closer to the surface.

If the primary star has a magnetic field, then we can begin to disrupt the nor-
mal flow. A class of stars known as Cataclysmic Variables [CVs| can exhibit this
behaviour. In the non-magnetic case, we observe the accretion disc case as described
above. In this case, and the two following, the secondary star is normally a low mass
red dwarf, with the assumption that it is also main sequence (90). As the magnetic
field strength increases we encounter a series of stars called Intermediate Polars, or
D@ Herculis, systems (89). In this case the magnetic field is strong enough to disrupt
the flow of material from the secondary, but not strong enough to completely remove
the accretion disc mediated by the gravitational attraction. (This system can also
occur if the two stars are too far apart.) The final class of stars are the Polar, or AM
Herculis, systems. These are characterised by the primary star being a white dwarf
with a very strong magnetic field, in excess of tens of megaGauss. In this case the field
is strong enough to completely disrupt the flow of material from the secondary star
away from the gravitationally-mediated accretion disc. Material is originally pulled
away by gravity, but, as it approaches the white dwarf, the accretion stream instead
follows the field lines of the white dwarf and so impacts onto the poles of the star in

an accretion column. A schematic of this system can be seen in figure 4.1.
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4.1.2 Accretion Column

It is the accretion column that is of most interest in this system. We see significant
departure in observations from the gravitationally-mediated accretion discs, and there

are competing theories to try and explain astrophysical observations.

Incoming plasma flow
in accretion column

Hard X-ray emission

from shock front
\ Shock /

Cyclotron emission !

from shocked material \\Shocked// Soft X-ray emission from
Material white dwarf surface

™~ | i
White Dwarf w
Surface

Normal, single accretion mode

Figure 4.2: Figure showing the normal, single accretion mode of material onto a
white dwarf. Material flows in from the top onto the pole of the white dwarf where
a single shock forms in the accretion column above the surface.

The infalling material from the secondary star is directed by the white dwarf
magnetic field and accelerated by gravity onto the white dwarf surface at the poles
of the star. At this interaction point a strong shock forms, travelling counter to
the incoming flow, which is strongly radiative. The shock height above the surface
is expected to be stationary (in the frame of the star) as a result of the energy
balance between the incoming material energy flux and the radiative losses as the
plasma impacts onto the surface of the white dwarf. As a result of this radiation we
also observe a different X-ray spectrum: with hard bremsstrahlung X-rays from the
shock itself, soft X-rays from the white dwarf photosphere heated by the shock and
re-radiated, and cyclotron emission from the shock-heated material.

The expected shock height is of the order of 1,000s of kilometres (91) and thus
impossible to resolve against the white dwarf surface with current telescopes. As such,

there is some uncertainty in the theory relating to the height of this stand off shock
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and the explanation of observed radiation. The ratio of the hard to soft X-ray flux
emitted is used as a metric (92) to determine the type of accretion that is occuring,
which itself determines the shock height.

In general we have two competing accretion modes of interest in MCV star sys-
tems: normal, single accretion (93), figure 4.2, and blobby accretion (94), figure 4.3. In
the single accretion mode, the incoming material shocks in the optically thin plasma
stream within the accretion column before reaching the white dwarf photosphere. As
such much of the X-ray spectrum comes from bremsstrahlung from the shock front,
the hard to soft X-ray ratio is greater than one. This is thought to be characterised
by a single shock across a large accretion column. In the blobby accretion mode, the
incoming material penetrates the white dwarf photosphere before shocking. Much
of the hard X-ray radiated from the shock front is reabsorbed into the white dwarf
photosphere and is re-emitted as a thermal source in the soft X-ray and UV range.
Thus the ratio of hard to soft X-rays is below one. In this case the incoming flow is
expected to filament into multiple streams on the approach to the white dwarf surface.
In the experimental case we are interested in being able to distinguish the two thus
aiding astrophysical work investigating spectra from such star systems where there is
already disagreement in how to interpret such signals (see (96) and response (95)).
To this end we will focus on the normal accretion mode, where a single shock is found
away from the photosphere. The aim is to create a laboratory analogue of this system
to better understand how it forms, and its subsequent dynamics. It is important to
understand the physics of the accretion column as many of its properties, and the
shock within it, are dependent on the nature of the white dwarf, such as its mass
and size. For example in the normal accretion mode, the shock height, hg, is related

to the mass accretion rate, 7, and white dwarf mass and radius, My p and Rwp
respectively, by the following (39):

3

40 Mwp 107\ 2
hy =7.60x10*( =) (2 4.1
. <m) ( Mg ) <RWD> (4.1)

where M is the solar mass. Being able to interpret the spectra from astrophysics

Njw

with certainty would thus lead to a much better characterisation of the star system
itself.
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Accretion Column Filaments

|

White Dwarf Surface

Incoming plasma flow

in accretion column Soft X-Rays emitted from
white dwarf surface
N N N il A A

Hard X-rays from shock
heating white dwarf
atmosphere

Accretion shock
beneath photosphere

Blobby accretion mode

Figure 4.3: Figure, adapted from (95), showing the blobby accretion mode of material
onto a white dwarf. Material flows in from the top onto the pole of the white dwarf
where multiple filaments form in the accretion column and each penetrates into the
photosphere before shocking. The lower image shows a single magnified filament.

4.2 Target Design

Part of the previous work in this series of experiments looked at appropriate target
design (97) for a laboratory analogue — see section 4.3 below for more detail on the
experimental campaign. The target design was carefully considered as it not only
needed to fulfill the role as a suitable laboratory analogue to the accretion column
system, but also work well with the laboratory based diagnostics and laser system.
For this reason some decisions were taken as to increase the similarity, and others to
facilitate the use of certain diagnostics.

Simplifying the astrophysical case, we can break down the dynamics of the problem

into three steps:

1. Plasma from the secondary star is accelerated,
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2. The white dwarf magnetic field constrains the flow into a column,
3. This impacts onto the surface of the white dwarf.

The target needs to mimic the dynamics above. We need to have a source of
plasma, a means of constraining the flow, and an obstacle for the plasma to impact
onto. (As discussed earlier we are interested in the normal accretion mode, and so
are concerned with a shock forming away from an obstacle, rather than penetration

of the flow into it.) This is shown in figure 4.4.

Ablator & Pusher

Foils
\ Plasma Source

&
— <€

Infalling Plasma

\ 4

Constraint

A

Plastic Tube

Impact Region

A

Steel Obstacle
Shock-heated region

Lab target White Dwarf

Figure 4.4: Comparison of the astrophysical system and laboratory target. The three
important parts of the astrophysical case are simulated using a laboratory target.
White dwarf figure adapted from 1978 thesis of A. R. Master, University of Illinois.

The target is made up of a plastic (polyimide) tube closed at one end with an
obstacle, and closed at the other with two foils. Lasers illuminate the foils and form
a plasma which then flows down the tube and hits the obstacle. In the MCV system,
the plasma flow at the poles is parallel to the magnetic field lines, so the field acts
to constrain the flow but does not otherwise affect the dynamics. The tube acts to
constrain the plasma flow, analgous to the magnetic field in the astrophysical case.
The surface of the white dwarf is significantly denser than the incoming flow and so
the obstacle in the target (normally steel, but also quartz) was chosen as it is denser

than the predicted incoming flow.
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Figure 4.5: Images of a target used in our experimental campaign, reproduced from
(98). The left image shows the target from the obstacle side, and the right from the
pusher side.

4.2.1 Target Details

An image of the final target is shown in figure 4.5. The target consisted of a 550
um inner diameter, 650 wm outer diameter, 3.5 mm long polyimide tube, with foils
affixed at one end and an obstacle at the other. The drive beams illuminated the end
of the target capped with two foils: a 25 um thick plastic ablator and a 25 pm thick
doped plastic foil, doped with either gold, bromine or chlorine. For the gold doped
plastic, alternating layers of CH and Au, with 6 wm thick CH and 300 nm thick Au,
were deposited giving a total Au concentration in the pusher of 39% by mass. The
bromine doped plastic was formed by pressing and heating a powder, leading to a foil
containing 43% bromine by weight (details are found in the paper by Spindloe et al.
(98)). The chlorine (PVDC) foil was commercially available at the thickness required
(25 um), ~40% by weight. A copper cone was placed just behind the ablator and
pusher foils to protect the diagnostics from the direct view of the laser spot, and from
emission from the blow-off plasma. These were all attached to the plastic tube using
a plastic washer.

The other end of the tube was sealed with a steel obstacle, which was inserted
~150 pum into the tube. In some targets, ~1 mm long slits were cut into the tube
near the steel obstacle, at 45° to the horizontal plane. This allowed for clearer X-ray
radiography of, and collection of optical emission from, the interacting plasma. Some

targets also had 400 lines per inch (63 pm spacing) gold grids at 45° to the horizontal

57



4.3. Previous Work

plane, as seen in figure 4.5, to act as a fiducial for magnification and resolution in the
X-ray diagnostic.

During the experiment the drive beams are focussed onto the plastic ablator foil,
which absorbs the laser energy, causing it to expand. This induces the pusher foil to
be shocked into the plasma state, accelerated by rocket action and launched down
the tube as a fluid. After the laser pulse ends, this accelerated plasma expands and
becomes a homogeneous flow. The role of gravity in the astrophysical case as the
method accelerating the plasma is taken by the laser in the laboratory experiment.
The laser spot size was deliberately chosen to be larger than the inner diameter of
the tube so as to be less susceptible to misalignment and thus preserve a relatively
uniform transverse profile of the plasma flowing down the tube, more details on
the experimental arrangement can be found in section 4.4 below. Progressively, as
increasing amount of mass is accumulated, the pressure builds up and a shock wave
is launched back in the opposite direction to the incoming plasma flow, as is the case

in the accretion column.

4.3 Previous Work

This experiment is part of a series of experiments known collectively as the POLAR
Project, further details on the following experiment can be found in Falize et al.
(99). Theoretical scaling work showed that such an accretion column was able to be
simulated in the laboratory under the global similarity concept® (32). This work also
defined a form for the height of the shock (or width of the cooling layer) which could
be measured in the laboratory, and compared to the astrophysical case in equation
(4.1) above.

he = 2 X g X teool (4.2)

where = is a dimensionless constant parameter, v, the incoming material velocity and

teoor is the post-shocked material cooling time.

The first experiments were carried out at the LULI2000 facility (103) at Ecole
Polytechnique in Paris, France. A similar target to the one shown above was used,
though with a layer of aluminium or titanium taking the place of the pusher material.

A 300 J in 1.5 ns square (temporal) laser pulse was focussed onto a 400 um diameter

*Due to constraints on the regimes accessible on medium-sized laser facilities, the velocities and
temperatures required for absolute similarity cannot be reached, although this is the ultimate aim
of the project, and should be feasible on megajoule laser facilities such as NIF, (100), and LMJ,
(101; 102).
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spot on the ablator foil, giving an average intensity of ~1 x 10'* W ¢cm~2. The metal
foil was accelerated down the tube as a plasma, at velocities of the order of 100 km/s,
and impacted onto a quartz obstacle. Optical diagnostics were used to diagnose the
dynamics. On the rear surface VISAR (104) and streaked optical pyrometry [SOP]
were used to time shock breakout in the quartz obstacle. Transverse interferometry,
optical shadowgraphy (with a 532 nm probe beam) and SOP were used to image the
incident flow and reverse shock. The set up can be seen in figure 4.6. Gated optical
imagers [GOIs| were used for the interferometry and shadowgraphy, which had 120

ps resolution.

Transverse Visible
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” N Beam Splitter
D —
Rear side
pyvrometer & [~ = = = -" ‘ LASER
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Imager interferometer
-~
Interferometer
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Shadowgraph Imager

Figure 4.6: Schematic showing the experimental layout of the LULI2000 campaign.
Orientation of transverse and optical diagnostic, and the laser, are shown, further
details in the text. Image reproduced from Falize et. al (99)

4.3.1 Results

Two shadowgraphy images are shown in figure 4.7, at 5 ns after the end of the laser

pulse. Whilst shadowgraphy can image the tube, it is relatively difficult to make
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out a plasma flow feature. If we take the opaque region to be the plasma flow — the
probe beam is a low power 532 nm laser and so at the expected electron density of
10%° cm ™2 it makes sense that the incoming flow would be opaque — and, by using
the separation of this from the quartz obstacle, estimates of velocity are of the order
of 50-60 km/s. However, looking at the SOP data in figure 4.8 the incoming flow
appears to hit the obstacle at 8 ns after laser firing, which gives a velocity nearer
120 km/s. The difference is explained by what is actually measured in each case:
the SOP uses the emissive region of the plasma, which at the leading edge is hotter,
faster and less dense than the region probed by the optical laser. It is fair to say that
in this regime that the bulk of the material is moving with the velocity measured in

the shadowgraphy diagnostic.
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Figure 4.7: Showing optical shadowgraphy images for gold, a), and titanium, b), foils
at b ns after laser firing. The x-axis origin is the start of the quartz obstacle. Un-
derneath is a schematic showing the position of the target within each shadowgraph.
Image modified from Falize et. al (99).

The region of interest was the reverse shock feature in front of the quartz obsta-
cle. However, as figure 4.7 suggests, the incoming plasma flow is already opaque to
the probe beam, and thus imaging a shock within this flow is impossible. Further

complications arise when looking at the SOP in figure 4.8: after impact, ~8 ns, there
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appears to be little emission, until much later at ~30 ns. One might expect that
the shock, being hotter, should emit optical light, but this is not seen. This could
be because the incoming plasma becomes optically thick as it densifies, or that the
plastic tube itself becomes opaque upon heating. End-on SOP, not shown here, shows
optical emission at ~30 ns outside of the quartz obstacle, which also suggests that
plasma outside of the tube could be emitting and causing the second streak in figure
4.8.

i Edge of obstacle

0 200 400 600 800 1000
X (pm)

Figure 4.8: Showing the SOP image for titanium pusher, with schematic of the target
overlaid. The laser comes in from right to left, and the dashed white line shows the
incoming plasma flow, with a measured flow of ~120 km/s. The x-axis origin is at
the quartz obstacle (shown as the solid white line), the y-axis origin is the laser firing.
Image modified from Falize et. al (99).

4.3.2 Looking Forward

The LULI experiment gave interesting results which matched with simulated values

for the velocity of the incoming flow, but the all other results from the diagnostics were
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inconclusive. The shadowgraphy was not able to measure the reverse shock feature,
and the SOP was unable to show emission within the tube at late time. As well, the
experiment failed to reach the regime necessary for comparison to the astrophysical
case. This was particularly due to the low incoming flow velocity, which subsequently
lead to a low post-shock temperature.

The Orion experiment was designed to build upon the foundations of the LULI
experiment, but to better reach the regime for astrophysical comparison, and to

improve the imaging of the experimental features required.

4.4 Orion Experimental Set-Up

The experiment was carried out on the Orion laser facility (87), AWE’s replacement
for the HELEN laser, which has been operational since 2013. As part of its remit 15
% of experimental time is allocated to academic access, of which 4 weeks were given
for this experiment.

The laser beams from the Orion facility are arranged in two cones (see Fig. 4.9),
which we refer to as ‘drive’ and ‘backlighter’. The drive cone consisted of five beams,
which illuminated the target in a 100° cone angle, with each beam supplying ~400 J
(2 kJ in total) in 1 ns onto a 600 wm spot, which gave an average intensity of 7.0 x
10"* W em~2. For the backlighter cone, we used two laser beams of total energy 150
J, in 500 ps onto a 500 um spot, which gave an average intensity of 1.5 x 10'* W
cm 2. Both sets of beams were delivered at the third harmonic with a wavelength of
351 nm. The drive beams were used to produce an expanding plasma jet, while the
backlighter beams generated an X-ray source which imaged the plasma flow and the

reverse shock formation.

4.5 Instrumentation and Diagnostics

The same general form of diagnostics used in the previous experiment was kept for
the Orion experiment. It was still of importance to image the reverse shock feature,
and also to look at the incoming flow of plasma in order to determine a velocity.
However; certain modifications were made to mitigate some of the challenges faced
previously: namely the shadowgraphy was changed from optical to X-ray to allow for
greater penetration of the plasma flow (which was expected to be even denser due
to target design and laser properties) and whole target optical emission imaging was

used to determine the source of emission seen in the SOP.
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Figure 4.9: Schematic of the experimental set up. Five drive beams were incident
on one end of the main target. Two other beams were focussed onto the backlighter
target, producing X-rays for use in radiography. Optical self emission is imaged along
the tube axis.
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4.5.1 X-ray Radiography
4.5.1.1 Choice of X-ray Energy

The energy of the backlighter X-rays was chosen to allow for the best contrast between
the reverse shock and the incoming flow. While the incoming flow was expected to be
somewhat denser than in the previous experiment, the move from an optical to X-ray
probe means a much larger proportion of the flux will pass through the plasma. As
low as possible energy X-ray backlighter was wanted, but one that would still pass
through the plastic without being attenuated greatly, which ruled out elements lower
than Aluminium. (When referring to the energy of a backlighter we generally consider
the He-a line emission, which was expected to be the strongest contribution to the
emitted radiation upon illumination of the target element by a long pulse laser.)

A series of simulations were run to determine expected X-ray transmission for
different backlighter energies. A 1D simulation of the experiment was run using the
HELIOS code (105), which was then post-processed with the SPECT3D code (106).
(As this used a 1D simulation, it was not possible to include the effect of the tube
wall. Thus X-ray energies were chosen that weren’t significantly absorbed by the
plastic, as determined by cold opacities from the CXRO database (107).) Chlorine,
Scandium and Titanium, which have He-a energies of 2.78 keV, 4.32 keV and 4.75
keV respectively, were trialled. Chlorine appeared the most promising from the point
of view of contrast, and so was chosen as the main backlighter target, but some

Scandium and Titanium targets were also made.

4.5.1.2 X-ray Target and Diagnostic

A secondary target was used as an X-ray source for backlit pinhole radiography of
the reverse shock region. This target consisted of a 400 um diameter, 6 wm thick,
chlorinated plastic (parylene-D) foil which was then affixed onto a 50 um CH foil, and
finally placed onto a large tantalum foil with a 15 um pinhole, which can be seen in
figure 4.10. On earlier targets the plastic and tantalum were separated by 500 pm by
a mount. This was to stop any closure of the tantalum pinhole by a shock travelling
through the target before X-rays had been emitted. Later targets, however, mounted
the plastic foil directly onto the tantalum, with no noticeable drop in measured X-ray
intensity on the image plate. This target was placed 14.1 mm from the steel obstacle
and illuminated by the backlighter beams (see Figure 4.11). (For the Scandium and
Titanium backlighters, this material replaced the chlorinated plastic, with thicknesses

of 25 and 5 pm respectively.)
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5-mm square, 50 pm
thickness tantalum
with 15 pm pinhole

400-pm dia., 5-pm
thickness CH Cl,
on 2-mm square, 50 Hm
thickness CH foil

Figure 4.10: Image, reproduced from Spindloe et al. (98), and schematic of the X-ray
backlighter target. The plastic foil, with the X-ray producing material affixed on top,
is here shown mounted 500 um from the tantalum pinhole.

For the backlighter cone, two laser beams of total energy 150 J, in 500 ps onto a
500 um spot were used, giving an average intensity of 1.5 x 10 W e¢m™2, delivered
at the third harmonic with a wavelength of 351 nm. In order to minimise motion
blurring, but still have sufficient signal to noise ratio, we chose the pulse length of
500 ps. Initially a 200 ps pulse was used, but as we could increase the energy by
moving to a longer pulse, and the timescale of the experiment was happening over
many tens of nanoseconds, we found increasing the pulse length led to greater signal
with little to no motion blurring. (If we consider the plasma to be moving around a
speed of 100 km/s — greater than expected around the reverse shock feature — in 500
ps it will have moved ~50 um, which is approaching the resolution limit of the X-ray
radiograph ~20 pm.) The energy of the X-rays were expected to be mainly from Cl
line emission: i.e., He-ar at 2.78 keV, He-5 at 3.27 keV, Ly-a at 2.96 keV and Ly-$3
at 3.50 keV.

The backlighter beams overfilled the target, with a focal spot of 500 um, which
caused an expansion of the surrounding plastic, as well as the target material. This
acted to contain the blow-off and the tantalum pinhole ensured a point-like source of
X-rays, which backlit the main target and were recorded on an image plate detector
placed 229 mm from the main target (108). This gave a field of view of ~2 mm and
a magnification of ~15x.

The image plate was housed inside a open shutter camera, an adaptation of the
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0Odd Cone Beams
illuminate the X-ray

target \ .
f X-ray backlighter target

£~ Main target and conical shield
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Backlighter target
mounted in target
positioner at 45°

to the main target

Main target mounted
from Orion target
positioner

SPCA with image
plate opposite X-
ray target

Figure 4.11: Schematic of X-ray diagnostic. The main target is mounted centrally,
with the X-ray target mounted off to one side at a 45° angle above the horizontal
plane. The open shutter, pinhole camera is opposite the X-ray target, at a 45° angle
below the horizontal plane. Two of the odd cone of lasers illuminate the X-ray target,
with all five beams of the even cone driving the main target.

SPCA diagnostic (43) previously fielded on the Omega laser. The camera consisted
of a 191 mm long metal housing, with a 42 mm diameter image plane detector area.
At the end closest to the target a nose cone was fitted, with space for filters, which
was designed to restrict the field of view of the image plate to just the area of interest
of the target, and to shield it from emission from the blow off plasma from the drive.
While initial data were good, a slight double image! can be seen, and so between
experimental runs the nose cone was redesigned so it was longer, and placed nearer
the target. (Previously the end of the nose cone was 20 mm from the target, whereas
it changed to be 10 mm). This allowed for better screening of other X-ray sources
and removed the double image seen in earlier images.

For the majority of shots the same filters were used. Just behind the nose cone

appropriate filters were added: a 12.5 um PVDC to cut off lower energies, and 5

tThe source of the double image was considered to be from blow-off plasma from the backlighter
target.
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Figure 4.12: Showing the transmission of X-rays through the filters. Nose cone filters
of 5 um of titanium and 12.5 pm PVDC are shown in red and blue respectively. The
8 um aluminised mylar around the image plate itself is shown here as PET in green.
The total of all filters is shown in solid black.

um Ti to cut off higher energies, giving an effective window of transmission between
2.78 and 5 keV, as can be seen in figure 4.12. Covering the image plate itself was
8 um thick mylar with a thin coating of aluminium, to shield the image plate from
UV /visible light. A step-wedge filter of 50, 100 and 150 pm thick plastic was also
placed over the image plate to calibrate the X-ray emission energy on each shot. (The

result of this will be discussed in the section 4.6 below.)

4.5.2 Optical Emission

All optical diagnostics, with the exception of VISAR, measured the self-emission of
the plasma in the visible, thus being passive imaging. The first run of the experiment
fielded a streak camera, SOP, along the target, and an end-on VISAR. However; the
VISAR failed to pick up a signal of shock breakout in the quartz (which we put down
to the quartz being too thick causing the shock breakout time to be much longer
than the experimental timescale). The VISAR diagnostic was then changed to end-
on SOP, and, finally, transverse SOP with a different sweep window in time, and
different optical filters. For the second run of the experiment the transverse SOP was
fielded alongside a framing camera which was sufficiently demagnified to allow for

an image of the whole target. Both of these diagnostics used the same optical line,
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which was split outside the chamber and directed to each camera. Details of these

two diagnostics are given below.

4.5.3 Streak Camera

Emitted optical light from the plasma was collected by an imaging line payload in one
of the TIMs (ten-inch manipulators) attached to the target chamber and sent down
a relay system to an optical table where the streak camera was set up. The streak
camera had a spatial field of view of ~4 mm, and so the entire tube and obstacle
were visible, except the region shielded by the copper cone. The imaging line aligned
with the central axis of the tube (along the slit cut-out in the tube), in the horizontal
plane and was streaked in time over ~60, 100 or 250 ns as required. This provided a
temporal dependence of the plasma flow thus allowing us to calculate velocities. (For
the few shots that also fielded end-on streak imaging the same set up as here was
used, except that the optical line was orientated across the tube.)

The streak camera itself was sensitive to blue light, with filters in place to block

out laser light (and any of the second harmonic unconverted laser light).

4.5.4 Framing Camera

The framing camera used the same optical line as the streak camera above though
with a lower magnification, and thus allowed the entire target to be imaged. The field
of view was > 4 mm, with an expected spatial resolution of ~50 wm. Eight frames,
time-integrated over 2 to 5 ns, with 0 and 5 ns delay between frames, were taken on
each shot. These images helped to explain sources of emission seen in the streaked
data.

4.6 Results

4.6.1 Optical

Figures 4.13, 4.15 & 4.16 show examples of the optical streak records for various
shots. The same general form is found when using the brominated plastic pusher,
figure 4.13, or gold-plastic pusher, figure 4.15. In figure 4.16 the target was rotated
such that the slits through the tube were aligned with the optical diagnostics. This
allowed us to see inside the tube without attenuation from the tube wall (and also
to confirm that light was coming from the plasma inside rather than from the tube

itself.) As a consequence of this there is a marked increase in signal from ~2,200 pum.
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Figure 4.13: Showing the optical streak record of a brominated plastic pusher. A
schematic of the target is shown on the left, showing the spatial positions of the
obstacle and the start of the streaked image. Time runs from left to right and distance
from top to bottom. The distance starts from the end of the copper cone, not from
the start of the tube. The leading and trailing edges of the incoming flow are shown,
with velocities of 180 km/s and 130 km/s respectively. This is the same shot as the
40 ns delay in figure 4.18.

From the optical streak records we can determine the incoming flow velocity, and
also look for the return flow and shock. As we see from figure 4.13 material flows
down the tube, starting from the bottom left, towards the obstacle at ~3 mm. There
are a few features of interest here. Firstly, we can see the incoming flow spread out
spatially, as a result of the expansion and acceleration of the pusher. This leads to
a hot, low density leading edge which flows down the tube at around ~180 km/s.
The trailing edge of the flow moves slower, around 130 km/s, and the time of impact
with the obstacle is separated by at least 10 ns. Sufficient material must build up
around the obstacle to increase the pressure to the point when a reverse shock is
formed. Unfortunately this pressure is somewhat relieved by lateral explosion of the
tube, which is heated enough to begin to emit. This is shown as the very bright,

symmetric, region in figure 4.13 starting at 30 ns. Another interesting feature is the
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Figure 4.14: Showing eight optical self emission images taken with the framing cam-
era. Fach image has an exposure time of 3 ns, with no delay between frames. At early
time flow can be seen coming down the tube, and in later frames we see increased
emission from the obstacle out of the slits, and side emission, thought to be from glue
present to hold position fiducials in place. A sketch of the tube is overlaid in frame
1.

movement of a flow from the obstacle up the tube, as seen in the top left corner.
This occurs very soon after the drive beams are fired, and suggests there is some fast
heating of material. The streak record is unable to show whether the source of this
is inside or outside the tube.

While the framing camera by itself is not of much quantitative use for this experi-
ment, it is of great help when used alongside the streak records to determine whether
sources of light are coming from inside or outside of the tube, i.e. true signal from
the plasma flow, or a side effect of the laser interaction. The unusual emission from
near the obstacle moving up the tube at early time, as seen in figure 4.13 starting top
left, can also be seen in the framing camera images. Figure 4.14 shows 8 frames, of 3
ns exposure time, with the sequence starting shortly after the drive lasers were fired.
In the first couple of frames we can clearly see emission from the obstacle itself, and
thus the feature in the streak record is not from inside the tube (which agrees with

the observation that it has no effect on the trajectory of the incoming flow).}

IThe reason for this emission is unknown, but it is thought to be because of the laser-plasma
interaction of the drive lasers with the ablator. It would be unusual for laser light to be able to
propagate through the plastic foils, though it is possible that a low amount of laser energy outside
the focal spot passed through the plastic washer holding the cone and tube together, and heated the
surface of the obstacle. More likely is that the laser interaction with the ablator heated it sufficiently
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Figure 4.15: Showing optical streak record of a gold-plastic pusher. Target schematic
is shown on the left, overlaid with positions in the streaked image. Time runs from
left to right and distance from top to bottom. The distance starts from the end of
the copper cone, not from the start of the tube. The leading and trailing edges of the
flow are shown, with velocities of 170 km/s and 130 km/s respectively. A potential
‘shock’ feature emitting light is labelled.

In frame 3 we begin to see emission near the obstacle, through the slits in the tube,
as well as flow down the tube itself. There is also significant emission from outside the
tube in frames 3-8, which we believe is emission from glue holding position fiducials
in place. In the standard orientation, the streak camera line of site runs along the
centre of the tube axis, and therefore it does not see inside the tube at the slit, nor
did it see the emission from the glue which was off axis.

Figure 4.15 shows a typical optical streak record for a gold-plastic pusher target.
As with the brominated plastic targets, we see similar features of an incoming flow,
interacting with the obstacle and then tube explosion from ~30 ns. The slight differ-

ence between the brominated and gold-plastic pushers seems to be in the incoming

to begin to emit X-rays which travelled straight down the tube, but were blocked by the copper cone
outside of this angle.
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Figure 4.16: Showing optical streak record of a gold-plastic pusher. A schematic
of the target is place alongside, aligned with the streaked image position. In this
case the slits in the tube were facing towards the optical diagnostics. The dashed
horizontal lines shows the edge of the slits, hence the increase in signal beyond this
point, and the face of the obstacle and end of the tube. The dotted line shows the
leading edge of a bright feature returning from the edge of the tube: thought to be
from the reverse shock.

flow velocity, which leads to later features taking slightly longer to appear with the
gold targets. The leading edge of the incoming flow for bromine varied between ~195
— 250 km/s, compared to ~170 — 230 km/s for the gold targets. The flow velocity
is dependent on the laser energy, which fluctuated for different shots, which explains
the range of values for each target type.

There is a slight line feature in figure 4.15 starting at ~45 ns, ~2.5 mm within the
tube explosion region which appears to separate from the tube explosion emission.
It is, however, very difficult to state this with any certainty purely from this image.
To alleviate the issue of tube explosion emission, figure 4.16 shows the optical streak
record when the tube was rotated so that the slits in the tube faced the optical
diagnostics. Emission within the tube is much brighter — the edge of the slits can be
clearly seen and is marked with a dashed white line at ~2.2 mm — and features around

the obstacle are easier to see. In particular a boundary in signal, highlighted by the
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Figure 4.17: Showing line outs of figure 4.16 in position at different times. The lines
are normalised to the maximum signal count recorded. The edge of the brightening
position overlaps at 35, 45 and 50 ns.

dotted white line, can be seen, which we consider to be the reverse shock surface. This
line is drawn by eye, but the position of the emission was determined using lineouts
which can be seen in figure 4.17. As the reverse shock passes through the plasma
it heats the material behind it, causing greater emission. It appears to move in the
laboratory frame between 20-30 ns, and then remain stationary until 50 ns when it
again begins to move. Much of this movement can be explained by the density profile
of the incoming plasma. The leading edge of the plasma flow is of lower density, with
a gradient up to a bulk density, and so the shock moves up the tube until it reaches
this bulk. The shock then moves through the flow at the same speed, but opposite
direction, as the incoming flow, thus appearing stationary in the laboratory frame.
Towards the end of the spatial extent of incoming flow, the density drops off, causing
the shock to accelerate. This stationary feature is interesting to compare to the X-ray

images, section 4.6.3, as well as to the astrophysical case, section 4.7.
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The optical streak images show similar features for each shot taken: there is a high
degree of reproducibility between shots. The incoming flow velocity is dependent on

the laser energy, which fluctuated around 2.0 kJ over the course of the experiment.

4.6.2 X-ray Radiographs

Obstacle

Tube _— W

Explosion Reverse
Shock

Wall Shocks Tube Slit

Figure 4.18: Showing a time sequence of X-ray radiographs with a brominated plastic
pusher. The reverse shock feature is somewhat diffuse, but can be seen to be moving
in time. The schematic in the bottom right labels the main features seen in the
radiographs.

Figure 4.18 shows a sequence of X-ray radiographs at different times for a bromi-
nated plastic pusher. The main features of these X-rays can be seen in the schematic
in the bottom right. At the earliest time we can see the beginnings of a densification
in the flow, by a small, dark feature just ahead of the obstacle, which is the beginning
of the reverse shock. This is accompanied by diagonal side features, which are less

dark than the main feature, but darker than the incoming flow. These features we
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call wall shocks. Such features have been seen in other shock tube experiments, where
they were caused by either radiation from the shock front (109), or preheat from the
laser-target interaction in the form of X-rays or hot electrons (110; 111), ablating the
inside of the tube and launching a shock wave back into the tube. The source of
these shocks in our experiment could either be preheat from the initial interaction,
or radiation from the reverse shock/post-shock material. These become harder to see
as time progresses.

The reverse shock feature can be seen to move up the tube in time, but becomes
quite diffuse by 50 ns. If we take a lineout along the central axis of the tube, and
adjust the signal to be that of transmission rather than raw intensity, we can see
the jump in transmission at the shock front. Figure 4.19 shows this for the 45 ns
delay bromine radiograph above. Transmission is reduced by ~1.5 times at the shock
compared to the incoming flow. (Later it is discussed how this transmission can be

related to a density, under certain assumptions.)
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Figure 4.19: Showing a central axis lineout of the 45 ns Bromine pusher, X-ray
radiograph from figure 4.18. The jump in transmission, at ~170 um from the obstacle,
can be clearly seen.

Two X-ray radiographs with the gold-plastic targets are shown in figure 4.20.
These targets had a 200 nm layer of aluminium coating the entire inner surface of

the cone and the resulting radiographs show a much clearer separation of features,

5



4.6. Results

compared to the the bromine radiographs in figure 4.18, and other gold-plastic ra-
diographs, which also show reproducible features.® The features are also cylindrically
symmetric, as a result of choosing a laser spot larger than the tube radius: small
offsets still allow an even ‘push’ on the material, reducing three-dimensional effects

which would further complicate analysis.

Figure 4.20: Showing two X-ray radiographs of gold-plastic pusher targets at 55 ns
after lasers have fired. Compared to the bromine shots, figure 4.18, the features are
much better defined. We can easily see the region of reverse shock by the obstacle (the
flow comes in from the bottom). The agreement between the two images is testament
to the repeatability of the experiment.

As the radiograph shows, we have a region of dense material, a discontinuity in
transmission, and the incoming flow, bounded by wall shocks. By taking a lineout
down the central axis we can determine the difference in the transmission across the
shock front, which, from figure 4.21, is about half that of the incoming flow at the
shock front.

Under the following assumptions, we can use the transmission to infer a compres-

sion ratio:
1. The gold-plastic layers are uniformly mixed,
2. The total opacity is simply a weighted sum of the individual opacities,

3. We know the energy of the backlighter.

§A 200 nm ‘flash’ of aluminium is unlikely to cause any significant effect on the hydrodynamics.
The reason for this marked increase in feature clarity is thus attributed to the aluminium blocking
light at early times and reducing the effect of preheat.
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Figure 4.21: Showing lineout along the central axis of the lefthand gold-plastic radio-
graph of figure 4.20. The obstacle position and shock front are marked. Where the
edges of the two slits do not quite overlap, we see steps in transmission.

Discussing these in turn, the gold-plastic targets were formed of multiple layers of
alternating plastic and gold. With the different densities of the two, it was expected
that the boundaries would become Rayleigh-Taylor unstable and would be sufficiently
heated and mixed in the time taken for the plasma to flow down the tube and impact
onto the obstacle. Simulations were performed by P. Graham which showed significant
mixing at early time, 2 ns, which grew to give a very high degree of mixing after 8 ns.
If roughness at the boundaries is higher — which is likely as a result of the production
process — then the mixing is even greater. As it takes longer than 20 ns for the plasma
to reach the end of the tube, we are confident that the plasma is sufficiently mixed
that the assumption of uniform mixing is true.

Under the assumption of uniform mixing, we know the proportion of each element
in the plasma in the region of interest. Gold and plastic have different opacities, and
while they are in the plasma state it is likely that the opacity does not depend greatly
on the interaction between the two.

The energy of the backlighter is the most important. While we expected the He-a
line, 2.78 keV, in chlorine to be dominant, we included a step wedge filter (three
known thicknesses of plastic overlaid in the corner of each image plate), which can be

seen in all radiograph images, as a check for the energy. The step in transmission in
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the region where the slits do not quite overlap, seen in figure 4.21 at 730 and 800 um,
also acts as a second check. From the step wedge filters, using cold opacities for the
plastic step wedge from the CXRO database (107), we can plot expected transmission
for different backlighter energies against the experimental data, shown in figure 4.22.
Here the data suggest that the transmission is more consistent with a backlighter
energy of 3.5 keV than the expected 2.78 keV from the He-a line. While there is a
Ly-£ line in chlorine at 3.5 keV, it is likely that the emission has a Bremsstrahlung
component, peaking at 3.5 keV, which is cut off by our choice of filters in the range
from 2.78 — 5 keV.¥ Taking 3.5 keV as the backlighter energy (either as a single
source from line emission, or as the peak in a Bremsstrahlung distribution) fits the
step wedge filter well, and also agrees with the observed transmission drop through

the misaligned tube slits.
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Figure 4.22: Showing the expected transmission through varying thicknesses of plastic
step wedge for different X-ray energies. The transmission from the experiment is
overlaid, with error bars given by the uncertainty in determining the initial intensity.
The experiment most closely agrees with a backlighter energy of 3.5 keV.

From these assumptions, we calculate from the transmission in figure 4.21, a
compression ratio in the reverse shock between the upstream and downstream flows
to be of the order of ~5.3 + 0.6 at t = 55 ns (where the error comes from allowing

the backlighter energy to vary in a range from 3 to 4 keV).

YAn attempt to fit the transmission to a simple model of He-a line emission sitting on top
of hard X-ray emission (that effectively passes straight through the target and filters) (Isigna =
Thard + THe—o exp (—prl)) was made, but this failed to reproduce the experimental results.
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4.6.3 Consistency of Results

If we now compare the optical and X-ray results, we see consistency between the
two diagnostics. Figure 4.24 shows the optical streak records overlaid with an X-ray
radiograph. The time at which the X-ray image was recorded is marked on the optical
streak.

There is very good agreement relating to positions of the main target features,
such as the obstacle and slit positions. The region of brightening in the optical
streak, as highlighted in figure 4.16, matches in position to the shock front in the
X-ray radiograph.

Similar comparisons of the X-ray and optical diagnostics at early time (<20 ns)
were not performed, as the density was not sufficient to appreciably see anything in
the X-ray images. At times greater than 45 ns we see similar agreement, though this
is complicated by the more diffuse nature of the shock feature without use of the 200
nm flash of aluminium.

Qualitative agreement can been seen between the framing, figure 4.14, and streak,
figure 4.13, where the framing camera shows a bright ‘plug’ of material heading down
the tube over a series of 3—4 frames (from frame 2), which is consistent with the time

frame of ~15 ns from the optical streak record.
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Figure 4.23: Streaked optical data for a shot. Time runs from bottom to top, distance
right to left, on the bottom panel. The time evolution of the plasma can clearly be
seen inside the tube. The dotted lines and overlaid radiograph show positions of parts
of the target on the streaked image.
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4.7 Comparison to Simulation

The experimental package was modelled by P. Graham in two stages using a differ-
ent two dimensional (2D) radiation-hydrodynamic code for each stage. The NYM
Lagrangian code (112) was used for the laser-interaction phase since this allowed fine
zoning of the ablator foil which is essential to resolve light absorption from inverse
bremsstrahlung. X-ray emission and absorption were simulated with full multi-group
Monte Carlo photonics (113) utilising CASSANDRA opacities (114) and SESAME
equations-of-state (115). After the laser pulse had ended and the coronal plasma
had cooled substantially then the simulation was linked to the PETRA code (116)
to continue to late time. This used Eulerian hydrodynamics (run on an orthogonal
mesh), which is essential to permit the large shear flows of material along the tube
walls. This calculation was restricted to multi-group diffusion for the X-ray exchange
but the opacities and equations-of-state were unchanged from NYM. The laser was
modelled as a 1 kJ beam normal to the surface and a super-gaussian spatial intensity
profile with 1/e intensity at 300 um radius. This gave an approximate intensity of 3.5
x 10 W cm™2, which is reasonable as the experimental beam angle was not mod-
elled. An electron-conduction flux limiter of 0.05 was used, typical of laser-plasma
modelling at this irradiance level.

The simulations were subsequently post-processed to generate synthetic radio-
graphs of the interaction region. Figure 4.24 shows a comparison of simulated and
experimental results. It is important to note here that the simulation was carried out
before the experiment and thus their agreement is even more striking. Both images
are quantitatively similar not only in the morphology of the flow structure — where
the position of the reverse shock front is nearly identical — but also in the X-ray trans-
mission values which are well matched. It is important to note that the plastic tube
in the experiment had slits cut through it, near the obstacle, to improve contrast by
allowing X-rays to go through only the plasma and not to be absorbed by the tube
wall. We can see the slits were not exactly aligned by the step down in transmission
<2,250 um, and again at <2,200 um. The predicted X-ray transmission was calcu-
lated with and without attenuation from the tube wall. The simulated transmission
values without the tube wall are consistent with the experimental data near the re-
verse shock (that is, between 2,300 and 3,000 pm), while the simulated transmission
with the tube wall included is closer to the data for distances <2,300 pm. The jump

in the simulated transmission around 2100 pm, which is not seen in the experiment,
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results from the ablator plasma (which is more transparent to X-rays) immediately

following the pusher plasma.
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Figure 4.24: Comparison of an experimental radiograph, top, with a radiograph from
post-processing a 2D simulation, bottom of top panel. The plasma flow enters from
the right, and impacts onto the obstacle, originally around 3000 pum, and a reverse
shock can be seen around 2750 um. A line out of transmission along the central axis
can be seen underneath.
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4.8. Discussion

Lineouts from the 2D simulations, along the central axis, can be seen in figure 4.25
for various plasma properties. In the left column we see density, blue, and ionisation
state, green dashed, near the obstacle (where the obstacle position is originally at
3000 pm and the flow is moving from right to left.) In the region >~2 700 um we
believe that the density/ionisation results are as a result of blowoff material from the
obstacle itself, mixed with the flow, and therefore we do not use these to calculate
jump properties. Instead, for example, for the lower left panel, the density ratio can
be calculated from the graph by reading off at 2610 wm (0.176 g/cc) and 2580
(0.032 g/cc) which gives a ratio of 5.5. For the right hand columns we show electron
temperature, black dot, and radiation temperature, red dot-dash. Here we define
the radiation temperature from Drake (25): “The value of the temperature of an
equilibrium thermodynamic system that would have the same mean energy as that
of the actual system being described.” Although this is strictly not a temperature, it

is a useful value for characterising the radiation.

4.8 Discussion

Using the standard equations for the conservation of mass and momentum across
the shock transition region, ignoring the radiation pressure term (which is negligible
under these conditions), and writing the thermal pressure as p; = p;(Z; + 1)kgT;/m,
where p; the mass density, Z; the ionisation state, kg the Boltzmann constant, 7; the
temperature and m the average mass per particle (i = 1 for the upstream flow and

i = 2 for the downstream plasma), then we obtain (38):
1 1/2
Pz _ - ad +ui £ [(a% + u%)2 — 4a§uﬂ , (4.3)
P 2a;
with a; = \/p;/p; the isothermal speed of sound, and u; the upstream flow velocity.

Equation 4.3 admits a solution only when u; > ug or u; < up, where the rarified

and dense velocities, respectively, are defined as:

up = as + (a3 — a%)l/2 : (4.4a)

1/2
up = as — (a3 — a}) & (4.4Db)
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4.8. Discussion

If u; is greater than ug, then the flow is supersonic and it results in a compression
of the downstream plasma. This requires us to take the positive root in equation
4.3. This is what is expected to occur in the reverse shocks occurring in both the
cataclysmic variable star system as well as in our experiment. The scaling between
the two systems is given in Table 1. Values for the incoming flow velocity are taken
from our streaked optical data (e.g. figures 4.13 and 4.15), and sound speeds are
calculated using simulated values for the temperature. By calculating the Reynolds
number, table 4.1, we can see that it is large in the astrophysical system and in the
laboratory. This indicates that viscous dissipation can be neglected. On the other
hand, the thin radiation number — a measure of the incoming material energy flow
compared to the radiation flux (1) —is very small in the astrophysical case, and by no
means large in the laboratory. This implies that radiation losses cannot be ignored
and they are important in determining the overall evolution of the flow. This is
also reflected by the fact that the radiation cooling time (7.) is of the order of the
characteristic dynamical time.

Using the simulated flow velocity (u; ~ 83 km/s in the frame of the shock),
temperature and ionisation fraction (Figure 4.25) we can estimate, using Eq. 4.3,
p2/p1 &= 5.7+ 0.6, which is a value close to that inferred from the X-ray radiographs
(where the error is calculated by allowing a 10 % variation in the simulated ionisation
fraction and temperature when calculating the sound speeds). Equation 4.3 follows
from the mass and momentum equations, and is thus not affected by details regarding
to ionisation and radiation.

The compression ratio, in the strong shock limit (which applies in our experiment),
is given by po/p1 = (y+1)/(y—1). If we now take the compression value as 5.3, from
the experiment, we estimate, from the ideal jump condition, an effective v ~ 1.467):55.

Instead if we calculate the adiabatic exponent, taken from the relation of the
energy, density and pressure in the ideal case (58), we have v = 1+ p/pe = 1.4 where
€ is the internal energy, and values are taken from the simulation. This ratio agrees
with the value of v taken from the experiment. Ionisation of the material at the shock
front thus causes a greater densification of the material. The presence of a spike in
the simulated electron temperature at the shock front (~ 2590um in figure 4.25 at 50
ns) suggests the presence of radiative effects (58). Following the analysis by Keiter

et al. (117) in determining whether the effects of radiation are important!, in our

IThis result comes about by requiring that the flux of ionising radiation from the shock front
must exceed the incoming material flux to be able to form a radiative precursor. By equating the
temperature to the shock velocity we can determine the minimum shock velocity for this requirement
to be fulfilled.
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4.9. Comparison to Astrophysics

system the flow and shock velocity must equal or exceed 83 km/s. It follows, from

the experimental and simulated numbers, that we are just in this regime.

Characteristic quantity Astro Lab
Length 10% m 1.5x107* m
Incoming Flow Density 1078 g/ecm®  0.03 g/cm?
Initial Flow Velocity 1,000 km/s 200 km/s
Post Shock Temperature 10,000 eV 28 eV
Cooling time (7.) Is 3.8 x 1077 s
Reynolds number 106 2.2 x 10°
Radiation number (Thin) 10-1¢ 2.3
Mach Number >10 8

UR 1,000 km/s 57 km/s
up 0.5 km/s 0.55 km/s
Shock Height (hs) ~1,300 km 200 pm

Table 4.1:  Comparison of physical properties, and characteristic values (defined in
(1)), between our experiment and the astrophysical case of a magnetic cataclysmicic
variable star system, taken from (91).

4.9 Comparison to Astrophysics

In the astrophysical case, the stand-off position of the shock front with respect to the
surface of the white dwarf is given by (118; 119)

U1 Te

h’S% Y
4

(4.5)

where u; is the incoming flow velocity to the shock front, and 7. is the cooling time

(31). This is true for Bremsstrahlung-dominated cooling, with radiative losses given
in the form of a cooling function (120). As we can see from the optical streak image
in Fig. 4.16, the reverse shock in the experiment appears to maintain a steady
distance hs; ~ 200 um from the obstacle between 40 ns < ¢ < 55 ns. This value is
consistent with the prediction of Eq. 4.5, and it corresponds to a stand-off distance
of 1,300 km for the magnetic cataclysmic variable system, which is the typical spatial
extension as predicted by theory. In the astrophysical case this is mediated by the
radiative losses against the incoming mass flux, and hence radiative effects are very
important. However in the laboratory the radiative and material energy fluxes are
of similar magnitude. Nevertheless this provides an important laboratory platform

to investigate the physics of the accretion column near the white dwarf photosphere
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4.10. Summary

which is not currently accessible by observational techniques. A similar experiment
to the one described here could be performed at LMJ or NIF to increase the radiative
nature of the reverse shock, by increasing the incoming flow velocity by ~2.5x, and

comprehensively test how radiative losses affect the stand-off distance.

4.10 Summary

In this chapter the background, design and results of a laboratory astrophysics ex-
periment have been described. The binary star system involving a highly magnetised
white dwarf pulling material off its partner star was introduced, and the concept
of creating a laboratory analogue was shown. Design of the experiment, guided by
the astrophysical case and previous work, was discussed, and optical, X-ray diag-
nostics and target design were outlined. The experimental results were shown, from
which measurements of flow velocity, density and fluid morphology were extracted.
Self-consistency between diagnostics was shown, as well as good agreement between
experiment and simulation, and experimental and theory. The experiment was de-
signed to test theories of accretion, the differences of which are not able to be resolved
via telescope, and results showed the expected stationary shock, where the shock dis-
tance from the impact surface matched that expected when scaled to the astrophysical
case. This suggests that loss terms, in the form of radiation and ionisation, are of
importance in the dynamics, which lends itself to future experiments at larger lasers
facilities, to further confirm these effects. Work in this chapter is contained in an

article submitted to Nature Communications.
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CHAPTER

Density Fluctuations in the Highly
Radiative Case

“Nature uses only the longest threads to weave her patterns, so each small
piece of her fabric reveals the organisation of the entire tapestry.”

— Richard Feynman

ERIVATION of the dynamic structure factor, an important parameter
linking experimental and theoretical work in dense plasmas, is possible
starting from hydrodynamic equations. In this chapter we discuss the inclusion of
radiative effects by modifying the starting equations and a new form of the dynamic
structure factor including radiative terms is derived. Such terms are shown to have
an effect on the structure factor at temperatures greater than a few tens of eV, which

suggests that its effect must be taken into consideration in such regimes.

5.1 Background Motivation

The warm dense matter [WDM] regime — characterised by strongly correlated ions,
and degenerate electrons in a dense plasma state (42) — is found in astrophysical
environments such as the core of Jovian planets (121), in white dwarves, and in the
crust of neutron stars (122). Simulation and modelling of the dynamical behavior of
WDM states, however, remains difficult, though there have been advances stemming
from the availability of accurate laboratory data using high intensity lasers and pulsed
power facilities (15; 51; 123), as well as newer computational approaches that allow
density functional theory techniques to directly simulate the dynamics of thermal

density fluctuations (124). In more practical terms, the understanding of the density
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5.2. Dynamic Structure Factor

fluctuations in WDM regimes also plays an important role in the quest for inertial
fusion energy (125).

The fundamental thermodynamic quantity that describes the space and time de-
pendent behavior of WDM is the dynamic structure factor [DSF], which is also pro-
portional to the X-ray scattering cross section (41), and thus it can be measured
experimentally.

The comparison between the experimental and calculated DSF provides an im-
portant tool for the validation of theoretical models, toward a comprehensive under-

standing of these systems (126).

5.2 Dynamic Structure Factor

The Dynamic Structure Factor [DSF|, S(k,w), is formally defined as (42):

Sk, w) = ﬁ/ew%p(k,t)p(—kzﬁ»dt, (5.1)

which gives the response of a material to density fluctuations p(k,t) of wavevector
k, frequency w, where N is the total number of particles, and (---) represents an
ensemble (or thermal) average.

Experimentally the scattered X-ray spectrum from a material is related to the

dynamic structure factor by (41):

PQT(Q)dQ

(e

Ps(R,w)dddw NdS(k,w)dw (5.2)

where Pgs is the scattered power, at a detector position R, from N electrons into a

frequency interval, dw, and solid angle, df2, F, is the incident X-ray power, r( is the
classical electron radius, and A the area of plasma irradiated by X-rays.

This direct relation between the theoretically derived structure factor and exper-
imentally measured X-ray spectrum allows for experimental validation of theories, or

extraction of plasma properties from experimental results.

5.2.1 Hydrodynamic Regime

The case corresponding to hydrodynamic fluctuations is an important one. By hydro-
dynamic we consider ourselves in the regime where the spatial and temporal scales of
the fluctuations are much larger than the mean particle separation and the mean time

between collisions, respectively. This implies £ — 0, w — 0. However, in practice,
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5.3. General Equations for an Optically Thick Fluid

for hydrodynamics to be applicable, both the wavenumber and the frequency do not
need to be negligibly small as long as the detailed kinetic behavior of the system can
be ignored (127). The hydrodynamic description of density fluctuations is important
because it can be solved analytically (40; 128). Indeed, the analytical results for the
DSF in a dense viscous plasma are in very good agreement with molecular dynamics
simulations (129). Thus we can use hydrodynamics as a starting point to then derive
the DSF. As the dynamics of a system is fully described by such a density correlation
function, we can use the hydrodynamic understanding to interpret fluid systems from

the DSF.

5.2.2 Beyond Hydrodynamics

On the other hand, there are several astrophysical and laboratory conditions where
viscous hydrodynamics (i.e., the Navier-Stokes equation) may not be sufficient to
capture all the relevant physical processes. This include, for example, the presence
of dynamically strong magnetic fields, radiation transport as well as quantum effects
(1; 63). The Orion experiment in the previous chapter also gives an example of such
a phenomenon.

These other terms, as shown in chapter 3, can still be written in the same general
form compatible with fluid dynamics, modifying the hydrodynamic equations. As
the DSF' can be derived from hydrodynamics, we can also investigate the inclusion
of radiative effects on the DSF by changing the starting equations from those of
hydrodynamics, to those of radiative hydrodynamics. Thus we can use the general
framework of equations shown in chapter 3, considering only viscous and radiative
terms, and apply the same procedure to analytically derive a modified form of the
DSF for both optically thick and optically thin plasmas. We will show that, under
certain conditions, radiation transport can induce significant changes in the dynamical
response of the medium. This is particularly important since numerical calculations
(either based on molecular dynamics or density functional theory) of the DSF in
strongly radiating plasmas are not yet possible, due to very demanding computational
effort.

5.3 General Equations for an Optically Thick Fluid

The equations for the conservation of mass, momentum and energy, as given in chapter

3, (1), but considering only viscous and radiative terms for an optically thick fluid
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5.3. General Equations for an Optically Thick Fluid

(that is, a fluid where the mean free path of radiation is less than the spatial extent

of the plasma) are given, respectively, by:

dp
% +V.-pu=0, (5.3a)

p <% +u- Vu) =—-Vp+V-0,+ frad, (5.3b)

Oe 8ER
p(a%—u-Ve)—l—W——p-VU—de-u

~V-[Fr+(pr+Eg)-ul+V-0, - u—V-q,
(5.3¢)

where p is the mass density, ¢ is time, u the fluid velocity, p the pressure, o, the
stress tensor, f,..q the radiation force on matter, € the internal energy, g the heat flux,
ERr the energy density of the radiation field, F'r the radiative energy flux, and pg is
the radiation pressure. If radiation transport is considered in the diffusive limit, the

above quantities can be written as:
1607
3KRP
_ Er 40T
Pr = 3 - 3c )
where o is the Stefan Boltzmann constant, T" the temperature, ¢ is the adiabatic sound

vT

_va = frad; FR = -

speed, kg is the Rosseland opacity, given the form kp = rpp®T® (1). Substituting
these relations into 5.3, after some simplification (see Appendix B for details), we
obtain:

2

) 2
P (8_1; +u- V'u,) = — <@V p+ @aTOpVT>
g 8

4
+mqvw+va%uﬂ+mvmruy~£vw,@5@

DT y—-1 0 (40T*
pC’V(E—l— T V’ll,)‘f—a( - >

1607 1607
_ v () sv (B gy
3¢ 3KRP

4oT?
—uV-( 7 )—i—V-O',,-u—V-q (5.5b)

C
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5.4. Fluctuations

where v is the adiabatic index, 7, » are the first and second coefficients of dynamic vis-
cosity, C'y the heat capacity at constant volume, ar the coefficient of thermal expan-
sion, and we use D/Dt as the material derivative, defined as D/Dt = (9/0t +u - V).

5.4 Fluctuations

We now proceed by linearising the above equations. We assume the system is at
equilibrium at a density pg, temperature Ty and velocity uwg = 0. Small perturbations

from the equilibrium are written as:
5p:p_ﬂ07 5T:T—T07 6“’:“’7

which then allows us to rewrite 5.3a as:

dpo  Dop _
E—}-W—FV%M}U)—FV-QP&U/) = 0.

As we consider the fluctuations to be small we disregard fluctuation terms of order

greater than one. Thus,

)

Similarly we can write the momentum and energy equations respectively as:

ou c?
Poay = —7—0 (Vép + aropoVoT) +mi, [Viu+V (V- u)] + 172,V (V - u)
0
3
18915 G s (5.6m)
300

160T; > 0 < Ko 160Tg ) 2}
00 L) 2o + V2| 6T
[(Copocvo ot o pocvo  3kroCvopd
Yo — 1 1601y )
=-V- u + . (b.6c
( Qo 3copoCvo (5.6¢)

We have defined the equilibrium Rosseland opacity to be of the form rpy = KppdT¢.
Other terms with subscript 0 are calculated using the equilibrium values only, such as
aro and Cyg. As obtaining these equations require a significant amount of algebraic
manipulation further detail is given in Appendix B.

To solve equations 5.6 we take the space (Fourier) and time (Laplace) transform,

. 00 +oo )
dxk(s) :/ dte“/ d*re® " §a(r,t)
0

—00
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5.4. Fluctuations

where z stands for p, T or v, the tilde indicates the transformed property, and s =
€ + iw is the complex Laplace variable. Following the method discussed in (130), we
define our independent variables as p, ™ = pyu and g = podT. This gives us the

following equations:

sop(s) + ik - 5™ (s) = 6px(0) (5.7a)

~ 2.~ . [ cEa 16073 . .
(5 + b3 + Dikipu(s) + ik (T4 PV ) = 50) (57
Yo Yo 3copo

160713 160713 N
|:( 0 +1>S+k2 (70X0+3—0)1gk(8)

copoCvo HR/%CVO
o (-1 160Ty > M ( 1601y )
+ ik + . s) = +1 0). (5.7c
( arg 3copoCio I (5) copoCvo 9:(0)- (5.7c)

where v, = (21, + 12,) /po is the longitudinal viscosity, and yo = ko/poCpo is the
thermal diffusivity (Cpg is the heat capacity at constant pressure). These equations
can be solved for dp,(s) (see the Appendix for details). Since terms involving cross-
correlation of p and 7, or g, vanish, as they are all independent variables, the density-

density correlation function is given by 5.8:

(01 (0)dpy(s))
(003(0)0px(0))
C2Oé —
(5 + vgk?) (As + Xyk?) + k2 (S92 + 167, ) (2252 + 07T )
s [(s + 1, k2) (As + Xppk?) + k2 (ng‘—om + 16TTh> (76‘3;01 + 165Tv’gT°ﬂ + (‘307’;)2 (As 4+ Xppk?)
(5.8)
where S(k) = (dp;(0)dpk(0)) is the static structure factor. Here we have defined:
160T} T3
Azl—l— 600; TTh:GO
copoCvo 3copo
160T¢
Xy — _ 7770
Th = YoXo t 3eropiCro
The dynamic structure factor is then obtained by taking the limit
k £(0)0py(s = e+
S(k) =0 (0p;(0)0pk(0))
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5.5. General Equations for an Optically Thin Fluid

This can be separated into partial fractions which have a similar form to the pure

hydrodynamic case (as seen below in equation (5.16b)) — in the limit of small k —

which gives the dynamic structure factor over the static structure factor:

Sthw) _|,_1 (Ac0k>2 260 X k>
Yo CQ (XThk2)2 + w2

1 (Acok>2 [ k2 . [ k>
w ) {wep o ()] w0

where we have defined:

2k'2 167 hT o 16TTh<’}/0 — 1) 256T2 TO
C2=C°—( ~1 +A+$>+k2( RV );
Q Y0 (% ) Cvo Qo Cvo
(o = ok 1 _ Xrn (£ — &0) + ve k?
¢ Y0 0622’ f 2 .

5.5 General Equations for an Optically Thin Fluid

We follow the same general form as previously, but now for an optically thin fluid
(that is, a fluid where the mean free path of radiation is far greater than the spatial

extent of the plasma) (1). The equations are:

dp B
E—FV',O’U/—O, (512&)
ou
p(E—FUqu) =-Vp+V.0o,, (5.12Db)
Oe
p a—iru«Ve =—pV-u+V- -0, u—V-q—L,, (5.12¢)

where radiative losses are treated as a cooling function, L,, using the following
parametrization:

Ly~ p/-fpaT4,
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5.5. General Equations for an Optically Thin Fluid

where kp is the Planck mean opacity (which we give the form xp = kpp®T?(1)).

We now proceed by linearising the above equations. We assume the system is at
equilibrium with small perturbations from the equilibrium written as for the optically
thick case (6p = p — po, 6T =T — Tp, du = u):

aop

- . = 1
5 + V- (pou) =0, (5.13a)

a 2
Poa—’l: = —fy—o (V- 6p+ aropoVoT)+m, [Vu+ V (V- u)]4+m5,V (V-u), (5.13b)
0
O _ Ko g, (b+4)”P°p°aT31 o7+ 01y
ot CVOpO CVO 0 aro
_ RO {pOTg +(a+ D)Tp|, (5.13¢)
PoCvo

where we have also defined the equilibrium Planck opacity to be of the form xpy =
kppdTY similarly to the optically thick case.
Taking our independent variables as p, 3™ = pou and g = pydT’, and Laplace and

Fourier transforming equation (5.13) gives:

sop(s) + ik - 3M(s) = 6pi(0) (5.14a)
(s + viok*) g  (s) + %k [fpk(s) +aroge(s)| = gi (0) (5.14b)

—1 . -
s+ voxok® + (b + 4)%0T§’] gk(s)—i—% ik-gly(s)+%(a+1)aTéépk(s) = gx(0),
%) aTo Vo
(5.14c)

As for the optically thick case, we can solve these equations to get 5~pk(s) (for more
detail on the procedure see Appendix B) and then construct the correlation function
((5p2(0)(5~,0k(s)), as in equation (5.15).

The dynamic structure factor is then obtained by taking the limit as defined above
in equation (5.10). Unlike in the optically thick and hydrodynamic cases, this form

of the DSF cannot be separated into partial fractions.
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5.6. Discussion

5.6 Discussion

It is helpful to compare these results to the pure hydrodynamic case. Equations (5.16)
show the raw result of the correlation function, and the further form of the dynamic
structure factor when split into partial fractions respectively, for the hydrodynamic
case. The form in equation (5.16b) is useful to understand the importance of each
term in the form of the structure factor — where yok? sets the width of the central,
Rayleigh, peak; I'k? the width of the side, ion acoustic, peaks; and the position
of these peaks is given by the dispersion relation, +cyk — however the derivation
depends on ignoring terms in k greater than order 2 in equation (5.16a), i.e. in the
hydrodynamic limit of £ — 0. As has been discussed, this need not be the case for
the validity to hold, and so beyond small k it is correct to instead use the form in
equation (5.16a), using equation (5.10) to determine the structure factor. The form
of this expression is not so concise, but there is significant deviation between the two

forms when leaving the pure hydrodynamic limit.

(6501 (0)0pi(s)) _ (5 + 10k?) (5 + ox0k?) + 27 3
(001(0)0px(0)) [(s + v, k2) (s + Yoxok?) + Vg—glcgkﬁ] - ci—’j (5 + 70x0k?)
(5.16a)
Sk,w) v —1 2xk? 1 [ k2 N k>
S(k) Yo w?+ (xok2)? 0 LTE2)? + (w4 cok)® (T2 + (w — cok)®
(5.16b)

Comparing the form of equation (5.11), optically thick, and equation (5.16b),
hydrodynamic, we can see similarities, and where the radiation terms have modified
the expression. If the radiative effects are large enough, we would expect the structure
factor to change in the width of its central and side peaks, as well as the side peak
positions, when compared to the purely hydrodynamic case. We might also expect a
difference in the peak widths for the optically thin case, 5.15, though this is harder to
see as the expression cannot be separated into fractions, even in the hydrodynamic
limit, as the modifications to the denominator no longer allow for it to be factorised.

In figure 5.1 we can see the result of modifying the structure factor with radiation
terms, plasma parameters are given in table 5.1. The graph shows the dynamic

structure factor for a dense, aluminium plasma. Many properties are calculated from
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5.6. Discussion

Parameter Value
Atomic Number A 13

Mass Density p 7.0 g/cc
Temperature T 5-75 eV
Plasma Frequency Wp 0.15 fs71
Wavenumber k 2.1 x 1019 m~!
Adiabatic Index v 1.79
Coloumb Logarithm A 10
Thermal Diffusivity [m?/s] Xin  3.3x 1077 %
Kinematic Viscosity [m?/s] ve 3.3x107? AIZ/jZi/Z
Planck Mean Opacity [m?/kg] kp 6.01 x 107487 —242

Rosseland Mean Opacity [m?/kg | kg 1.04 x 107p0487—248

Table 5.1: List of plasma parameters used in generating figure 5.1. The thermal
diffusivity, kinematic viscosity and opacity expressions are taken from (76), (52) and
(35) respectively.

relevant expressions within (1), such as the thermal diffusivity, viscosity and opacities.
Ionisation state was taken from the PrOpacEos tables (105). The lines have all been
scaled to the hydrodynamic case such that the peak of the hydrodynamic line has
a value of 1.0. As expected, at low temperatures there is no effect on the shape of
the structure factor. As we increase the temperature, the DSF including radiation
increases in intensity, but the width thins compared to the hydrodynamic case. This
is more pronounced as we go to higher temperatures. This effect can be related to
the T dependence of the radiative terms: being too small at low temperature to
have a significant effect. The radiation here is acting as a heat bath, reducing the
thermal fluctuations of the plasma, and thus sharpening the peaks. The opacity acts
as a coupling parameter, and so explains why this effect is more pronounced in the
optically thick case. There is also a slight modification of the side peak position (on
the order of 0.01 fs~! at 25 eV), as we increase in temperature. Assuming the same
conditions, but for an optically thin plasma, produces a DSF that is essentially the

same as the one we have calculated for ideal hydrodynamics.
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5.7. Conclusion

The modification of the expression for the dynamic structure factor by radiation
terms seems to have a modest, but present, effect. A measure of the relative impor-
tance of radiative energy flux to material energy flux is given by the Thick Radiation
number derived in chapter 3, (1) (a similar number for the thin system is also appli-
cable). When this shows that radiation is an important fraction of the energy, then
there is likely to be a change in the shape of the structure factor (At temperatures
greater than 10 eV, an estimate of this number is below 1 indicating that radiative

effects, at least in terms of flux, become important).

5.7 Conclusion

Inclusion of radiative terms within the fluid dynamic equations leads to addition
terms in the DSF following derivation from generalised hydrodynamics. As expected,
at low temperature, the DSF agrees in the hydrodynamic and radiative forms, with
differences occurring as the temperature increases. Further work on this could look
into the feasibility of performing an experiment to check for the appearance of such
modifications to the DSF.

5.8 Summary

In this chapter we have derived, from the relevant radiation hydrodynamic equations,
the form of the dynamic structure factor in the presence of an optically thin or thick
fluid. Inclusion of radiation terms was shown to have a modest, but noticeable,
effect on the form of the dynamic structure factor in the optically thick case at
higher temperatures, and a small effect at high temperatures and low densities in
the optically thin case. In cases when radiation is expected to play a significant part
in the fluid dynamics, which can be estimated by relevant ratios, calculation of the

dynamic structure factor will have to take into account radiative terms.
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CHAPTER

Conclusions and Further Work

“Don’t cry because it’s over. Smile because it happened.”

— Dr Seuss

HE work detailed in this thesis has primarily been interested in the modification
Tof hydrodynamic equations beyond ideal conditions, and the application of this
in laboratory experiments with the ultimate aim of furthering our understanding of
astrophysics. As we probe further into plasma physics, into more extreme cases of
high-energy-density matter, simple hydrodynamics, or even ideal MHD, equations
are not sufficient to be able to describe the dynamics. The case of the inertial fusion
campaign at NIF, and elsewhere, has shown many results that cannot be explained
without introduction of further physics into the problem (33). Many cosmic events
occur in regimes where radiation or magnetic field dominate over hydrodynamic ef-
fects. For example in ideal MHD there is no source term for magnetic field, so it is
important to consider this when trying to answer some of the big questions of the
field, such as from where the magnetic field in the ISM comes (21).

As well as correctly writing out terms of importance within our equations of
motion, it is necessary to show that they can be written in a form that does not depend
on the scale. This is a requirement for showing that lab based experiments are of
relevance to astrophysics. As many cosmic events occur over long time scales, happen
infrequently, or occur in environments that are not visible to telescopes, laboratory
experiments are a valuable addition to observation and simulation.

Chapter 3 therefore defined a series of fluid equations that take into account many
non-ideal effects. Magnetic effects were included beyond the ideal case, taking into
account the effects of finite resistivity, baroclinic generation and advection of the field.

Radiative effects in the form of radiation pressure, radiative flux, and volume forces
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of radiation on matter are included in the appropriate forms for an optically thin, or
thick, fluid. Heat conduction, viscosity and, for the first time, quantum effects were
also included.

These more complete forms of the fluid equations were then modified by dimen-
sional analysis in order to make them scale invariant. This process created modifi-
cations to the non-ideal terms in the form of characteristic ratios which are of use
in defining the flow and showing the effects that dominate the dynamics. They are
also of importance when determining similarity between laboratory experiments and
astrophysical phenomena, requiring either matching of the values or being sufficiently
large such that the equations determining the motion have the same form.

Our derivation shows a simple conceptual form from which well known ratios,
such as the Reynolds number, are derived, but it also introduced ratios relating to
the effect of radiation in optically thin and thick environments, and quantum effects.
The radiation numbers differ from others derived by taking into account the mean
free path in relation to the characteristic spacial extent of the system. Quantum
effects are included in the form of a potential and an example is given to show that
their effect can be seen in a wider range of cases than may otherwise be thought.

Chapter 3 concludes with the practical application of the derived ratios applied to
recent experiments. The ability to quickly determine the similarity is shown, as well
as the current difficulty in matching phenomena with strong radiative components.

Chapter 4 describes the motivation, preparation, analysis and discussion of a labo-
ratory astrophysics experiment performed at the Orion laser facility. The experiment
concerned a laboratory analogue of a magnetic cataclysmic variable system, where
material from a late, main sequence star is pulled onto a highly magnetised white
dwarf. The strong magnetic field of the white dwarf diverts the incoming plasma
away from a normal accretion disc, and instead directs the material onto the poles
of the star, in an accretion column. Different accretion modes have been put for-
ward, in order to explain ratios of hard and soft X-ray emission from the systems,
but telescopes are not able to resolve such small features to discriminate the source
of emission.

Using the results of the previous chapter, it was possible to design an experiment
to test aspects of these theories. Thus preparation for the experiment was discussed
in the form of simulation and target design, of which the salient features were the
incoming plasma flow, confinement by magnetic field, and impact onto the white
dwarf surface. A laboratory analogue was created using a laser-produced plasma,

collimated by a plastic tube, which impacted onto an obstacle.
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6.1. Further Work

Optical and X-ray diagnostics were used in order to extract velocity and density
measurements respectively. Well resolved, and reproducible, results are shown, which
were consistent with simulation. Theoretical analysis also showed the importance of
ionisation in increasing compression of the shocked material beyond the ideal case.
Threshold analysis also places the experiment in the regime where radiative effects are
beginning to become important, confirmed by the value of the thin radiation number.

A comparison to astrophysics was made, with agreement to predicted shock height
above the impact region being seen. While the material and radiative energy fluxes
are approaching the same magnitude in the laboratory, in the astrophysical case
radiation effects dominated. Further work is thus needed to confirm that the shock
height is caused by radiative loss. Nevertheless this chapter details the advancement
of a platform to study the accretion column regime in MCVs.

Finally, in chapter 5, the effect of radiation on a plasma in thermal equilibrium
was investigated theoretically. By addition of radiation terms to the fluid equations,
following the formalism introduced in chapter 3, the dynamic structure factor was
derived, and modification away from the pure hydrodynamic case was seen. The effect
of radiation appeared to act as a cooling function, reducing thermal fluctuations and

narrowing the width of ion acoustic peaks.

6.1 Further Work

Purely from an experimental viewpoint, there is much that can be further investigated
in relation to laboratory analogues of accretion columns. In one recent experiment at
LULI, the role of collimation was performed by a magnetic field from a pulsed power
coil, instead of a tube, otherwise the experiment followed the same general set up as
the Orion experiment, detailed in Chapter 4. The magnetic field is created by passing
a very high current through a wire coil in a short space of time. The field establishes
itself and is quasi-static over a timescale of microseconds, far longer than the timescale
of the experiment. To get to sufficiently high fields to show collimation, however,
requires that the dimensions of the coil are small, and that the target is placed in
the centre to avoid field edge effects. The magnetic field is parallel to the plasma
flow, as in the astrophysical case, and so acts only to collimate the flow, rather than
changing the dynamics within it. This has practical benefits for radiography, as only
the experimental plasma is present, but also more closely simulates the astrophysical

environment.
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6.1. Further Work

As figure 6.1 shows, we see a definite collimation of the incoming plasma when
the field is present. Due to experimental complications, we were unable to see the
reverse shock feature in this experimental run. Further work can thus expand upon
use of the magnetic field as collimation, and try to recreate the images seen in the
Orion experiment. The MIFED coils at the Omega Laser facility would also enable an
experiment like this to occur, but with the advantage of a much larger laser system,
thus allowing faster flow velocities, which would lead to better similarity between the

laboratory experiment and astrophysics.

Figure 6.1: Figure showing radiographs at 60 ns delay of plasma flow with, right, and
without, left, a 10 T magnetic field. The laser is fired on the right of the images, and
the plasma flows from right to left, with the very dark region on the left hand side
being the obstacle. We can see a marked difference in the shape of the plasma jet,
with more collimation with a magnetic field present.

The fact that the radiative energy flux dominates over the mass flux is of great
importance in MCV star systems. Energy lost through radiation flux counters the
incoming material energy flux and is thought to cause a stationary shock to form in
the accretion column. In the Orion experiment we showed a stationary shock, and
showed radiation was beginning to have an effect, but further work can be performed
to increase the radiative nature of the shock. Using a laser system such as NIF or
LMJ would allow us to drive the target harder, leading to a greater incoming flow
velocity and higher post-shock temperature. This should cause radiative energy flux
to dominate over material energy flux, and thus cause a stationary shock. If this
agrees with predicted shock heights then it would further validate this theory, and
thus be of use in understanding the astrophysical case.

From a theoretical point of view, there are many more terms that could be included
when considering the full equations, for example, we only include two extra from the

modified Ohm’s Law defined by Haines (70), though there are many more. Using the
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6.2. Final Remarks

formalism in chapter 3 it would be simple to add these and derive ratios, if further
work entered a regime where they became important. When considering the DSF we
have assumed a stationary plasma, instead we could consider cases where we have
a dense radiating plasma flow, more similar to the experimental case of chapter 4.
The theory also has the opportunity to be expanded in the case were fluctuations in
the properties are not small or not in equilibrium. Experimental validation of the
difference in XRTS signal when in a regime where radiation is important compared

to the hydrodynamic case would also be of use.

6.2 Final Remarks

The aim throughout this thesis has been to understand astrophysics through the
design of laboratory experiments. Particularly we have focussed on cases where radi-
ation plays a large part in the overall dynamics. This was introduced theoretically by
showing how this modifies the hydrodynamic equations, along with other non-ideal
terms, and also the by its effect on the dynamic structure factor. Experimentally
we showed an attempt to simulate, in the laboratory, an astrophysical system where
radiation is expected to play a key role in the system’s evolution.

As touched upon at the end of chapter 3, and in the result of chapter 4, performing
experiments beyond the ideal case, especially with radiation, is challenging. However,
we should take heart from the progress that has been made in the field since its
conception, which in itself is young. Even for the case of our experiment we show
significant improvement over the previous experimental attempt, and we begin to see
the effect of radiation, and draw closer to similarity with the astrophysical case. Work
is already ongoing to build and improve upon this. As experimental facilities improve,
and more theoretical work is undertaken, we continue to open up new possibilities for
lab-based experiments with greater similarity to the astrophysical case.

All of this work helps further our understanding but also makes clear one point:
that there is still much research to be done in the realm of laboratory astrophysics to

understand plasma physics and the universe!
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APPENDIX A

Derivation of Dimensionless Full
Magneto-Quantum-Radiative
Hydrodynamic Equations

The derivation of the dimensionless form of the momentum and energy equations (in

the radiative thick regime) is outlined here in detail.

A.1 Momentum Equation

Considering each term separately, we have:
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If we divide through by the common term poug/{y, we obtain equation (3.15).
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A.2. Energy Equation

A.2 Energy Equation

Considering again each term separately as we have done for the momentum equation:
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The factor poug/ly has been isolated from each term. If we divide through by this,
we then obtain equation (3.21).
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A.3. Full Equations

A.3 Full Equations

Here we give a full summary of all the dimensionless equation of magneto-quantum-

resistive hydrodynamics:

A.3.1 Continuity Equation
ap*
ot*
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A.3.2 Induction Equation
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A.3.3 Momentum Equation
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A.3. Full Equations

A.3.4 Energy Equation
A.3.4.1 Optically Thick
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APPENDIX

Derivation of Structure Factor

The Appendix outlines the procedure for calculating the dynamic structure factor
starting from the hydrodynamic equations using the example of the radiation hydro-
dynamic equations suitable for an optically thin fluid. The procedure itself is general:
by substituting in the correct form of the momentum and energy equations for an

optically thick fluid the dynamic structure factor can be calculated.

B.1 Momentum Equation

Starting from equation 5.12b we write the equation with the explicit form of the stress

tensor:

0
p(a_?J““'V“) =—Vp+m [Vu+V(V-u)]+mpV(V-u), (B.1)

where p is the mass density, ¢ the time, w the velocity, p the pressure and n; are the

first and second coefficients of viscosity. We now use the thermodynamic relations:
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where T is the temperature, Cy the heat capacity at constant volume, Cp is the heat

capacity at constant pressure, S is the entropy, c is the adiabatic sound speed, v is
the adiabatic index, and ar is the coefficient of thermal expansion.
We now replace these terms in equation B.1 to give:
2 2
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B.2. Energy Equation

Linearising with dp = p — po, 6T = T — T, du = u, and only keeping terms to

first order in the fluctuations, gives equation 5.13b.

B.2 Energy Equation

Starting from equation 5.12¢ we use the thermodynamic relations:

[ Oe Oe de\ p de\
= () (), ()5 (%),77

(where € is the internal energy per unit mass, S the entropy) and the continuity
equation (5.12a) to give:
dS
pIr— =V -0, u—V-q—/{.
dt
Next we explicitly write out the form of the heat flux, g, and define the entropy

in terms of p and T"
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where k is the thermal conductivity coefficient.
Substituting these into the above equation, and making use of the continuity

equation again, gives:
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Linearising with dp = p — po, 017 =T — 1), du = u, and only keeping terms to

first order in the fluctuations gives equation 5.13c.

B.3 SolvinNg for Transformed Fluctuation in Den-
sity (0p.(s))

We can solve 5.14 for 6p,(s). Following Cramer’s Rule we write:

= [N (, 5)]
J = —1C
)= ar(r )
where we define the matrices N(k,s) and M(k,s) from 5.14 as (with independent

variables p, M = pyu and g = pydT):
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B.3. Solving for Transformed Fluctuation in Density ((fpk(s))

where vy, is the kinematic viscosity, xo = ko/poCpo is the thermal diffusivity.
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