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Abstract

This thesis presents a detailed study of magnetic reconnection in a quasi-two-dimensional
pulsed-power driven laboratory experiment. These experiments were performed at the
1.4 MA, 240 ns rise time MAGPIE facility at Imperial College London. Initial experiments
are presented which demonstrate the viability of carbon as a wire material, and the use
of exploding wire arrays as a platform for laboratory astrophysics. In the reconnection
experiments, two exploding carbon wire arrays are placed side-by-side and driven in par-
allel by the MAGPIE current pulse. The carbon wires become plasma, creating super-sonic,
sub-Alfvénic flows which advect anti-parallel magnetic fields towards the mid-plane be-
tween the two arrays, where the fields mutually annihilate inside a thin current sheet. A
suite of temporally and spatially resolved diagnostics are used to study the reconnection
process, including optical fast-framing, laser interferometry, Faraday Rotation imaging
and Thomson Scattering. These detailed measurements allow the structure and dynam-
ics of the reconnection layer to be determined, along with the nature of the inflows and
outflows and the detailed energy partition during the reconnection process. The layer is
unstable, exhibiting the repeated formation and ejection of plasmoids which have an as-
sociated magnetic structure measured by magnetic probes. The number and growth rate
of these plasmoids agrees well with the predictions of semi-collisional tearing instabil-
ity theory, and represent the first experimental observation of plasmoids in this regime.
High electron and ion temperatures are observed, far in excess of what can be attributed
to classical (Spitzer–Braginskii) resistivity or viscosity. Some possible anomalous heat-
ing mechanisms are discussed, including kinetic turbulence, and the plasmoid instability.
Preliminary measurements of the out-of-plane velocity and magnetic field are presented
along with the outlook for future experiments.
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1 Introduction

Most of the visible Universe is plasma, a mixture of electrically charged particles which
exist in a vast range of densities and temperatures, from the ultra-tenuous and cold inter-
galactic medium, to the dense thermo-nuclear maelstrom at the centre of a collapsing
supernova. Throughout the cosmos, these plasmas are threaded by magnetic fields, which
have a profound effect on their evolution and dynamics. A few ubiquitous processes occur
in almost all plasmas, and one of the most important is magnetic reconnection.

Magnetic reconnection is the process by which magnetic field lines break and reform,
change their topology and release their stored magnetic energy by energising the plasma.
As reconnection converts magnetic energy to particle energy, it is one of the most fun-
damental of all plasma processes. Some of the most dramatic events in the Universe are
caused by reconnection, such as the eruption of solar flares on the surface of the sun, or
the acceleration of particles in the Earth’s magnetosphere, leading to the Aurora.

Strong magnetic fields are often used to confine the plasma in fusion devices such as
tokamaks. However, these plasmas have exhibited a remarkable tendency to break free
from their magnetic cage through processes such as the sawtooth crash, which are be-
lieved to be caused by reconnection.

Despite over sixty years of work on magnetic reconnection, there are still a range of key
unsolved problems. In a recent review, Zweibel and Yamada [Zweibel, 2016], defined four
of the most important problems as:

• The rate problem: how fast does reconnection occur?

• The trigger problem: why does reconnection happen explosively?

• The energetics problem: how is the energy repartitioned during reconnection?

• The interplay of scales problem: how do microscopic and global processes interact?

In recent years there has been a dramatic improvement in our understanding of recon-
nection, thanks to the interplay between advanced theories, measurements by satellites,
more powerful super-computers and dedicated reconnection experiments.

Theoretical advances have included the addition of kinetic effects into fluid models, to
account for the separate motion of the electrons and ions, and the realisation that the clas-
sic reconnection layer is often highly unstable. This latter result, the outcome of a careful
analysis of the growth of the tearing instability, suggests that in some cases a reconnection
layer may never even form, and instead will break up into a chain of magnetic islands,
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known as plasmoids. Searching for these plasmoids is now a major endeavour for simu-
lations and experiments, as they may prove essential in answering the rate and the trigger
problems posed above.

MagnetopauseBow
shock

Solar
wind

Magnetosheath

Night

Side

Day
Side

a) b)

Figure 1.1: a) A solar flare eruption from August 31st 2012, imaged by NASA’s SDO probe.
Picture credit: NASA’s Goddard Space Flight Center. b)The solar wind comes in from the left
(day) side of the figure, and interacts with the Earth’s magnetosphere, forming a bow shock
and then a reconnection layer (highlighted in red) on the day side. These reconnected fields
lines are swept back behind the Earth, and forced together again on the night side, forming
another reconnection layer inside the magnetotail (highlighted in red). After [Hughes, 1995].

Magnetic reconnection has been studied in detail in our solar system using satellites
which periodically pass through reconnection regions as they orbit Earth. The magnetic
fields involved in these reconnection processes are generated by dynamos, either inside
the Sun or inside the liquid metal cores of planets such as Earth. Magnetic reconnection
allows solar flares (line-tied arcs of plasma) to break free from the solar surface, resulting
in the release of a large body of plasma and magnetic fields known as a Coronal Mass
Ejection (CME), which moves away from the sun, out into the solar system (Fig. 1.1a). If a
CME interacts with the magnetic field of a planet, reconnection can occur at two locations
(Fig. 1.1b) — firstly when the solar wind collides with the day side (closest to the sun),
and secondly on the night side when the previously reconnected magnetic field lines are
forced together again. Charged particles, accelerated by the reconnection process, stream
down the field lines and collide with the upper atmosphere above the poles, causing the
neutral gas to radiate in optical wavelengths. Hence, in order to explain the Aurora we
must invoke magnetic reconnection three times — once for solar flare eruption, and then
twice on the day and night side of the magnetosphere.

In the last twenty years there have been a number of reconnection experiments in a vari-
ety of physical regimes. Magnetically driven devices such as MRX provide information on
reconnection in tenuous, long-lasting plasmas in the collisionless regime of reconnection
relevant for space physics. Significant progress has been made on MRX in understanding
the energy partition and the role of two-fluid effects in changing the reconnection rate.
Laser driven experiments have pushed reconnection into the high energy density (HED)
regime, with strongly driven flows in which thin ribbons of magnetic flux are rapidly re-
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connected. Here, the magnetic flux piles up outside the reconnection layer, resulting in
very fast reconnection rates.

Despite these detailed experiments, there are still vast regions of parameter space in
which reconnection is known to be important, but for which there have been no experi-
mental studies. One example is the solar convection zone, a dense and highly collisional
environment where magnetic fields are generated by large convective motions and de-
stroyed by reconnection [Ryutov, 2015]. This zone is deep inside the Sun, at around 0.1
solar radii, and so it cannot be studied directly.

Understanding reconnection in such difficult to observe environments requires exper-
iments which can access these regimes, and this thesis offers an important insight into
magnetic reconnection through a new, high-energy-density, pulsed-power-driven experi-
ment.

1.1 Theoretical Models of Magnetic Reconnection

Early attempts to understand magnetic reconnection began with the study of solar flares,
and it was quickly realised that the theories proposed were inadequate to explain the rate
at which reconnection occurred. In almost every case in which magnetic reconnection has
been observed, it has occurred faster than can be explained by theory, and so there has
been a focus on explaining this so-called ‘fast’ reconnection.

Initially, reconnection theories were based on magneto-hydrodynamics (MHD), a fluid
theory which treats the ions and electrons as a single fluid which moves in response to
external magnetic fields, or fields generated by the current flowing through the plasma.
Most of the plasma can be treated using ideal MHD, in which magnetic field lines move
with the plasma (the ‘frozen in’ condition) and are never broken. If oppositely directed
field lines are brought into contact by the motions of the plasma, then an intense current
sheet forms between them. This current sheet provides a sufficiently large component of
the electric field to break ideal MHD and hence the frozen-in condition. Inside the current
sheet resistive MHD must be used, which allows the magnetic field lines to be broken
and reconnected, and the magnetic energy to be dissipated by Ohmic heating due to the
intense currents sheet. This current sheet is often referred to as the reconnection layer, and
the thickness of this layer is a key length scale in theories of reconnection.

One of the earliest theories of reconnection was the Sweet-Parker model [Parker, 1957;
Sweet, 1958], which can be derived using the conservation of mass and pressure balance
in steady state resistive MHD. Consider a reconnection layer with a half width δ and a
half length L, with an inflow velocity Vin and an outflow velocity Vout, as shown in Fig.
1.2.

The plasma flowing out of the reconnection layer (the outflow) is accelerated by the
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Figure 1.2: The geometry of the Sweet-Parker model. Two flux tubes (blue circles) are moving
towards each other at a velocity Vin, creating a reconnection layer (orange, width: 2δ, length:
2L) between them, which expels plasma at Vout. After [Uzdensky, 2000].

field line tension to the Alfvén velocity

VA =
B√
2µ0ρ

, (1.1)

where ρ is the mass density. The conservation of mass flowing into and out of the layer
demands that:

ρVinL = ρVAδ (1.2)

In steady state, the induction equation becomes:

∇× E = −∂B
∂t

= 0 (1.3)

By integrating this equation, the out-of-plane, or ‘reconnecting’ electric field E0 is found
to be constant across the reconnection layer. Ohm’s law in resistive MHD is:

E + V× B = ηJ, (1.4)

where η is the Spitzer-Braginskii resistivity, which is derived from the Coulomb collisions
between the electrons and ions in the plasma [Braginskii, 1965]. Outside the layer, the
electric current is very small and ideal MHD is applicable. Here, the reconnecting electric
field E0 is provided by convective term, E0 = VinB0, which goes to zero inside the recon-
nection layer as the magnetic field is annihilated. Inside the layer the current is large, and
the reconnecting electric field is supported by the resistive term, E0 = η J. Balancing these
two expressions for E0 gives

VinB0 = η J (1.5)

The electric current is related to the magnetic field through another of Maxwell’s equa-
tions,

∇× B = µ0J (1.6)

and the magnetic field drops from B0 to zero inside the reconnection layer, thickness δ,
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which implies that J ∼ B0/(µ0δ) and hence:

Vin =
η

µ0δ
(1.7)

Using this equation along with the mass conservation argument in eqn. 1.2 implies that:

Vin

VA
=

δ

L
= S−1/2 (1.8)

where
S =

µ0LVA

η
(1.9)

is the Lundquist number, an important dimensionless quantity which is also the ratio of
the Alfvén crossing time scale to the resistive diffusion time scale. The Lundquist number
can be extremely large in astrophysical and space plasmas, which are large and have very
low collisionality. In the solar corona, the Lundquist number is around S = 107− 1012 [Ya-
mada, 2010], in the solar wind and the magnetosphere it is around S = 106− 108 [Ni, 2015]
and in astrophysical situations it can be as large as S = 1018 [Uzdensky, 2011a]. In con-
trast, dedicated reconnection experiments can reach at most S = 104 [Yamada, 1997], and
tokamaks can reach around S = 105 [Stanier, 2013]. Lundquist numbers in computer sim-
ulations are limited by the numerical resistivity, which depends on the resolution. A high
resolution implies a number of cells and hence a long overall run time, and as such high
Lundquist numbers of S = 107 have only been simulated in two-dimensional geometries
[Loureiro, 2012].

The reconnection rate is defined as Vin/VA, the rate at which magnetic flux is brought
to the layer and destroyed, normalised to the Alfvén velocity. The rate predicted by the
Sweet-Parker model in eqn. 1.8 is almost always far lower than the observed rate — using
standard values for a solar flare, the predicted eruption time is on the order of months,
rather than the few hours or even tens of minutes which is observed.

2L

2L*

Slow
shocks

Figure 1.3: Geometry for the Petschek model. A series of slow shocks redirect the inflow such
that only a small amount of the plasma actually passes through the short reconnection layer,
length 2L∗.

To provide a mechanism for fast reconnection, Petschek proposed a series of slow-mode
standing shocks downstream of the reconnection layer [Petschek, 1964]. These shocks
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redirect the flow, and most of the incoming fluid does not pass through the short recon-
nection layer, length 2L∗ (see Fig. 1.3). A series of these slow shocks can increase the
reconnection rate to π/8 ln S, much faster than the Sweet-Parker model. The origin of
these shocks was unclear, and they have not been observed in simulations [Uzdensky,
2000] or in experiment [Yamada, 2006]. The longevity of the Petschek model is in part due
to it offering a very fast reconnection rate, and although has been mostly superseded by
more recent theoretical work, it is still sometimes invoked [Sonnerup, 2016].

In collisionless plasmas, such as in the Earth’s magnetosphere, resistive MHD does not
fully capture the physics involved in reconnection. This is due to the reduced rate of
collisions between the electrons and ions, which means that the detailed nature of the dis-
tribution functions and the difference in the motions of the two species needs to be taken
into account [Sonnerup, 1988]. These effects are often added into MHD through a series
of extra terms in Ohm’s law, called the ‘two-fluid’ terms, and they are most pronounced
on length scales comparable to the ion skin-depth (or ion inertial length). Each term cor-
responds to effects such as ion and electron inertia, anisotropic electron pressure and the
‘Hall’ term, which accounts for the electrons and ions moving independently. It is an
empirical observation from experiments and simulations that when two-fluid effects are
important, the reconnection rate is fast (Vin/VA ∼ 0.1) and independent of the Lundquist
number [Yamada, 2010].

In experiments with collisionless reconnection, it has been sometimes been observed
that the resistivity must be significantly larger than the Spitzer-Braginskii value [Carter,
2001; Ji, 2004]. This is thought to be due to kinetic turbulence, which excites strong
waves from which the particles can scatter, giving an enhanced collisionality and hence an
anomalously high resistivity [Biskamp, 2000]. Kinetic turbulence comes in many forms,
such as the ion-acoustic instability (IAI) and the lower-hybrid drift instability (LHDI), but
a common condition for the presence of these instabilities is for the electron drift veloc-
ity to exceed the velocity of some mode in the plasma, such as the ion acoustic velocity.
Surprisingly, this criteria also implies that the current sheet should have a width on the
order of the ion skin depth, exactly the criteria for the presence of two-fluid effects [Ya-
mada, 2006], and hence there appears to be a deep link between anomalous resistivity and
two-fluid effects.

Another mechanism to produce fast reconnection rates is the break up of the recon-
nection layer into a hierarchy of smaller, thinner layers through the tearing instability.
Plasmoids, O-points in the magnetic field profile, have been observed in space plasmas
[Zong, 2004], but until recently there was no satisfactory theory to link their formation to
the tearing instability. In a highly idealised MHD model of the current sheet, [Loureiro,
2007] showed that the tearing instability should produce copious numbers of plasmoids
on short time-scales, comparable to the Alfvén time. A large number of papers on plas-
moids have been published in the last decade, including work on plasmoid statistics [Uz-
densky, 2010], two-fluid effects [Baalrud, 2011; Huang, 2011], high Lundquist numbers
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[Samtaney, 2009; Loureiro, 2012], coupling to the Kelvin-Helmholtz instability [Fermo,
2012; Huang, 2015], effects of plasma β [Ni, 2012; Baty, 2014], three dimensional effects
[Baalrud, 2012], hyper-resistivity [Huang, 2013] and asymmetric reconnection [Murphy,
2013]. A review of recent progress in plasmoid theory is given by [Loureiro, 2015].

X-point Secondary
Current Sheet

PlasmoidO-point Ejected
Plasmoid

Figure 1.4: Flux contours for a reconnection layer subject to the plasmoid instability. The
primary current sheet breaks up into secondary current sheets (‘X-points’) separated by plas-
moids (‘O-points’) which move backwards and forwards along the layer, accumulating recon-
nected flux from the outflows of the secondary current sheets. Eventually, the plasmoid is
eject out of the primary current sheet.

To briefly summarise, the plasmoid or tearing instability replaces the standard Sweet-
Parker current sheet with several current sheets, all of which in turn can be unstable to the
plasmoid instability [Shibata, 2001]. Each current sheet is separated by a plasmoid, which
can move backwards and forwards along the reconnection layer, merging with other plas-
moids and growing larger as the secondary current sheets exhaust reconnected magnetic
flux and plasma into them (see Fig. 1.4). The reconnection rate is dramatically enhanced
by the presence of multiple, thinner reconnection layers, because they provide an efficient
mechanism for the annihilation of magnetic flux [Loureiro, 2012]. Once a plasmoid has
reached a width on the order of the layer width, it is termed a ‘monster’ plasmoid, and it
is violently ejected out of the layer at super-Alfvénic speeds, carrying with it a bundle of
reconnected magnetic flux [Uzdensky, 2010]. As such, the reconnection rate is no longer
a constant, as reconnection becomes bursty and erratic, and the time averaged reconnec-
tion rate is not dependent on the Lundquist number [Loureiro, 2012]. This allows for very
high reconnection rates even in astrophysical plasmas where the Lundquist number can
be extremely large, and hence the classic Sweet-Parker rate would be very low.

An important feature of all theories of the plasmoid instability is they are asymptotic
theories. A solution far from the reconnection layer is matched to a solution inside the
reconnection layer by an asymptotic expansion, which relies on very small parameters.
These theories predict the number and growth rate of the plasmoids as functions of the
Lundquist number and other dimensionless parameters, in systems with a very large sep-
aration of length scales. This means that it is not straightforward to apply these predic-
tions directly to experiments and simulations, in which the boundaries are far closer than
required by asymptotic analysis.

One critical prediction for plasmoids in the resistive MHD (or collisional) regime, is
the existence of a critical Lundquist number, SC = 104, below which plasmoids are not
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expected to form. This criterion comes from the requirement that there is a large separa-
tion in spatial scales [Biskamp, 1986], and has been empirically observed in simulations.
This implies plasmoids only occur in high Lundquist number plasmas, which are com-
mon in astrophysical and space scenarios, but difficult to produce in the laboratory, or
in computer simulations. However, recent theoretical progress has implied that in the
semi-collisional regime, where two-fluid effects begin to be important, this criterion is ab-
sent, and instead plasmoids should be observed even at the modest Lundquist numbers
achievable in laboratory experiments [Loureiro, 2015]. Validating this prediction would
imply that plasmoids are more universal than previously thought, and would provide a
significant step forwards to addressing the rate problem posed above.

1.2 Experimental Observations of Magnetic Reconnection

There are numerous reconnection experiments in the literature, some in dedicated facil-
ities, and some as part of the diagnosis of another plasma, such as the sawtooth crash
in tokamaks [Yamada, 1994]. Broadly, these experiments can be separated into two
types — magnetically-driven and laser-driven, and a review of a number of dedicated
magnetically-driven reconnection experiments can be found in [Yamada, 2010].

In magnetically driven experiments, such as the Magnetic Reconnection eXperiment
(MRX), a large vacuum vessel is filled with a working gas, and a rapidly changing mag-
netic field is applied [Yamada, 1997]. This induces a large electric field, and the gas breaks
down to form a plasma. The magnetic field is frozen into the plasma, and the chang-
ing flux through the drive coils forces anti-parallel field lines together. Reconnection oc-
curs in a toroidally symmetric annulus, and hence the reconnection layer is quasi-two-
dimensional (see Fig. 1.5). The magnetic pressure is much larger than the thermal and
ram pressures, and so the magnetic field dominates the dynamics of the reconnection
layer. There is significant reconnection heating of the electrons and ions inside the current
sheet, and fast outflows are observed from the layer.

Reconnection in MRX is diagnosed with a mix of magnetic probes, Langmuir probes to
infer density and electron temperature and ion Doppler spectroscopy to measure the ion
temperature. Perturbations from the presence of these probes in the plasma have been
estimated to be less than 5% [Yamada, 1997]. Notable results in MRX and similar de-
vices include the observation of high ion heating [Hsu, 2001], high-frequency fluctuations
[Carter, 2001; Ji, 2004], two-fluid effects [Ren, 2005; Yamada, 2006], three dimensional ef-
fects [Dorfman, 2014], bulk ion acceleration [Yoo, 2014], determining the energy partition
[Yamada, 2015; Yamada, 2014] and, recently, the observation of plasmoids [JaraAlmonte,
2016; Olson, 2016]. Magnetic probe measurements of Sweet-Parker type current sheet
in MRX are shown in Fig. 1.6. These experiments have shown that interplay between
simulations, theory and experiments is important for understanding reconnection — one
example is the development of a generalised Sweet-Parker model [Ji, 1999], which takes
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Figure 1.5: Schematic of the Magnetic Reconnection Experiment, showing the toroidal filed
(TF) and poloidal field (PF) coils used to drive reconnection, and the cylindrically symmetric
geometry around the z axis. Reprinted with permission from J. Jara-Almonte et al. “Labora-
tory Observation of Resistive Electron Tearing in a Two-Fluid Reconnecting Current Sheet”.
In: Physical Review Letters 117 (2016), p. 095001. DOI: 10.1103/PhysRevLett.117.095001,
copyright 2016 by the American Physical Society.

into account the pressure downstream of the reconnection layer, as well as the compress-
ibility of the plasma. This generalised Sweet-Parker model is discussed, with different
boundary conditions, in §6.2 of this thesis.

Figure 1.6: Results from magnetic probes on MRX, showing a Sweet-Parker type current sheet:
a) Poloidal flux contours. b) Poloidal field vectors. c) Reconnecting field profile. d) Inferred
current profile. Reprinted with permission from H. Ji et al. “Magnetic reconnection with
Sweet-Parker characteristics in two-dimensional laboratory plasmas”. In: Physics of Plasmas
6.5 (1999), p. 1743. DOI: 10.1063/1.873432, copyright 1999 AIP Publishing.

An important feature of MRX-type experiments is the ability to sustain the current sheet
in a quasi-steady-state regime through the continued injection of magnetic flux into the
reconnection layer. In contrast, recent laser-driven experiments have demonstrated the
rapid and transient reconnection of a thin ribbon of magnetic flux between two expand-
ing bubbles. In these experiments, the ram and thermal pressures inside the bubbles is

http://dx.doi.org/10.1103/PhysRevLett.117.095001
http://dx.doi.org/10.1063/1.873432
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much larger than the magnetic pressure, and so the magnetic field is advected as a pas-
sive quantity. The reconnection is strongly driven, and not all of the flux can immediately
be annihilated, causing a pile-up of magnetic field outside the reconnection layer.

The development of high-powered lasers has lead to a growing interest in high-energy-
density laboratory astrophysics [Remington, 1999; Remington, 2005; Remington, 2006], in
which dimensionless scaling techniques are used to study astrophysical objects in the lab-
oratory [Ryutov, 2000; Ryutov, 2001]. Reconnection is believed to take place in a variety
of extreme astrophysical environments [Uzdensky, 2011a], and laser-driven experiments
offer a potential pathway towards producing scaled analogues of these events in the lab-
oratory.
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Figure 1.7: Schematic of laser-driven magnetic reconnection. a) Magnetic fields generated by
the Biermann battery, adjacent bubbles expand and collide. Reprinted with permission from
P. M. Nilson et al. “Magnetic reconnection and plasma dynamics in two-beam laser-solid in-
teractions”. In: Physical Review Letters 97 (2006), p. 255001. DOI: 10.1103/PhysRevLett.
97.255001, copyright 2006 by the American Physical Society. b) Magnetic fields generated by
external coils, inside a background plasma before the bubbles are formed. Reprinted with per-
mission from G. Fiksel et al. “Magnetic Reconnection between Colliding Magnetized Laser-
Produced Plasma Plumes”. In: Physical Review Letters 113 (2014), p. 105003. DOI: 10.1103/
PhysRevLett.113.105003, copyright 2014 by the American Physical Society.

Two methods have been used to produce magnetic reconnection in laser-driven ex-
periments (see Fig. 1.7). Initially, a toroidal magnetic field was created around a laser-
produced bubble by the Biermann battery effect [Nilson, 2006]. Two lasers are focused
at two adjacent locations on the same solid target, producing two bubbles with toroidal
fields (Fig. 1.7a). These bubbles rapidly expand into the vacuum and collide. When they
do so, the thin ribbon of magnetic flux on the outside of the bubbles is transiently recon-
nected. A range of experiments have been reported in this configuration, including work
on using four bubbles [Li, 2007], jet formation [Nilson, 2008; Rosenberg, 2015b], diagnos-
ing the magnetic fields using proton radiography [Willingale, 2010], modelling solar flares
[Zhong, 2010], temperature measurements with Thomson scattering [Rosenberg, 2012],
energetic electron generation [Dong, 2012], bubble collisions with parallel magnetic fields
[Rosenberg, 2015a] and asymmetric reconnection [Rosenberg, 2015c].

http://dx.doi.org/10.1103/PhysRevLett.97.255001
http://dx.doi.org/10.1103/PhysRevLett.97.255001
http://dx.doi.org/10.1103/PhysRevLett.113.105003
http://dx.doi.org/10.1103/PhysRevLett.113.105003
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More recently control over the strength of the reconnecting magnetic field was obtained
using external magnetic field coils (Fig. 1.7b). A background plasma is produced by ablat-
ing a plume of material into the gap between two planar targets which face each other —
without this background plasma, reconnection does not occur [Fiksel, 2014]. The plasma
is magnetised by the external coils, and then lasers are focused onto the two targets. The
bubbles expand into the background plasma, sweeping up the embedded magnetic field
which is annihilated when the bubbles collide and reconnection occurs at the mid-plane.

Figure 1.8: Proton radiography data from laser driven reconnection experiments. The thin
ribbon of intense magnetic field surrounding each bubble causes the dark region seen in all
of the images. The white region between the bubbles in images b), c) and d) is interpreted
to be an absence of magnetic field, caused by annihilation inside a current sheet. Reprinted
with permission from M. J. Rosenberg et al. “Slowing of magnetic teconnection concurrent
with weakening plasma inflows and increasing collisionality in strongly driven laser-plasma
experiments”. In: Physical Review Letters 114 (2015), p. 205004. DOI: 10.1103/PhysRevLett.
114.205004, copyright 2015 by the American Physical Society.

These laser-driven experiments are an exciting step along the path towards laboratory
analogues for some of the most energetic and violent processes in the universe. By ex-
tending observations of reconnection into the strongly driven regime these experiments
provide an insight into the diverse range of plasmas in which reconnection can occur. The
reconnection in these experiments is transient, and all of the magnetic flux is annihilated
in less than one flow crossing time, so it is challenging to define a reconnection rate for
comparison with theory. Proton radiography is used to show the annihilation of mag-
netic flux in the layer which forms (see Fig. 1.8), but the interpretation of these images
is complicated and the results often need to be compared with synthetic diagnostics from
simulations [Fiksel, 2014]. The flow kinetic energy is much larger than the magnetic en-
ergy in the flows, and so the heating during the collision of the two bubbles is dominated
by thermalisation in shocks, rather than by reconnection [Rosenberg, 2012]. This makes it
difficult to address the problem of energy partition in these experiments.

In this thesis, an intense pulse of electrical current drives the formation of plasma flows
from initially solid carbon wires, and a magnetic field is embedded into the flows as they
are accelerated to super-sonic speeds. Oppositely directed flows collide, and when they
do so the embedded magnetic fields are anti-parallel, and are annihilated within a thin,
elongated current sheet. As the flows are intrinsically magnetised by the plasma creation
process, the reconnection layer which forms is long lasting, sustained by the continuous

http://dx.doi.org/10.1103/PhysRevLett.114.205004
http://dx.doi.org/10.1103/PhysRevLett.114.205004
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injection of plasma and magnetic flux for the duration of the experiment.

Table 1.1: Summary of plasma conditions in MRX-type, laser-driven and pulsed-power ex-
periments. βth = 2µ0kBni(Z̄Te + Ti)/B2 is the ratio of the thermal to the magnetic pressure,
and βdyn = 2µ0miniV2/B2 is the ratio of the kinetic to the magnetic pressure.

Experiment βth βdyn Time scale

MRX � 1 � 1 30 µs

Laser � 1 � 1 1 ns

Pulsed-power ∼ 1 ∼ 1 100 ns

Combined with the open geometry and excellent diagnostic access in these experiments,
the long life time of the layer allows a suite of non-perturbative, laser-based diagnostics to
make detailed measurements of the key plasma parameters. These measurements show
that the magnetic, kinetic and thermal pressures in the inflowing plasma are all approx-
imately equal, in contrast to both the MRX-type and laser-driven experiments discussed
above (see Table 1.1 for comparisons between these experiments). This regime has not
previously been studied by experiments, and has significant relevance to a variety of as-
trophysical plasmas, in which the various energy components are often in equipartition (a
condition roughly equivalent to βth ∼ βdyn ∼ 1). These experiments are especially rele-
vant to the understanding of reconnection in the solar convective zone, where the plasma
is hot, dense, and highly collisional, and in which plasmoids are expected to play an im-
portant role [Ryutov, 2015].

In addition to demonstrating magnetic reconnection in a previously unexplored re-
gion of parameter space, this thesis presents several other important results. These in-
clude the observation of very fast inflows (Vin ∼ VA) and outflows (Vout � VA), which
can be explained using a generalised Sweet-Parker model which includes compressibility
and the downstream pressure. Inside the reconnection layer anomalously high electron
and ion temperatures were observed, too high for classical heating mechanisms based on
Coulomb collisions, which suggests the presence of an enhanced heating mechanism. The
layer was highly unstable, with the formation of dense regions which have associated
magnetic O-point structures. These observations are consistent with the predictions for
plasmoids in the semi-collisionless regime, and these plasmoids could play a role in the
anomalous heating of the electrons and ions. These plasmoids have formed at a Lundquist
number significantly lower than SC = 104, and, to the best of my knowledge, represent
the first observation of plasmoids in the semi-collisionless regime.

1.3 Outline of Thesis

This thesis describes magnetic reconnection experiments carried out on the MAGPIE

pulsed-power generator at Imperial College London.
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Chapter 2 discusses the MAGPIE generator (§2.1) and the diagnostics used in this thesis,
including magnetic probes, optical and XUV fast-framing of the self-emission (§2.2.2),
laser interferometry (§2.2.4), Thomson scattering (§2.2.6) and Faraday Rotation imaging
(§2.2.5). This chapter includes a discussion of the potentially powerful technique of using
Thomson scattering to measure magnetic fields (§2.2.6).

Chapter 3 discusses the initial experiments which were carried out to demonstrate the
viability of a new experimental platform based on double exploding carbon wire arrays.
First, carbon wire were shown to ablate evenly in an imploding wire array (§3.2), demon-
strating that carbon wires are a suitable material for other wire array experiments. Sec-
ondly, double exploding wire arrays with aluminium (§3.4) were shown to have even
current division between the two arrays, and produce a dense, hot layer at the mid-plane
between the arrays.

Chapter 4 presents an overview of these experiments, using data from an optical fast-
framing camera to examine the dynamics of the experiments (§4.2) and laser-interferometry
to probe the electron density (§4.3).

Chapter 5 shows detailed measurements of the inflowing plasma and the reconnection
layer, made using Thomson scattering (§5.1) and Faraday rotation imaging (§5.2). These
diagnostics reveal fast flows out of the reconnection layer, and significant heating inside
the layer. Magnetic probes show that the reconnected field is very small, and that density
perturbations in the layer have an associated magnetic structure (§5.3)

These results are discussed and interpreted in Chapter 6, with a comparison of the re-
sults to theories including the Harris sheet (§6.1), the generalised Sweet-Parker model
(§6.2), classical heating rates (§6.4) and the predictions of semi-collisional plasmoid the-
ory (§6.6).

The conclusions are presented in Chapter 7, along with three preliminary experiments
aimed at answering the open questions of Chapter 6, and finishes with an outlook on
future work.

1.4 Author’s Contribution

The experiments in this thesis were carried out on the MAGPIE pulsed-power generator at
Imperial College London. The MAGPIE team consists of post-graduate students and post-
doctoral researchers, who work together to maintain the pulsed-power systems and the
various diagnostics. The load hardware used in most of these experiments was based off
a design by Lee Suttle [Suttle, 2016], which I modified to use carbon wires, and I designed
the hardware for the imploding carbon wire arrays and the rotated double exploding wire
arrays. I have helped design and maintain the diagnostics used in these experiments, es-
pecially the Faraday Rotation imaging diagnostic. During my PhD I contributed signifi-
cantly to the maintenance and repair of the MAGPIE generator, and I have been involved
in the majority of other experimental campaigns since beginning my studies in Septem-
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ber 2013. In particular, I was heavily involved in the double exploding aluminium wire
array experiments published in [Suttle, 2016]. This thesis, however, focuses primarily on
experiments with double exploding carbon wire arrays.

I carried out the analysis of the experimental data using several custom developed com-
puter programs. The interferograms were traced manually, or used the code developed
by Jiming Ma to automatically trace them for use in MAGIC, an interpolation code devel-
oped by George Swadling [Swadling, 2013]. The Thomson scattering analysis code and
the automated image registration of the Faraday data were written by me.

Theoretical support was provided by Nuno Loureiro and Andrea Ciardi, and prelimi-
nary simulations were carried out by Archis Jonglekar and Alec Thomas at the University
of Michigan, and Catalina Garcia and Jeremy Chittenden at Imperial College London.
The results in this thesis have been presented at several international conferences, such as
APS DPP in 2014 (New Orleans, LA), 2015 (Savannah, GA) and 2016 (San Jose, CA) and
HEDLA 2016 (Palo Alto, CA), as well as the HEDSA 2015 summer school (San Diego, CA)
and the MECMATPLA 2017 Winter School (Montgenévre, France). A paper describing
the key results presented in this thesis has been published in PRL [Hare, 2017].



2 The MAGPIE Pulsed Power Generator and
Diagnostics

The MAGPIE pulsed power generator is a versatile experimental platform which com-
presses electrical energy in time and space. The footprint of the generator is about the
same as a Tesco Express, and time taken to store the energy for an experiment is a few
minutes. This energy is then unleashed as an electrical current pulse into a load region
a few centimetres across in only a few hundred nanoseconds [Mitchell, 1996]. Originally
constructed in 1989-1993, the MAGPIE generator was designed to drive the radiative col-
lapse of a thin cryogenic hydrogen fibre, with the ultimate goal of achieving thermonu-
clear fusion. Although this project was unsuccessful, MAGPIE is remarkably versatile due
to the high impedance of the generator, which allows it to drive exploding or imploding
loads which have a rapidly changing inductance. Today, MAGPIE is used in a variety of
laboratory astrophysics and basic plasma physics experiments. A range of diagnostics
has been developed to study the plasmas generated when a 1.4 MA electric current passes
through solid targets.

The first section of this chapter focuses on the MAGPIE generator, and how it produces
an intense current pulse, which is used to generate plasmas for the experiments described
in the rest of this thesis. The second section of this chapter discusses the diagnostics used
on MAGPIE, starting with simple current and voltage probes, then self-emission diagnos-
tics which provide qualitative information about the plasmas and then onto the quanti-
tative diagnostics such as laser interferometry, Faraday rotation and Thomson scattering.
In particular, there is an extended discussion about the subtleties of Thomson scattering
measurements in anisotropic plasmas, where finite aperture effects must be taken into
account.

2.1 The MAGPIE Generator

The MAGPIE generator consists of four Marx banks attached to four pulse forming lines.
The pulse forming lines connect in parallel to a vertical transmission line, which tapers
to become the magnetically insulated transmission line before emerging inside the load
vacuum chamber. A cartoon of the generator is shown in Fig. 2.1. In this section the
generator is described in the same order as it operates — storage of charge in the Marx
banks, erection of the Marx banks, discharge to the pulse forming lines, the closing of the
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Figure 2.1: a) Top view of the MAGPIE pulsed power generator, showing the four Marx banks,
the four pulse forming lines and the vertical transmission line and load vacuum chamber.
b) Side view of the MAGPIE generator, showing one Marx bank, one pulse forming line, the
vertical transmission line and a section of the magnetically insulated transmission line (MITL)
with the load vacuum chamber.
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Figure 2.2: a) Charging schematic for Marx Bank. Only eight of the twenty four capacitors are
shown. b) Schematic for erect Marx bank. c) Schematic of SF6 gas closing switch.

trigatron switches and the charging of the vertical transmission line, the operation of the
tapered magnetically insulating transmission line and finally the vacuum load chamber.

2.1.1 Marx banks

The four Marx banks are designed to store electrical energy during the slow charging
phase, and then rapidly discharge it into the pulse forming lines. During this process, the
charging voltage is multiplied so that a large current can be provided despite the high
generator impedance. The Marx banks are identical and are based on the American Her-
mes Mk III design. Each Marx bank consists of 24 identical 1.3 µF capacitors connected
by twelve SF6 filled gas switches. The entire assembly is submerged in transformer oil to
prevent electrical breakdown. The capacitors are charged in parallel through a series of
copper sulphate filled charging resistors. Half of the capacitors are charged to negative
polarity, and the other half to positive polarity, and the outside of each capacitor remains
grounded by copper sulphate filled resistors (Fig. 2.2a). The gas switches connect capac-
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itors of opposite polarity, and the switches remain open during charging. Each switch
consists of two hemispherical electrodes and a mid-plane with a central hole (Fig. 2.2c).
On the first five switches this mid-plane can be biased, which shifts the equipotential sur-
faces, allowing the SF6 to break-down, closing the switch and connecting capacitors of
opposite polarity. The Marx bank ‘erects’ as the capacitors change from being connected
in parallel to being connected in series, and the voltage at the output end dramatically
increases (Fig. 2.2b). The erection occurs in the following sequence:

1. The first five gas closing switches are triggered, causing the gas to breakdown and
connect the inside of two opposite polarity capacitors.

2. The outside of the first capacitor is tied to ground, and the inside is charged to neg-
ative polarity. Therefore, there is a drop in potential of -V between the outer and the
inner.

3. The insides of the first two capacitors are now connected, so they must both be at -V
with respect to the outside of the first capacitor, which is at ground.

4. The outside of the second capacitor was at 0V, and the inside was at +V, a drop of -V
between the inside and the outside. The inside is now at -V, so the outside must be
at -2V with respect to ground.

5. The outsides of the second and third capacitors are tied together, so the outside of
the third capacitor is at -2V. The inside was -V lower than the outside before erection,
and so it is therefore now at -3V.

6. Following this logic through the chain of capacitors, the outside of the Nth capacitor
is -NV (for even N).

The initial charging voltage for the capacitors is±65 kV, and after the switches have closed
the final capacitor is at 24×−65 kV=−1.6 MV with respect to the ground.

The gas switches are triggered by the output of a smaller ‘trigger Marx’ bank, which
triggers switches in all four Marx banks simultaneously. The trigger Marx is triggered
by a pulsed electron beam. The pulsed electron beam is triggered by a 200 V signal from
a trigger box. The trigger box is triggered by a human operator pressing a button. The
triggering of the human operator is a complex issue outside the scope of this thesis.

2.1.2 Pulse forming lines

As the Marx banks erect, they charge the four pulse forming lines (PFLs) to 2V, where
V<0 is the voltage across the vertical transmission line (Fig. 2.3a). The PFLs compress
the current pulse in time, and deliver it to the vertical transmission line at the opposite
end from the Marx bank when the trigatron switch is closed. The PFLs are 3 m long, 1 m
outer diameter coaxial transmission lines filled with deionised water and sealed at each
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Figure 2.3: a) PFL fully charged to 2V (V <0), with the trigatron switch open and the VTL at 0
V. b) Trigatron switch closes, launching a forward propagating wave of V into the impedance
matched VTL and a back propagating wave of −V. c) The back propagating wave reflects
off the mismatched Marx bank, and becomes a forward propagating waves of −V. This sets
the pulse length of the +V pulse moving into the VTL. d) The trigatron switch, showing the
trigger pin inside the electrode.

end by a nylon membrane. Deionised water is used to provide the required impedance
of 5 Ω within a realistic geometry, and due to its high breakdown strength on short time
scales. When the trigatron switches are triggered and close, the PFLs are connected to
the uncharged vertical transmission line (VTL) which is at 0 V. The VTL is impedance
matched to the four PFLs in parallel, and so a wave of +V is launched into the VTL (Fig
2.3b). At the same time, a back propagating wave of −V travels back along the PFL,
reducing the voltage to V. This backwards wave reflects off the unmatched Marx bank
and returns towards the VTL, taking a double transit-time which sets the pulse length at
240 ns (Fig. 2.3c).

The trigatron switches consist of two electrodes. One electrode is hollow, and is coaxial
with a triggering pin (Fig. 2.3d). The gas fill pressure is chosen such that the switch
will not close until the triggering pin is biased. The triggering pin is biased by a 30 kV
supplied by a capacitor and a triggered gas fill switch. The triggering of this smaller gas
filled switch is similar to the description of the trigger Marx above. One or more of the
trigatron switches frequently self break during a shot on MAGPIE. This leads to a spread in
the time the PFLs discharge into the VTL, changing the shape and intensity of the current
pulse. Under careful analysis this can be a useful tool for studying the effects of pulse
shaping on experimental results, but it does limit the reproducibility of the current pulse.

2.1.3 Vertical transmission line

The vertical transmission line (VTL) is the junction between the four PFLs. The VTL is
filled with deionised water and has an impedance of 1.25 Ω such that it is matched to the
four 5 Ω PFLs in parallel. The VTL does not serve any function in compressing the pulse in
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Figure 2.4: a) Cross section of the axisymmetric VTL/MITL. The direction of the azimuthal
magnetic field around the tapering inner conductor is shown. b) Detailed cross section show-
ing a the electric current path simple load (a radial foil) and the electron trajectory (dashed
line) in the MITL region, demonstrating how magnetic insulation functions.

space or in time — the VTL’s main function is to transmit the pulse far enough away from
the PFLs for the magnetically insulated transmission line to see a uniform wave-front
At the top of the VTL is a vacuum-water interface which connects to the magnetically
insulated transmission line. This consists of a diode stack with metal rings and angled
plastic spacing disks which capacitively divides the voltage over each ring and prevents
breakdown (Fig. 2.4a).

2.1.4 Magnetically insulated transmission line

The magnetically insulated transmission line (MITL) is a tapering section that compresses
the pulse in space, focusing the electric current into a small volume where the intensity
is sufficient to ohmically heat material to the plasma state. To achieve this compression,
the inner and outer conductors of the VTl must be brought close together. This would
normally be problematic — there is a large potential between the two coaxial conductors,
which could cause electrical breakdown even in good vacuum. Fortunately, the large cur-
rent passing through the MITL generates a large azimuthal magnetic field. If an electron
is liberated from the surface by the large electric field, the magnetic field returns it to the
same surface before it can reach across the anode-cathode gap (Fig. 2.4b). This insulation
becomes stronger as the diameter of the inner conductor decreases as the magnetic fields
due to the current fall of as 1/r. After the current peak, the magnetic field decreases and
the magnetic insulation fails as the current approaches zero, causing the MITL to break
down.

2.1.5 Load chamber

The current pulse is delivered to the vacuum chamber through a coaxial anode/cathode
arrangement (Fig. 2.4b). The load is whatever current supporting structure which con-
nects the anode to the cathode. Usually the load consists of solid material such as thin
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wires or foils, which will be quickly converted to plasma by Ohmic heating from the cur-
rent pulse.

2.1.6 Dump gaps

Once the current pulse has passes through the load, it must return to ground. To avoid
the reflected pulse damaging the Marx banks, each bank has gas filled switch (the ’dump
gap’) attached to the output line and impedance matched to the PFLs using large copper
sulphate filled resistors. The gas pressure is adjusted such that the switch closes around
the same time as the trigatron switch is triggered at the far end of the PFL. In practice the
correct gas pressure is difficult to judge, and damage from the reflected current pulse to
the Marx banks significantly contributes to the maintenance time on MAGPIE. A possible
upgrade to MAGPIE would be triggered dump gaps. These may allow this damage to
be mitigated by ensuring the reflected pulse always sees an impedance matched path to
ground through the closed dump gap.

2.2 Diagnostics

Experiments on MAGPIE can use a wide variety of diagnostics in order to understand the
state of the plasma. The load vacuum chamber is a 16 sided polygon, with configurable
walls that allow probing at a range of heights. Additionally, the vacuum chamber lid fea-
tures multiple vacuum ports for probing from above, and so experiments can be probed
from a wide range of angles. The duration of MAGPIE experiments is long enough for
the inexpensive digitisation of time dependent voltage signals, but too short for multi-
ple diagnostic pulses from a single laser. Unlike experiments with tenuous plasmas, the
extreme conditions in MAGPIE make it difficult to field perturbative probes such as Lang-
muir probes, and so laser-based diagnostics are used to extract quantitative, spatially and
temporally resolved information on the plasma density, temperature, flow velocity and
magnetic field.

This section begins by discussing the voltage and current probes which diagnose the
performance of MAGPIE during a shot, and provide information on failure modes and cur-
rent drive profiles. Self emission diagnostics are then discussed, which provide qualitative
information about the dynamics and evolution of the plasma during a MAGPIE shot. Most
of this section is spent discussing laser based diagnostics, which provide high spatial and
temporal resolution quantitative information on specific plasma properties. Firstly, for-
mulas are derived for the propagation of electromagnetic waves through a plasma, which
are necessary to understand laser interferometry and Faraday rotation imaging. Then
laser interferometry is described, starting with the formation of interference fringes and
then onto the specific implementation on MAGPIE. Next Faraday rotation imaging is dis-
cussed, with the derivation of the polarisation rotation angle and the implementation of
this diagnostic on MAGPIE. Finally optical Thomson scattering is discussed, starting with
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a heuristic derivation and then the formal solution for the spectral density function. The
set-up on MAGPIE is detailed and highlight some specific issues with anisotropic plasmas
(magnetised or with flow) and finite apertures. In particular, an integration procedure for
removing singularities from the spectral density function for magnetised plasma is pre-
sented, and along with a discussion of the prospects for measuring magnetic fields using
Thomson scattering on MAGPIE.

2.2.1 Current and voltage diagnostics

Voltage probes

The output of MAGPIE is measured at various locations to provide information about the
propagation of the current pulse during an experiment. The voltage probes are simple
resistive dividers which present a high impedance path and pick off a fraction of the full
voltage signal which is then recorded by oscilloscopes. Voltage probes are attached to the
outputs of the four Marx banks, just before the PFLs. The voltage at the far end of the
PFLs is also measured.

Magnetic probes as a generator diagnostics

V
∂B/∂ t

A=πr2

r

a) b)

∂B/∂ t V
I

Figure 2.5: a) ‘B-dot’ probe, showing the voltage generated around a loop radius r by a time
varying magnetic field. b) Rogowski groove in cross section, showing the voltage generated
around the groove by a time varying magnetic field.

Inductive pick up loops (also known as ‘B-dots’, Fig. 2.5a) measure dI/dt through the
trigatron switches, which provides information on the synchronisation of the trigatron
closing and hence the quality of the current pulse in a given experiment. Inductive pick up
loops work on the principle that a time varying flux through a conducting loop produces
a potential difference around the loop:

∇× E =
dB
dt

(2.1)∫
∇× E.dS =

∫ dB
dt

.dS (2.2)∫
E.dl = Vloop = A

dB
dt

(2.3)

Where it is assumed that the area of the loop does not change during the measurement.
The magnetic field is generated by the current flowing through the switch, and so the
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signal proportional to dI/dt. Four inductive pick up loops are also embedded in the MITL,
which provide timing information, and when cross calibrated with the Rogowski coils
(see below) they can also provide quantitative information on the intensity of the current
pulse.

Magnetic probes for plasma magnetic fields

Magnetic or ‘B-dot’ probes have also been used on MAGPIE to determine magnetic fields
advected by plasma flows. This probe is a simple conducting loop immersed in plasma,
and one component of the voltage across the loop is proportional to the time rate of change
of the magnetic flux through the loop. In addition to the magnetic component, there is
an electrostatic component capacitively coupled through the plasma from the MAGPIE

generator, so the overall voltage can be written as:

Vprobe = −
∫

∂B
∂t
· dS + Velectro (2.4)

In order to distinguish the magnetic component from the electrostatic component, we de-
ploy two oppositely-wound conducting loops and separately measure the voltage across
both loops. The loops are placed next to each other, and so sample almost the same mag-
netic field and electrostatic potential, but the sign of dS in eqn. 2.4 is different in the two
loops. We take the difference of the voltages measured over the two loops — this cancels
out the electrostatic component, but amplifies the magnetic component. This can then be
integrated numerically to find an estimate for B(t). The stray electrostatic potential can
be recovered by summing the voltages from the two probes, which allows us to compare
the magnitude of this potential with the magnitude of the magnetic potential and decide
on the reliability of the integrated magnetic field. Other techniques, such as analogue in-
tegration by a passive or active circuit, are more susceptible to stray potentials than this
double probe technique.

Even with the double loop technique there are still limitations due to the finite size of the
loop. The magnetic field usually varies over the loop, which sets the spatial resolution of
the probe. This spatial resolution is improved with a smaller probe, but the signal drops,
degrading the signal:noise ratio. Additionally, with a smaller loop the relative error in the
area of the loop increases, increasing the error in estimating B(t). Practically it is hard to
wind very small loops, limiting our probes to diameters of 500 µm.

In plasma on MAGPIE the magnetic field is often advected with the flow, and the finite
size of the probe blurs out the temporal profile of the magnetic field. If the flow velocity
is known, and the magnetic field is assumed to be advected with the flow, it is possible
to deconvolve the finite size of the probe from the magnetic field signal. In practice this
is difficult because the probe itself peturbs the flow, causing shocks which compress the
magnetic flux and change the flow velocity.
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Rogowski coils

A Rogowski coil is based on the same principle as an inductive loop (Fig. 2.5b). Instead of
consisting of one or more loops situated at one point outside a current carrying conductor,
a Rogowski coil is a set of coils surrounding the current carrying conductor. On MAGPIE,
this is achieved by using a Rogowski ‘groove’, an axisymmetric groove in a solid con-
ductor which has a hole in the centre. The groove is placed around the current carrying
conductor, and the change of magnetic field inside the groove creates a voltage which is
measured. A Rogowski coil can be geometrically calibrated, allowing dI/dt to be inferred
from the voltage signal.

Two identical Rogowski coils are fielded on most MAGPIE experiments, and they are
placed around current return posts on the anode side of the load. One Rogowski coil is
placed upside down to produce a signal with the opposite polarity. The two polarities
allow us to distinguish between voltage contributions from the current through the load,
which has a different sign in each Rogowski, and the voltage pick up from the generator,
which has the same sign in each Rogowski. In practice the voltage pick up from the
generator is small. We use numerical integration of the raw signal to determine the current
through the load. Numerical integration is preferable to analog integration by passive
components or op-amps due to the high level of noise present during some shots. It is
important to inspect the raw signal before integrating in order to verify that the result is
due to true inductive pick up rather than derived from random noise.

2.2.2 Self emission diagnostics

The plasmas produced on MAGPIE are hot and dense, and emit radiation at a broad range
of wavelengths, through a mixture of line radiation and Bremsstrahlung emission. Line
emission is usually either absent as the ions are fully stripped, or deep in the UV or X-ray
region of the electromagnetic spectrum. Time integrated imaging diagnostics are not very
useful, as the plasmas are highly dynamic. Time resolved imaging diagnostics must be
fast, with less than 10 ns exposure, and ideally capable of taking more than one frame of
data per shot.

Optical fast framing

On MAGPIE we routinely field a fast framing camera capable of taking 12 frames with 5 ns
exposure. The interframe time between each frame can be set independently of the others,
but typically we use 15 ns to 30 ns between frames. The fast framing camera is usually on
the same optical path as the laser interferometry diagnostic described below (Fig. 2.7). To
prevent the laser light reaching the camera, we use a low pass filter that only allows light
with a wavelength greater than 600 nm to reach the camera. This fast framing diagnostic is
extremely useful for getting an idea of the dynamics of a new experiment, or studying the
motion of discrete, well defined regions of the plasma. The intensity of the light closely
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follows the electron density measured using laser interferometry. However, due to the
noise and low resolution of the fast framing camera it is difficult to extract quantitative
information about the plasma from these images.

The twelve images produced by the fast frame camera were slightly offset from one
another, but without any rotation or scaling. Standard image registration techniques (de-
scribed below in the Faraday rotation section) fail to align these images, as they are too
noisy and lacked the sharp edges necessary for discrete Fourier transform techniques to be
effective. However, it was found that the offsets were constant between shots, for example
frame 1 was always 12 pixels right and 2 pixels above frame 2. This offset was manually
found by shifting images around, and this list of offsets was then used to translate all
images automatically such that they overlapped.

Extreme Ultra-Violet Pinhole Imaging

Hotter regions of the plasma also emit copious soft x-rays or extreme ultra-violet (XUV)
light. XUV light cannot be focused using conventional optics because at such short wave-
lengths the refractive index of glass is not significantly different from that of free space.
Instead, we resort to pinhole imaging, a purely geometric approach with infinite depth
of field, which also removes photons with energy <40 eV due to diffraction effects. The
XUV light is imaged onto a micro-channel plate (MCP), which converts the incoming XUV
photons to electrons. These electrons are accelerated by a large applied voltage (6 kV) un-
til they collide with a phosphor screen. The phosphor screen phosphoresces, producing
visible photons which are then imaged by a DSLR camera.

The MCP is circular, and divided into four quadrants, and each quadrant can have a
voltage applied independently of the other quadrants. A quadrant is only active whilst
the voltage is applied, so we provide a short (5 ns) pulse to give time resolution, and
use increasing cable lengths to delay the pulse between each quadrant, giving interframe
times of 10 ns to 30 ns. When appropriately filtered, the XUV camera can provide infor-
mation on particularly hot regions. In the experiments discussed in this thesis, the XUV
cameras were used to find the time of formation of the reconnection layer, which allowed
better timing for other, single-frame diagnostics.

2.2.3 Laser based diagnostics

Many of the properties of a plasma can be inferred from the subtle changes in the prop-
erties of electromagnetic radiation as it propagates through a plasma. Lasers are ideal
probes of plasmas as they produce collimated monochromatic waves with short pulse
lengths and offer precise control over the initial polarisation state.
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The propagation of high frequency electromagnetic waves in plasmas

For two of the laser based diagnostics detailed in this chapter (interferometry and Faraday
Rotation imaging), the same theoretical framework can be used. In the following analysis
(following [Hutchinson, 2003]), the laser beam is considered to be a monochromatic plane
wave with a well defined frequency ω and a well defined direction given by k, which
allows the use of the Fourier relationships:

∂

∂t
→ −iω (2.5)

∇ → ik (2.6)

Maxwell’s equations are:

∇ · E = (Zeni − ene)/ε0 (2.7)

∇ · B = 0 (2.8)

∇× E = −∂B
∂t

(2.9)

∇× B = µ0(j + ε0
∂E
∂t

) (2.10)

The first two equations are satisfied by quasi-neutrality and the non-existence of magnetic
monopoles. The last two equations can be rewritten using the Fourier relationships as:

ik× B = µ0j− iω
c2 E (2.11)

ik× E = iωB (2.12)

Taking k× the latter equation and substituting into the former gives:

k× (k× E) +
ω2

c2 E + iωµ0j = 0 (2.13)

Introducing the plasma conductivity tensor σ through j = σ · E eliminates j from eqn.
2.13, leaving σ undefined for the moment. Standard vector identities give:

k(k · E)− k2E +
ω2

c2 E + iωµ0σ · E = 0 (2.14)

Therefore, waves in plasmas must satisfy:(
kk +

(
ω2

c2 − k2
)
I + iωµ0σ

)
· E = 0 (2.15)
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This result is general, without any approximations other than those in Maxwell’s equa-
tions. Eqn. 2.15 is frequently rewritten in terms of the dielectric tensor ε:

ε = I +
σ

−iωε0
(2.16)

We can then write:

D = kk− k2I +
ω2

c2 ε (2.17)

D · E = 0 (2.18)

It is easy to verify that this reproduces the well known properties of electromagnetic
waves in a vacuum: taking the dielectric tensor as isotropic (ε = εI) and k in the z-
direction gives:

D · E −→ |D| =
(
−k2 +

ω2

c2 ε

)2
ω2

c2 ε = 0 (2.19)

For ε = 1, the only non-trivial mode is ω = ck and Ez = 0, corresponding to E · k = 0, as
expected for waves in a vacuum.

However, a plasma is not an isotropic medium, and to go further we now need to derive
an expression for the plasma conductivity. Here some approximations are necessary in
order to make the results tractable. The lasers used in MAGPIE all have frequency far
larger than any other characteristic frequency in the system, such as the plasma frequency
or any collision frequency, and so the following approximations are appropriate1:

1. Collisionless plasma with νei = 0.

2. Cold plasma with ω/k� vte,i.

3. Stationary plasma with no bulk flow.

Consider a plasma with a background B = B0(0, 0, 1) and E = 0. The equation of motion
for a single species is then:

m
∂v
∂t

= q(E + v× B) (2.20)

1Note that for the Thomson scattering diagnostic discussed later, the appropriate waves are low frequency,
and so these approximations are invalid.
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using the Fourier relations we get three equations:

vx =
q
m

(
iωEx −ΩEy

ω2 −Ω2

)
(2.21)

vy =
q
m

(
iωEy + ΩEx

ω2 −Ω2

)
(2.22)

vz =
q
m

(
iEz

ω

)
(2.23)

where Ω = qB0/m is the cyclotron frequency. The current due to one species is jj = qjnjvj = σj · E,
so we identify:

σj =


q2

j nj

mj
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 (2.24)

The total conductivity in the plasma is due to contributions from all species, σ = ∑j σj.
The heavier mass of the ions means that their contribution to the conductivity is usually
far smaller than that of the electrons, except when the probing frequency is close to the ion
cyclotron frequency. In the discussion below we can safely neglect the ion contribution,
and by substituting eqn. 2.24 into eqn. 2.16 we find:

ε =

 S −iD 0
iD S 0
0 0 P

 (2.25)

where:

S =1−
ω2

pe

ω2 −Ω2
e

(2.26)

D =
Ωe

ω

ω2
pe

ω2 −Ω2
e

(2.27)

P =1−
ω2

pe

ω2 (2.28)

By choosing a k vector and substituting eqn. 2.25 into eqn. 2.15 we can find the disper-
sion relationship for the various waves which exist in a cold, magnetised plasma with a
uniform background magnetic field. A plane wave propagating through the plasma will
be modified by this dispersion relationship, and so by measuring the plane wave after the
plasma we can determine the plasma properties.
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2.2.4 Laser interferometry

Laser interferometry is a technique for measuring the variation of phase across a laser
beam. As a laser passes through a plasma, its phase is altered by the properties of the
plasma. The phase is made observable by interfering one wavefront with another, refer-
ence wavefront. This can be done as a single point measurement along a chord, or using
an expanded laser beam to produce an image in which each pixel represents a measure-
ment of the phase along a chord.

Reference Beam

Plasma

Probe Beam

Mirror

Beam
Splitter

CCD

a) b) Without Plasma
With Plasma

Figure 2.6: a) Cartoon of a Mach-Zehnder interferometer, showing the reference and probe
beams, the plasma and the recombination beamsplitter. b) Cartoon showing the phase change
of an initially planar wavefront as the laser beam propagates through a plasma

On MAGPIE we use spatially heterodyned interferometry, where the phase difference
in the shot interferogram is encoded in the carrier wave of the background interferogram.
We use a Mach-Zehnder set-up in which a laser beam is split by a beam-splitter into two
parts (Fig. 2.6). One, the reference beam, passes around the plasma, and the other, the
probe beam, passes through the plasma. The two beams recombine on a beam-splitter af-
ter the plasma, and then pass along the same optical path before being imaged onto CCD.
The recorded image is a series of light and dark fringes corresponding to constructive and
destructive interference.

Theoretical basis of Interferometry

We start with two propagating plane waves, the reference beam Er and the probe beam
Ep. In the absence of plasma:

Er(x, y) = Er,0(x, y) exp (i(ωt− kr · x)) (2.29)

Ep(x, y) = Ep,0(x, y) exp (i(ωt− kp · x)) (2.30)
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where Eα,0(x, y) is a real quantity that contains information about the strength and polar-
isation of the beam at the CCD. The total electric field at the CCD is:

ETot = Er + Ep (2.31)

The CCD is only sensitive to the total intensity:

ITot = ETot · E∗Tot (2.32)

= |Er,0|2 + |Ep,0|2 + 2Er,0 · Ep,0 cos2 ((kr − kp) · x) (2.33)

=
(
|Er,0|2 + |Ep,0|2

) (
1 +

2Er,0 · Ep,0

|Er,0|2 + |Ep,0|2
cos2 ((kr − kp) · x

))
(2.34)

The reference and probe beams are deliberately misaligned to produce the carrier signal
represented by the cos2 ((kr − kp) · x) term, which can be written cos2 (φ(x, y)) . The
simplest carrier phase is a linear ramp like φ(x, y) = Ax, which produces a series of linear
fringes (Fig. 2.6b). The fringes should be frequent enough to allow small shifts to be
resolved, but not so small that the fringe width approaches the pixel size of the detector
— at this point aliasing will occur, as per the Nyquist-Shannon sampling theorem.

When a plasma is in the path of the probing beam, the probe picks up a phase. Consider
a cold plasma in which the magnetic field is negligible, Ωe � ω. The dielectric tensor is
isotropic (as the magnetic field is too weak to break the symmetry), with ε = 1− ω2

pe/ω2

where ωpe =
√

e2ne/ε0me is the electron plasma frequency. Substituting this into the dis-
persion relationship for an isotropic medium (eqn. 2.19) gives the only non-trivial mode
(the O-wave) as:

ω2 = k2c2 + ω2
pe (2.35)

The total phase accrued by the beam as it passes through the plasma in the z direction is:

φp(x, y) =
∫

k · dl =
∫ (ω2 −ω2

pe

c2

)1/2

dz (2.36)

In these experiments, the electron plasma frequency is much less than the probing laser
frequency, so we can Taylor expand the integrand to get:

φp(x, y) =
∫

ω

c

(
1−

ω2
pe

2ω2

)
dz (2.37)

The difference in phase between this beam and the same beam without the plasma is

δφ(x, y) = φp(x, y)−
∫

ω

c
dz = −

∫ ω2
pe

2ωc
dz = − e2λ

4πc2ε0

∫
nedz (2.38)
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Following the the same analysis carried out for the background interferogram, the inten-
sity measured by the CCD when there is a plasma in the probing beam is:

ITot =
(
|Er,0|2 + |Ep,0|2

) (
1 +

2Er,0 · Ep,0

|Er,0|2 + |Ep,0|2
cos2 (φ(x, y) + δφ(x, y))

)
(2.39)

Five Conditions for Good Interferometry

From eqn. 2.39 there are some clear conditions for high contrast, clear interferometry.

• Equality of paths for reference and probe beam. The laser is pulsed and has a coher-
ence time/length which isn’t formally included in eqn. 2.39. If the probe and ref-
erence beams don’t overlap spatially/temporally within this coherence time/length
then the contrast of the interference fringes will be degraded. It is often necessary to
include ‘compensation glass’ in the reference beam in order to compensate for the
dispersion caused by the glass vacuum windows which the probe beam encounters.

• Equal intensities of the reference and probe beam. The term Er,0 · Ep,0/(|Er,0|2 +
|Ep,0|2) is largest when |Er,0| = |Ep,0|, and so the contrast is best when the two beams
have the same intensity. It is often necessary to add neutral density filter into either
beam to account for any intensity lost due to imperfect optics or additional win-
dows.

• Identical Polarisations. The term Er,0 · Ep,0 shows that if the polarisations are not
aligned then the contrast decreases. Polarisations can be altered by reflections out
of a plane - keeping all optical components and beams in a single plane reduces the
chance of this occurring.

• Overlap of the beams on recombination beamsplitter. As the same original beam
was used to produce the probe and reference beams, any intensity variations will
be present in both beams, and ensuring the beams overlap properly on the beam-
splitter will therefore improve contrast.

• Overlap of k-vectors (equivalently, the overlap of the focal spots). Along with en-
suring good overlap, this is a statement that the beams need to pass through the
same optical path after recombination. However, a slight offset in the focal spots is
necessary to generate the carrier signal.

Analysis of Interferograms

The light and dark fringes in an interferogram represents contours of constant phase dif-
ference between the probe and reference beam. The problem of determining the phase
from the interferogram is ill-posed — the phase is known modulo 2π at best. Any given
interferogram encodes a large number of possible phase maps. Physical intuition is nec-
essary to interpret the interferograms and propose a sensible numbering scheme for the
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Ekspla Laser Blue delay arm
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Figure 2.7: Layout of the EKSPLA interferometry system. EKSPLA produces a blue and green
laser pulse. The blue pulse is delayed using additional optical path by 20 ns with respect
to the green beam. The beams meet at the recombination beam-splitter and travel down the
same optical path (only the green beam is shown). A dichroic beam-splitter then images the
blue and green beams onto separate cameras.

fringes. Once the fringes are numbered, interpolation can find the phase at every pixel
point, which can be converted into a line integrated electron density. The average electron
density can be inferred by dividing the line integrated electron density by some reason-
able characteristic size of the plasma.

To number the fringes, it is first necessary to trace them. This is effectively an exercise
in making a high-contrast iso-phase map, which is typically done by tracing the fringes in
Adobe Photoshop and stroking the paths as black lines onto a white background. Any re-
gion in which interference fringes cannot be traced (due to contrast, obscuring hardware
or beam quality) is masked with gray. Recently, an automated tracing program devel-
oped by Jiming Ma has been quite successful at producing traced interferograms. This
black, white and gray image is processed by a Matlab program which determines which
black pixels are adjacent and hence are part of the same fringe. These fringes are then
numbered in software, Delaunay triangulated, processed to remove flat features and then
interpolated to recover the phase at every pixel.

Laser Interferometry diagnostic set-up on MAGPIE

There are two interferometry systems on MAGPIE. This section describes one system
(shown in Fig. 2.7), as the second system is part of the Faraday effect polarimetry diagnos-
tic described in detail below. A laser pulse is generate by an EKSPLA laser (Nd:YAG: 1064
nm, 150 ps). This pulse is amplified and split, with one part going through a frequency
doubling crystal to produce a 532 nm (‘green’) beam and the other through a frequency
tripling crystal to produce a 355 nm (‘blue’) beam. The blue beam is sent on a series of
dog legs to delay it by 20 ns with respect to the green beam. The green and blue beams
are then recombined on a beam-splitter, and then follow the same optical path.
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The beams propagate along a breadboard fixed to the ceiling. Directly above the cen-
tre of the vacuum chamber is a beam-splitter. Half of the laser beam is sent through the
beam-splitter as a reference beam, and the other half is sent downwards towards the cath-
ode. There is a mirror positioned at 45◦ in the centre of a hollow cathode piece which
sends the laser beam horizontally out of the vacuum chamber after it has passed through
the plasma. The mirror must be positioned some distance from the experimental load to
avoid damage mirror from UV or X-ray light emitted by the plasma — in practice, the
mirrors only survive a single shot. The reference beam passes through several additional
pieces of glass, to provide an identical dispersion vacuum chamber windows on the probe
beam path, and neutral density (ND) filter is used to make the intensity of the probe and
reference beam equal. The probe and reference beam recombine on a beam-splitter after
the chamber.

A f=1000 mm, 50 mm diameter lens sits outside the vacuum chamber at a distance of
1000 mm from the load, after the recombination beam-splitter. This focuses the reference
and the probe beam to a point 1000 mm away. The recombination beam-splitter is adjusted
such that the focal points almost overlap.

The laser beam passes through the core shielding which surrounds the MAGPIE cham-
ber to an optics table. A beam-splitter picks off half the beam for use with the optical
12-frame camera - this allows optical self emission images to be taken along the same op-
tical path as the interferometry. The laser beam is imaged by a second lens to demagnify
and recollimate the beam. The laser beam then passes through a dichroic beam-splitter,
which reflects the blue beam but transmits the green beam. Finally, the beams are im-
aged by CCDs (Canon DSLRs, 450D or 350D). The DSLRs use a 1.3 s exposure, so the time
resolution is actually set by the pulse length of the EKSPLA laser, 150 ps.

2.2.5 Faraday rotation imaging

In a magnetised plasma, the phase is not the only property of an electromagnetic wave
which is altered — the polarisation state can change as well. This effect is subtle, and
comes about due to the lack of symmetry in eqn. 2.24 where the off diagonal elements of
the dielectric tensor have opposite signs. Physically, this is due to the direction in which
the electrons orbit around magnetic field lines. By carefully analysing the polarisation
state of a laser beam we can infer the magnetic field inside a plasma.

Theoretical basis of the Faraday effect

As the simplest case, consider the laser propagating in the same direction as the magnetic
field, so k is parallel to B and both are in the (0, 0, 1) direction. The magnetic fields can no
longer be neglected in the mathematical analysis (in contrast to laser interferometry), and
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eqn. 2.15 becomes: −N2 + S −iD 0
iD −N2 + S 0
0 0 P

 ·
Ex

Ey

Ez

 = 0 (2.40)

where N = kω/c. Setting the determinant of the tensor to 0 gives the eigenvalues:((
S− N2)2 − D2

)
P2 = 0 (2.41)

There are three eigenvalues, which are the dispersion relationships for the three normal
modes of the system: P = 0 and N2 = S± D. The first solution is trivial and corresponds
to stationary electrostatic waves with a fixed frequency ω = ωpe. The other two solutions
correspond to left and right hand circularly polarised waves. Substituting N2 = S ± D
back into eqn. 2.40 gives Ex = ∓iEy. In the literature, it is common to write S = (R +

L)/2 and D = (R− L)/2 in anticipation of finding these normal modes. Therefore, the
dispersion relationship is simply N2 = R and N2 = L where:

R = 1−
ω2

pe

ω(ω + Ωe)
L = 1−

ω2
pe

ω(ω−Ωe)
(2.42)

How can the presence of two normal modes with slightly different dispersion relation-
ships be used to measure the magnetic field in a plasma? Measuring the time of flight
difference between a right hand and left hand circularly polarised beam is difficult — the
delay is extremely small. Similarly, interferometric techniques do not work — the phase
shift due to the electron density is far more significant. Instead, we examine the polari-
sation of the laser beam that begins with a well defined linear polarisation. By a change
of basis, we can write any linear polarisation as linear superposition of the two circularly
polarised modes. As the response of the plasma is linear, the circularly polarised modes
propagate without interacting, and the linear polarisation of the beam can be recovered at
any point by summing these modes together. It is convenient to use the Jones calculus to
represent the laser beam (assumed to be propagating in the z-direction):Ex(t)

Ey(t)
0

 =

Ex,0eiφx

Ey,0eiφy

0

 ei(ωt−kz) (2.43)

The Jones vector J for a wave is a two-vector that encodes the strength and phase of the
orthogonal electric field components. Special cases of the Jones vector include X and Y
for the two linearly polarised waves, and R and L for left and right circularly polarised
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waves.

J =

(
Ex,0eiφx

Ey,0eiφy

)
; X =

(
1
0

)
, Y =

(
0
1

)
, R =

1√
2

(
1
−i

)
, L =

1√
2

(
1
i

)
(2.44)

As a laser beam passes through a plasma which contains a magnetic field aligned with the
direction of propagation, the R/L Jones vectors pick up a phase:

φR/L =
∫

kR/Ldz =
∫

ω

c

(
1−

ω2
pe

ω(ω±Ωe)

)1/2

dz (2.45)

≈
∫

ω

c

(
1−

ω2
pe

2ω2

(
1∓ Ωe

ω

))
dz, (2.46)

where R takes the positive sign and L takes the negative sign.

Consider an initially linearly polarised laser beam, with a Jones vector X = (R+L)/
√

2.
After passing through the plasma the beam is represented by:

A = (ReiφR + LeiφL)/
√

2 (2.47)

What is the angle of polarisation (α) with respect to the x-axis now? Projecting the circu-
larly polarised components back onto the Cartesian axes gives:

α = arctan
(

Y ·A
X ·A

)
= arctan

(
−ieiφR + ieiφL

eiφR + eiφL

)
(2.48)

=
∫ ω2

peΩe

2cω2 dz (2.49)

=
e3λ2

8πε0m2
e c3

∫
neBzdz (2.50)

The two circularly polarised components move at different group velocities through the
plasma — this changes the angle of rotation of a linear polarisation. The angle of rotation
is related to the integral of both the magnetic field and the electron density.

Polarimetry

The polarisation state of an initially linearly polarised laser beam will rotate if the laser
passes through the plasma in the same direction as the magnetic field. However, measur-
ing this polarisation is difficult - the plasma emits unpolarised light and the polarisation
changes are small, on the order of a few degrees. Consider a system in which a laser beam
passes through a plasma and is then split into two channels. Each channel has a polariser
in front of a CCD, and these polarisers are set to angles of±β with respect to the extinction
angle. In the absence of the plasma (the background, subscript B), the intensity on the two
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CCDs is [Swadling, 2014]:

IB±(x, y) = s±(x, y)IB(x, y) sin2 (β), (2.51)

where s±(x, y) is the sensitivity of the CCD and IB(x, y) is the intensity of the laser beam.
When a plasma is present (during the shot, subscript S), the polarisation of the laser beam
is rotated, and there is also unpolarised self emission. Each pixel corresponds to a chord
through the plasma, and so the intensities are:

IS±(x, y) = s±(x, y)
[

IS(x, y) sin2 (α(x, y)± β) +
ISE(x, y)

2

]
(2.52)

Using the background images we can normalise out the response of the detector:

IS±
IB±

=
IS

IB

sin2 (α(x, y)± β)

sin2 (β)
+

ISE(x, y)
2IB sin2 (β)

(2.53)

And using the response of the two channels we can remove the self emission:

D(x, y) =
IS+

IB+
− IS−

IB−
(2.54)

=
IS

IB

sin2 (α + β)− sin2 (α− β)

sin2 (β)
(2.55)

=
IS

IB

2 sin (2α)

tan (β)
(2.56)

We assume that IS = IB due to the shot-to-shot reproducibility of the Cerberus laser used
in MAGPIE. Eqn. 2.56 can then be inverted to give a formula for α:

α =
1
2

arcsin
(

D(x, y)
tan β

2

)
(2.57)

Faraday Rotation Imaging diagnostic set-up on MAGPIE

We use a two-channel polarimetry diagnostic on MAGPIE, shown in Fig. 2.8. An infra-
red laser beam (1053 nm, 5 J, 1 ns) passes through the plasma — the high energy ensures
that the laser light is far brighter than the unpolarised self emission. A f=1000 mm, 100
mm diameter lens is placed 1000 mm from the image plane, and a focal spot is formed just
inside an optical bench located outside the core shielding of the chamber. The beam passes
through a parabolic arc periscope, which allows the beam to be translated up and down
without changing the path length in the system. The beam is collimated using a second
identical f=1000 mm lens. Part of the beam is split off for use in an inline interferometer,
which produces electron density maps in the (z, x) plane.

The remainder of the beam is split again, and demagnified using a f=300 mm lens fol-
lowed by a f=100 mm lens. The two identical beams pass through two polarisers to two
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Figure 2.8: Layout of the Faraday Rotation imaging system. A 5 J, 1 ns, 1053 nm linearly
polarised laser beam passes through the plasma. Part of the beam is split off and recombined
with a reference beam to form an interferogram. The remainder of the beam is split again and
imaged through two separate polarisers onto two separate CCDs.

CCDs (Atik 383L+, Kodak KAF8300, 16 bit monochrome). The two polarisers are offset
from extinction by a fixed angle β — due to the polarisation flip from the beam-splitter,
both polarisers are actually offset in the same direction. Achromatic lenses are used to
reduced spherical aberration, which makes image registration more straightforward by
reducing distortion of the images.

Analysis of Faraday Rotation Images

Background images are taken before the shot at high power, which allows variations in
the beam profile to be normalised out and ensures the beam energy in the background
and shot images is the same. Usually, the background images are sufficient for image
registration, but for targets without obvious features an alignment fiducial (consisting
of four 100 µm needles) can be placed in the intermediate image plane 1000 mm from
the second f=1000 mm lens. A ‘shadow’ image for the interferometry channel is also
necessary for image registration - this is produced by blocking the reference beam, so the
image obtained is a simple silhouette of the load hardware.

Image registration is carried out using imreg-dft package for Python. This is a dis-
crete Fourier transform image registration implementation that uses sharp edges to find
the variables necessary for an affine transformation: scale, rotation and translation. The
affine transformation is found using the background images on the two Faraday chan-
nels and the shadow image on the Interferometry channel, and the same transformation
is then used to overlap the shot images. The full process is shown in Fig. 2.9. Using
the normalised images from the polarimetry channels we can calculate a rotation map (a
‘polarogram’) using eqn. 2.57. The interferograms are traced and processed as described
above, and the resulting line integrated electron density map is transformed such that it
overlaps with the polarogram.
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a)

b)

c)
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e)
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g) h)

i) j) k)

Figure 2.9: Analysis for Faraday rotation imaging. a), b) are background (no plasma present)
images for channels 1 and 2. c), d) are shot (plasma present) images. e), f) are the shot images
normalised by the background images to remove variations in the beam profile from the anal-
ysis. g) is the difference between the normalised images, shown on a colour scale where blue
is for values less than zero, and red for values greater than zero. h) is the angle of rotation
of the polarisation of the laser beam. i) is the alignment image from the inline interferometry
diagnostic. j) is an electron density map acquired from the interferometry diagnostic. k) is the
magnetic field map inferred from the rotation map and the electron density map.

In order to infer the magnetic field in a plasma, we need to invert eqn. 2.502. For
a general B(x, y, z) and ne(x, y, z) this problem is poorly posed. Instead, we make the
following assumption [Swadling, 2014]:

B(x, y, z) = B(x, z)ŷ (2.58)

That is that B does not vary in the y direction, and that it points on in the ŷ direction.
Under this assumption, we can write:

B(x, z) =
8πε0m2

e c3

e3λ2
α(x, z)∫

nedy
(2.59)

=
3.82× 1012

λ2
α(x, z)∫

nedy
[SI] (2.60)

The simplifying assumption of eqn. 2.58 ignores curvature of the magnetic field, and
hence misalignment of the magnetic field with the direction of propagation of the laser.

2To match the experimental coordinate system, the z and y axis have been swapped in the following treat-
ment, which does not change any of the previous results.
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Fortunately, for the plasma parameters encountered in experiments on MAGPIE, the quasi-
longitudinal approximation holds, and eqn. 2.50 can be used with B representing the
component of B along the direction of propagation of the laser.

2.2.6 Optical Thomson scattering

As well as modifying properties such as phase and polarisation, electromagnetic radiation
can also be scattered from charged particles, resulting in a change in wave vector k and
frequency ω. During the scattering process, the momentum p = h̄k and energy E = h̄ω

must be conserved. In the non-relativistic limit, where the photon energies are far less than
the rest mass energy of the charged particles, this scattering process is called ‘Thomson
scattering’, and the conservation of energy and momentum is written:

ω = ωs −ωi (2.61)

k = ks − ki (2.62)

k2 = k2
i + k2

s − 2kiks cos θ, (2.63)

where (ωi, ki) is the frequency and k-vector of the incident beam, (ωs, ks) is the frequency
and k-vector of the scattered beam and (ω, k) is the frequency and k-vector of the mode
which couples the incident and scattered mode.

We expect the photons to be scattered elastically, and so they will lose very little energy
to the electrons, ω � ωs, k � ks. What low frequency modes exist in a plasma? Unfor-
tunately, the derivation for interferometry and Faraday rotation is no longer valid — this
is the low frequency limit, where the thermal motion of the particles cannot be ignored.
There are two types of low frequency motion, one due to free electrons and one due to
electrons closely bound to ions (the ‘Debye cloud’).

For free electrons, the low frequency waves follow the Bohm-Gross dispersion relation-
ship:

ω2 = ω2
pe +

3kBTek2

me
(2.64)

which reduces to just the stationary electron plasma oscillation ω = ωpe =
√
(nee2/ε0me)

in the limit of low wavenumber k.
For the ions there are simple sound waves with velocity Cs =

√
p/ρ, where p is the

thermal pressure and ρ is the mass density. In a weakly coupled plasma such as those in
MAGPIE, we can use the ideal gas equation of state for the plasma, p = nekBTe + nikBTi.
The mass density is ρ = nimi as the electrons are far lighter than the ions, and quasi-
neutrality gives ne = Zni and hence Cs =

√
(ZTe + Ti)/mi. This is the ion acoustic mode

— the electron cloud which Debye shields the ion is constrained by the inertia of that ion.
The dispersion relationship for the ion acoustic mode is ω = Csk.

Which of these two modes have the largest scattering cross section, that is, which mode
dominates the spectrum of the scattered light? The answer depends on whether the wave-
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length of the mode is shorter or longer than the Debye length, which is measured by the
the α-parameter3, α = 1/kλDe. For wavelengths much shorter than the Debye length
(α � 1), the electrons interact individually with the incident radiation and the scattered
spectrum is dominated by the free electron response. In the opposite limit (α � 1), the
electrons respond collectively and the scattered spectrum is dominated by the response of
the Debye clouds, which are tied to the ions [Hutchinson, 1987].

In order to determine the exact form of the spectrum, we need a mathematical deriva-
tion of the spectral density function S(k, ω). The spectral density function is related to
density fluctuations which contain information about properties of the plasma such as
electron and ion temperatures, the effective charge state of the plasma, the magnetic field,
electron density and elemental composition. The derivation of the cross section for Thom-
son scattering in a plasma is quite complicated [Froula, 2011], but heuristically the deriva-
tion proceeds in two parts. Firstly, one derives the spectral density function for an ar-
bitrary density fluctuation in the plasma. Secondly, one derives the density fluctuations
present in a plasma in terms of arbitrary probability distribution functions f (x, v, t). For
an isotropic plasma (no magnetic fields), combining these two parts gives4:

S(k, ω) =
2π

k

∣∣∣1− χe

ε

∣∣∣2 fe0

(ω

k

)
+

2πZ
k

∣∣∣χe

ε

∣∣∣2 fi0

(ω

k

)
(2.65)

ε = 1 + χe + χi (2.66)

where f j0 is the unperturbed distribution function of species j, χj is the susceptibility of
species j and ε is the dielectric constant for an isotropic plasma. This result is general for
any isotropic distribution function — the difficult part is calculating χj.

The spectral density function as has two components. The first is related to electrons
(the ‘electron component’) - the distribution function is the number of electrons near
enough to the wave in velocity space to resonate, and the factor involving susceptibili-
ties χj represents the strength of the response of the electrons to the wave. In the same
manner, the second term is related to the ions (the ‘ion component’), and is the product
of the response of the ions and the number of resonant ions. As discussed in the heuristic
derivation above, the ions do not actually scatter very much light, but the Debye cloud of
electrons which shield them are constrained to move with the ions, and it is scattering off
these electrons which provides information about the ions. In the experiments discussed
below, the ion component dominates the electron component

In general S(k, ω) can be evaluated for arbitrary distribution functions f j0, but in prac-
tice it is difficult to distinguish experimentally between a non-Maxwellian distribution
with one set of parameters (ne, Z, Ti, Te etc.) and a Maxwellian distribution with a differ-

3No relation to the rotation angle α used in Faraday rotation.
4Note that the error in [Froula, 2011] eqn. 5.1.2. is corrected in eqn. 2.65.
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ent set. In the work below we only consider Maxwellian distributions:

S(k, ω) =
2π
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√
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(2.69)

ε = 1 + χe + χi (2.70)

χi =
−α2
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Z̄Te

Ti
Z′(xi) (2.71)

χe =
−α2

2
Z′(xe) (2.72)

xj =
ω

kvth,j
, (2.73)

where Z′ is the derivative with respect to the argument of the Plasma Dispersion Func-
tion. The Plasma Dispersion Function is closely related to a family of functions based
around the error function — in many programming languages it can be built from the
Fadeeva function w(z) = exp(−z2)erfc(−iz) (for example, in Python it can be found as
scipy.special.wofz), where Z′(z) = 1 + izw(z).

It is easy to include the Doppler shift due to the bulk motion of the plasma Vf i by setting:

xi =
ω/k + Vf ,i

vth,i
(2.74)

This shifts the ion component to longer or shorter wavelengths, but does not change the
shape of the spectrum. It is convenient to express the electron flow velocity relative to the
ion rest frame:

xe =
ω/k + Vf ,i + Vf ,e

vth,e
(2.75)

so that when the ions and electrons move together Vf e is zero. When the electrons move
with respect to the ions, the spectrum of the ion component is asymmetric. This is due
to Landau damping — the left and right propagating waves sample different parts of the
electron distribution function. The strength of the Landau damping is proportional the
gradient of the distribution function and the number of particles at that point, and so
Landau damping is stronger for waves moving at a few electron thermal velocities than
waves moving at less then an electron thermal velocity.

Thomson scattering diagnostic set-up on MAGPIE

Thomson scattering diagnostics require a high signal to noise (such as self emission from
the plasma or shot noise from an intensified CCD) ratio for accurate fitting. On MAGPIE,
we use an Nd:YAG (1064 nm) seed laser, with a long pulse (8 ns) which provides a highly
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Figure 2.10: a) Setup of Thomson scattering diagnostic on MAGPIE, showing the half wave
plate, the focusing lens, the Brewster angle windows, the entrance and exit baffles and fibre
optic imaging system. The Brewster angle windows have been rotated by 90◦ to show them
in profile. b) The spectrometer used on MAGPIE, a Czerny-Turner type imaging spectrometer
with a triggered intensified CCD camera. The paths of red and blue shifted rays are also
shown.

monochromatic beam. The beam does a double pass through an amplifier, and then passes
through a KDP crystal to produce green second harmonic light at 532 nm. The high energy
green beam propagates towards the vacuum chamber, and a half-wave plate is used to
precisely set the polarisation state of the light (see Fig. 2.10a for the full set-up).

The beam is focused using a f=2500 mm lens — the long focal length is chosen so that the
precise location of the focal spot is unimportant. As it focuses, the beam passes through
a window set at the Brewster angle to ensure very little laser light is reflected. Baffles
are placed just inside the vacuum chamber to cut off any light outside of the focal spot.
Multiple baffles are necessary to catch and dissipate any reflected light.

k=ks-ki      δω=k.v

ks,1

ks,2

ki

k1

k2

x

y

Plasma

Fibre bundle

Collection
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b)a)

Figure 2.11: a) Collection of Thomson scattered light onto fibre optic bundles, showing the
location of scattering volumes along a chord defined by the incident laser beam. b) Vector
diagram showing the incident, scattered and resultant vectors in the Thomson scattering set
upon MAGPIE. The two fibre optic bundles are sensitive to orthogonal velocity components,
and the hardware is rotated such that these velocity components align with the natural Carte-
sian axes for the experiment.
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The focused laser beam defines a chord through the plasma, and light is scattered by
the plasma along the length of this chord (Fig. 2.11). The scattered light is imaged by
lenses into fibre optics bundles — in the experiments discussed in this thesis, each bundle
consists of fourteen 100 µm diameter fibres arranged in a line 3.25 mm long, and either
one or two bundles were used on each shot. The position and focal length of the lenses
determines the magnification of the fibre optic bundles onto the chord defined by the
laser beam. The volume of plasma over which the laser light is collected is defined by the
projection of the image of the fibre optic end onto the approximately cylindrical volume
(diameter 200 µm) swept out by the focused laser beam. In later experiments, an achro-
matic anti-reflection coated lens was used to improve the focusing of the scattered laser
light.

The collected light is imaged onto a Czerny-Turner type imaging spectrometer (Andor
SR500, Fig. 2.10b). This spectrometer disperses light using a 2400 line per mm grating
onto an intensified CCD (4 ns exposure). In the absence of any dispersion, an image of
the entrance slit is formed on the CCD. In early experiments, the fibre bundle was not in
the same plane as the entrance slit, so the image that formed is a defocused image of the
fibre bundle. In later experiments, a short 1:1 achromatic telescope was used to form an
image of the fibre bundle onto the CCD, which improved the spectral resolution of the
spectrometer by a factor of two at the cost of some signal.

The spectrometer is triggered using a pulse from a photodiode which looks at the re-
flection of the laser beam off a plate polariser around 30 m before the spectrometer. The
electrical signal from the photodiode races the light pulse (aided by a deliberately inserted
delay arm in the optical path), reaching the spectrometer with just 32 ns to spare. This
enables the spectrometer to be triggered directly from the laser, eliminating triggering
problems due to jitter on the laser timing.

To align the Thomson Scattering system, we use a synthetic scattering volume in the
form of an acupuncture needle (100 µm diameter) mounted on a three axis vacuum com-
patible micrometer stage. Using the shadow formed in the end-on laser interferometry
path, we can precisely position the needle in the x, y plane. We then translate the laser
beam so that it is centred on the needle, and adjust the height at which the laser beam
passes through the load hardware. The fibre optic bundles are mounted on three-axis mi-
crometer stages, and we align one fibre in each bundle to the image of the needle formed
by the imaging lens.

By scanning the needle and looking for the position that maximises the light incident
onto each fibre, we can find the position along the beam from which each fibre will record
the Thomson scattering spectrum. This technique is accurate to around 100 µm, and the
scattered light also shows up on the end-on interferometry channel. Images can then
be taken for each fibre position, and after the shot these fibre positions can be used to
determine the electron density for each scattered spectrum by over-laying them onto the
interferogram. This information is extremely useful for fitting the Thomson scattering
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spectra with theoretical line widths, as the shape of the spectra is strongly dependent on
the electron density, especially near the α ≈ 1 transition, which is commonly encountered
in these experiments.

Extracting plasma parameters from Thomson Scattering

The spectral density function S(k, ω) (eqn. 2.65) is a complicated, highly non-linear func-
tion and determining plasma parameters by fitting this theoretical profile to experimental
data is fraught with issues. The more data that is known from other diagnostics the better
— in particular, we used interferometry data to constrain the electron density ne which
enters into the fitting via the α parameter.

Writing a fitting code for Thomson Scattering spectra has been a significant part of my
Ph.D. The code is written in Python 3, using numpy and scipy. The core of the fitting
routine is based on the lmfit module, which allows remarkable flexibility and uses a
Levenberg-Marquadt algorithm (hybrid gradient-descent/Gauss-Newton solver) to per-
form a least-squares type fitting procedure. The major complexity in the code is to allow
each parameter in the fit to be either an independent or a dependent variable, that is, for
each parameter to either be fixed, or to be varied by the fitting routine. This allows the
user to input physical intuition about temperatures and velocities in the form of inde-
pendent (fixed) parameters, and to see how the dependent variables change with a set
of fixed parameters. In standard fitting routines (such as those provided by scipy) this
would require a separate function to be written for each combination of independent and
dependent parameters, but by using a dictionary based method and lmfit only a single
function is needed.

The code takes raw image files from the spectrometer, and splits them up into spectra
corresponding to each fibre. The spectrum for each fibre is processed to remove self emis-
sion and dark counts by using the average signal far from the ion feature. The response
function of the spectrometer is determined by fitting a Voigt profile to a ‘background’
spectrum, one take either by scattering laser light off the alignment needle into the fibre,
or by placing the fibre bundle into the beam. The response function is dominated by the
spectrometer’s characteristics rather than the line-width of the laser, and also provides an
absolute wavelength calibration for determining wavelength shift.

The wavelength scale on the spectrometer must be converted to frequency. The dis-
persion relation in eqn. 2.35 gives a small correction because the incident and scattered
modes are propagating through a plasma instead of free space. Rearranging eqn. 2.35 and
restating eqn. 2.63 gives:

ki =
2π
λi

ωi =
√

c2k2
i + ω2

pe (2.76)

ks =
2π
λs

ωs =
√

c2k2
s + ω2

pe (2.77)

k =
√

k2
s + k2

i − 2kski cos θ ω = ωs −ωi, (2.78)
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where λi is the wavelength of the input beam determined from fitting the response func-
tion, and λs is taken from the spectrometer calibration.
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Figure 2.12: S(k, ω) is shown in blue for the plasma parameters in the grey box — the ion
acoustic peaks are clearly visible and well separated. The same spectrum is shown in green
when convolved with the measured response function of the spectrometer used in MAGPIE
experiments, and is noticeably different, with the ion acoustic peaks less distinct and closer
together.

The Thomson scattering spectrum for the initial plasma parameters is calculated, and
then this spectrum is convolved with the response function (Fig. 2.12) This convolu-
tion has a significant effect on the inferred plasma parameters, and cannot be neglected.
The parameters are then iteratively adjusted by lmfit until the best fit (least-squares) is
achieved. As with all least-squares algorithms, it is easy for the algorithm to converge to
a local minimum that is physically unlikely, and therefore it is important to choose initial
parameters which are reasonable.

It is important to note that the ion feature is only sensitive to the product ZTe which
comes from the ion-acoustic dispersion relationship, and not just on Te. In order to infer
the electron temperature it is necessary to have a model for Z(Te), so that a given value of
ZTe can be decomposed into its constituent parts. The easiest model to use is a local ther-
modynamic equilibrium (LTE) or Saha equilibrium type model which neglects radiation.
A non-local thermodynamic equilibrium (nLTE) model is considerably more complicated,
but a more accurate representation of the state of the plasma in our experiments. We use
nLTE lookup tables produced using the SPK code of N. Niasse (Imperial College London)
[Chittenden, 2016] to infer Te from our Thomson scattering spectra.
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Finite aperture effects

In the calculation of S(k, ω) above, the scattered light is assumed to all come from exactly
the same direction, defined by an angle θ between the incoming k-vector and the k-vector
directed at the fibre optic bundle. This is only the case for an infinitesimally small aperture
which blocks any other k-vectors from being imaged by the lens. In any realistic system,
this aperture is finite (often set by the size of the lens) and the light collected by the fibre
optic consists of k-vectors coming from a range of angles.
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Figure 2.13: a) 3 dimensional geometry of the aperture for Thomson scattering calculations.
k0 is the input vector, ksu is the unshifted scattered vector with the same length as k0, k is
the resultant vector, and A is a vector representing some vector plasma parameter of interest,
such as velocity or magnetic field. b) Numerical integration is carried out over the aperture in
polar coordinates.

In order to investigate this issue, it is helpful to introduce a coordinate system centred
around the aperture (Fig. 2.13a). We consider a circular aperture parallel to the (x, y) plane
in which the ray that hits the centre is labelled ksu. k0 is the k-vector of the incoming laser
beam, and it lies in the (x, z) plane at an angle of θ0 to ksu. Other scattered rays are labelled
ks, and they arrive at different points on the aperture (Fig. 2.13b), and angles of( θ, φ) to
ksu. Note that in most realistic scenarios θ is much less than θ0 (that is, the aperture is
small), but in Fig. 2.13a the angles have been exaggerated for clarity. Fig. 2.13 introduces
a vector A which can be a velocity or a magnetic field, as discussed below.

The spectrum of light imaged by the fibre can be determined by integrating S(k, ω) over
the aperture, evaluating S(k, ω) at each infinitesimal area dA = sin θdθdφ. This could be
done using trigonometric identities, but computationally it is more straightforward to
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encode the angles in vectors and use standard vector calculus.

k0 = k0

 sin θ0

0
cos θ0

 (2.79)

ksu = ksu

 0
0
1

 (2.80)

ks = ks

 sin θ cos φ

sin θ sin φ

cos θ

 (2.81)

k = ks − k0 (2.82)

â‖ =

 sin θA cos φA

sin θA sin φA

cos θA

 (2.83)

As a concrete example, consider A = V f ,i, where we are interested in the effect of a
finite aperture on the observed spectrum from a plasma volume with a bulk flow velocity.
The Doppler shift is still k ·V f ,i, but as the direction of k changes across the aperture each
element of the aperture will see a slightly different Doppler shift. We write:

xi =
ω + k ·V f ,i

kvth,i
xe =

ω + k ·V f ,i

kvth,e
, (2.84)

where we have assumed that the electrons move with the ions, V f ,e = 0, and k is the
magnitude of k.

This calculation can be performed for a realistic aperture: 50 mm diameter lens, 400 mm
from the object, giving θmax=3.5◦. The plasma parameters are representative of those de-
scribed later in this thesis. In Fig. 2.14a, V f ,i = 0 km s−1 and there is almost no difference
between the 2D (infinitesimal aperture, assuming a single k-vector) and 3D calculations
(using a finite aperture). This is unsurprising — for an isotropic distribution function like
a stationary Maxwellian the only effect of the finite aperture is slightly different length
k-vectors.

In Fig. 2.14b, Vf ,i = 100 km s−1, directed along (θV = θ0/2− 90◦ = −22.5◦, φV = 0◦),
aligned with ku = ksu − k0. Despite the large velocity and large aperture used in this
calculation, there is very little difference between the two spectra, suggesting that finite
aperture affects are not important when considering bulk flows in our parameter range.

Magnetic field measurements

In a magnetised plasma, the spectrum is significantly more complicated as the incident
radiation can couple with ion and electron cyclotron waves. For our plasma parameters,
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b)a)

Figure 2.14: a) Finite aperture effects on a stationary plasma, showing the standard 2D calcu-
lation and the full vector based 3D calculation. There is no noticeable difference between
the 2D and 3D calculations. b) Finite aperture effects on a plasma with a bulk flow of
Vf ,i =100 km s−1, showing the standard 2D calculation, and the full vector based 3D. There is
very little difference between the 2D and 3D calculations.

the ion cyclotron waves have quite low frequencies and thus are too closely spaced to
be resolved by our spectrometer. Under certain circumstances, harmonics of the electron
cyclotron frequency can be observed as modulations to the electron component of the
spectral density function.

Fundamentally the magnetic field breaks the symmetry of the Maxwellian distribution
and k must be split into components parallel and perpendicular to the magnetic field,
each interacting with a different component of the distribution function.

The geometry is the same as in Fig. 2.13a, with A = B and unit vector b̂‖ parallel to the
magnetic field. The resultant wave vectors are given by:

k = ks − k0 (2.85)

k‖ = k.b̂‖ (2.86)

k⊥ = (k.k− k2
‖)

1/2 (2.87)

The parallel and perpendicular projections of the resultant wave vector onto the magnetic
field are used to calculate S(k, ω) for a given θ and φ. The spectral density function is
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[Froula, 2011]:
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xi = ω/kvth,i (2.94)

ε = 1 + He + χi (2.95)

Here Il(z) is the modified Bessel function of the first kind. This enters through the inte-
grals necessary to evaluate the Landau damping. The factor exp(−x2

e,l)/k‖vth,e is a peaked
function which tends towards a set of delta functions δ(ω − lΩe) as k‖ → 0. Away from
this limit, the peaks are broader and lower. In practice, the term exp(−x2

eC)Il(x2
eC) cannot

be evaluated in our regime, as xeC, the ratio of the thermal gyro-radius to the perpendicu-
lar wavelength, is quite large. The exponential term is therefore vanishingly small and Il

is extremely large. Fortunately, their product is finite, and using an asymptotic approxi-
mation for Il allows us to write:
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Whenever exp(−x2
eC)Il(x2

eC) cannot be evaluated directly, the code tacitly switches to eqn.
2.96. To reduce computation time, we only consider a limited number of harmonics (often
ten), as opposed to evaluating the sum over l from−∞ to +∞. As the magnetic field tends
to zero, the peaks become more closely spaced. Without evaluating for large number of
harmonics, we are unable to recover the unmagnetised spectrum.

The 3D nature of the magnetic field raises another issue. The spectral density function
is extremely sensitive to the scattering angle. In particular, the effects of magnetic fields
are only clearly seen when the resultant wave vector is very close to perpendicular to the
magnetic field, and indeed there is a singularity for k‖ = 0, which has to be treated care-
fully. The (rather convoluted) coordinate system shown in Fig. 2.13 was chosen especially
in anticipation of this issue — the contribution from the ray which strikes the centre of the
aperture is zero, due to the factor of sin θ in the infinitesimal area dA = sin θdθdφ, and
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hence evaluating the function at this singularity is avoided5.

b)a)

Figure 2.15: a) Experimental data measurements of magnetic field using Thomson scattering.
Reprinted from D. E. Evans and P. G. Caolan. “Measurement of magnetic field in a labora-
tory plasma by Thompson scattering of laser light”. In: Physical Review Letters 25.23 (1970),
p. 1605. DOI: 10.1103/PhysRevLett.25.1605 with the permission of AIP Publishing. b)
Synthetic Thomson scattering spectra calculated using experimental parameters from [Evans,
1970], Te = Ti = 20 eV, ne = 5× 1015 cm−3, A = Z = 1, θ0 = 30◦, B = 1.4 T, θB = φB = 90◦,
θA = 0.85◦.

To demonstrate that this numerical procedure can reproduce experimental data, Fig.
2.15 shows a comparison of the results of synthetic Thomson scattering calculations (Fig.
2.15b) with data taken by [Evans, 1970] (Fig. 2.15a) in a θ-pinch experiment, and is the
summation of spectra taken over multiple shots. The agreement is good — there are clear
peaks at around 0.6 Å and 1.2 Å, corresponding to a magnetic field of B =1.4 T, and the
simulated peak heights closely match the experimental data. As this code agrees with
existing experimental data, it should be able to predict the spectra in other experiments.

Given the plasma parameters we expect in typical MAGPIE experiments, can we mea-
sure magnetic fields on MAGPIE using Thomson scattering? Some calculations are shown
in Fig. 2.16, using realistic plasma parameters for the experiments shown later in this
thesis. A range of aperture angles are shown — for a large aperture θmax = 2◦ the calcu-
lation shows that the magnetised spectral density function reduces to the unmagnetised
case. For smaller apertures, periodic modulations are evident, but they are very small.
An important experimental consideration is that amount of light collected by the system
scales with the square of θmax, and so for small apertures the amount of collected light
drops dramatically and the signal to noise ratio degrades. This is an issue when trying
to detect small modulations — it is difficult to observe evidence for magnetic fields when
the signal is buried in the noise. It is unlikely that the magnetic field could be determined
by Thomson scattering in the experiments detailed in this thesis, but there is the tantalis-
ing possibility that this technique could be used in other experiments on MAGPIE — as is
usually the case, a more powerful laser would be useful.

5Thanks to W. Rozmus for this construction.

http://dx.doi.org/10.1103/PhysRevLett.25.1605
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Figure 2.16: Synthetic Thomson scattering spectra for magnetised plasmas, using reasonable
parameters encountered in the experiments in this thesis. The modulation due to the magnetic
field is very small.

2.3 Summary of Generator and Diagnostics

The MAGPIE pulsed-power generator is a versatile experimental facility which can de-
liver a 1.4 MA current pulse with a rise time of 240 ns through a coaxial transmission line
into a vacuum chamber. The high impedance of the generator allows it to drive a variety
of loads, including experiments which rapidly implode or explode. Plasma on MAGPIE

are analysed using a sophisticated suite of diagnostics, including magnetic probes, self-
emission imaging and laser based diagnostics. The propagation of electro-magnetic waves
through a plasma provides a non-perturbative technique for measuring various plasma
properties. The dielectric tensor was derived for high frequency waves, which forms the
basis for laser interferometry (phase measurements) and Faraday Rotation imaging (po-
larisation rotation measurements). The experimental set-up and data analysis procedures
for these diagnostics on MAGPIE was discussed. Thomson Scattering couples an intense
laser beam to modes in the plasma, providing detailed local measurements of the plasma
velocity and temperature. The analysis of Thomson scattering data is complicated, and
potential effects related to finite apertures were discussed, along with the feasibility of
measuring magnetic fields using Thomson Scattering on MAGPIE. This diagnostic suite
enables us to make detailed measurements of the plasma dynamics and properties, as
described in the remainder of this thesis.



3 Initial Experiments: Carbon Wires and
Exploding Arrays

The experiments in this thesis are performed using a novel and previously unreported
load hardware — double exploding carbon wire arrays. Each element of the hardware
was tested in a series of initial experiments, which allowed these elements to be combined
to produce the experimental set-up described in the rest of this thesis. This chapter pro-
vides an overview these elements, covering the physics of wire array implosions, initial
experiments with imploding carbon wire arrays and the results from double exploding
aluminium wire arrays.

Imploding wire arrays have been extensively studied as an x-ray source, using a range
of metallic wires such as aluminium and tungsten. In contrast, carbon and other low mass
elements are rarely used as they do not provide an efficient x-ray source. Exploding (or
‘inverse’) wire arrays are a relatively recent concept, and provide an expanding source of
plasma which is easier to diagnose than in a cylindrical converging geometry.

This chapter begins with a discussion of imploding wire arrays, with a detailed descrip-
tion of the plasma formation and acceleration processes. This is followed by a description
of initial experiments with imploding carbon wire arrays, which show that carbon is a
viable wire material and undergoes the same processes as metal wires. Exploding wire
arrays are compared with imploding wire arrays, and initial experiments with double ex-
ploding wire arrays using aluminium wires are then presented. This then leads on to the
next chapter, which discusses the results from experiments with double exploding carbon
wire arrays.

3.1 Imploding Wire Arrays

Imploding wire arrays consist of a cylindrical arrangement of thin wires, driven by a fast
rising current pulse which ionises the wire material and causes it to implode and ‘pinch’
on axis. When the wire array pinches it forms an intense source of x-ray radiation. The ra-
diation can be in the form of atomic lines, or a broadband Brehmstrahlung type emission.
The relative strength of the lines and continuum depends on the wire material used, with
higher atomic mass materials producing close to continuum radiation. X-ray sources are
useful for a variety of reasons, including radiography, x-ray backlighting or driving the
implosion of an inertial confinement fusion target. This section discusses plasma forma-
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tion, ablation, acceleration and stagnation and implosion in a standard metal wire array.
Although in this thesis the production of x-rays is not the primary focus (and as a form
of radiative cooling, avoided as much as possible), the fundamental physics of imploding
metal wire arrays is still relevant to exploding carbon wire arrays.

3.1.1 Initiation and ablation

Wire array z-pinches are imploded using a fast rising current pulse from a pulsed-power
generator. Initially the load is in the solid state, and the impedance is mostly resistive.
At the current pulse begins, the wires Ohmically heat, and rapidly undergo an ‘electric
explosion’, forming a heterogeneous mixture of liquid and gas. This is the called the ‘wire
core’ — it is relatively cold and dense, but still provides a path for the current from the
generator.

A coronal plasma forms surrounding these wire cores as Ohmic heating continues, and
a fraction of the generator current shunts into this plasma and initiates the ablation phase.
The magnetic field topology in a wire array is initially complicated — each wire possess
its own ‘private flux’ as each wire carries a fraction of the current, and the global field
topology is the sum of all of these local magnetic fields and the global magnetic field
from the return current structure. The local field structure initially acts to confine the
coronal plasma around each wire, but the plasma expands due to Ohmic heating, and
drags with it the magnetic field. The advection of the magnetic field causes a switch to
a global magnetic field topology with no private flux — roughly azimuthal field lines
cross through each wire core, and so there is a J× B force radially inwards on the coronal
plasma [Chittenden, 2004].

The plasma surrounding the wire cores is accelerated by the J × B force, and it flows
towards the axis of the array. Most of the current in the accelerated plasma switches back
to the wire cores where it continues to heat the dense vapour/liquid mixture and produce
more coronal plasma. The wire cores therefore act as a mass source, continuously ablating
plasma which is accelerated away for the duration of the drive current, or until the wires
run out of mass [Lebedev, 2005]. This process is well described by the Rocket model
[Lebedev, 2001], which simply balances the radial component of the J× B force with the
momentum of the ablation flows:

Vab
dm
dt

= (J× B) · r̂ (3.1)

Using the relationship between the drive current and the magnetic field strength at the
radius of the array, R0, the mass ablation rate per unit length can then be written as:

Vab
dm
dt

= − µ0 I2

4πR0
(3.2)

The ablation velocity, Vab is an independent parameter which needs to be measured, but
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then the mass ablation rate and hence the density profile (via integration) can be predicted
from eqn. 3.2. The rocket model can be applied equally well to the exploding wire arrays
discussed below. The rocket model assumes that ablation is equal along the length of the
wires, but experimental and computational investigations reveal an axially modulated
ablation rate. This is believed to be due to an ablatively stabilised m = 1 MHD instability,
which redirects the ablation flows to produce regions of larger and smaller density, with
a characteristic wavelength which appears to depend on the wire material [Chittenden,
2008].

Figure 3.1: End-on laser interferometry of a) aluminium and b) tungsten imploding cylindrical
wire arrays. Both arrays consist of 32 wires, and the interferograms are taken 140 ns after
current start. The processed areal electron density maps are shown in c) and d). c) shows
the network of oblique shocks that form inside and imploding aluminium wire array, and
d) shows the absence of collisions inside an imploding tungsten wire array. Reprinted from
G. F. Swadling et al. “Experimental investigations of ablation stream interaction dynamics
in tungsten wire arrays: Interpenetration, magnetic field advection, and ion deflection”. In:
Physics of Plasmas 23 (2016), p. 056309. DOI: 10.1063/1.4948279 with the permission of AIP
Publishing.

http://dx.doi.org/10.1063/1.4948279
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The ablation streams propagate from each wire towards the centre, and can interact
before they reach the axis. For collisional systems with supersonic flows, such as those
seen in aluminium wire arrays, this creates a complex hierarchy of nested oblique shocks
which redirect the plasma (see Fig. 3.1c) [Swadling, 2013]. The plasma streams collide on
axis to form a column of plasma known as the precursor. In collisionless plasmas, such as
tungsten, the plasma streams do not interact at all — in this case, it is seen that the ablation
flows pass through each other and continue out the other side of the axis [Swadling, 2016]
(see Fig. 3.1d). In initially collisionless systems, shocks only form when the density (which
increases with the drive current) becomes large enough for collisions to be important, and
these shocks allow the precursor to form.

3.1.2 Precursor formation, collapse and array implosion

In both the collisionless and the collisional case, a column of plasma forms on the axis,
known as the ‘precursor’ because it exists before the main implosion. The precursor col-
umn is hot, dense and carries a small fraction of the drive current. The diameter of the
precursor is a strong function of the atomic mass of the wire material, and as it is hot and
dense it rapidly radiates x-rays. The thermal pressure of the column is balanced by the
ram pressure of the incoming flows, and the power loss through radiation scales roughly
as n2

e . At a critical density, the rate at which thermal energy is lost is no longer balanced by
the thermalisation of the flow kinetic energy, and radiative collapse occurs. The column
begins to contract, and as it does so the density rises. This in turn increases the radiative
cooling rate, which drops the thermal pressure further, causing the column to contract
more rapidly. A rapid burst of radiation ensues as the column collapses to a small diame-
ter, leaving a thin, extremely dense and cool plasma column on axis.

Mass is continuously ablated from the wires to form the ablation streams until the cur-
rent pulse finishes (and hence by the rocket model dm/dt becomes zero) or there is no
more mass to ablate. In the former case, the array is ‘over-massed’ and never undergoes
the final implosion. For an ‘under-massed’ array, gaps form in the wire cores where the
ablation rate is highest. At this point, the current can no longer flow through the wire
cores, and it switches into the ablation streams, sweeping up the mass between the wires
and the axis in a ‘snow-plough’ implosion which produces the main x-ray pulse when
collides with the precursor. In this thesis, all wire arrays were over-massed to prolong the
ablation phase.

3.2 Initial Results with Carbon

The production of x-rays was the major motivation behind studies of wire array z-pinches.
Experiments showed that high atomic mass wires produce the most efficient x-ray bursts,
and so wires made from copper and tungsten are often used. For experiments in which
x-ray production is not the primary goal it is worth considering other materials, and what
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attractive properties they might have. In this section, two major properties will be con-
sidered — the ion-electron equilibration time and the radiative cooling rate. Minimising
the equilibration time and maximising the cooling time both imply a low atomic mass
material, and a brief survey of possible materials is presented.

3.2.1 Motivation for low atomic mass elements

The Lundquist number S = µ0LVA/η is a dimensionless parameter which is ubiquitous
in theories of magnetic reconnection. The Lundquist number has a strong dependence on
the electron temperature (S ∝ T3/2

e ) via the magnetic diffusivity, η. In astrophysical and
space plasma, the Lundquist number is very large, often over 1010 due to the long length
scales, high temperatures and low densities (S ∝ VA ∝ n−1/2

e ) in these plasmas. Reaching
these large Lundquist numbers in the laboratory is difficult because it is hard to make
large, hot plasmas.

In wire array z-pinches, the ions are often far hotter than the relatively cold electrons.
The ions are preferentially heated by the shocks around the precursor, but the large differ-
ence in electron/ion mass means that the electrons are not efficiently heated by collisions
with the ions, and remain cold. Radiative cooling removes energy from the electrons,
and so the electrons are rapidly cooled but are not effectively heated. To reach high elec-
tron temperature (and hence astrophysically relevant Lundquist numbers) in a wire array
z-pinch, it is necessary to reduce the rate of radiative cooling and increase the rate of equi-
libration between the ions and electrons, or provide another heating mechanism for the
electrons.

It is useful to have rough scalings for the equilibration rate and the radiative cooling
rate. The radiative cooling rate scales roughly as Prad ∝ Z3n2

i (Z2 for the energy of photon
emitted in a free-bound transition in the Bohr atom model, with a factor of neni for the rate
of emission and ne = Zni). The cooling rate is a strong function of Z, the charge of the ion,
and for a given temperature Z is much larger for heavier atomic mass elements because
the outer electrons are less strongly bound and therefore easier to ionise. This implies that
lighter elements are cooled less strongly by radiation.

The electron-ion energy transfer rate is proportional to the mass ratio, me/mi. Heavier
ions equilibrate more slowly with the electrons, and so using a lighter element for the wire
material should give faster energy transfer from the ions to the electrons.

In order to achieve high electron temperatures, a low atomic mass wire material is
needed — this increases the heating due to electron-ion collisions and reduces the cooling
due to radiation losses. Working upwards in mass through the available elements shows
that are only a few suitable candidates for making wires — hydrogen is only solid at
cryogenic temperatures, helium is never solid, lithium oxidises rapidly and is flammable,
beryllium dust is toxic and boron is very resistive. Carbon (A = 12, maximum Z = 6) is
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the lightest element that it is feasible to work with1 and conveniently comes in the form
of cheap rods, sold as mechanical pencil lead refills. Some carbon fibre experiments had
been performed on MAGPIE [Lebedev, 1997], but it was unclear whether a wire array made
from carbon would be a good plasma source.

3.2.2 Imploding carbon arrays

Imploding wire array experiments have been performed on MAGPIE and other pulsed-
power generators for around twenty years, and much of the essential physics of these
z-pinches is now well understood. As such, an imploding cylindrical wire array is an
ideal test bed for a new wire material, because there is a wealth of existing literature
with which to compare the results. In these experiments, the focus was on verifying that
ablation occurred from the wires and observing whether a precursor column formed on
axis. These requirements implied that a small number of wires should be used to provide
the best side-on diagnostic access.

SIDE-ON VIEW END-ON VIEWa) b)

Carbon
Wires

CathodeAnode

Return
Post

Carbon
Wires

Figure 3.2: Cartoon of the set-up for imploding carbon array experiments. Eight carbon wires
(16 mm long, 0.4 mm diameter) are arranged in a circle (16 mm diameter). Current passes
up through the return posts (two of eight shown) and returns to ground through the wires.
Diagnostics are set up in two configurations: a) Side-on, where four of the eight wires are
visible, the other four being blocked by the four in front and b) End-on, through a circular
hole in the top anode plate which obscures the wire cores, but allows a view of the ablation
streams from all eight wires.

Initial experiments with carbon wire arrays were performed using eight 0.4 mm diame-
ter carbon rods, 16 mm tall and spaced evenly around a circle 16 mm in diameter, as shown
in Fig. 3.2. Diagnostics were positioned to look either side-on (Fig. 3.2a) or end-on (Fig.
3.2b) to the imploding wire array.

A two-channel laser-probing diagnostic was fielded side-on to the array, and the re-
sults from 160 ns after current start are shown in Fig. 3.3. The shadowgraphy channel
(Fig. 3.3a) shows even ablation from all of the wires, which implies good current division
and therefore good electrical contact between the wires and the electrodes. The ablations
streams are modulated in the axial (up/down) direction with a well defined, characteristic
wavelength. This modulation has been observed in other wire array z-pinch experiments,
and was discussed above — what is notable here is that the wavelength of the modulation

1MAGPIE originally used cryogenically cooled and extruded hydrogen fibres, but these are very difficult to
work with as the fibre occasionally detaches, leaving an open circuit.
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a) b)

s0725_14
5 mm

Figure 3.3: Side on laser probing of an imploding eight wire carbon wire array, from s0725_14
at 160 ns after current start. Only four wire cores are visible - the other four are behind the
visible four. a) Laser shadowgraphy, showing axially modulated ablation near the wires and
the formation of a large, turbulent precursor column on axis. b) Laser interferometry showing
dense ablation flows from the wires, and a dense precursor on axis.

is larger than that seen in other materials, which could be due to the large diameter wire
cores.

s0725_14

a) 157 ns b) 187 ns c) 217 ns d) 247 ns

5 mm

Figure 3.4: End-on XUV fast frame pin-hole imaging (photon energy > 40 eV, 5 ns exposure).
There is a 30 ns interval between the frames, which show the ablation streams from each of
the eight wires. A broad, strongly emitting precursor column forms on axis, and later in time
shocks between the ablation streams evolve.

A fast-framing extreme ultra-violet (XUV) camera (photon energy > 40 eV, 5 ns expo-
sure) was fielded end-on to the imploding carbon wire array, and the results are shown in
Fig. 3.4. The intensity levels have been individually adjusted for each frame to provide
the best contrast, and so it is not possible to perform comparisons of absolute intensity
between frames. The eight ablation streams have similar levels of emission, indicating
excellent current division equally between the eight wires. A broad and strongly emitting
precursor has formed on axis, and persists for at least 90 ns. There are no signs of radia-
tive collapse in the precursor, which suggests that radiative cooling has been dramatically
reduced compared to higher atomic mass elements. Later in time, around 220 ns after
current start (Fig. 3.4c) a series of nested shocks have formed between the converging ab-
lation streams, reminiscent of the patterns seen in the imploding aluminium wire arrays
(Fig. 3.1c). The array is overmassed, and so no implosion occurs.
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These initial results show that carbon is a suitable material for wire array experiments.
Current division between the wires is excellent, and well defined ablation streams are
produced which converge on axis and produce a broad precursor. This precursor is long
lasting, and its diameter does not change appreciably over at least 90 ns. This implies that
it does not undergo radiative collapse and therefore is not strongly radiatively cooled.
Thomson scattering experiments performed in the rotated wire array geometry [Swadling,
2015] showed electron temperatures of 100 eV, consistent with low radiative cooling.

3.3 Exploding Wire Arrays

Imploding wire arrays have a cylindrically converging geometry which is difficult to diag-
nose. An exploding wire array2 produces radially diverging plasma flows which expand
into the vacuum and offer an open geometry for diagnostics [HarveyThompson, 2009].
Essentially an exploding wire array is the same as an imploding wire array with the anti-
conformal map r → 1/r — keeping the wires at the same radial location, the return posts
are mapped from outside the array to a central conductor.

The stages discussed above for an imploding wire array remain the same — the current
pulse causes an electric explosion, a coronal plasma forms around the wire cores, and
this plasma is accelerated by a J× B force. The region of high magnetic pressure remains
between the return structure and the wires, but in the exploding array the J×B force now
accelerates the plasma radially outwards.

Cathode

Return
Post

Wires

Anode
End-on
Mirror

SIDE-ON VIEW END-ON VIEWa) b)

Wires

Figure 3.5: Cartoon of an exploding wire array. The current return posts in an imploding wire
array are now a single, central conductor. The wires are arranged in a cylinder concentric
with this conductor. a) Side-on view showing eight wires — the other eight are blocked by
the eight in front. The end-on diagnostic window is shown in dashed lines with the end-on
mirror underneath at 45◦. b) End-on view showing the sixteen wires from above and the
end-on viewing window on the left for observing the ablation flows from some of the wires.

Fig. 3.5 shows a cartoon of an exploding cylindrical wire array set-up with sixteen
wires. The radial outflows produced by ablation and acceleration of the coronal plasma

2Also known as ‘inverse’ wire arrays. For consistency and clarity ‘exploding’ wire array is used throughout
this thesis.
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can be diagnosed from the side-on and end-on orientations.

3.3.1 Advection of Magnetic Field

In the rocket model (eqn. 3.2) it is assumed that there is no magnetic field embedded in
the plasma flows. This is a consequence of the constant ablation velocity, which implies
that the plasma is only accelerated in a small region close to the wires and hence J× B is
zero in the plasma outflow. However, the magnetic Reynolds number (ReM = µ0LV/η,
where L is the characteristic length scale for the magnetic field profile, V is the plasma
flow velocity and η is the magnetic diffusivity) in these flows is larger than unity, which
implies that if there is any magnetic field in the acceleration region it should be frozen
into, and advected with, the flows.

Private flux

Wire

Global flux

Cathode

Figure 3.6: Flux contours in an exploding wire array just after current start. There is a global
flux produced by the central cathode, and each wire is surrounded by a region of private flux.
Annotated and reprinted from A. J. Harvey-Thompson et al. “Quantitative analysis of plasma
ablation using inverse wire array Z pinches”. In: Physics of Plasmas 16.2 (2009), p. 022701. DOI:
10.1063/1.3077305, with the permission of AIP Publishing.

In the absence of plasma, there should be very little magnetic field outside of the ex-
ploding wire array, because there is no net current through a surface lying in a horizontal
plane. When the current pulse has just begun, closed magnetic field lines surround each
current carrying wire (the ‘private’ field lines), and this is superimposed on the global
magnetic field due to the central conductor (Fig. 3.6, from [HarveyThompson, 2009]). The
formation and acceleration of plasma breaks this topology, as the plasma flows drag the
magnetic field from inside the wire array to outside. When the ablation streams have been
established, the magnetic field configuration at the wire cores is approximately azimuthal,
and it is this magnetic field profile that is advected outwards with the ablation flows.

This situation is shown in Fig. 3.7, which shows cut-away views in the side-on and
end-on configuration. A fraction of the drive current now forms a current loop through
the plasma outflows (Fig. 3.7b), which is necessary to support the advected azimuthal

http://dx.doi.org/10.1063/1.3077305
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Figure 3.7: Cartoon of magnetic field advection in an exploding cylindrical wire array. a)
3D model of wire array before current start. b) Side-on cut-away through the centre of the
array, showing the plasma streams flowing radially outwards. A fraction of the drive current
(red) now flows through the plasma flows to produce the advected azimuthal magnetic field
(cyan). b) End-on cut away, showing the radially diverging outflows with advected azimuthal
magnetic field (cyan).

magnetic field. As the plasma flows are magnetised and current carrying, the ablation ve-
locity can no longer be constant. However, for imploding wire arrays, the current flowing
in the ablation flows is small and there is no significant effect on the flow dynamics from
this additional J× B force. This effect may be more significant in exploding wire arrays
where a large fraction of the global magnetic field is advected by the plasma flows.

There is significant experimental evidence for the advection of magnetic fields in im-
ploding and exploding wire arrays. Magnetic probes have been used to measure advected
fields inside imploding wire arrays [Greenly, 2009]. The transition from the local to global
magnetic field topology was observed as a sign reversal in the magnetic field. The mag-
netic field rises rapidly, as expected for flows driven by the rising generator current.

In exploding wire arrays, magnetic probes have also been used to measure the advected
magnetic field in the outflows [Lebedev, 2014]. When the plasma expands freely into
a vacuum, the probe signal lags behind the MAGPIE current by 80 ns, consistent with a
flow velocity of around 100 km s−1. In these experiments an obstacle was placed 10 mm
from the exploding wire array, which caused the plasma flow to pile up. An increase in
density and magnetic field was observed using laser interferometry and magnetic probes,
consistent with compression of the frozen in magnetic field by a sub-shock structure.

Maps of the magnetic field have been made using Faraday Rotation Imaging (Fig. 3.8).
This allows a snapshot of the spatial distribution of the magnetic field at a single time,
rather than the time history of the magnetic field at a single point provided by magnetic
probes. The map was taken around the time of peak drive current, and the magnetic field
profile is nearly uniform, around 2 T. Note that there the rotation angle is very uniform
in the z (up/down) direction, which implies that exploding wire arrays are suitable for
quasi-two-dimensional (quasi-2D) experiments.

The results presented above establish that the exploding wire array is an excellent
source of magnetised, high-energy-density plasma, producing long lasting plasma flows
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Figure 3.8: Faraday Rotation Imaging on an exploding cylindrical aluminium wire array, at
t = 250 ns after current start. a) is omitted, b) and c) are raw polarimetry images. e) Po-
larisation rotation angle map. f) A comparison of the electron density, rotation angle and
the inferred magnetic field. Reprinted from G. F. Swadling et al. “Diagnosing collisions of
magnetized, high energy density plasma flows using a combination of collective Thomson
scattering, Faraday rotation, and interferometry”. In: Review of Scientific Instruments 85 (2014),
11E502. DOI: 10.1063/1.4890564 with the permission of AIP Publishing

with an open geometry for diagnostics. Initial experiments with exploding wire arrays
focused on understanding the ablation mechanics and axial instabilities understood to be
important for x-ray yields [HarveyThompson, 2009]. Subsequent experiments used the
exploding wire array as plasma source, and studied the pile up of magnetic flux when the
plasma flows stagnated against a solid conducting obstacle [Lebedev, 2014]. These exper-
iments characterised the flows as super-sonic, super-Alfvénic, with a magnetic Reynolds
number > 1.

3.4 Double Exploding Wire Arrays

The development of a new plasma source, the exploding wire array, opened up the pos-
sibility of a range of novel laboratory astrophysics experiments. A range of interesting
results had come from the collision of a super-sonic, super-Alfvénic plasma flow with
a stationary conducting obstacle, including the produced large magnetic fields through
the pile up of magnetic flux. One topic of great interest in the astrophysics community
is the interaction of super-sonic plasma flows, which can be produced by, for example,
young stars. This was studied using double exploding wire arrays, in which two identi-
cal exploding wire arrays are placed side by side and driven in parallel by the generator
current. This arrangement is grossly non-axisymmetric, but symmetry in the z direction
allows this system to be treated as quasi-2D, which greatly reduces the difficulty of the

http://dx.doi.org/10.1063/1.4890564
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analysis.
Each array produces radial outflows which carry with them an embedded azimuthal

magnetic field. The flows collide at the mid-plane between the two arrays, and when
they do so the embedded magnetic fields in the flows are anti-parallel. These experiments
studied the structure of the layer which formed, the nature of the inflows and outflows
and the presence of the intense current sheet which formed at the mid-plane.

3.4.1 Load Design

A cartoon of the load design is shown in Fig. 3.9. Two identical exploding cylindrical
wire arrays are placed side by side. Each array consists of sixteen aluminium wires, 40
µm in diameter, arranged in a cylinder 16 mm in diameter and 16 mm tall. The arrays
are separated by 27 mm centre-to-centre, and elevated on thin cylinders above the anode
plate. There is a hole in the centre of the anode plate to allow for end-on imaging. The
left/right symmetry means that the MAGPIE current should be evenly split between the
two arrays, which are driven in parallel.
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Figure 3.9: Cartoon of the set-up for double exploding aluminium wire arrays. Each array
consists of sixteen 40 µm diameter, 16 mm long aluminium wires arranged in a cylinder 16 mm
in diameter (wires only shown on the left array). The arrays are placed side by side, separated
by 27 mm centre-to-centre and driven in parallel by the MAGPIE current.

3.4.2 Results with Aluminium Wires

The interaction of the counter-propagating flows from aluminium double exploding wire
arrays was studied using a range of diagnostics, including laser-interferometry, Faraday
Rotation Imagine and Thomson scattering [Suttle, 2016]. These diagnostics allowed de-
tailed spatially and temporally resolved measurements to be made of the electron density,
magnetic field profiles, flow velocities and plasma temperatures. These diagnostics are
similar to those outlined in the rest of this thesis, and so for brevity only the results will
be presented here.
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Left array Right array

Ablation flow Reconnection layer

Figure 3.10: End-on areal electron density map from laser interferometry. The inflows are
formed by oblique shocks between each pair of wires. The interaction layer forms at the
mid-plane. The annotations refer to locations where Thomson Scattering measurements were
made. Reprinted with permission from L. G. Suttle et al. “Structure of a Magnetic Flux Anni-
hilation Layer Formed by the Collision of Supersonic, Magnetized Plasma Flows”. In: Physical
Review Letters 116 (2016), p. 225001. DOI: 10.1103/PhysRevLett.116.225001, copyright 2016
by the American Physical Society.

The radially diverging outflows from each array have a density around 1× 1018 cm−3

(Fig. 3.10), and were accelerated by the J× B force to V = 50 km s−1. The flows advected
a 2 T azimuthal field and were relatively cold, Ti ≈ 20 eV and Te < 20 eV, which means
that the flows were super-sonic (MS > 3) and super-Alfvénic (MA ∼ 2). The interaction
of the flows at the mid-plane is strongly driven as βdyn = ρV2/(B2/2µ0) ∼ 7, and so the
magnetic pressure does not have much effect on the dynamics of the plasma.

The outflows are created by the interaction of adjacent wire pairs, as in the imploding
wire arrays seen in Fig. 3.1c. This can be clearly seen in Fig. 3.10, where three outflows
from each array can be seen. The outflows are actually between pairs of wires, and not
directly from each wire — this is due to a pair of oblique shocks which redirect the flow so
they propagate radially outwards from between each wire pair. The density in the flows
drops towards the mid-plane, which is due to the increasing ablation rate caused by the
rising drive current — plasma further from the array was produced earlier in time diverg-
ing outwards, and so is less dense than the plasma close to the arrays. This means the
two outer flows from each array are far less dense at the mid-plane than the central flow,
and the plasma in the interaction layer therefore mostly comes from these two colliding
central flows.

When the flows collide, the anti-parallel magnetic fields are brought into contact, and
appear to annihilate inside a layer around 1 mm thick. There are sharp boundaries to
the layer, as seen in Fig. 3.11, which correspond to strong shocks. The plasma density
increases to 2× 1018 cm−3, and the plasma heats dramatically, to Ti ≈ 300 eV and Te ≈
40 eV. These temperatures are far in excess of what would be predicted by heating from
a strong shock, even without taking into account ionisation and radiation losses, which
implies another source of heating. One possibility is that the annihilation of the magnetic
field provides an efficient heating mechanism for the ions and electrons, and this may be
related to turbulent heating by unstable kinetic waves.

http://dx.doi.org/10.1103/PhysRevLett.116.225001
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Figure 3.11: Faraday Rotation Imaging measurements of the interaction layer formed between
two exploding aluminium wire arrays. a) Areal electron density map showing the inflow-
ing plasma and a dense central layer. b) Polarogram showing the angle of rotation of the
probing laser beam. c) Magnetic field map of the interaction layer, showing the anti-parallel
magnetic fields and the region in which the magnetic flux is annihilated. Reprinted with per-
mission from L. G. Suttle et al. “Structure of a Magnetic Flux Annihilation Layer Formed by
the Collision of Supersonic, Magnetized Plasma Flows”. In: Physical Review Letters 116 (2016),
p. 225001. DOI: 10.1103/PhysRevLett.116.225001, copyright 2016 by the American Physical
Society.

The high temperatures inside the layer provide a large plasma thermal pressure which
supports the layer against the ram pressure of the incoming flows. This rough pressure
balance allows the layer to persist for over 100 ns, more than twenty hydrodynamic flows
times. The long lasting nature of the layer allows it to be studied in detail by a range
of diagnostics, which in turn means that effects such as the unexpectedly high tempera-
tures can be measured. In recent experiments, the layer is observed to transition from a
relatively broad and sparse configuration to a narrow and dense configuration in a short
space of time. This could be evidence for radiative collapse of the interaction layer in a
similar manner to the radiative collapse of the precursor in imploding wire arrays, and
this is an attractive avenue for further research [Uzdensky, 2011b].

3.5 Summary of preliminary experiments

High electron temperatures are necessary to reach astrophysically relevant dimensionless
parameters, such as the Lundquist number. In wire array z-pinch experiments, the elec-
trons usually remain cold due to radiative cooling. Using a low atomic mass element such
as carbon offers a path to producing plasmas with a high electron temperature.

The formation of well defined ablation streams and excellent current division has been
observed in imploding carbon wire arrays, which demonstrates that carbon is a suitable
material for other wire array experiments. Exploding wire arrays produce radially di-

http://dx.doi.org/10.1103/PhysRevLett.116.225001
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verging flows which offer an open geometry for diagnostic access, and produce high
speed, long lasting magnetised plasma flows. These exploding wire arrays have been
used for laboratory astrophysics experiments, such as the pile-up of magnetic flux when
the plasma flow stagnates against a conducting obstacle.

Double exploding wire arrays experiments have been demonstrated using aluminium
wires, in which super-sonic and super-Alfvénic plasma flows collide at the mid-plane be-
tween two identical arrays. The magnetic fields advected by the flows are anti-parallel,
and the magnetic field is annihilated inside a thin current sheet. There is significant heat-
ing of the ions and electrons, above the level expected from the thermalisation of the
incoming kinetic energy by a strong shock. However, in these experiments the Lundquist
number is low, only ∼ 10 — to study the collision of magnetised flows in an astrophys-
ically relevant plasma requires a higher Lundquist number, and therefore high electron
temperatures, which is the focus of the rest of this thesis.



4 An Overview of Experiments with Double
Exploding Carbon Wire Array

The initial results from double exploding wire arrays using aluminium wires showed the
annihilation of magnetic flux in a low Lundquist number interaction layer. These experi-
ments were then performed with carbon wires, in order to achieve a higher electron tem-
perature and therefore increase the Lundquist number to a more astrophysically relevant
regime. In these experiments there were still ablation streams advecting the azimuthal
magnetic field, with the formation of a dense, hot layer at the mid-plane, but in other
ways the results were remarkably different from those seen in aluminium — larger mag-
netic fields, no shocks, higher temperatures, less self-emission and a dramatically more
unstable reconnection layer. A significant number of experiments were carried out in the
same hardware configuration, using a range of diagnostics to learn more about the carbon
plasma formed by the exploding wire arrays and how magnetic reconnection occurs in
this experiment.

This chapter begins by discussing the experimental set-up and the layout of the diag-
nostics, showing example data from the imaging diagnostics used in these experiments.
The optical self emission — imaged by a fast framing camera — provides an excellent
qualitative overview of the dynamics and features of these experiments. Laser interfer-
ometry provides electrons density maps from a wide range of experimental times, and
these maps show the evolution of the plasma and the reconnection layer. The discus-
sion of results from Thomson scattering and Faraday rotation imaging follow in the next
chapter.

4.1 Experimental and Diagnostic set-up

The set-up used in the carbon wire experiments discussed in the next two chapters was
similar to the set-up used for experiments with aluminium wires (see Fig. 3.9). The wires
used were carbon rods1 in the form of mechanical pencil lead refills, (Staedler Mars Micro
Carbon B 0.3 mm), found to be roughly 0.4 mm diameter. In standard wood pencils, the
pigment core is made from graphite mixed with clay — the clay provides mechanical
strength, and so the softness of the pencil corresponds to greater purity. In a mechanical
pencil refill, the carbon rod is formed from graphite supported by a polymer skeleton. It

1Carbon rods are referred to as ‘wires’ throughout this thesis to avoid having to change standard nomencla-
ture like ‘wire array’.
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Figure 4.1: Cartoon of the load hardware used in these experiments, showing the anode plate,
hollow cathode, the cathode rods, the thin walled cylinders, the two arrays and the carbon
wires. Only two return posts and one set of wires have been shown for clarity.

is unclear whether a softer lead corresponds to greater purity for mechanical pencil leads,
but it is a reasonable assumption. There was no available information about the chemical
composition of this particular brand of pencil leads, but some proportion is hydrogen due
to the polymer skeleton, as well as some other trace impurities. In this thesis it is assumed
that the carbon rods are pure carbon.

Switching from aluminium wires required only minor adjustments to the existing dou-
ble exploding wire array hardware. Instead of thin notches in disks at the top and bottom
of the arrays, small holes were used in the upper and lower array disks to accommodate
the carbon wires. A solid ‘stopper’ disk was placed below the lower array disk — this al-
lowed the carbon wires to be fed in from above, through the upper array disk, drop down
through the lower array disk and then rest on the stopper disk.

The two arrays were placed 27 mm apart, and each array was 16 mm in diameter, 16 mm
tall and consisted of 16 carbon wires each, which were evenly spaced in a circle around
a central conducting rod (steel, 5 mm diameter). During a shot, the current passed from
the anode up through eight identical ‘return’ posts. The two Rogowski coils were placed
around opposite return posts to monitor the load current. The current then passes through
a thick brass anode disk into a smaller steel disk which holds the two arrays. The arrays
are lifted up from this steel disk by thin walled cylinders to reduced end effects caused by
plasma colliding with the steel disk. The current passes up through the wires, converges
inside disks at the top of the hardware and returns to ground through the central conduct-
ing rods. These rods connect to a hollow cathode which contains a 45◦ mirror for end-on
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probing.

4.1.1 Diagnostic set-up and overview of experimental results

B 2δ2L

Vin

I

x

yz

Vout

Wires

Central
ConductorReconnection

Layer

Plasma
Flow

Vin

Vout B

Figure 4.2: Three-dimensional cartoon of the reconnection experiments. Two exploding wire
arrays are placed side by side (right array cut-away to show central conductor and current
path). The arrays produce radially diverging outflows moving at Vin with an embedded az-
imuthal magnetic field B. When the oppositely directed fields meet at the mid-plane they are
anti-parallel and form a reconnection layer, length 2L and width 2δ, with outflows moving at
Vout.

A three-dimensional cartoon of these reconnection experiments is shown in Fig. 4.2.
This figure illustrates the configuration of plasma expected — radially diverging ablation
flows from the two wire arrays, which carry anti-parallel magnetic fields which meet and
are annihilated inside a reconnection layer at the mid-plane. The reconnection layer is
shown as a cuboid with a characteristic half-width δ and a half-length L, though in reality
the layer is not as uniform as this.

The diagnostic set-up with example data is shown in Fig. 4.3. There is a cartoon of the
end-on view in Fig. 4.3a, which shows the two top wire disks, the wire cores (in grey) and
the field of view for the end-on diagnostics, a slightly complicated shape shown with a
blue dashed outline. The cartoon of the side on view is shown in Fig. 4.3d, with the two
wire arrays side by side and the field of view shown with a purple dashed line.

Some sample data in the end-on configuration is shown on the second row of Fig. 4.3.
Fig. 4.3b shows time resolved optical self emission captured by a fast framing camera
looking end-on at the (x, y) plane. This image has been annotated to show the essential
detail of the experiment — the ablation flows from the wires, which propagate radially
outwards from each array towards the mid-plane, where they collide, forming the recon-
nection layer. A raw end-on interferogram is shown in Fig. 4.3c, and consists of light and
dark interference fringes, which are distorted by phase shift induced by the free electrons
in the plasma. The ablation flows and reconnection layer are evident in this raw inter-
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Figure 4.3: Imaging diagnostics used in the experiments detailed in this thesis. a) A cartoon of
the end-on field of view, showing the two arrays and the field of view (blue, dashed outline).
b) A cartoon of the side-on field of view, showing the two arrays and the field of view (blue,
dashed outline).c) Optical self emission captured by a fast framing camera, annotated with
the ablation flows, the magnetic field and the reconnection layer which forms at the mid-
plane. d) Green (532 nm) end-on laser interferometry. e) Infra-red (1053 nm) side-on laser
interferometry. f) Side-on Faraday Rotation imaging.
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ferogram, but the interferogram needs processing to make this data quantitative. These
processed interferograms will be discussed in detail in this chapter.

Fig. 4.3e shows a raw side-on interferogram in the (x, z)plane. The reconnection layer is
visible as a deflection of the interference fringes at the mid-plane, and the layer is extended
and uniform in the out-of-plane (z) direction. By examining the side-on and end-on inter-
ferograms, it is clear that most of the variation in the electron density is in the (x, y) plane,
and as such the system can be treated as quasi-two-dimensional (quasi-2D).

An example image from one channel of the Faraday rotation imaging diagnostic is
shown in Fig. 4.3f. Without detailed analysis, this image merely resembles a shadow-
graph, but some features can be seen — the reconnection layer is barely visible as a white
vertical line at the mid-plane, and the left side of the image is brighter than the right,
which will be used to find the magnetic field profile in the next chapter.

The sample data presented in Fig. 4.3 shows that the current division in the wires arrays
is symmetric — the ablation flows from each wire are similar (seen in Fig. 4.3c and 4.3d),
and so each wire takes the same current. The reconnection layer forms at the geometrical
centre of the arrays, as seen in Fig. 4.3c, 4.3d and 4.3e, and this implies that the current is
also equally divided between the two arrays.

0 100 200 300 400 500
Time (ns)

D
ri

ve
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ur
re

nt
 [I
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Optical Fast Framing

Laser Interferometry

Faraday Imaging

MAGPIE drive current and diagnostic timings

Figure 4.4: The MAGPIE current pulse (black, I = I0 sin2(πt/2τ), τ = 240 ns) overlaid with
the range of timings for the optical fast framing, laser interferometry and Faraday Rotation
imagine presented in this thesis.

The experiments in this thesis are dynamic — they are driven by a short, intense pulse
of electrical current from MAGPIE, and so the time at which a frame of data was taken is
important. The density, magnetic field and flow velocity of the plasma from a wire array
is known to change with time [HarveyThompson, 2012], and usually the plasma near the
mid-plane was generated far earlier in time than the plasma just being generated, with
parameters which reflect the current in the array at that earlier time.
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The MAGPIE drive current is well-approximated by I = I0 sin2 (πt/2τ), where I0 = 1.4
MA and τ = 240 ns, which is shown in Fig. 4.4. The coloured bars overlaid on the current
pulse show the range of times for which diagnostic results are presented in this thesis.
Optical fast framing produces twelve frames per shot, and has the largest range of times.
Faraday rotation imagine only produces one frame per shot and requires a significant
plasma density to produce a reliable signal, and so is only available at later times.

In this chapter, all data will be presented in the (x, y) or reconnection plane. For a per-
fectly built load, there are two mirror planes of symmetry here, along x = 0 mm and
y = 0 mm. Outside of the reconnection layer, these symmetries hold well, but inside the
reconnection layer they do not, which suggests that instabilities are present.

4.2 Experimental Overview from Optical Fast Framing

Self-emission is an ideal quantity to measure if multiple frames of data per shot are re-
quired — no laser beams, x-ray pulses or other radiation source (such as protons for ra-
diography) are necessary to generate the image, so all that is needed is a camera with
a fast frame-rate and an exposure time shorter than the dynamic time-scale of interest.
The self-emission is usually difficult to interpret in a quantitative fashion because of the
strong dependence of the emitted light on several plasma parameters, but it does provide
an excellent overview of where there is plasma throughout an experiment.

In the experiments in this thesis, optical self-emission from the plasma was captured
using a fast-framing camera which imaged light along the same optical path as the end-
on laser interferometry. A beam splitter picked off the self-emission, which was low-pass
filtered (λ > 600 nm) just before the camera to remove any laser light in the images, and
the camera was focused half way up the arrays, at z = 0 mm. This section begins by
discussing the twelve frames from a single shot in great detail, and then presents some
comparisons with another shot which highlight two important features of these experi-
ments — the reproducibility of the inflows, and the instability of the reconnection layer.

4.2.1 Optical fast framing images

Fig. 4.5 shows a series of images from shot s1214_152. The images are taken ‘end-on’,
in the (x, y) plane, and are presented here with a logarithmic intensity scale and false
colour to highlight important details. In the first frame, the upper array disks can be
seen as dark circular regions on the left and right, with a series of small holes around their
circumferences — some of the holes contain carbon rods and emit strongly, but every other
hole is open, and the light visible through these holes comes from the plasma beneath the
disk. The ablation streams are clearly visible as a series of ‘spokes’ emanating from each

2Shots on MAGPIE are named sMMDD_YY. If there are multiple shots in a day, the subsequent shots are
named sMMDDB16 and so on, so s1214_15 was the first (and on this day only) shot on 14th December
2015.
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t=168 ns t=188 ns t=208 ns t=228 ns

t=248 ns t=268 ns t=288 ns t=308 ns

t=328 ns t=348 ns t=368 ns t=388 ns

s1214_15 Optical Framing Images

Figure 4.5: Optical fast framing images taken during shot s1214_15, 5 ns exposure, 20 ns be-
tween frames, 12 frames beginning at t=168 ns after current start. Shown in false colour on
a logarithmic scale which is the same for each frame. The ablations streams from each array
appears as a ‘spoke’-like pattern, and the reconnection layer forms at the mid-plane between
the arrays.

of the wire cores in the two arrays. At this time (t = 168 ns) the flows from the two arrays
have not interacted, and the ablation flows are narrow and well defined. The ablation
streams propagate radially outwards from each array, consistent with acceleration by a
J × B force produced by current flowing out of the plane and a magnetic field that is
azimuthal around each array.

The streams are equally bright, which implies the ablation rate at each wire is the same
and hence that each wire is carrying the same current. The current division between the
two arrays must also be even, as there is no left/right asymmetry. This symmetry is a
useful property of these experiments and simplifies the analysis in later chapters.
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The streams are not directed towards each other head on, but at a slight angle of about
11.25◦ (360◦/32). This is a historical artefact — in the original aluminium experiments, the
ablation streams from adjacent wires were redirected by shocks, producing the strongest
outflow between each pair of wires. With carbon it was assumed that the same effect
would occur, and that there would be a pair of streams colliding head-on. Instead, the
ablation streams come radially outwards from the wire cores without interacting with
adjacent streams. The absence of shocks in these images means that the flows are not very
fast compared to the other characteristic velocities in the system — this will be discussed
more quantitatively using the electron density maps in the next section.

Two pairs of ablation streams have collided at the mid-plane in the second frame (t =
188 ns). There are two regions of increased emission half-way between the two arrays.
This frame catches the first moment of interaction between the two streams — in the next
frame (t = 208 ns), the ‘plasmoids’ have moved away from the interaction point. As the
plasmoids move away from the centre of the experiment, the reconnection layer forms
between them, as seen in the fourth frame (t = 228 ns) . This layer is not completely
uniform, which may be related to the discrete number of ablation streams.

The reconnection layer stretches over the entire field of view in the fifth frame (t =

248 ns), and is quite uniform, which suggests that the density modulations in the inflow
have little effect on the layer itself. The plasmoids which initially formed in the second
frame (t = 188 ns) have almost exited the field of view. The drive current from MAGPIE

peaks around 240 ns after current start, but as the time of flight from the wires to the
mid-plane is around 100 ns, this plasma has not yet reached the reconnection layer.

In the sixth (t = 268 ns) and seventh frame (t = 288 ns) the reconnection layer appears
quite bright and uniform. There is a clear dark region just outside the reconnection layer,
and this depletion layer will be discussed later when the electron density data is pre-
sented. The layer slightly broadens away from the centre of the mid-plane, producing a
flared exhaust for the out-flowing plasma.

There is increasing evidence of instability in the reconnection layer in the eighth frame
(t = 308 ns) . Despite being quite uniform in the last few frames, the centre of the layer
now appears brighter than outside, with an additional bright region just below. It is un-
likely these new plasmoids are related to the discrete ablation streams because these den-
sity modulations appear to have been smoothed out before the reconnection layer, as seen
in the relatively uniform layer in previous frames. This instability continues to grow in
frame nine (t = 328 ns), with a clear dark region between the lower plasmoid and the now
elongated central plasmoid. An additional plasmoid has begun to form above the central
plasmoid, and the lower plasmoid has begun to move downwards along the reconnection
layer.

In the tenth frame (t = 348 ns) the lower plasmoid appears to have merged with the
upper plasmoid, and the boundary of the reconnection layer is rippled, indicating that
many plasmoids are present. The plasma formed at peak MAGPIE current (t = 240 ns)
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should have reached the reconnection layer at this point, and so the rate at which new
plasma is delivered now begins to drop.

There are four or five clearly defined plasmoids in both the upper and lower half of
frame 11 (t = 368 ns), with a range of sizes and aspect ratios. The ablation streams are no
longer distinct — this could be due to the saturation of the image, or due to the reconfig-
uration of the ablation flows which is discussed in more detail below.

In the final frame (t = 368 ns) the plasmoids have either moved, broken apart or
merged. The dynamics of the reconnection layer at this time are quite dramatic, and it is
clear there is a well developed instability responsible for the production of an increasing
number of plasmoids. The distinctions between individual ablation streams have been
completely eliminated, and the inflowing plasma appears uniform and free of density
perturbations.

In summary, discrete ablation streams are formed from each wire, and these streams
propagate radially outwards from each array. The streams collide, initially producing re-
gions of enhanced density with propagate vertically out of the field of view. An elongated
layer forms which is initially quite uniform despite the discrete ablation streams, but be-
comes unstable with the formation of plasmoids on a range of length scales which move
rapidly through the layer.

4.2.2 Reproducibility of the ablations flows and the instability of the layer

The optical fast framing shown in Fig. 4.5 gives a general overview of the dynamics of
these experiments. There are two features which can be seen in all of these reconnection
experiments — the reproducibility and uniformity of the ablation flows from the two wire
arrays, and the non-reproducibility and instability of the reconnection layer. To demon-
strate these two points, Fig. 4.6 shows four frames of optical self emission, two from
s1214_15 (the shot shown in Fig. 4.5) and two from s0120B16. The frames from s1214_15
were taken from above the arrays and those from s0120B16 were taken from below, and
so bright spots corresponding to wire cores are only seen in s1214_15 — otherwise the
geometry is the same.

Fig. 4.6a and 4.6b are taken around 250 ns after current start. The ablation streams are
well developed, similar from each wire and left/right symmetric. This implies that the
current division is even between the two arrays and also between each wire in each array.
This is a reproducible feature seen in all of the other shots presented in this thesis.

Despite the reproducibility of the inflows, the structure of the reconnection layer which
forms when the inflows collide is not itself reproducible. Fig. 4.6c and 4.6d are taken
around 325 ns after current start, and the reconnection layer at the mid-plane is highly
unstable. The layer is extended and narrow in both shots, but the detailed structure is
quite different, suggesting that the structure arises from an instability, and not from the
density perturbations imposed by the discrete ablation flows.
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Figure 4.6: Optical fast framing images from s1214_15 (a and c) and s0120B16 (b and d). In
a) and b) the ablation streams are clearly visible, left/right symmetric and similar in the two
shots. In c) and d) the reconnection layer is visible at the mid-plane — it is non-uniform, and
different in the two shots. All images are false colour and logarithmic scale, with the colour
scale adjusted individually to produce the best contrast.

4.2.3 Summary of optical fast framing

The optical fast framing diagnostic provides useful information about the dynamics of
the plasma during these reconnection experiments. Features such as ablation flows and
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plasmoids are clear, and this helps with timing quantitative diagnostics such as laser in-
terferometry. Plasma is continuously ablated from the wire cores for the entire duration
of the MAGPIE current pulse, and when the flows collide at the mid-plane, a reconnection
layer forms. Plasmoids develop inside the reconnection layer, and are rapidly ejected at
the top and bottom of the images. These plasmoids do not seem to be generated by initial
perturbations due to the discrete number of ablation flows, because the plasmoids which
form do not appear to be correlated with the density modulation of the inflows, and are
not reproducible between shots.

4.3 Electron Density Measurements

Laser interferometry provides electron density maps which give a quantitative under-
standing of the plasma. On MAGPIE the interferometry laser produces a green and a blue
laser pulse, and the blue laser pulse is delayed by 20 ns before sending it down the same
optical path as the green laser pulse. This means that it is possible to produce two frames
of laser interferometry in a single shot.

Unfolding the electron density from laser interferometry requires some assumptions
about the uniformity of the plasma. The interferogram gives

∫
nedl rather than ne, and

for an arbitrarily spatially varying electron density it is impossible to recover ne from∫
nedl. Fortunately, in these experiments the plasma is quite uniform in the direction of

integration, the z or out-of-plane direction (see Fig. 4.3 and discussion). This justifies the
approximation that ne(x, y, z) = ne(x, y) for z from −8 mm to 8 mm and ne(x, y, z) = 0
outside that range. Then ne is simply (

∫
nedl)/16 mm, and the measurements presented

below are in ne rather than
∫

nedl.
Finding the zero for the electron density maps is also a difficult problem. Zero fringe

shift should occur wherever there is no plasma, but later in time the plasma from the ar-
rays fills the entire field of view. The densities presented below are relative to the smallest
density measured — this works well because the density rises far faster at the centre than
at the edges, so the fractional error from choosing the minimum density as zero stays
small even as the field of view fills with plasma.

Below are two interferograms and associated electron density maps from the same shot
to demonstrate the general features seen in all of the interferometry data. This is followed
by a series of eight electron density maps to show the time evolution of the plasma in
these experiments.

4.3.1 Electron density map at t=223 ns

Fig. 4.7 shows electron density maps from s1006_15, taken from the green interferometry
channel at 223 ns after current start. The raw vacuum interferogram (not shown) consists
of a series of evenly spaced horizontal interference fringes. The raw shot interferogram
is shown in Fig. 4.7a, and the shape of the reconnection layer can be determined simply
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by looking at the interferogram — the kink upwards at the mid-plane indicates increased
electron density here, and the width varies along the layer. In particular, there is a wider
region at around y = 2.5 mm, extending for a few millimetres along the layer. This object
is elliptical, but it is formed inside the layer — there are still distorted fringes indicating
plasma above this object.

Fig. 4.7b shows the processed electron density map with a large range colour bar. The
ablation streams are distinct, dense near the wire cores, broadening as they propagate
radially outwards, and merging before the mid-plane to produce a uniform inflow. The
reconnection layer extends over the entire field of view, 21 mm, and the layer is narrow,
elongated and uniform over almost its entire length. The density in the layer is higher
than in the inflows a few millimetres away, and there is a pronounced region of reduced
density just outside the layer, which shows up as a dark outline in the density map. The
layer flares slightly at the top and bottom of the image, probably due to expansion by
thermal pressure inside the layer.

Of course, the most interesting and obvious feature of this electron density map is the
plasmoid in the reconnection layer at around y = 2.5 mm. The density in the plasmoid is
greater than that in the rest of the layer, and the plasmoid has formed inside the layer and
not at the end of the layer. The peak density inside the plasmoid is around 7× 1017 cm−3

and the density depletion around the plasmoid is greater than in the rest of the layer. This
depletion layer is very clear in Fig. 4.7c, where the colour scale is limited to 2× 1017 cm−3

to 8× 1017 cm−3.

The detailed density map in 4.7c shows that there is very little variation in electron den-
sity along the reconnection layer, except for at the plasmoid. The density drops off at the
ends of the reconnection layer, but the density in the rest of the layer is roughly constant
and is not influenced by the discrete nature of the inflows formed by the ablation streams
from individual wire cores. This implies that the plasmoid is not formed by the initial den-
sity perturbations, but instead arises from another process inside the reconnection layer
itself.

4.3.2 Electron density map at t=243 ns

In s1006_15, a second frame of interferometry data was taken using the ‘blue’ 3 (355 nm)
laser pulse (Fig. 4.8), delayed by 20 ns with respect to the 532 nm laser pulse. The raw
interferogram is shown in Fig. 4.8a. The fringes in the raw background interferogram
(not shown) are not horizontal, but at a slight diagonal going from bottom left to top
right, which can be seen in the parts of the raw shot interferogram where there is not
much plasma.

Fringe shifts are smaller for the 355 nm interferograms, so the wire cores do not show up

3 Although the 355 nm laser is usually referred to as the ‘blue’ beam because white paper fluoresces blue
under ultraviolet light, this interferogram appears orange. This colour is not due to post processing, but
because of how the DSLR reconstructs colour when presented with unfiltered ultraviolet light.
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as obviously as in Fig. 4.7a. The reconnection layer can still be seen as a series of inflected
fringes at the mid-plane, and the plasmoid is evident around y = 5 mm.

The electron density map at t = 243 ns is shown in Fig. 4.8a, with the same colour
scale as in Fig. 4.7b4. Many of the features seen in 4.7b are still present — dense ablation
streams interact to form an unstable reconnection layer. There is more plasma in most of
the field of view, with a significant electron density even between the ablation streams.

The reconnection layer now appears pinched near the centre at y = 0 mm, before ex-
panding in both directions as the plasma flows out of the reconnection layer. The plasmoid
is still the most striking feature of the map, surrounded by a deep density depletion (al-
most black or 0 cm−3), and the peak density inside the plasmoid is around 10× 1017 cm−3.
Because there are two frames of interferometry data from the same shot, the plasmoid ve-
locity can be estimated — it has travelled around 2.5 mm in 20 ns, an effective velocity of
Vy ≈ 130 km s−1.

Fig. 4.8c shows a detailed view of Fig. 4.8b, with a colour scale spanning 5× 1017

cm−3 to 11× 1017 cm−3. The reconnection layer is distinct, expanding towards the bottom
of the image as the plasma flows away from the centre. At the top of the image, the
plasmoid stands out clearly, surrounded by a dark void. There is no plasma in the region
downstream of the plasmoid (nearer the top of the image), and this missing plasma might
have been flowing more slowly by the plasmoid, and hence was accumulated by it.

4.3.3 Comparison of electron density measurements

The detailed analysis of the interferograms above gives a good idea of the specific features
of the electron density profile — ablation flows propagate radially outwards from the
centres of each array, and a dense layer forms which contains plasmoids. It is only possible
to take two frames of interferometry in each shot, and in order to discuss the evolution
of the electron density eight frames of data from five similar shots are shown below. The
range of times for these shots is indicated in Table 4.1.

Table 4.1: Table of times for electron density maps presented in this chapter. The 532 nm
(‘green’) laser is always 20 ns before the 355 nm (‘blue’) laser, but the blue laser is not used in
every shot.

Shot 532 nm time (ns) 355 nm time (ns)
s0612_15 192 -
s1006_15 223 243
s1026_15 272 292
s0429_16 327 347
s0830_16 369 -

4This electron density map has been corrected for ‘tilt’, which occurs when the camera has been knocked
slightly out of alignment between the background interferogram and the shot interferogram. This involves
correcting for a linear ramp in electron density such that the electron density map then has approximate
up/down symmetry in the ablation flows, and this is justified by the up/down symmetry of the ablation
flows seen in Fig. 4.7
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For each shot, the current pulse was approximately the same (see Fig. 4.9 — the signal
shown in this figure is proportional to the time rate of change of the MAGPIE drive current
shown in Fig. 4.4) — the line gap switches closed within a few ns of each other, deliver-
ing the largest possible current pulse. The shots here are only a subset of the total shots
undertaken as part of this thesis, but shots where MAGPIE did not operate optimally have
been omitted to remove effects due to varying current pulse.
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Figure 4.9: B-dot signals showing ∂B/∂t inside the MITL for the five shots in Table 4.1. The
signals are very similar, which suggests that the current pulse through the load was the similar
in each experiment. The current rises (positive sign of ∂B/∂t) for 240 ns and then falls (nega-
tive sign of ∂B/∂t) for around another 200 ns until the MITL breaks down. Note the current
pulse shown in Fig. 4.4 is the integration of this signal.

The electron density maps below are shown with two colour scales — one large range
scale (Fig. 4.10) to show the dynamics of the ablation flows, and one small range scale
(Fig. 4.11) to reveal the detailed structure of the reconnection layer.

The evolution of the ablation flows is shown with a large range colour scale (0 cm−3 to
1.5× 1018 cm−3) in Fig. 4.10. At the time of the earliest frame, t = 192 ns (Fig. 4.10a), the
ablation flows have already formed and interacted, forming a layer at the mid-plane. As
with the optical fast framing, the ablation streams are left/right symmetric and similar
from each wire, indicating good current division between the arrays and the individual
wires. This even current division is evident in every frame of data in Fig. 4.10, and shows
that these experiments are reproducible and have well-characterised ablation flows.

The density rises with time as the drive current from MAGPIE increases, and the change
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in density is especially evident close to the wire cores where the density is largest. The
density within the layer also increases, but not as rapidly, and changes very little in the
last four frames. As the ablation streams propagate towards the mid-plane, they begin to
merge, and present a uniform inflow density profile to the layer.

The structure of the ablation flows changes during the experiment — initially the flows
are radially outwards from the centre of each array, one per wire, and the flow comes
from the location of the wire. This behaviour persists until t = 327 ns (Fig. 4.10f), at which
point it is no longer clear that there is flow from each wire. At t = 347 ns (Fig. 4.10g), the
flows are still disorganised, with lots of structure, but at t = 369 ns (Fig. 4.10h), there is
a new flow configuration. Now the flows are radially outwards, but come from between
each adjacent pair of wires. These flows have sharp edges, suggesting that oblique shocks
redirect the outflow from each wire and form this inter-wire outflow instead, which is the
flow geometry observed in aluminium exploding wire array experiments (see Fig. 3.10).
This change indicates that the flow velocity now exceeds the relevant characteristic speed,
either the Alfvén velocity or the ion acoustic velocity, which could occur as the magnetic
field drops with the falling MAGPIE drive current.

The reconnection layer is dynamic and constantly changing during these experiments.
In order to examine the shape of the reconnection layer in more detail, Fig. 4.11 presents
the same eight frames as Fig. 4.10, but with a colour bar covering a smaller range, from
5× 1017 cm−3 to 8× 1017 cm−3. Now the low density plasma outside of the ablation flows
and the reconnection layer shows up as black, leaving the reconnection layer as a bright
object at the mid-plane, flanked by the ablation flows to the left and the right.

In the first frame, at t = 192 ns the reconnection layer is not dense enough to appear
in the electron density map, but by the time of the second frame, t = 223 ns, the layer
is clearly visible. The reconnection layer clearly lacks the up/down symmetry expected
from the experimental set-up, and is much wider and denser around y = 2.5 mm, at the
plasmoid. These non-uniformities in the reconnection layer are present in every electron
density map in Fig. 4.11. Some of the frames are from the same shot, and so the rapid
dynamics of the reconnection layer are evident, but between shots there is no clear pattern
— sometimes plasmoids are more obvious in the upper half of the image (Fig. 4.11b, 4.11c,
4.11d and 4.11e), sometimes they are more obvious in the lower half (Fig. 4.11f, 4.11g,
4.11h).

The density perturbations in the layer are not correlated with the density perturbations
in the inflowing plasma, which is particularly clear when the dynamics of the reconnection
layer can be observed in consecutive frames. This suggests that the plasmoids are not just
hydrodynamic phenomena, but in fact arise from an instability of the current sheet, and
so may possess other attributes such as a magnetic field structure and associated current
loops. More evidence for the magnetic nature of the plasmoids is presented in the next
chapter in the section on magnetic probes (§5.3).

Colour maps are a good way to visualise 2D data, but it is hard to extract quantitative
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numbers from them by eye. The time evolution of the electron density inside the layer is
shown in Fig. 4.12 and the average density inside the flows is shown in Fig. 4.13.

The evolution of the central electron density5 (the mean density inside a box centred
at (x, y) = (0, 0), 2 mm tall and 0.2 mm wide) is shown in Fig. 4.12. The density climbs
rapidly at first, but begins to level off around t = 250 ns. The density changes very slowly
after t = 250 ns, which implies that the reconnection layer is very efficient at ejecting
plasma through the outflows, and that the properties of the layer adjust to ensure that
there is no density build up in the layer.

A similar story is shown in Fig. 4.13, where the time evolution of the electron density
in the flows is shown. Although the electron density does sharply rise at the beginning,
it barely changes at all in the next 150 ns. As the density inside the reconnection layer is
still gradually increasing, this implies that the inflow velocity may be changing in time to
drag more material into the reconnection layer.

4.3.4 Summary of electron density measurements

The electron density maps presented in this thesis are high resolution and high dynamic
range, and provide detailed information about the dynamics and evolution of the plasma
in these reconnection experiments. The similarity in the current pulse for the shots pre-
sented here (Fig. 4.9) implies that the overall dynamics are similar between different ex-
periments, and that is confirmed by examination of the electron density maps in Fig. 4.10.
In shots where two frames of interferometry are present it is possible to infer velocities of
discrete blobs of plasma, and these measurements agree well with the outflow velocities
measured by Thomson scattering presented in the next chapter.

The peak density is always near the wire cores, where ablation occurs. The ablation
flows broaden as they propagate radially outwards from each array, and begin to merge
before the mid-plane, which at early times produces a remarkably uniform inflow for the
reconnection layer. Later in time, the ablation streams interact by forming shocks which
redirect the plasma flow into the layer, forcing most of the plasma into the mid-plane
around y = 0 mm. Despite this change in inflow density profile, the density perturbations
in the reconnection layer remain uncorrelated with the density perturbations in the inflow.

There is a marked depletion layer where the electron density is reduced just outside
of the reconnection layer, which occurs at all times, but is most pronounced at early
times. Copious plasmoids are observed inside the reconnection layer, moving, merging
and breaking apart, always denser than the surrounding reconnection layer. As most of
the images are from separate shots, individual plasmoids can be tracked for at most two
frames, giving an estimate of the plasmoid velocity. Plasmoids are not directly measured
by Thomson scattering or Faraday rotation imaging, but their presence may explain the
anomalous heating discussed later in this thesis.

5The density is only measured relative to the lowest density in the electron density map, so each data point
in this figure represents a lower bound on the true central electron density.
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Figure 4.12: The central electron density (the mean density inside a box centred at (x, y =
(0, 0), 2 mm tall and 0.1 mm wide) taken from each of the shots in Fig. 4.10, showing the
evolution over time.
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Figure 4.13: The electron density in the flows (the average of the mean density inside two
boxes centred at (x, y = (2, 0) and (x, y = (−2, 0), 2 mm tall and 0.1 mm wide) taken from
each of the shots in Fig. 4.10, showing the evolution over time.



5 Detailed Measurements of the
Reconnection Layer

The previous chapter presented an overview of the dynamics of the reconnection layer,
using images from an optical fast framing camera to demonstrate the evolution of the
plasma in these experiments. Quantitative information was obtained from electron den-
sity maps, which gave an insight into the shape of the reconnection layer and density
variations along and across the layer. However, none of these measurements provided
detailed information on the nature of the reconnection process itself, and alone they do
not establish that the layer formed at the mid-plane is truly a reconnection layer.

Evidence for magnetic reconnection in these experiments instead comes from the obser-
vation of two clear signatures of reconnection: the destruction of magnetic flux and the
conversion of magnetic energy to plasma kinetic and thermal energy. These observations
comes from two distinct diagnostics, Faraday Rotation Imaging and Thomson Scattering.

The Thomson Scattering diagnostic measured the velocities into and out of the recon-
nection layer and the electron and ion temperatures across the reconnection layer using
the spectrum of light scattered by the plasma from a focused laser beam. The results
shown in this chapter demonstrate the deceleration of the inflows, the acceleration of the
outflows and strong heating inside the reconnection layer, all consistent with magnetic
reconnection.

The Faraday Rotation imaging diagnostic measured the profile of the reconnecting mag-
netic field as the field was advected to the mid-plane. The magnetic field maps produced
by this diagnostic show that the magnetic field strength dropped off sharply to zero near
the layer, indicating the rapid annihilation of magnetic flux by a thin current sheet. In
addition to this reconnection signature, the strength of the reconnecting magnetic field is
an important observable in reconnection experiments, and can be measured using Fara-
day Rotation imaging. The magnetic field strength enters into the Lundquist number
S = µ0LVA/η through the Alfvén velocity VA, and the Lundquist number is used to pre-
dict observables such as the layer aspect ratio and the overall reconnection rate.

Magnetic probes were also used to understand the magnetic fields in the experiments.
These simple diagnostics are widely used in plasma physics, and provide local, time re-
solved measurements. The data shown in this chapter provides additional evidence for
magnetic reconnection, as the magnetic field in the outflow is very small. In addition,
these measurements show that the plasmoids discussed in the previous chapter have an
associated magnetic structure, and hence are not merely hydrodynamic artefacts of a non-

111
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uniform inflow.

5.1 Measurements of Flow Velocity and Plasma Temperature

The scattering of electromagnetic radiation by a plasma provides an incredibly powerful
diagnostic for determining the plasma parameters, especially temperatures and velocities
through Doppler broadening and Doppler shifting of the initial laser frequency. The spec-
trum of scattered light reveals information about the possible modes in the plasma, and
these modes have properties which depend strongly on the plasma parameters. In these
experiments we look at the so-called ‘ion-feature’ of the Thomson scattering spectrum,
which consists of light scattered from the electrons which closely screen the ions. Thom-
son Scattering on MAGPIE is performed using a focused laser beam (100 µm spot size,
8 ns pulse duration, 2 J energy, 532 nm) wavelength) and the scattered light is collected by
linear bundles of fibre optic bundles (two bundles of fourteen fibres each). The scattered
light can be collected from a range of angles, which are chosen because the spectra taken
at different angles are sensitive to velocity components in different directions.

This section begins with velocity and temperature measurements in the reconnection
plane, with a focus on the velocities and temperatures close to the reconnection layer. In
this set-up, geometrical considerations limit where the outflow velocity can be measured,
and so an ‘end-on’ configuration is discussed, which enables outflow velocity measure-
ments down-stream of the reconnection layer.

5.1.1 Velocity and temperature measurements in the reconnection plane

Due to the uniformity in the z direction seen in side on interferometry, the reconnec-
tion layer is assumed to be quasi-two-dimensional (quasi-2D), and so the majority of the
Thomson scattering measurements were performed in the reconnection (x, y) plane.

The laser was focused along a chord which lay in the (x, y) plane at an angle of 22.5◦ to
the y axis, and passed through the reconnection layer close to x = 0 mm and y = 0 mm.
The two fibre bundles were placed at 45◦ and 135◦ to the probing laser beam, such that
they were sensitive to Doppler shifts corresponding to orthogonal velocities, as shown
in Fig. 5.1. These two resultant vectors have different lengths, and so the Doppler shift
(δω = k ·V) for the same bulk velocity V is larger for the B fibres at 135◦ than for the A
fibres at 45◦.

Velocity and temperature near the reconnection layer

Data from fibre bundle A in shot s0611_151 is shown in Fig. 5.2. The raw spectrogram
is shown in Fig. 5.2a, where the fourteen fibres are clearly visible. The spatial locations

1Shots on MAGPIE are named sMMDD_YY. If there are multiple shots in a day, the subsequent shots are
named sMMDDB16 and so on, so s0611_15 was the first shot on 6th June, 2015.
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Figure 5.1: The set-up for in-plane Thomson scattering. a) A focused laser beam passes
through the reconnection layer at 22.5◦ to the y axis. Light is collected from fourteen vol-
umes (five shown for clarity) from two directions by fibre bundles A and B at 45◦ and 135◦ to
the probing laser beam respectively. b) The two resultant vectors are defined by k = ks − ki,
and line up with the x axis (fibre bundle A) and the y axis (fibre bundle B). The Doppler shift
is given by δω = k ·V and hence the two fibre bundles are sensitive to orthogonal velocity
components. c) The spatial range of the in-plane Thomson scattering measurements, showing
two crossing points for the laser beam: upstream of the layer, at x = −3 mm and through the
layer at x = 0 mm.

are evenly spaced around the mid-plane, with points 1 and 14 at around x = ±1 mm,
and point 8 close to x = 0 mm, as shown in Fig. 5.1c. Examination of the raw spectrogram
gives an indication of what the processed data shows — there is a significant Doppler shift
to the right for point 1 and to the left for point 14, and this shift decreases in magnitude
towards the central fibres (7 & 8). For collection volumes near the centre of the reconnec-
tion there is also significant Doppler broadening due to the random thermal motions of
the ions.

Two sample spectra are shown in Fig. 5.2b and 5.2c. The spectrum in Fig. 5.2b cor-
responds to fibre 1A, which collects light from a scattering volume near x = 1 mm, and
hence outside the reconnection layer. The spectrum of the initial laser line is shown (in-
tensity scaled to fit) in green, and the spectrum of the scattered light is shown in blue.
The scattered light has been Doppler broadened by the thermal motion of the plasma and
Doppler shift by the bulk inflow velocity. A fit to this spectrum is shown in red, which
shows that the model we use is capable of reproducing the experimental spectra we ob-
serve. From this fit we can infer the electron and ion temperature, and the component of
the velocity in the inflow (x) direction.

The second sample spectrum in Fig. 5.2b is taken from fibre 8A, in the centre of the
reconnection layer. The raw spectra is substantially Doppler broadened, corresponding
to a hot plasma, but with minimal Doppler shift, indicating the plasma has decelerated at
this point and is moving very slowly in the inflow direction. The fit to the data is shown
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Figure 5.2: Thomson Scattering data from s0611_15. a) Raw spectrogram from the 14 fibres
looking at scattering from 45◦ (fibre bundle A) to the probing laser. The initial wavelength
is shown with a red dashed line, and there are clear Doppler shifts and Doppler broadening.
b) Spectrum from the first fibre shown in a), corresponding to the inflowing plasma outside
the layer. There is a large Doppler shift and some Doppler broadening compared to the initial
laser profile. c) Spectrum from from the eighth fibre shown in a), corresponding to plasma
in the centre of the reconnection layer. The Doppler shift is negligible, but the is significant
Doppler broadening.

in red, and is quite flat at the top — this suggests that the two ion-acoustic peaks are close
together and not distinct, which implies that ZTe ∼ Ti. From these two sample spectra
and the raw spectrogram we can infer that the plasma starts relatively cold and flows
rapidly into the reconnection layer, but decelerates and heats rapidly over a spatial scale
of around 1 mm.

Each of the fourteen spatial points shown in Fig. 5.2a was fit using a theoretical spectral
density function to infer the inflow velocity and electron and ion temperature. These
profiles are shown in Fig. 5.3 as functions of the x coordinate only — the y coordinate
also changes as the chord of the laser beam does not lie along the x axis only, but the
uniformity of the inflows in the y directions suggests that the plasma parameters do not
change much in this direction.
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Figure 5.3: Profiles of inflow velocity and temperature across the reconnection layer during
shot s0611_15 at t = 243 ns, using theoretical model fits to the fourteen raw spectra shown in
Fig. 5.2a. Spatial error-bars are shown on the left most point and omitted for clarity in the rest
of the figure. Error-bars for the vertical axis are shown when larger than the marker used. a)
Inflow (x directed) velocity. b) Ion temperature. c) Electron temperature.

Profiles of temperature and velocity near the reconnection layer

The profile of the inflow velocity is shown in Fig. 5.3a. The plasma is initially moving
towards the reconnection layer at around 50 km s−1 at |x| ≈ 1 mm. This velocity drops
as the plasma moves inwards, and there is almost no component of the velocity in the
x direction at the mid-plane. The velocity profile has left/right inversion symmetry, as
expected from the high level of symmetry in this experiment. The error-bars on these
measurements are small, around 1 km s−1, which implies that the increase in velocity on
either side of the reconnection layer at around x = 0.5 mm is physical, though it is unclear
what causes this.

The ion temperature rises dramatically inside the reconnection layer, as shown in Fig.
5.3b. Initially the ions are at around Ti = 50 eV, but within 1 mm this rises by over an
order of magnitude to 600 eV. The temperature profile has a flat top around x = 0 mm,
suggesting that thermal conduction smooths out the temperature gradients here.

The electron temperature shows a similar trend to the ion temperature, increasing by
an order of magnitude inside the reconnection layer (Fig. 5.3c). The electrons are initially
cool at Te = 10 eV to 20 eV, but they are also heated on a similar length scale as the ions
to around 100 eV. This profile also has a flat top around x = 0 mm, but the electron tem-
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perature is much less than the ion temperature, suggesting that collisions are not frequent
enough to bring the two species into thermal equilibrium.

The electron temperatures are difficult to fit precisely in this range of plasma parame-
ters because the ion-acoustic peaks have not fully separated, and so for some of the data
points it was necessary to fix the electron temperature in the fitting routine to a reasonable
value. The error-bar for the electron has been adjusted in this case to reflect the additional
uncertainty caused by treating the electron temperature as an independent variable.

These profiles tell a compelling story — the plasma is initial fast moving and relatively
cold, but decelerates and heats over a small spatial scale. The heating is dramatic, with
an order of magnitude increase in the thermal energy, which suggests that some of the
heating is due to the thermalisation of the magnetic field energy inside the reconnection
layer. The overall power balance will be discussed in more detail in the next chapter,
as will the possible heating mechanisms that could result in such high ion and electron
temperature.

Upstream inflow velocity

The flow velocity seen at the edge of the reconnection layer in Fig. 5.3a is around 50
km s−1. The flow velocity drops roughly linearly to 0 km s−1 at the centre of the layer, and
it is unclear from the data in Fig. 5.3a whether the initial flow velocity is even larger than
50 km s−1.

In another shot, the laser beam was translated so that it crossed through the point
(x, y)=(-3,0) mm, still at an angle of 22.5◦ to the y axis, as shown in the ‘upstream’ case
in Fig. 5.1c. This allowed the upstream inflow velocity to be measured far from the re-
connection layer. The raw spectrogram is shown in Fig. 5.4a, and clearly the spectra from
each spatial point are Doppler shifted to shorter wavelengths. Two sample spectra from
fibres 8 and 11 (Fig. 5.4b and 5.4c respectively) show a similar Doppler shift of around
0.8 Å, which corresponds to 50 km s−1. This Doppler shift is roughly constant across all fi-
bres, which indicates that the inflow velocity does not vary significantly in the y direction.
The last two fibres on the spectrogram gather scattered light from close to the wire cores,
and are dominated by the stray light signal.

The temperatures measured in this shot for the inflowing plasma are consistent with the
temperatures at the edge of the reconnection layer shown in Fig. 5.3, with Te ≈ 15 eV and
Ti ≈ 50 eV. The sonic and Alfvénic Mach numbers can be calculated using these temper-
atures, the flow velocity and the magnetic field measured by Faraday Rotation imaging
(see below), with MS = 1.6 and MA = 0.7. The flow is therefore subsonic and super-
Alfvénic, a regime which has not been previously studied by reconnection experiments.
These Mach numbers explain the absence of shocks between the ablation streams or at the
reconnection layer — whilst the flows are super-sonic, waves supported by magnetic field
line tension or compression such as Alfvén or fast-magneto-sonic waves prevent shock
formation.
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Figure 5.4: Data from the Thomson scattering diagnostic crossing the upstream flow around
x = 3 mm at t = 204 ns. a) Raw spectrogram showing a consistent Doppler shift to shorter
wavelengths of around 0.8 Å, with the initial wavelength marked with a red dashed line. The
last two fibres are dominated from the stray light signal close to the wire cores. b) Spectrum in
blue dots from fibre 8, shown with a theoretical fit in red and the initial laser profile in green.
c) A spectrum from fibre 11, showing a similar spectrum to fibre 8.

Outflow from the reconnection layer

The outflow velocity is an important quantity in magnetic reconnection because it sets the
rate at which magnetic flux can be reconnected, as well as determining the rate of ion-
heating through viscous dissipation of strongly sheared outflows. In the Sweet-Parker
model, the plasma in the reconnection layer should be accelerated by magnetic tension
forces up to the Alfvén velocity VA, and measuring the outflow velocity is therefore a
good way to compare experiment to theory.

Profiles of the inflow (or x-directed) velocity have been presented, determined by fitting
the spectrum of the scattered light from fibre bundle A, which was at an angle of 45◦

from the probing laser. In these experiments fibre bundle B also collected scattered light
at an angle of 135◦ from the probing laser beam (Fig. 5.1), and for this scattering angle
the spectra is Doppler shifted by the y-component of the velocity, which corresponds to
outflows from the reconnection region. At this scattering angle, the k-vector is longer and
so the Doppler shift δω = k ·V is larger and the spectrum is more spread out. This means
the signal to noise ratio is usually lower for the B fibres than the A fibres, which in turn
makes fitting the data with theoretical form factors more difficult.



118 5.1. Measurements of Flow Velocity and Plasma Temperature

λ0

 a)  b)
Laser
Fit
Model
Data

8 6 4 2 0 2 4 6 8

Wavelength shift (Å)

 c) s1026_15

Raw Spectrogram and sample data for outflow across layer

Figure 5.5: Data from the Thomson scattering diagnostic, crossing the reconnection layer
around x = 0 mm at t = 272 ns. a) Raw spectrogram showing a Thomson scattering sig-
nal dominated by ‘stray light’ at λ0, marked with a red dashed line. b) Spectrum in blue dots
from fibre 9B, shown with a theoretical fit in dashed red, the theoretical spectrum without any
stray light in red and the initial laser profile in green, showing a clear Doppler shift to shorter
wavelengths. c) A spectrum from fibre 11B, showing almost no Doppler shift.

In Fig. 5.5 data is shown from the B fibre bundle when the laser crosses very close to
y = 0 mm, the ‘layer’ geometry in Fig. 5.1c that was also used in Fig. 5.2. There is a
significant amount of stray light in these signals, and in Fig. 5.5 this appears as a bright
band at the initial wavelength. The stray light is also clear in the sample spectra shown
in Fig. 5.5b and 5.5c. Despite this, it is possible to fit the spectra by adding in a variable
amount of the initial laser light (shown in green) to the fit, as shown with a dashed red
line.

The spectrum from Fibre 9B, which was close to the centre of the layer, is shown in Fig.
5.5b — note that the wavelength scale has been expanded to cover 16 Å due to the larger
Doppler shifts seen at this scattering angle. There is a significant Doppler shift to shorter
wavelengths which can be well fit by a model spectrum, giving an outflow velocity of
Vy = 50 km s−1, which is the same as the inflow velocity outside the reconnection layer.

The inflows have no significant velocity component in the y direction, as can be seen in
the spectrum in Fig. 5.5c. Here the spectrum is centred around the initial laser line, with
some Doppler broadening due to the thermal motions in the plasma. This suggests that
the outflow velocity is the result of acceleration of the plasma in the y-direction, rather
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than a velocity component which was already present in the inflows. This acceleration
could be hydrodynamic or due to the magnetic field line tension, and, as discussed in the
next section, it is most likely a combination of these two processes.

5.1.2 End-on Thomson scattering

For in-plane Thomson scattering measurements, the laser cannot pass too close to either
of the exploding wire arrays. This is because the additional light scattered from metal sur-
faces (known as ‘stray light’) would overwhelm the relatively weak Thomson scattering
signal. As such the in-plane configuration is limited to measurements around y = 0 mm,
where the laser does not pass too close to the wire arrays, and so in this configuration it
is not possible to measure the outflow velocity far downstream of the reconnection layer,
where the flow is expected to be Alfvénic.
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Figure 5.6: Thomson scattering set-up for end-on scattering. a) Cartoon of end-on view, show-
ing the laser passing through the reconnection layer along x = 0 mm, with the collection vol-
umes above y = 0 mm (only five of the fourteen volumes are shown for clarity). b) Cartoon
of the side-on view, showing one array (the other array, which would be closer to the viewer,
is removed for clarity) with the reconnection layer and the probing laser beam passing along
x = 0 mm at z = 0 mm. The scattered light is collected from above, and is directed onto the
fibre bundle by a beam splitter. c) The resultant vector is given by k = ks − ki, and it points
upwards at 45◦ to the reconnection plane.

Alfvénic outflows are an important signature of magnetic reconnection, and so a dif-
ferent Thomson scattering set-up was used to measure the outflow velocity as a function
of y. The scattered light was collected from above, using a beam-splitter which directed
the light onto a fibre optic bundle, as shown in Fig. 5.6. The beam-splitter allowed this
Thomson scattering set up to be used at the same time as end-on interferometry. The fibre
bundle was positioned to capture light from fourteen spatial points along x = 0 mm, from
y = 0 mm to y = 8.7 mm. The resultant scattering vector points at 45◦ to the reconnection
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plane, and so the Doppler shift is equally sensitive to the Vy and Vz components of the
bulk plasma velocity,

δω = k ·V =
k√
2

(
Vy + Vz

)
(5.1)

This experiment is quasi-2D, and so the out-of-plane (Vz) velocity component is assumed
to be zero, and any Doppler shift is interpreted as due to motion in the y direction only.
With this assumption

Vy =
√

2δω/k (5.2)

the y directed velocity can be measured using these end-on Thomson scattering measure-
ments. Measurements of the out-of-plane velocity in the next chapter demonstrate that
the situation is actually more complicated, but for now this assumption is useful for un-
derstanding the nature of the outflows.

λ0

 b)
Laser
Fit
Data

Wavelength shift (Å)

 c) s0429_16

Raw Spectrogram and sample data for outflow along layer

Figure 5.7: Data from the end-on Thomson scattering diagnostic, passing through the recon-
nection layer along x = 0 mm at t = 317 ns. a) Raw spectrogram showing a Thomson scat-
tering signal with significant Doppler shift to smaller wavelengths. λ0 is marked with a red
dashed line. b) Spectrum in blue dots from fibre 1A, shown with a theoretical fit in red and the
initial laser profile in green, with a clear Doppler shift to shorter wavelengths. c) A spectrum
from fibre 10A, showing a larger blue shift, with more stray light.

The data in Fig. 5.7 shows a significant blue shift caused by bulk plasma flows with a
velocity component in the direction of the scattering vector. The shift is around 2 Å for
all of the fibres, with only a small variation over the 8.7 mm range in y covered by the
fibre bundle. Fibre 1 (Fig. 5.7b) is close to the centre of the reconnection layer, around
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y = 0 mm, and fibre 10 (Fig. 5.7c) is in the outflow, at y = 6.2 mm downstream of fibre 1.

These Doppler shifts correspond to 130 km s−1 at fibre 1, and 180 km s−1 at fibre 10.
These outflows are substantially faster than the inflow velocity, which is around 50 km s−1.
This in itself is not proof of acceleration by relaxing field lines formed during magnetic
reconnection, as hydrodynamic effects could also accelerate the plasma to high velocities,
but it is consistent with the fast outflows expected from the reconnection layer.

5.1.3 Summary of Thomson Scattering Measurements

Unlike the imaging diagnostics described elsewhere in this thesis, such as laser interfer-
ometry or Faraday Rotation imaging, the Thomson scattering diagnostic provides local,
non-spatially-integrated measurements of important plasma parameters, namely the tem-
perature and flow velocity. As the Thomson Scattering diagnostic is spatially and tempo-
rally resolved, this data provides a snapshot of the plasma parameters along a chord, and
provides a detailed insight into the heating and acceleration caused by the reconnection
layer.

A series of experiments were carried out with in-plane Thomson scattering measure-
ments, in which the probing laser and the collection optics all lay in the reconnection
plane. These measurements showed super-sonic, sub-Alfvénic inflows moving at around
50 km s−1, with the inflow velocity dropping to 0 km s−1 within about 1 mm. These ini-
tially cold plasma flows (Ti = 50 eV and Te = 15 eV) heat dramatically as they enter
the reconnection layer (to Ti = 600 eV and Te = 100 eV), a clear signature of magnetic
reconnection. The inflow velocity far upstream of the reconnection layer is found to be
50 km s−1, which implies that the plasma does not decelerate until it reaches∼ 1 mm from
the reconnection layer.

Outflow velocities of 50 km s−1 are measured close to the centre of the reconnection
layer, but with in-plane measurements it is not possible to look at the outflow velocity
further downstream. Instead, an end-on Thomson Scattering diagnostic was used, which
measured outflow velocities in excess of 180 km s−1. Fast outflows are expected from the
reconnection layer, though the flow velocities measured here are faster than predicted by
the Sweet-Parker model, and will be discussed further in the next chapter.

5.2 Magnetic field measurements

Faraday Rotation imaging allows high resolution magnetic field maps to be made by si-
multaneously measuring the polarisation angle and phase shift of a probing laser beam.
This diagnostic uses a 1053 nm, 5 J, 1 ns laser beam and consists of two parts — an in-line
interferometer to measure the line integrated electron density from the phase shift of the
beam, and a two-channel polarimetry diagnostic to measure the angle of rotation of the
linearly polarised laser beam. The angle of rotation depends on the line integral of elec-
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tron density multiplied by the component of the magnetic field along the probing laser
beam.

There is no general procedure to unfold the magnetic field from the angle of rotation.
In situations where azimuthal symmetry can be assumed, it is possible to use a technique
based on Abel inversion to find the magnetic field [Tatarakis, 1998]. This is not appropriate
in our case — not only are there strong azimuthal modifications near the wire arrays, there
is no azimuthal symmetry at the mid plane. Therefore, an approximation for the magnetic
field is required: in this case, it is useful to assume that B does not vary in the y direction,
and that the magnetic field points purely in the ŷ direction [Swadling, 2014]

B(x, y, z) = B(x, z)ŷ (5.3)

Under this assumption:

B(x, z) =
8πε0m2

e c3

e3λ2
α(x, z)∫

nedy
(5.4)

=
3.82× 1012

λ2
α(x, z)∫

nedy
[SI] (5.5)

The magnetic field that we measure, B(x, z), is therefore a lower bound on the true mag-
netic field at y = 0 mm, because the laser passes through plasma in which the magnetic
field is not aligned with the probing direction.

5.2.1 Raw data from Faraday Rotation imaging diagnostic

Fig. 5.8 shows raw data from the Faraday Rotation imaging diagnostic, taken at t =

251 ns after current start. The images in the left column (Fig. 5.8a, 5.8c and 5.8e) were
taken before the shot, without the plasma, and are necessary for the analysis of both the
interferometry and polarimetry diagnostics. The first row (Fig. 5.8a and 5.8b) shows raw
data from the in-line interferometry diagnostic. The fringe contrast here is excellent due
to the good beam quality from the Cerberus laser. The second (Fig. 5.8c and 5.8d) and
third (Fig. 5.8e and 5.8f) rows show images from the two channels of the polarimetry
diagnostic. Four thin acupuncture needles are visible in the corners of the image — these
were used for manual alignment of the images before the automated discrete-Fourier-
transform alignment system was developed.

By examining the images without plasma, we can see that the laser beam profile has
some irregularities. There is a dark region in the centre in the bottom half of the images
caused by a damaged coating on an amplifier rod, and two prominent diffraction rings
in the top right which are caused by dust on an intermediate optic. Additional structure
is provided by interference fringes caused by a thin glass filter on the two polarimetry
channels. These non-uniformities are not important for the interferometry diagnostic, as
the modulations due to constructive and destructive interference are far larger and so
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Figure 5.8: Raw data from the Faraday Rotation imagine diagnostic from shot s0513_15. The
left column [a), c) and e)] shows the images without a plasma, before the shot, and the right
column [b), d) and f)] shows the images with a plasma shot at t = 251 ns after current start.
The first row shows data from the in-line interferometry diagnostic. The second and third
rows show data from the first and second polarimetry channels, which have polarisers at +3◦

or -3◦ from extinction respectively.
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the phase map can still be recovered. However, in the polarimetry analysis these non-
uniformities cause artefacts with ring-like structures which are not physically meaningful.

In the images in the right column, (Fig. 5.8b, 5.8d and 5.8f) the effects of the plasma
are clearly visible. In the interferogram (Fig. 5.8b), the wire cores have expanded, and
the region through which the laser cannot propagate has expanded, producing thick dark
vertical bands on the left and the right of the image. The density is high near the wire
cores and drops off as the plasma propagates towards the mid-plane as seen in end on
interferometry measurements. The reconnection layer is visible at the mid-plane as an
upward inflection on the interference fringes. The layer is remarkably uniform, straight
and shows very little variation in the z (up/down) direction. This justifies treating this ex-
periment as quasi-two-dimensional (quasi-2D) in much of the analysis in the next chapter.
Some plasma is visible above and below the arrays, but the inflections are smaller, which
implies there is far less plasma in these regions than in the central region. This justifies
using L = 16 mm as the height of the array when finding ne =

∫
nedz/L from the end on

interferometry.
The two polarimetry images (Fig. 5.8d and 5.8f) should be considered together. In Fig.

5.8d the wire cores are still larger than in the image without plasma (5.8b), just as in the
interferometry, but more interestingly is the change in brightness on either side of the
mid-plane. In Fig. 5.8d the left side is dark, and the right is bright, but the opposite is true
in 5.8f. One polarimetry channel has a polariser set to +3◦ from extinction, and the other
channel has the polariser set to −3◦ from extinction, and one image goes dark at the same
place where the other image becomes brighter — this is a clear sign that the polarisation
of the laser beam has rotated, which in turn implies magnetic field inside the plasma.

5.2.2 The reconnecting magnetic field map

The interferograms and the two channels of polarimetry data from Fig. 5.8 are analysed
and shown in Fig. 5.9. The raw interferograms have been processed to give the areal
electron density map in Fig. 5.9a. The raw images from the two polarimetry channels
have been combined to give the polarogram in Fig. 5.9b. The magnetic field map in 5.9c
is calculated using the areal electron density map, the polarogram and eqn. 5.5.

The reconnection layer is visible at the mid-plane in Fig. 5.9a, and the layer is uniform
and extends vertically over 25 mm. The density on the left is significantly higher than that
on the right, especially in the bottom half of the image, around z = −5 mm. Despite this
asymmetry, the reconnection layer is centred between the arrays and doesn’t appear to be
significantly affected by the higher density on one side. There are dense plasma flows out
of the top and bottom of the interaction region (above z = 8 mm and below z = −8 mm),
at the location of the wire disks which hold the wires. These flows appear to be primarily
directed up and down, and not towards the reconnection layer, which is considerably less
dense outside the main interaction region.

Fig. 5.9b shows the polarimetry map obtained by analysing Figs. 5.8c-f. The colour scale
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has been chosen such that blue represents angles of rotation in one direction, red repre-
sents rotations in the other direction, and white represents no overall angle of rotation.
The most striking feature of this polarogram is the change of the sign of the polarisation
angle across the mid-plane. As the electron density is strictly positive, only the sign of
the polarisation angle determines the sign of the magnetic field in eqn. 5.5, and so the
magnetic field must have opposite signs on opposite sides of the mid-plane.

The magnitude of the polarisation angle does not vary much in z — it is slightly smaller
at the bottom of the image, and larger near the top wire disk. There are irregularities due
to dust spot which create concentric ring patterns. The wire array hardware appears in
white, which shows that where the laser light is blocked, this analysis recovers the correct
result of zero magnetic field.

The magnetic field map is shown in Fig. 5.9c. This map is produced by combining
the areal electron density map (Fig. 5.9a) and the polarogram (Fig. 5.9b) via eqn. 5.5.
The borders of the magnetic field map are set by the those of the areal electron density
map, and are shown as white regions surrounding the data shown in red and blue. As
the electron density map is quite smooth, the features of the magnetic field map are very
similar to the polarogram — opposite signs on opposite sides of the mid-plane, stronger
field at the top of the arrays than at the bottom, and ring like irregularities produced by
dust spots. At the very top and bottom of the image there is a speckled pattern of red
and blue pixels. This is caused by the low electron density and polarisation rotation angle
in this region — dividing one, small, noisy quantity by another small, noisy quantity can
give a large noisy quantity, but the average magnetic field in this region is close to zero, as
expected.

Line-outs from the magnetic field map

The maps in Fig. 5.9 give a good overview of the variation of the electron density and
magnetic field, but it is hard to extract absolute values from them. To aid quantitative
understanding, line-outs from these maps are shown in Figs. 5.10 and 5.11.

Horizontal line-outs (in the x direction) are shown in Fig. 5.10. The line-outs are from
x =−4 mm to 4 mm, averaged in the z direction, from z = 1 mm to 3 mm. The areal
electron density line-out is shown Fig. 5.10a. The density is largest closer to the wires
at x = ±4 mm, decreases towards the mid-plane but increases around x = ±0.5 mm,
peaking at neL = 8× 1017 cm−2. The peak of electron density does not occur exactly
at x = 0 mm — this is because the layer has not formed at the geometric centre of the
two arrays, but is instead slightly to the left. The electron density in the centre is not
much larger than the density just outside, which suggests that there is no shock formation,
consistent with the sub-Alfvénic nature of the flows discussed above.

The magnetic field profile is shown in Fig. 5.10b. The magnitude of the magnetic field
is around 3 T close to the wires, and is roughly constant until about 1 mm from the mid-
plane. The field then sharply drops to zero in less than a millimetre. The position at which
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Figure 5.10: Horizontal line-outs of the areal electron density and magnetic field maps in Fig.
5.9. Line-outs taken along z = 0 mm, and averaged over the region z = −1 mm to 1 mm. a)
Areal electron density profile, showing peaked central density at the reconnection layer. b)
Magnetic field profile, showing a symmetric profile with a nearly constant field outside of the
reconnection layer with a sharp drop to zero field at the mid-plane.

the magnetic field crosses zero is to the left of x = 0 mm, because, as noted above, the
reconnection layer has not formed in the geometric centre of the two arrays. This magnetic
field profile is reminiscent of the Harris sheet, an analytical model for a reconnection layer
that is discussed in the next chapter. Clearly the magnetic flux is destroyed over a small
length scale, which implies the existence of an intense current sheet.

Line-outs in the vertical (z) direction are shown in Fig. 5.11. The line-outs are taken
along x = 3 mm (solid line) or x = −3 mm (dashed line), and are averaged in x across a
strip 1 mm wide, from x = ±2.5 mm to ±3.5 mm. Fig. 5.11a shows the areal electron den-
sity (neL). On the right of the mid-plane (x = 3 mm) the electron density is approximately
constant, slightly larger around z = 0 mm and decreasing towards the top and bottom of
the array. However, on the left of the mid-plane (x = −3 mm) the density changes dra-
matically, largest at the bottom of the array and decreasing towards the top of the array.
This change was also clearly visible in the electron density map in Fig. 5.9. It is not clear
why this asymmetry occurs, both in the up/down and left/right directions, and in other
shots the side-on electron density maps show that the arrays have the expected left/right
and up/down symmetries.

Vertical line-outs of the magnetic field profiles are shown in Fig. 5.11b. The left and
right line-outs have similar absolute values, but the magnetic field has opposite signs on
opposite sides of the mid-plane. The magnetic field is smallest near the bottom of the
array, around 2 T, and doubles to 4 T towards the top of the array. This is quite surprising
— if current was being lost inside the arrays, it would make sense that the magnetic field
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Figure 5.11: Vertical line-outs of the areal electron density and magnetic field maps in Fig. 5.9.
Line-outs taken along x = ±3 mm, and averaged over the region x = ±2.5 mm to 3.5 mm. a)
Areal electron density profile, showing the density does not vary in the vertical direction for
x = 3 mm, but does vary significantly for x = −3 mm b) Magnetic field profile, showing the
magnetic field increasing towards the top of the arrays at both x = 3 mm and x = −3 mm.

would drop, not increase, towards the top of the array. It is also surprising that there
is no correlation between the electron density line-outs and the magnetic field line-outs
— the magnetic field line-outs are left/right symmetric even though the electron density
line-outs are not.

5.2.3 Comparison of magnetic field maps

The previous subsection presented a detailed examination of the magnetic field map from
a single shot. More data was taken using the Faraday Rotation imagining diagnostic in
subsequent shots, and this subsection discusses four magnetic field maps, taken at differ-
ent times after the start of the current pulse.

The MITL B-dot traces for these four shots are shown in Fig. 5.12, which shows there
is significant variation in the MAGPIE current pulse for each shot. This variation in the
drive current means that each shot is not the same, and, unlike with the interferometry
results of the previous chapter, it is not possible to construct a convincing time history of
the magnetic field from these results. Instead, the four maps are presented to show the
similarities and shot-to-shot variations observed in these experiments.

The Faraday Rotation imaging diagnostic is difficult to set up and operate, as shown
by the significant variation in image quality in Fig. 5.13. Fig. 5.13b has sharp, intense
red and blue lines near the mid-plane, which were caused by using a smaller numerical
aperture than normal, resulting in the loss of rays deflected by the strong density gradients
at the mid-plane. Fig. 5.13c is quite noisy due to low laser intensity, and is covered by
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Figure 5.12: MITL B-dot signals from the four shots from which magnetic filed maps are
shown below. There is some variation in the MAGPIE current pulse, which implies that the
evolution of the plasma in thee four shots is not identical.

small spots — these are water droplets that condensed on the Peltier-cooled CCD in this
shot2. Fig. 5.13c has a series of light and dark diagonal bands caused by constructive
and destructive interference formed from reflections of a thin glass cover on one camera.
Dust spots are visible in most of the maps as concentric rings which have no physical
significance for the magnetic field in the plasma.

Despite these limitations, it is possible to draw some broad conclusions from the data
presented here. The four magnetic field maps shown in Fig. 5.13 are visually striking, with
clear regions of red and blue separated by the mid-plane, corresponding to opposite signs
of the magnetic field. Overall there is little variation in the z direction, indicating that the
quasi-2D nature of the experiments persists throughout the current pulse. The magnetic
field above and below the arrays quickly drops to zero, which appears as a noisy red/blue
region caused by low signal:noise ratio in these regions.

Line-outs from these magnetic field maps have some interesting features, and these are
shown in Fig 5.14, for both the horizontal (x, Fig. 5.14a) and vertical (z, Fig. 5.14b) direc-
tions. The horizontal line-outs are from x =−4 mm to 4 mm, averaged in the z direction,
from z = 1 mm to 3 mm, the same as in Fig. 5.10. The magnetic field follows a similar pat-

2Note that the first two shots were taken in May and April, and this shot was in August, when a cold
object more readily condenses water vapour. A higher CCD temperature was used for the last shot, which
avoided this condensation. Experimental physics is full of exciting surprises such as this.
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Figure 5.13: A comparison of magnetic field maps from four shots, taken at different times
after current start. The current pulse in each shot was not identical, so a straightforward
comparison cannot be made between these maps.

tern in all four shots, roughly constant away from the mid-plane and dropping sharply to
zero towards x = 0 mm. For t = 257 ns (green line) there are sharp spikes caused by the
diffraction patterns seen in Fig. 5.13b. Due to the range of drive currents used in these
four shot it is difficult to draw any conclusions on the evolution of the magnetic field with
time from these line-outs, but the left/right symmetry is good in all cases.

The vertical line-outs in Fig. 5.14b are more interesting, and are taken along x = 3 mm,
and averaged in x across a strip 1 mm wide, from x = 2.5 mm to 3.5 mm, as in Fig. 5.11. In
three of the shots (t = 251 ns, t = 257 ns and t = 368 ns in dark blue, green and light blue
respectively) there is a clear increase in the magnetic field from the bottom of the array
to the top. This effect has been discussed above, and the reasons are unclear — it would
be easy to explain as a result of current leakage if the magnetic field dropped towards
the top of the array, but this is the opposite to what we observe. One possibility is that
magnetic field transport is occurring in the out-of-plane direction, and this possibility will
be investigated using single exploding wire arrays. It is remarkable that this result is seen
so clearly in these three shots, which implies it is real effect that should be explained. In
one of the shots (t = 301 ns, red) this trend is not observed, though the reason for its
absence is just as unclear as the reason for its presence in the other three shots.
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Figure 5.14: Line-outs of the magnetic field maps in Fig. 5.13 in the horizontal (x) and vertical
(z) direction, showing variation between the four shots.

5.2.4 Summary of Faraday Rotation imaging measurements

The Faraday Rotation imaging measurements presented in this section clearly show the
structure of the reconnection layer, which formed when oppositely directed magnetic
fields of the same magnitude are brought together inside a plasma. The left/right in-
version symmetry is clear on all of the magnetic field maps shown in Fig. 5.13, and the
variation in the out-of-plane (z) direction is smooth.

Individual shots show significant variation due to the different current pulses produced
by MAGPIE, and due to the difficulty of using the Faraday Rotation imaging diagnostic.
Despite these limitations, high quality, quantitative data has been obtained, and these
magnetic field measurements are used in the discussion and analysis in the next chap-
ter. The data clearly show the annihilation of the magnetic field at the mid-plane, a major
signature of magnetic reconnection, and one which raises questions about where the mag-
netic energy goes. A detailed discussion of the overall power balance and possible heating
mechanisms will be presented in the next chapter.

5.3 Magnetic Probe Measurements

Magnetic, or ‘B-dot’, probes are a popular technique for measuring magnetic fields in a
plasma. In the simplest possible case, a loop of thin wire is immersed in the plasma,
and the temporal variation of the magnetic field induces a potential difference across the
loop. This potential difference is recorded, and, using the measured area of the loop, the
magnetic field can be recovered by integration. Magnetic probes are cheap and straight-
forward to manufacture and appear to be easy to analyse. However, there are some as-
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pects of magnetic probes that mean that care must be taken with the interpretation of the
recorded signal.

It is well known that probes produce plasma perturbations, as they are stationary ob-
stacles which act as thermal sinks and sources of impurities. Probes were tried in several
of our reconnection experiments3 — the primary goal was to test whether the probes can
measure a signal which corresponds to the magnetic field, and that the signal is not dom-
inated by the contribution from the plasma potential.

B

Probe in 
reconnection 

outflow

Probe in 
divergent
outflow

V2 V1
a) b)

dB/dt

Vp

Figure 5.15: Cartoon of magnetic probe pairs. a) The probe pairs consist of two loops (shown
in green and blue), oppositely wound to provide opposite signs for the magnetic potential.
The potential across the loops is measured from ground as V1 and V2 respectively. The plasma
potential, VP, can be capacitively coupled to the loops. b) The location of the probe pairs in
these experiments, either in the divergent outflow from a single array, or in the outflow from
the reconnection layer. A cartoon of the magnetic field lines is shown in cyan — close to the
arrays the field lines are azimuthal but they break and reconnect inside the reconnection layer.

The design of the probes is shown in Fig. 5.15a. Two oppositely wound loops are
constructed side by side, as close as physically possible to one another. This ensures the
probes experience the same magnetic field and electrostatic potential, and the total poten-
tial difference around the loops should then be:

V1 = VP + A dB
dt (5.6)

V2 = VP − A dB
dt (5.7)

. . . where VP is the plasma potential which is coupled to the probes, and A is a geometrical
calibration factor based on the loop area.

The probes are coated in conductive paint, which reduces the capacitative coupling of
the plasma potential. Additionally, the sign of the potential induced by the magnetic
field is opposite on the oppositely wound loops, but the sign of the electrostatic potential
is the same in both loops. If the shielding in the loops is perfect, the voltages on the
two probes would be entirely due to the magnetic field and the two probes would show

3I am grateful to Thomas Clayson and Caitlin Morris for constructing the magnetic probes discussed in this
thesis.
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identical signals with opposite signs. When some of the plasma potential is coupled to the
probes, the voltages both show an additional signal with the same sign. In this case the
potential difference due to the magnetic field can be retrieved by taking the difference of
the voltages in the two loops, which cancels out the identical electrostatic component:

V1 −V2 = 2A
dB
dt

(5.8)

This technique works well when the voltage component due to the magnetic field is much
larger than that coupled by from the plasma potential. If this is not the case, then the
cancellation of the electrostatic component is usually imperfect due to minor variations
in the calibration of each probe, and integrating the signal does not give a pure magnetic
signal.

The two probe locations used in these experiments are shown in Fig. 5.15b, either in
the divergent outflow from an exploding wire array, or in the outflow from the reconnec-
tion layer. Two important conclusions can be derived from the measurements presented
below: Firstly, Bx, the magnetic field perpendicular to incoming magnetic field, is approx-
imately zero, which implies that reconnection has occurred and magnetic field has been
destroyed. Secondly, the plasmoids observed in optical self-emission and the electron
density maps have a magnetic structure which changes sign as a plasmoid passes across
a probe.

5.3.1 Magnetic probes in the divergent outflow

The advected azimuthal magnetic field in an imploding or exploding wire array has pre-
viously been measured on MAGPIE and other pulsed-power generators, and so this pre-
sented a straightforward test of the new magnetic probe designs shown in this thesis. The
probes were placed far from the mid-plane, on the other side of a wire array, in order
to avoid perturbing the plasma in the reconnection layer. A quick estimate shows that
Alfvén waves propagating away from the probe would take t = D/VA ∼ 300 ns to reach
the layer, where D = (2π/3)R and R is the distance between the probe and the array cen-
tre. This means that Alfvén waves cannot affect the layer on the experimental time-scale.

Fig. 5.16 shows data from a magnetic probe fielded in the divergent outflow from a
wire array during shot s0125B16. The raw signals are shown in blue and green in Fig.
5.16a — visually, they are appear very similar, with opposite signs. This suggests that
the electrostatic component must be small, and indeed in Fig. 5.16b this is seen to be the
case. As the electrostatic component is small it is possible to be confident that the signal
recorded is mostly due to the voltage induced from the changing magnetic field, which
can then be time integrated to give the magnetic field shown in Fig.5.16c.

The integrated magnetic field has several interesting features: the signal on the probe
begins around 100 ns after the beginning of the MAGPIE current pulse and there is a sign
change another 70 ns after the signal begins.
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Figure 5.16: Data from magnetic probes in shot s0125B16. The pair of probes was placed in the
diverging outflow of one of the exploding wire arrays, away from the reconnection layer. a)
shows the raw signals from the two magnetic probes, which have opposite polarities, with the
dI/dt from a MITL B-dot which shows the current profile at the load. b) shows the magnetic
(difference) and electrostatic (sum) components of the signal. c) Shows the integrated mag-
netic field, found by integrating the magnetic component and using a geometrical calibration.

The flow velocity of the plasma can be estimated from the time at which the first signal,
and hence the first plasma, arrives at the probe. The time along the horizontal axis in Fig.
5.16 is measured from the current start, and the probe is placed 8.1 mm away from the
array. Using the time of flight as around 100 ns implies a flow velocity around 80 km s−1,
which is close to the 50 km s−1 observed later in time by Thomson Scattering.

The second interesting feature is that the magnetic field is initially negative and changes
sign at 175 ns. This is unlikely to be an artefact of the analysis — in the raw signals in Fig.
5.16a this sign changes is clearly seen in both probes. There are two possible explanations.
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Firstly, this could be a peculiarity of the early time behaviour of an exploding (or im-
ploding) wire array. After the initial electric explosion, a plasma corona forms around the
wire core. This corona is magnetised by the azimuthal field around the wire, and carries
some current itself. As the current in the array rises, the global azimuthal field dominates
over the local field, accelerating the plasma corona radially outwards [Greenly, 2009]. This
corona still carries with it the local magnetic field structure, an O-point, and this is the first
plasma to reach the magnetic probe. The magnetic field is therefore initially in the oppo-
site direction to the global magnetic field, and changes sign when this O-point passes the
probe.

Another explanation would be a wave propagating around from the reconnection re-
gion, launched by a change in magnetic field topology inside the reconnection layer. Such
a wave would have to be very fast, far faster than the Alfvén velocity, as the sign change
occurs quite early in time. This implies the presence of two-fluid effects, which can gen-
erate a wave which depends on the electron rather than ion inertia. This wave could then
propagate along the field lines linking the probe to the reconnection region and cause a
change in the azimuthal magnetic field seen here.

5.3.2 Magnetic probes in the reconnection outflow
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Figure 5.17: Data from magnetic probes in shot s0125B16. The pair of probes was placed in
the reconnection outflow of one of the exploding wire arrays. The raw signals are from the
two magnetic probes, which have opposite polarities. Both signals show some clipping, and
the two signals are very different and not suitable for further analysis.

The probes in the reconnection layer were immersed in a harsh environment of hot,
dense plasma, fast electrons, large bulk plasma flows, a strong electric field and copious
soft x-ray radiation. The expectation was that rather than seeing any signal, the probes
would be swamped by noise or destroyed before any useful data could be recorded.
Surprisingly, the probes actually survived long enough for a clear magnetic signal to be
recorded, which was correlated with the presence of plasmoids.

The magnetic probe signals shown in Fig. 5.16 were taken from a probe pair in the
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divergent outflow of one of the two wire arrays. These probes were not in the field of
view of any diagnostics, but the same shot magnetic probes were also fielded in the recon-
nection outflow, in the field of view of the optical fast framing camera and end-on laser
interferometry.

Fig. 5.17a shows the raw signals from the two magnetic probes in the reconnection
outflow. The signals are very different and also clipped (blue signal at 165 ns and both
at 270 ns) because the recorded voltage reached the limit of the dynamic range of the
oscilloscope. These signals cannot be used to infer the magnetic field, but there are still
some interesting qualitative features. In particular, plasmoids are observed in optical self
emission which correlate with voltage spikes in the magnetic probe measurements.

Fig. 5.18 shows optical fast frames from s0125B16, and two pairs of magnetic probes
are clearly visible in the images, at the top and bottom — the data from the lower pair is
presented in Fig. 5.17 and discussed above. The data from the upper pair of probes is not
useful for analysis as one of the probes had a poor contact and recorded no data, and the
signal from the other probe was badly clipped.

These probes strongly perturb the plasma and are themselves affected in turn — the
probes are the brightest objects even early in time, suggesting a dense plasma has formed
or accumulated on their surface. There are no shocks evident in the optical self emission,
suggesting the reconnection outflows are have a high thermal velocity and hence are sub-
sonic.

One interesting feature is that a plasmoid is present in the first frame (t = 180 ns) and
moves downwards. The plasmoid begins to interact with the lower magnetic probe pair
around t = 225 ns, and fully disappears at t = 270 ns. At around this time there are series
of spikes in magnetic probe signals shown in Fig. 5.17a, with a large spike taking place
at t = 270 ns with opposite polarity in the two oppositely wound probes. As the signal
appears with opposite signs on both probes it is likely to be magnetic in origin, which
provides strong evidence that the plasmoids have a magnetic field structure associate with
them.

5.3.3 Smaller magnetic probes in the reconnection outflow

Smaller probes are necessary to avoid perturbing the plasma, and these were fielded in
a separate shot, s0129_16. These probes were identical to the ones used in the diverging
outflows of s0125B16, made from thin enamel coated wire, with oppositely wound 0.5 mm
diameter loops.

Fig. 5.19 shows data from one of these pairs of magnetic probes placed in the recon-
nection outflow. The raw signals (Fig. 5.19a) from the two probes in the pair are quite
similar, with opposite signs, and the magnetic component in Fig. 5.19b is far larger than
the electrostatic component. The large magnetic component implies that the integrated
magnetic field should be reliable, or at the very least not obviously wrong.

The magnetic field profile (Fig. 5.19c) has numerous interesting features, including a
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t=180 ns t=195 ns t=210 ns t=225 ns
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t=300 ns t=315 ns t=330 ns t=345 ns

Optical Framing Images from s0125B16

Figure 5.18: Optical fast framing data from s0125B16, showing how the magnetic probes (two
pairs, top and bottom) perturb the plasma. Even in the first frame there is clearly a dense
plasma surrounding the probes. No clear shock structures develop around the probes, but
they become increasingly bright as time progresses. Tantalisingly, a plasmoid develops at
t = 180 ns, which moves downwards and hits the lower probe pair around t = 240 ns. There
is a spike in the magnetic probe signal (Fig. 5.17a) at around the same time.

very small field before a small spike around 265 ns after current start, and a larger, neg-
ative spike at 355 ns. The numerous small features are interesting because they appear
with opposite polarities on both probes, which suggests that the signal is real, and could
represent plasmoids interacting with the probe.

It is important to note that the measured magnetic field before 240 ns is very small,
which implies that magnetic reconnection has occurred. To see this, consider a single wire
array, with no reconnection layer. The field measured by a probe in the same position
would be some large fraction of the total azimuthal field, reduced by a geometrical fac-
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Figure 5.19: Data from magnetic probes in shot s0129_16. The pair of probes was placed in
the reconnection outflow of one of the exploding wire arrays, and this pair is the top pair of
probes in Fig. 5.20 below. a) shows the raw signals from the two magnetic probes, which have
opposite polarities. The signals are similar, with opposite signs, and are not clipped. b) The
magnetic (difference) and electrostatic (sum) components of the signal, shown from 100 ns
before the first significant signal. c) The integrated magnetic field, found by integrating the
magnetic component in b) and using a geometrical calibration. This magnetic field profile has
several features, and is convincing because the electrostatic component is so small.
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tor that accounts for the misalignment between the probe and the field. The measured
field would have a value of several Tesla, and would be easily measurable by the probe.
However, almost no field is measured before 240 ns, which provides strong evidence for
magnetic reconnection — when reconnection occurs, the reconnected (or x-directed) mag-
netic field is expected to be S1/2 smaller than the reconnection (y-directed) magnetic field.
The measured magnetic field is negligible, as theory predicts, which has implications for
the power balance discussed in the next chapter.

Optical fast framing images from s0129_16 are shown in Fig. 5.20. The probes are no-
ticeably smaller than those in s0125B16 (Fig. 5.18), and do not glow as brightly compared
to the surrounding plasma. Still, there is still clearly a significant amount of plasma sur-
rounding the probes, generated by photo-ionisation, ablation or plasma pile-up. The sig-
nal from the top pair of magnetic probes is shown in Fig. 5.19 — one of the probes in the
bottom pair had a faulty connection and the signal is not usable.

A plasmoid, which formed in the top half of the image by 160 ns, appears to hit the
probe around 250 ns, and could be related to the spike seen in Fig. 5.19c at around the
same time. The second spike in Fig. 5.19c at 355 ns occurs after the last frame of optical
self emission in Fig. 5.20, and so it cannot be shown to correlate with a plasmoid. The
magnetic signal recorded by this probe is correlated with the plasmoids seen in optical
self emission, and provides evidence that the plasmoids seen in this experiment have a
magnetic structure associated with them.

5.3.4 Summary of magnetic probe measurements

Magnetic probes have been fielded on some of the reconnection experiments discussed in
this thesis, and can provide information on the dynamics of the magnetic fields advected
by the plasma flows. However, it is clear from optical self emission images that the probes
strongly perturb the plasma, and so the results obtained by integrating the signal from
the probes are not always reliable. It is important to carefully examine the raw data before
running an analysis routine, because integration of an unsuitable signal can produce a
reasonable looking magnetic field profile that has no physical meaning.

One pair of probes was placed in the divergent outflow from a single wire array, far
from the reconnection layer, and measured a large magnetic field consistent with the ad-
vection of a global magnetic field radially outwards from each array. Another probe pair
was placed in the reconnection layer, and there is a correlation between large spikes in
the measured probe voltage and optical self emission observations of plasmoids colliding
with the probes, indicating that the plasmoids have a magnetic structure.

A smaller pair of probes was placed in the reconnection outflow in another experi-
ments, and the raw signals in this case were symmetric and not clipped. Several spikes
in the magnetic field appears to correlate with a plasmoid meeting the probe, but the
largest spike occurs after the last frame of optical self emission. These results show that
magnetic probes can provide useful information in these experiments, and, importantly,
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Optical Framing Images from s0129_16

Figure 5.20: Optical fast framing data from s0129_16, showing how the magnetic probes (two
pairs, top and bottom) perturb the plasma. The probes are smaller than those in s0125B16 (Fig.
5.18).
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provide evidence that the plasmoid consists of a magnetic structure as well as a density
perturbation.

5.4 Summary of detailed measurements of the reconnection layer

This chapter considered measurements from three distinct diagnostics, which were aimed
at providing detailed information on the magnetic field, temperature and flow velocity in
the plasma

Measuring the plasma temperature is difficult — techniques using Langmuir probes
are strongly perturbative and have surprisingly complex dependences on the geometry
of the probe, and spectroscopic broadening techniques require assumptions about the
plasma equilibrium or complex radiation transport models. Fortunately, on MAGPIE the
plasma density is high enough to make Thomson Scattering feasible, and this technique
was performed using scattered light from a focused, high power laser beam, imaged onto
a spectrometer. The Doppler broadening and Doppler shift of the initial laser line provide
information on the temperature and flow velocity of the plasma, and the diagnostic was
used in several geometries and locations to measure the inflow and outflow velocities and
the significant heating of the plasma inside the reconnection layer.

Non-perturbative measurements of the magnetic field were made using a Faraday Ro-
tation imaging diagnostic. This two-channel device with an in-line interferometer makes
it possible to measure the line integrated electron density and the polarisation of a laser
beam which passes thorough the plasma. Combining these two measurements gives a
2D map of the average magnetic field in the plasma. This diagnostic shows remarkably
little variation in the magnetic field or electron density in the out-of-plane (z) direction,
which justifies treating this experiment as quasi-2D in the analysis in the next chapter.
The magnetic field was roughly constant outside the reconnection layer, with opposite
signs on opposite sides of the layer, and dropped rapidly to zero at the centre of the layer,
consistent with flux annihilation by magnetic reconnection.

Finally, magnetic probe measurements were discussed, which looked at the magnetic
field flowing into the reconnection layer. Although these probes were shown to be highly
perturbative, the results from them were convincing because the double-loop construction
makes it possible to distinguish between electrostatic noise and a true inductive voltage.
In particular, these probes provide a remarkable insight into the magnetic structure of
the plasmoids observed in the reconnection layer, and show that these plasmoids are not
merely hydrodynamic artefacts of a non-uniform inflow.

These detailed measurements of the electron density, magnetic field, electron and ion
temperatures and inflow and outflow velocities provide an insight into the wealth of
physics in these reconnection experiments. In the next chapter these measured param-
eters are used to calculate the power balance, the reconnection rate, the rates of heating
and cooling in the plasma, and to compare the plasmoids observed with theoretical pre-
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dictions.



6 Discussion and Interpretation

Results from a series of magnetic reconnection experiments were presented in the previ-
ous two chapters. Super-sonic, sub-Alfvénic plasma flows, carrying anti-parallel magnetic
fields, collided and formed a thin layer in which the magnetic field was annihilated. The
plasma temperature inside the layer increased dramatically and the plasma flowed out of
the layer at super-Alfvénic velocities.

These results were presented with very little discussion or interpretation, which has
been left until this chapter. Using the detailed measurements of the electron density, flow
velocity, temperature and magnetic field presented in the last two chapters, it is possi-
ble to calculate many derived parameters and make comparisons to theories of magnetic
reconnection.

This chapter begins by comparing the magnetic field profile to the Harris sheet, a well-
known profile that provides a value for the thickness of the current sheet and the strength
of the reconnecting field. From the Harris sheet the electric current density is calculated,
and compared with the other terms in Ohm’s law. The resistive term is insufficient to sup-
port the reconnecting electric field, which implies additional physics must be included in
this model. The generalised Sweet-Parker model is further generalised to account for ioni-
sation, and the predictions for inflow and outflow velocity compare well with experimen-
tal results. Next, evidence for two-fluid effects, caused by the decoupling of the electron
and ion fluids, is discussed. The overall balance between power in and power out of the
layer is shown to be good, but classical heating mechanisms are too slow to produce the
high electron and ion temperatures observed in the layer. Two mechanisms are proposed
to explain this anomalous heating — kinetic turbulence and the plasmoid instability.

Some useful plasma parameters are shown in Table 6.1. The half-length L used through-
out this chapter is chosen to be L = 7 mm, which is half of the radius of curvature of the
magnetic field lines at the mid-plane.

Table 6.1: Plasma parameters in the inflowing plasma and reconnection layer.

Parameter ne Z̄ Vx
(
Vy
)

By Ti Te c/ωpi λii
Units (cm−3) (km s−1) (T) (eV) (eV) (µm) (µm)

Inflow 3× 1017 4 50 3 50 15 700 3

Layer 6× 1017 6 (130) - 600 100 400 30

143
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6.1 The Harris Sheet

The Harris sheet [Harris, 1962] is a one-dimensional stationary solution of the Maxwell-
Vlasov equations, and is often used as a convenient equilibrium model for theoretical
studies or initialising simulations. The Harris sheet predicts a magnetic field of the form:

B(x) = B0 tanh (x/δ) (6.1)

where B0 is the reconnecting magnetic field strength far from the current sheet and δ is the
half-width of the current sheet. Although the experiments presented in this thesis do not
fulfil all of the assumptions required for the Harris sheet, it is a simple analytical model
that can be used to extract useful parameters for further calculations.

6.1.1 Fitting using the Harris sheet

4 2 0 2 4
x (mm)

4

2

0

2

4

B 
(T

)

4 2 0 2 4
x (mm)

0

1

2

3

4

J (
G

A
/m

2
)

Harris sheet profile for magnetic field and current density
a) b)

Figure 6.1: Harris sheet profiles, showing a) the fit of the Harris sheet to experiment data and
b) the current density derived from this magnetic field.

In order to account for systematic errors caused by the offset of the polarisers in the
Faraday Rotation imaging system and the displacement of the current sheet from the ge-
ometrical centre of the experiment, a modified version of eqn. 6.1 is used:

B(x) = B0 tanh ((x− x0)/δ) + Bo f f (6.2)

Experimental profiles of the reconnecting magnetic field, such as those shown in Fig.
5.14a, are fit using eqn. 6.2. The offset to the magnetic field Bo f f and the displacement
of the layer x0 are found to be small, and are then subtracted out, giving the profile shown
in Fig. 6.1a. It is clear that the Harris sheet describes the magnetic field profile very
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well, giving a reconnecting magnetic field B0 = 2.74± 0.02 T and δ = 0.64± 0.02 mm.
As the Faraday Rotation Imaging diagnostic integrates along the line-of-sight of the prob-
ing laser and the signal is proportional to the component of the magnetic field aligned
with the laser, it is likely that these parameters only represent a bound on the true val-
ues. The current sheet is probably thinner than δ = 0.64± 0.02 mm due the integration
smoothing out the sharp gradient of the magnetic field by including plasma outside of
the reconnection layer. The reconnecting magnetic field strength is probably larger than
B0 = 2.74± 0.02 T as the curvature of the magnetic field around each array means that
the field is only aligned with the probing laser near y = 0 mm. As such, the uncertainties
derived from the fitting routine are too small to capture these systematic, but unquantified
errors.

The electric current density can be found from µ0J = ∇ × B. The Harris sheet is a
one dimensional equilibrium with the magnetic field pointing only in the y direction and
therefore the electric current is only in the z direction, Jz = (1/µ0)dB/dx. Using eqn. 6.1
gives:

J =
B0

µ0δ
sech2 (x/δ) (6.3)

The current density derived from the Harris sheet is shown in Fig. 6.1b for the parameters
obtained from the fit in Fig. 6.1a, and peaks at 3.2 GA m−2

6.1.2 Ohm’s law

In resistive MHD, Ohm’s law can be written as:

E + V× B = ηSpJ (6.4)

Assuming that the experimental data describes a one dimensional, Harris sheet type equi-
librium, it is possible to calculate the components of Ohm’s law shown in eqn. 6.4 from
the measured plasma properties. For an equilibrium the electric field is constant across the
current sheet, a consequence of ∇× E = −∂B/∂t. Vx and By can be obtained from Thom-
son scattering and Faraday Rotation Imaging respectively, the Spitzer-Braginskii resistiv-
ity ηSp [Braginskii, 1965] can be calculated using the electron temperature Te measured by
Thomson scattering and the current density Jz has been obtained from the Harris sheet
fit. Far from the current sheet, the electric current is zero, which means that the strength
of the reconnecting electric field is set purely by E0 = V× B = VxBy at the edge of the
current sheet.

The size of each term in eqn. 6.4 are shown in Fig. 6.2. The reconnecting electric field
(shown in black) is assumed to be constant, and set by the inflow velocity and the re-
connecting magnetic field far from the current sheet. Outside of the current sheet, this
field should be supported purely by the convective term VxBy, and so E0 + VxBy (shown
in blue) is close to zero away from x = 0 mm. The resistive component, ηSp J, should
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Figure 6.2: The components of the resistive Ohm’s law across the current sheet, showing the
reconnecting electric field E0 far from the current sheet, the resistive term ηSp J and the V ×
B term. Ohm’s law implies that E0 + V × B (blue dots) should be the same as η J, and the
discrepancy implies that the resistive term cannot support the reconnecting electric field inside
the current sheet.

be small at the edge of the current sheet, and large near the centre to support the recon-
necting electric field, such that the purple circles (ηSp J) are the same as thee blue circles
(E0 + VxBy) everywhere inside the reconnection layer — clearly this does not occur and
ηSp J < E0 + VxBy instead. Note that although J increases dramatically towards the cen-
tre of the reconnection layer, the Spitzer-Braginskii resistivity ηSp decreases rapidly due
to the increasing electron temperature. Clearly the resistive term does not support the
reconnecting electric field, and there is something missing from this simple analysis.

Three possibilities are considered in this chapter— two-fluid effects, which provide ad-
ditional terms in Ohm’s Law that can support the reconnecting electric field; kinetic tur-
bulence which could be the source of anomalous resistivity which boosts ηsp by the order
of magnitude needed to support the reconnecting electric field; and the plasmoid instabil-
ity, which produces rapidly varying magnetic fields which break the assumption that the
electric field is constant across the reconnection layer.

The Harris sheet provides a good fit to the reconnecting magnetic field profiles, which
gives the parameters B0 and δ which are used in much of the following analysis. Ohm’s
law for resistive MHD predicts that the resistive component should support the reconnect-
ing electric field in the centre of the current sheet. This disagrees with our observations of
the current sheet, which suggests a more complicated model is necessary to understand
the reconnection dynamics.
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6.2 The Sweet-Parker Model and Generalisations

In the previous section the Harris sheet, first derived in 1962, was shown to be a good
model for the magnetic field profile. This is encouraging, as the Harris sheet is ubiqui-
tous in studies of reconnection, and being able to match it allows comparisons to other
experiments and observations. Another classic model of magnetic reconnection is the
Sweet-Parker model [Sweet, 1958; Parker, 1957], which is effectively a statement of the
conservation of mass and a pressure balance argument, and was derived in §1.1. The clas-
sic Sweet-Parker model assumes that the thermal pressure inside the reconnection layer is
much smaller than the magnetic pressure outside the layer. This means that the outflows
are accelerated up to the Alfvén velocity VA by the field line curvature force on the newly
reconnected field lines. The inflow velocity is then:

Vin

VA
=

δ

L
= S−1/2 (6.5)

where S = µ0LVA/η is the Lundquist number and η is the magnetic diffusivity. For a hot,
highly conducting plasma, the Lundquist number is large and the inflow velocity is small.

6.2.1 Generalised Sweet-Parker model

The Sweet-Parker model was generalised in [Ji, 1999] to include the effects of downstream
pressure and compressibility. In [Ji, 1999], the outflows from the reconnection layer prop-
agated into a neutral gas fill on MRX, which reduced the outflow velocity below VA. The
outflow velocity was re-derived as (eqn. 6 of [Ji, 1999]):

V2
out = V2

A(1 + κ)− 2
pdown − pup

ρ
(6.6)

where κ represents the downstream tension force and the second term accounts for the
downstream pressure. In the experiments in this thesis, the κ parameter cannot be pre-
cisely measured, but it is assumed to be small. In contrast to the MRX experiments,
our experiments have outflows which propagate from a reconnection layer with a high
thermal pressure (pup = kBni(ZTe + Ti)) into a vacuum (pdown = 0), and so the term
2(pdown − pup)/ρ increases the outflow velocity significantly. Eqn. 6.6 can be rewritten as:

Vy =
√

V2
A + 2C2

i,A = 140± 4 km s−1 (6.7)

where Ci,A =
√
(Z̄Te + Ti)/mi is the ion-acoustic velocity. The predicted outflow velocity

is much larger than the Alfvén velocity (VA = 70 km s−1), and agrees well with the veloc-
ities inferred by looking at the displacement of plasmoids using optical fast-framing and
laser interferometry. The predicted velocity is still less than the outflow velocity measured
using end-on Thomson Scattering (Fig. 5.7, Vout = 180 km s−1), but the assumption of zero
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vertical plasma velocity used in the analysis of that signal may be incorrect, as discussed
in the next chapter.

The Sweet-Parker model was further generalised in [Ji, 1999] to include compressibility
effects, to account for an increasing density inside the reconnection layer (eqn. 5 of [Ji,
1999]):

Vin =
δ

L

(
Vout +

L
n

∂n
∂t

)
(6.8)

This equation holds for plasmas where the ionisation state of the plasma (Z̄) does not
change during reconnection (weak heating or fully ionised plasma), because in this case
whether n refers to the ion or electron density can be left ambiguous. To account for
ionisation effects, this equation can be modified to read:

Vin =
δ

L

(
Vy

n2

n1
+

L
n1

∂n2

∂t

)
= 31± 4 km s−1 (6.9)

where n1 is the ion density at the edge of the layer (x = ±0.6 mm) and n2 is the ion den-
sity at the centre of the layer (x = 0 mm). The ion densities are calculated using ne from
the electron density maps and Z̄ from TS. The change in ion density, ∂n2/∂t, is estimated
using electron densities measured in the same experiment with ∆t = 20 ns, which is sig-
nificantly less than the outflow transit time (L/Vout = 50 ns). This velocity is still less than
the inflow velocity measured using Thomson scattering, but it is larger than the velocity
estimated by the classic Sweet-Parker model (Vin = δ/LVout ≈ 10 km s−1), which implies
that compressibility and ionisation effects play a significant role in increasing the inflow
velocity.

This analysis assumes that the effective charge of the plasma, Z̄ can be estimated us-
ing a non-local-thermodynamic-equilibrium (nLTE) model from the Thomson Scattering
data. It is unclear whether the plasma is actually in nLTE, because there is a time-scale as-
sociated with the ionisation process which may be longer than the transit time of plasma
through the reconnection layer.

The classic Sweet-Parker model predicts inflow and outflow velocities which are sig-
nificantly smaller than those observed using Thomson Scattering. The generalised Sweet-
Parker model includes the effects of down-stream pressure on the outflow velocity, and
ionisation and compressibility on the inflow velocity. Including these effects gives predic-
tions which are much closer to the observed values, and in particular provide an explana-
tion for the highly super-Alfvénic outflows and fast reconnection rate observed.

6.3 Two Fluid Effects

In resistive MHD, Ohm’s law only contains three terms, the electric field, the convective
term and the resistive term. It was shown above that the resistive term is too small to sup-
port the reconnecting electric field inside the current sheet, and one possible explanation is
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the existence of additional physical effects which can provide the necessary electric field.
Two-fluid effects are caused by the decoupling of the electron and ion fluids, which can
occur on length scales less than the ion skin-depth, di = c/ωpi, where ωpi = Z2e2ne/ε0mi.
In magnetic reconnection the presence of two-fluid effects is often called ‘collisionless’
reconnection (due to the regime these effects often occur in) or ‘Hall’ reconnection (one
important additional term to Ohm’s law is the Hall term, J×B/nee). To include two-fluid
effects, Ohm’s law can be written:

E + V× B = ηSpJ +
J× B
nee

− 1
nee
∇P (6.10)

In experiments on MRX [Yamada, 2006] two-fluid effects were found to be significant,
with the ions and electrons following quite different trajectories into the reconnection
layer. This produce current circulating in the reconnection plane, which interacts with
the reconnecting magnetic field to produce an additional component to the reconnecting
electric field. This contribution can be significantly larger than the resistive term for suf-
ficiently collisionless systems, and has been found to be very important in space plasmas
[Eastwood, 2007].

6.3.1 Signatures of two-fluid reconnection

These current loops also produce out-of-plane magnetic fields with a distinctive quadru-
polar pattern, and these field are considered a signature of two-fluid reconnection. The ion
skin-depth in the experiments described in this thesis is di ∼ 0.4 mm, which is comparable
to the layer width, δ = 0.7 mm. This implies that two-fluid effects could be present in
these experiments, and one way to look for evidence of them is to measure the out-of-
plane magnetic field. Initial experiments aimed at achieving this are described in the next
chapter (§7.2.3), and the quadrupolar out-of-plane magnetic field was not observed.

Another feature of reconnection layers often encountered in space plasmas is a marked
density ‘depletion layer’ or ‘cavity’ surrounding the reconnection layer [Wang, 2013],
which is also considered to be a signature of the Hall effect, [Shay, 2001; Yang, 2006].
These features are found on the scale of the ion skin-depth, di, and similar features are
seen in the electron density maps in Fig. 4.10. Line-outs across the reconnection layer
are shown in Fig. 6.3b, one through the plasmoid at y = 5 mm shown in cyan, and one
at y = −5 mm shown in red. The density depletion is most marked around the plas-
moid, clearly dipping below the density that would be expected purely from following
the smooth decrease of density in flows towards the layer. The existence of this depletion
layer at the correct length scale suggests that two-fluid effects may play some role in these
reconnection experiments.

The reconnection rate is defined as Vin/Vout, and in the Sweet-Parker model this is pre-
dicted to be Vin/Vout = S−1/2, which is very small even for modest Lundquist numbers.
For two-fluid reconnection, it is an empirical observation from simulations and experi-
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Figure 6.3: Line-outs of the electron density from end-on interferometry. a) Electron density
map taken at t = 243 ns from s1006_15. The chord along which the line-outs in b) are taken
are shown with cyan (y = 4 mm) and red (y = −4 mm) lines. b) Line-outs of electron density
taken along the dashed lines in a), averaged over 0.1 mm perpendicular to the line. There is a
density depletion surrounding the layer, which is especially marked near the plasmoid.

ments that the reconnection rate is around 0.1, regardless of the Lundquist number, and
this rate is far larger than predicted by Sweet-Parker. As such, two-fluid reconnection is
often also termed ‘fast’ reconnection, as it appears to solve the long standing problem that
the observed reconnection rate is much larger than the predicted Sweet-Parker rate.

In our experiments, the reconnection rate is around 0.3–0.4, much larger than the Sweet-
Parker prediction and empirical two-fluid rate. It is not clear why this rate is so large,
but it may be related to the moderate thermal beta (ratio of plasma thermal to magnetic
pressures) of the upstream flows — the reconnection layer is forced to take magnetic field
at a certain rate by the incoming flows, and adjusts the reconnection rate to deal with this.
In laser-driven reconnection experiments, where the thermal beta is much larger, flux pile-
up is observed as the layer cannot annihilate flux fast enough, but this is not observed in
our experiments.

To summarise, two-fluid effects can produce current loops in the reconnection plane
which provide additional out-of-plane electric field via the Hall term. One distinctive sig-
nature of these loops is a quadrupolar out-of-plane magnetic field. This signature has not
been observed in our preliminary experiments, but another signature, a density depletion
layer around di from the reconnection layer is visible, which suggests that two fluid effects
may be important in these experiments. The reconnection rate observed is significantly
larger than the empirically observed two-fluid rate of 0.1, which may be due to finite ram
and thermal pressure in the incoming flows.



Chapter 6. Discussion and Interpretation 151

6.4 Evidence for Anomalous Heating

There are two interesting points to note about the electron and ion temperatures inside the
layer: firstly the ions are much hotter than the electrons, and secondly both temperatures
are much larger than in the inflowing plasma. Given that the plasma is collisional, it is at
first surprising that the electron and ion temperatures are so different. The rate at which
the electron and ion temperatures equilibrate is [Ryutov, 2015]:

Ṫe = −(Te − Ti)/τ
(E)
ei , Ṫi = Z(Te − Ti)/τ

(E)
ei (6.11)

τ
(E)
ei =

mi

2me
τe , τe =

3
√

meT3/2
e

4
√

2πΛZ2e4ni
(6.12)

where Λ is the Coulomb logarithm, which is around 5 to 8 in these plasmas. The ion-
electron equilibration time-scale can be estimated thus:

τE
e→i =

Te

Te − Ti
τ
(E)
ei , τE

i→e =
Ti

Z(Ti − Te)
τ
(E)
ei (6.13)

As Ti ≈ ZTe in these experiments, both time-scales are the same, around 250 ns. This is
long compared to the experimental time-scale, and especially in comparison to the time
taken for plasma to exit the layer, ∼ L/Vout ≈ 50 ns. This implies that there is no signif-
icant temperature exchange between the electrons and ions during this experiment, and
hence the drastically different ion and electron temperatures are reasonable.

6.4.1 Power balance

The ion and electron temperatures increase by an order of magnitude inside the recon-
nection layer, and the energy required for this heating has to come from somewhere.
Determining the balance between the energy flowing into and out of the layer requires
measurements of the electron density, the effective charge state of the plasma, the electron
and ion temperatures and the magnetic field in the inflows and in the layer, which are
summarised in Table 6.1. There are four energy components we consider: the magnetic
energy density Emag = B2/2µ0, the kinetic energy density Ekin = nimiV2/2, and the ion
or electron thermal energy density Eth,α = 3kBnαTα/2, where α = i/e for ions and elec-
trons respectively . The various components of the power balance can be calculated by
multiplying each of these energy densities in the inflow or outflow regions by the volume
of plasma that enters or exits the layer per unit time: LVxh for the inflow or δVyh for the
outflow, where h = 16 mm is the height of the reconnection layer.

The power balance is shown in Fig. 6.4, and summarised in Table 6.2: The magnetic
energy in the outflow is assumed to be zero because the Sweet-Parker model predicts that
the reconnected magnetic field is smaller than the reconnecting magnetic field by a factor
of S1/2, and so the energy density of the reconnected magnetic field should be smaller by
a factor of S ≈ 120. There is evidence from recent measurements of collisionless recon-
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Figure 6.4: Power balance in the reconnection layer. Most of the inflowing power is in the form
of advected magnetic energy, with only a small amount of kinetic and thermal energy. In the
outflow, the magnetic energy has been thermalised and distributed roughly evenly amongst
the kinetic and ion and electron thermal energies.

Table 6.2: Power flows into and out of the reconnection layer, as shown in Fig. 6.4. The
magnetic power in the outflow is negligible — see text for details.

Pmag (MW) Pkin (MW) Pth,i (MW) Pth,e (MW) Ptot (MW)

Inflow 20± 5 11± 4 5± 1 6± 2 40± 10

Outflow 0 21± 5 18± 4 18± 4 60± 10

nection that the electromagnetic energy in the outflow is not negligible [Yamada, 2015;
Yamada, 2014], but this is a different regime to our collisional reconnection. The over-
all power balance is good — the inflow power is equal to the outflow power within one
standard deviation (Pout − Pin = 15± 16 MW). This justifies neglected the out-flowing
magnetic energy, and implies that other sources or sinks of energy are within the uncer-
tainty of our measurements.

The magnetic component of the power into the layer is significantly larger than the



Chapter 6. Discussion and Interpretation 153

kinetic and thermal components. Some of this magnetic energy goes into accelerating the
outflows, and the rest goes into heating the electrons and the ions such that the thermal
energy is equally partitioned between them.

Although the source of the thermal energy is now clear, the mechanism by which the
electrons and ions are heated to these high temperatures is unclear. In particular, it is
unclear whether classical heating rates are fast enough to heat the plasma to the conditions
observed in the reconnection layer.

6.4.2 Ion viscous heating

The outflows are accelerated up to high velocities by magnetic field line tension and the
thermal pressure imbalance between the reconnection layer and the surrounding volume.
The reconnection layer is narrow, and the outflows pass through regions where the plasma
has only a small velocity component in the y direction. This gives rise to strongly sheared
flows, and one proposed mechanism for ion heating is by the viscous dissipation of this
shear [Hsu, 2001].

In a simple model, the ion temperature only changes due to viscous heating. This is
justifiable in these experiments as the electron-ion energy equilibration time was shown
to be far longer than the plasma transit time. Considering a shear in the x direction of the
y directed velocity gives:

3
2

kBni
∂Ti

∂t
= kBniTiτi

(
∂Vy

∂x

)2

−→ ∂Ti

∂t
=

2
3

Tiτi

(
∂Vy

∂x

)2

(6.14)

= αT5/2
i , α ≈ 107

Z3ne

(
Vy

δ

)2

(6.15)

Here τi is the ion collision time scale, which is related to the classical collision frequency.
Eqn. 6.15 can be solved analytically to give:

Ti(t) =
(

1
c− αt

)2/3

, c =
2
3

T−3/2
i,0 (6.16)

Using an initial temperature of Ti,0 = 50 eV and the other parameters from Table 6.1 gives
the temperature profile shown in Fig. 6.5. With these initial conditions, it takes over 800 ns
for the ions to be heated from 50 eV, measured in the inflows, to 600 eV, measured in the
reconnection layer. This suggests that classical viscous ion heating is too slow to explain
the high ion temperatures observed in these experiments. The time-scale for viscous ion
heating has a strong dependence on the initial temperature chosen, but an initial temper-
ature of over 250 eV would be necessary for a time-scale less than 50 ns, which is unlikely.
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Figure 6.5: Ion temperature against time calculated from the classical viscous ion heating rate.
The ions are initially at 50 eV and are heated by a velocity shear of 0 km s−1 to 130 km s−1 over
0.6 mm.

6.4.3 Radiative cooling of electrons

Inside the reconnection layer, electrons are expected to be heated by Ohmic heating by the
intense current sheet. It has already been shown that the electrons do not gain a significant
amount of energy from the ions on the experimental time-scale, but there is an additional
energy sink — radiative cooling.

The radiative cooling rate was calculated by the SPK non-local-thermodynamic-equilibrium
(nLTE) code [Chittenden, 2016], with an ion density of ni = 1× 1017 cm−3. The SPK code
calculates energy levels using the screened hydrogenic approximation, and augments this
with known spectral data from the NIST database. The ionisation state is calculated using
an extended Saha equation, which balances the collisional de-excitation and excitation
with the radiative de-excitation. The energy levels are populated with a modified Boltz-
mann scheme using an effective temperature and an additional correction for nLTE, and
from this configuration the radiative cooling rate can be calculated. The cooling rate is
shown in Fig. 6.6, and peaks at 7 eV and 98 eV, the latter of which is close to the measured
electron temperature. Using this cooling rate, a rough estimate of the cooling time for a
plasma initially at Te = 100 eV and ne = 6× 1017 cm−3 can be obtained:

τ =
U

I(Te)
=

3
2

kBneTe

I(Te)
≈ 600 ns (6.17)

This is very long compared to the experimental time-scale, and so radiative cooling is
not a significant energy sink for the electrons. The value of 600 ns is an overestimate
as the cooling rate would drop significantly as the plasma cooled, increasing the overall
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Figure 6.6: The radiative cooling rate for carbon in non-local-thermodynamic-equilibrium as
a function of temperature. The cooling curve peaks at 7 eV and at 100 eV.

cooling time. Reducing the radiative cooling was a motivation in using carbon wires, and
it appears to have been very successful.

6.4.4 Ohmic heating of electrons

Now that heating from collisions with hot ions and cooling by radiative losses have both
been shown to be insignificant, it is possible to estimate the classical Ohmic heating time-
scale for the electrons. As with the ion viscous heating, the equation can be solved an-
alytically to give the electron temperature as a function of time. Unlike viscous heating,
Ohmic heating becomes less efficient at higher temperatures:

kBne
∂Te

∂t
= ηSp J2 −→ ∂Te

∂t
= AT−3/2

e , A =
10−2ZΛJ2

kBne
(6.18)

Te(t) =

(
5
2
(At + c)

)2/5

, c =
2
5

T5/2
0 (6.19)

Eqn. 6.19 is shown in Fig. 6.7 for an initial electron temperature Te = 15 eV, with the
electric current as J = 3 GA m−2 (from Fig. 6.1) and the other parameters as in Table 6.1.

The time taken for the electrons to reach 100 eV is around 350 ns, which is much longer
than the experimental time-scale. This implies that the electrons cannot be efficiently
heated by Ohmic heating using the classical Spitzer-Braginskii resistivity. In deriving this
time-scale it has been assumed that the electric current remains constant throughout the
entire experiment. This is not the case — the rising MAGPIE drive current produces a ris-
ing and then falling azimuthal magnetic field which is embedded into the plasma flows,
which means that the electric current should increase and decay on a similar time-scale to
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Figure 6.7: Classical ohmic heating of the electrons, initially at Te = 15 eV. The electrons
reach 100 eV after 350 ns, which is long on the experimental time-scale. This suggests that
classical Ohmic heating is too slow to explain the high electron temperatures observed in
these experiments.

the driving current. The current shown in Fig. 6.1 is from close to the peak of the driving
current, and so the time-scale for Ohmic heating is an under-estimate.

Overall, a good power balance is shown using the measured parameters for plasma
flowing into and out of the layer. Most of the energy for heating the ions and electrons
comes from the thermalisation of the flow magnetic energy, but the mechanism for con-
verting this energy is unclear. Electron-ion energy exchange and radiative cooling are
shown to be negligible, and so simple models can demonstrate that the classical rates for
both viscous and Ohmic heating are too slow to provide the necessary heating.

6.5 Kinetic Turbulence

In the two sections above the Spitzer-Braginskii resistivity has been used in calculations,
and in both cases it has been found that the resistivity is too small to explain the ob-
served plasma parameters. One possibility is anomalous resistivity, larger than the classi-
cal value, which could support the reconnecting electric field and provide the rapid Ohmic
heating of the electrons. Anomalous resistivity [Ji, 2004] and viscosity [Hsu, 2001] have
been invoked in many studies of magnetic reconnection, and this resistivity is thought to
arise from kinetic turbulence. This turbulence provides strong waves which particles can
interact with, providing an effective enhanced collisionality that leads to an increase in the
plasma resistivity. A range of possible unstable modes exist, including the Ion-Acoustic
instability (IAI) and the Lower Hybrid Drift instability (LHDI).

A necessary condition for the existence of ion-acoustic instability is that the electron
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drift velocity ued = J/ene exceeds the ion-acoustic velocity Ci,A =
√
(Z̄Te + Ti)/mi, which

can be tested using our experimental measurements. Interestingly, requiring ued ∼ Ci,A is
equivalent to requiring that the layer thickness is on the order of the ion skin depth, di ∼ δ

[Yamada, 2006], which suggests that there is a link between two-fluid effects and kinetic
turbulence.
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Figure 6.8: A comparison of the electron drift velocity and the ion-acoustic velocity. A neces-
sary condition for the onset of the ion-acoustic instability is for the electron drift velocity to
exceed the ion-acoustic velocity.

Fig. 6.8 shows the magnitude of the ion acoustic and electron drift velocities, using data
from Thomson scattering, Faraday Rotation imaging and laser interferometry. Through-
out most of the layer ued < Ci,A, so the ion-acoustic instability should not develop. How-
ever, the values are close and so it is possible that the ion-acoustic, or another associated
instability is present in these experiments. In particular, the ion acoustic instability is only
effective up to ion temperatures of ZTe ≈ Ti, which is exactly the condition we observe
inside the reconnection layer.

One signature of kinetic turbulence is the enhanced scattering of light by Thomson scat-
tering. If the turbulent modes have k-vectors aligned with the scattering vector and fre-
quencies within the range of the spectrometer then a dramatically enhanced signal should
be recorded. Preliminary experiments to look for this signature are reported in the next
chapter, but initial results imply that if kinetic turbulence is present it doesn’t occur within
the ion-acoustic range of frequencies.

6.6 Plasmoids

At the beginning of this chapter, the Ohm’s law in resistive MHD was introduced (eqn.
6.4), and the various terms were calculated (Fig. 6.2). In steady state, the reconnecting
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electric field should be constant across the reconnection layer, and hence as the convective
V × B term drops the resistive ηJ term should increase to compensate. This is not ob-
served, and two possibilities have already been examined — the introduction of two-fluid
effects which provide additional electric field through in-plane circulating currents and
the Hall term, and the presence of kinetic turbulence which provides an anomalous re-
sistivity which boosts the resistive term. This section examines a third possibility — that
the reconnection layer is far from steady state, with rapidly fluctuating magnetic fields
which remove the condition that the electric field is constant across the layer. These rapid
fluctuations could be provided by the plasmoid instability, which breaks the reconnection
layer into a series of microscopic magnetic islands which stochastically move through the
reconnection layer, accumulating reconnected flux and growing to a scale comparable to
the layer width before being ejected at Alfvénic velocities.

Plasmoids were observed in optical fast framing images (§4.2) as bright regions of self-
emission inside the reconnection layer. These regions move rapidly and are eventually
ejected out of the ends of the layer. Regions of increased density inside the layer were also
observed in end-on electron density maps (Fig. 4.10), and these correspond to the regions
of enhanced self-emission. Evidence for the magnetic structure of the plasmoids was pro-
vided by magnetic probes, which recorded a large signal correlated with the presence of
plasmoids in optical fast framing (§5.3.2).

6.6.1 Relationship to initial density perturbations

The inflows to the reconnection layer are initially strongly modulated by the discrete num-
ber of wires, which produces a characteristic ‘spoke’ pattern with one ablation flow per
wire. As such it does not at first seem surprising that the layer should also have large
density perturbations, as these could well be created by the modulations in the inflow.
However, it is possible to show that this cannot be the case by considering the symmetry
of the experiment, the amplitude of the modulations and the magnetic structure of the
plasmoids.

First, the argument from symmetry. In most shots, only one plasmoid was observed.
This is in stark contrast with the high degree of up/down symmetry in all of the shots —
if the plasmoids were formed by the interaction of the ablation stream, there should be
an even number, formed around the same time at positions equidistant from y = 0 mm.
Symmetric density perturbations are observed very early in time in optical fast framing
(see Fig. 4.5 at t = 188 ns), when the ablation streams first meet, but these regions rapidly
leave the system in a symmetric fashion before the reconnection layer has fully formed.

Secondly, the density perturbations near the layer are much less than those near the wire
cores. The magnitude of the density perturbations is shown in Fig. 6.9, where the electron
density map is from s1006_15, and was also shown in Fig. 4.7. The chords along which the
line-outs were taken are shown with dashed lines at x = −3 mm and x = −1 mm in cyan
and red respectively. The electron density along these chords are shown in Fig. 6.9b —
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Figure 6.9: Line-outs of the electron density from end-on interferometry. a) Electron density
map taken at t = 223 ns from s1006_15. The chord along which the line-outs in b) are taken are
shown with cyan (x = −3 mm) and red (x = −1 mm) dashed lines. b) Line-outs of electron
density taken along the dashed lines in a), averaged over 0.1 mm perpendicular to the line.
Near the wire cores (x = −3 mm, cyan) the density is strongly modulated. Near the layer
(x = −1 mm, red) the density is quite smooth.

close to the wires, at x = −3 mm, the density is strongly modulated, with ne,max/ne,min ∼
3, but closer to the reconnection layer, at x = −1 mm, the modulations are negligible.
This suggests that there is some mechanism for removing density perturbations, such as
sound waves, and it means that the reconnection layer is presented with a uniform inflow
with minimal modulation. There are no perturbations in the inflowing plasma to seed the
enhanced regions of electron density that are observed, which supports the idea that the
plasmoids grow out of an instability inside the layer. Further experiments to determine
whether the modulation of the inflows are related to the plasmoid formation are shown
in the next chapter.

Thirdly, the plasmoids have an O-point magnetic structure, which would not be present
if the plasmoids were artefacts of the hydrodynamic interactions of the ablation streams.
The data from the magnetic probes suggests that the plasmoids do indeed have this struc-
ture, because the y component of the magnetic field rapidly changes sign when plasmoids
are observed to interact with the probes. This provides additional evidence that the plas-
moids are due to the tearing instability which produces multiple X and O-points inside
the reconnection layer, rather than produced by modulations in the inflowing plasma.

6.6.2 The semi-collisional plasmoid instability

The detailed observations of plasmoids in these experiments allow comparison to theo-
retical models of the plasmoid growth rate and length scale. A range of models exist for
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Figure 6.10: A phase diagram of magnetic reconnection, with the regions unstable to the tear-
ing instability marked, after [Loureiro, 2015]. The critical Lundquist number, SC is marked in
green, as are the boundaries of the semi-collisional regime in black and blue. The regions in
which other experiments reporting plasmoids have been marked, [Olson, 2016; JaraAlmonte,
2016].

plasmoids in different regimes of parameter space, and a phase diagram is shown in Fig.
6.10. Other experiments [Olson, 2016; JaraAlmonte, 2016] have recently reported obser-
vations of plasmoids, and the location of these experiments in this phase diagram is indi-
cated on the diagram. Both experiments fall within the single X-line collisionless regime
in which plasmoid formation is not expected, which suggests that more theoretical work
is necessary to understand these observations.

In contrast, the results presented in this thesis place the observations of plasmoids
firmly within the semi-collisional regime. This regime was proposed in [Loureiro, 2015],
and is defined by a hierarchy of length scales: δ � di � δin � de where dj is the inertial
range c/ωpj for ions or electrons and δin = δSpS−1/8 is a thickness found in linear MHD
plasmoid instability analysis in which δSp = S−1/2L is the layer thickness predicted by
the Sweet-Parker model, eqn. 6.5. This hierarchy implies that there are two boundaries
to the semi-collisional regime, S � (L/di)

2 (black line in Fig. 6.10 )and S � (L/di)
8/5

(dashed blue line, Fig. 6.10). An additional boundary at Sc = 104 is shown as a green line.
It was thought that the Lundquist number had to be larger than Sc in the semi-collisional
regime [Baalrud, 2011], but this criterion is not actually necessary, and is replaced by the
two boundaries shown in Fig. 6.10 [Loureiro, 2015]. Tearing instability theory is derived
in the asymptotic limit, in which some quantities are much smaller than other quantities,
and as such these boundaries are approximations.

The criteria that (L/di)
8/5 � S � (L/di)

2 can be examined for our experiments using
the parameters in Table 6.1: L = 7 mm, di = 0.6 mm and S = 120, giving (L/di) ≈ 12 and
therefore 60 � 120 � 136. Clearly 120 is not much less than 136, but in the absence of a



Chapter 6. Discussion and Interpretation 161

non-asymptotic theory this is the best that can be done.
In the semi-collisional regime, specific predictions can be made about the number of

plasmoids and the time-scale on which the instability should develop. However, these
predictions only apply in the linear regime of the instability, in which the plasmoids
are still microscopic, and hence not observable in experiments. It is reasonable to ex-
pect that the number of plasmoids observed in the non-linear regime is related to the
number in the linear regime, which is given by (di/L)1/13S11/26/2π ∼ 3 [Baalrud, 2011].
This is a reasonable number of plasmoids, consistent with the later time optical fast fram-
ing images in Fig. 4.5. The theoretical linear growth time of the plasmoid instability is
(L/di)

6/13S−7/13L/VA ∼ 30 ns in the semi-collisional regime, which is reasonable — the
plasmoids develop roughly this long after the reconnection layer forms. Unlike other ob-
servations of plasmoids, these observations can be directly compared with the predictions
of tearing instability, and good agreement is found between the observations and the pre-
dictions.

6.6.3 Enhanced heating by plasmoids

The tearing instability breaks up the reconnection layer into a series of X and O-points.
Reconnection occurs at the thin current sheets at the X-points, and the O-points (the
plasmoids) move stochastically along the current sheet, coalescing and growing larger
until they reach a width comparable to the reconnection layer. At this point the plas-
moid becomes a ‘monster’ plasmoid, and is ejected from the reconnection layer, carrying
with them a quantity of reconnected flux [Loureiro, 2012]. This makes the reconnection
rate bursty and uneven, and means that the magnetic field inside the reconnection layer
changes rapidly with time, breaking the condition that the electric field is constant across
the reconnection layer.

The break up of the current sheet into smaller sheets also affects the rate at which heat-
ing of the ions and electrons can occur. This phenomenon is well understood and studied
in the resistive MHD (multiple X-line collisional in Fig. 6.10) regime of the tearing insta-
bility. The results of simulations in this regime up to S = 107 are shown in Fig. 6.11 in
which the reconnection rate, Ohmic heating rate and viscous heating rate are plotted as a
function of Lundquist number. The rates are expected to drop off as S1/2in Sweet-Parker,
but the current sheet becomes unstable to the plasmoid instability around S = Sc = 104

and the current sheet breaks up into multiple smaller current sheets. The viscous heat-
ing is dramatically enhanced by the formation of many small scale Kelvin-Helmholtz
type vortices which can efficiently dissipate the sheared outflows [Loureiro, 2013], and
the presence of many small current sheets enhances the Ohmic heating.

Enhanced heating is predicted in the collisional regime, but to date there have been
no theoretical or computational studies of whether this heating should occur in the semi-
collisional regime. If enhanced heating is found to occur in this regime, it could offer a
tentative explanation for the high ion and electron temperatures observed in our experi-
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Figure 6.11: The reconnection rate (blue squares), viscous heating rate (red triangles) and the
ohmic heating rate (magenta circles) as a function of Lundquist number, S for the resistive
MHD (multiple X-line collisional) regime of the tearing instability. Plasmoids form above
Sc = 104, which dramatically increases the rate of viscous heating. Reprinted from N. F.
Loureiro et al. “Magnetic reconnection and stochastic plasmoid chains in high-Lundquist-
number plasmas”. In: Physics of Plasmas 19 (2012), p. 042303. DOI: 10.1063/1.3703318 with
the permission of AIP Publishing.

ments.

6.6.4 Vortex formation and Thomson scattering

The formation of small scale vortices raises an interesting point about the interpretation
of the Thomson Scattering data. The Thomson scattered light is collected from a finite
volume (around 200 µm in diameter, set by the focal spot of the laser and the collection
optics), and the overall signal is the sum of the light scattered from each infinitesimal
volume of plasma. For a vortex, different infinitesimal volumes are moving at different
velocities, and hence the spectrum from each infinitesimal volume is Doppler shifted by
different amounts. This causes the signal to be significantly broadened, which is the same
effect caused by the randomly directed velocities that make up a thermal distribution.
Therefore small scale vortices in an otherwise cold plasma give a similar spectrum to a
hot plasma without vortices, and so using Thomson scattering to measure the tempera-
ture of a reconnection layer which contains plasmoids is complicated. However, if the
scale of the vortices is very small, they should be rapidly dissipated into randomly di-
rected thermal motion by viscosity, and so the distinction between the two broadening
mechanisms may not be important. If the vortices are two-dimensional, then measuring
the Thomson scattering spectrum with a scattering vector perpendicular to the vorticu-
lar velocity would avoid this Doppler broadening effect, and preliminary experiments to
study this are described in the next chapter.

http://dx.doi.org/10.1063/1.3703318
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6.6.5 Summary of plasmoid discussion

The plasmoids observed in these experiments cannot simply be explained as due to mod-
ulations of the density in the inflows, as the plasmoids form without symmetry in a layer
that experiences very little modulation. The plasmoids possess an O-point magnetic field
structure, demonstrated by magnetic probes, and exist within the semi-collisional regime
of the tearing instability. Calculations of the expected growth rate and number of plas-
moids from the linear regime of the semi-collisional instability agree well with observa-
tions of plasmoids in the non-linear regime. Enhanced heating due to the break up of the
current sheet is expected in the collisional regime, and if this heating occurs in the semi-
collisional regime it could account for the high ion and electron temperatures observed in
these experiments. Small scale vortices formed during the plasmoid instability could com-
plicate the interpretation of Thomson scattering data by providing an additional source of
Doppler broadening.

6.7 Summary of Discussion

The wealth of observations detailed in the previous two chapters allows for comparison
with a wide range of theoretical models of magnetic reconnection. The Harris sheet pro-
vides a good model for the magnetic field profile, and using the derived current density
it is possible to calculate the various terms in Ohm’s law for resistive MHD. The resis-
tive term cannot balance the electric field inside the reconnection layer, which implies
additional physics is necessary to explain these observations. The classic Sweet-Parker
model under-predicts the inflow and out-flow rates, which can be accounted for by in-
cluding thermal pressure, compressibility and ionisation into the continuity equations.
Two-fluid effects can provide support for the reconnecting electric field, and one signa-
ture of the Hall effect, a density depletion layer, is observed in these experiments. The
overall power-balance for the reconnection layer is good, but the classical heating rates
for viscous and Ohmic heating are too slow. Kinetic turbulence could provide a source for
anomalously high resistivity, which could in turn support the reconnecting electric field,
but it is unclear whether the necessary instabilities develop inside the current sheet. Plas-
moids are observed to form inside the reconnection layer, and cannot simply be ascribed
to modulations of the inflow density. They are fast moving and have a magnetic structure
which provides a rapidly changing magnetic field, breaking the steady state assumption
for the reconnecting electric field. The number and growth rate of the plasmoids agrees
well with the predictions for the linear phase of the semi-collisional tearing instability, and
the break up of the current sheet caused by the growth of the instability could provide en-
hanced heating of the electrons and ions.



7 Conclusions and Further Experiments

The previous chapter presented the discussion and interpretation of the experimental re-
sults, and proposed some additional experiments to aid in further interpretation of the
data. This chapter begins by concluding the results and discussion presented in this thesis,
and then presents preliminary experiments aimed at answering some of the open ques-
tions posed in the previous chapter. Results are presented from minor variations to the
standard array hardware, aimed at determining if there is a link between the density mod-
ulations in the inflows and the formation of the plasmoids. A new Thomson scattering
geometry is used to measure the out-of-plane bulk velocity of the plasma in the recon-
nection layer, and a new load hardware is presented in which the wire arrays are rotated
so the reconnection plane is vertical, which allows the out-of-plane magnetic field to be
measured.

7.1 Conclusions

This thesis describes a novel, pulsed-power based magnetic reconnection experiment, op-
erating in a unique and previously unexplored region of parameter space, distinct from
MRX-type and laser-driven reconnection experiments.

In experiments such as MRX and TREX, the plasma is formed by an electrical break
down in the working gas, and the magnetic field is imposed by external coils. The plasma
flows are sub-sonic and sub-Alfvénic, and a reconnection layer forms as the oppositely
directed magnetic fields are slowly pulled together by the decreasing field in one set of
magnetic coils (see [Yamada, 2010] and references therein). The magnetic pressure in the
plasma is much larger than the thermal and ram pressures, which means that the dynam-
ics are dominated by the magnetic field. Reconnection heating is significant, and there
is very little contribution from the thermalisation of the flow kinetic energy. The recon-
nection layer is sustained over a long time-scale by the constant injection of magnetic
flux, and the experiments are diagnosed using magnetic probes, Langmuir probes and
ion spectroscopy.

In laser-driven reconnection experiments, the plasma is formed by the ablation of ma-
terial from an initially solid target, and reconnection occurs when two expanding bubbles
collide. The magnetic field is provided either by the Biermann battery effect, or by ex-
ternal field coils, but the magnetic pressure is significantly less than the thermal and ram
pressures, which places these experiments in the strongly-driven regime of reconnection

164
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(see, for example [Nilson, 2006; Fiksel, 2014]). The flows are significantly super-sonic and
super-Alfvénic, which causes the magnetic field to pile up outside the reconnection layer.
The reconnection event is transient, as only a thin ribbon of magnetic flux on the surface
of the bubbles is reconnected. These experiments are diagnosed with proton radiography
and Thomson scattering.

The experiments described in this thesis use exploding wire arrays to produce a long
lasting reconnection layer, which is sustained by the injection of additional magnetic flux
advected by plasma flows. The geometry of the experiments is open, which allows diag-
nostics to be fielded along multiple lines-of-sight. These high resolution, non-perturbative
diagnostics provide detailed measurements of the key plasma parameters: electron den-
sity, flow velocity, electron and ion temperature and the magnetic field. These measure-
ments show that initially the thermal, kinetic and magnetic pressures in the plasma are
all approximately equal, with super-sonic and sub-Alfvénic inflows. This regime has not
been previously studied in detail by experiments or theory, and as such these results pro-
vide a valuable contribution to understanding magnetic reconnection in a broad range of
plasmas.

The main results of these experiments can be summarised as follow:

• The first demonstration of exploding carbon wire arrays. Measurements showed
even current division, the formation of ablation streams and advection of the mag-
netic field.

• Observations of the formation of a reconnection layer, and detailed measurements
of parameters such as electron density, magnetic field, velocity and temperature.

• Measurements of anomalously high electron and ion temperatures inside the recon-
nection layer, which cannot be explained by classical heating mechanisms.

• The formation of plasmoids in the reconnection layer, which occur at Lundquist
numbers far lower than SC = 104. These plasmoids are shown to be consistent with
the semi-collisional regime of the tearing instability.

A range of diagnostics were fielded to measure the plasma properties, including opti-
cal fast-framing to measure the self-emission, laser interferometry to measure the electron
density, Thomson scattering to measure the temperature and flow velocity and Faraday
Rotation imaging to measure the reconnecting magnetic field. These measurements re-
vealed the formation of a reconnection layer, an intense sheet of electric current at the
mid-plane, into which the magnetic field was advected and then annihilated, resulting in
dramatic plasma heating and acceleration.

The load hardware was formed from two exploding (or ‘inverse’) cylindrical wire ar-
rays, placed side-by-side and driven in parallel by a current pulse from the MAGPIE gen-
erator (240 ns rise time, 1.4 MA peak current). The current pulse heated the wires, gener-
ating plasma which was accelerated radially outwards from each array by the J× B force.
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These ablation flows were discrete, one per wire, and propagated away from the array at
supersonic but sub-Alfvénic velocities (MS = 1.6, MA = 0.7). A fraction of the azimuthal
magnetic field was advected with these ablation flows, and these fields were anti-parallel
when the flows from the adjacent arrays met at the mid-plane.

An optical fast-framing camera gave an overview of the dynamics of the wire arrays
and the reconnection layer (see §4.2). The discrete ablation streams were clearly visible,
and showed that plasma was continuously ablated from the wires for the duration of
the MAGPIE current pulse. The self-emission images showed that the ablation streams
were highly reproducible, but the reconnection layer rapidly became unstable, and bright
regions identified as plasmoids formed within a few tens of nanoseconds.

Laser interferometry provided a quantitative look at the electron density in the ablations
streams and reconnection layer (see §4.3). Again, the reproducibility of the experiments
was demonstrated through a series of electron density maps from shots with a similar
current pulse. The largest density was close to the wire cores (ne ≈ 2× 1018 cm−3), and
the ablation flows broadened and became less dense as they propagated away from the
arrays, reaching ne ≈ 5× 1017 cm−3 just outside the reconnection layer. The density of
the ablation flows increased with time as the drive current from MAGPIE increased, and
began to fall after the current peak at t = 240 ns. Late in time the streams reconfigured,
forming flows between each pair of wires created by a set of oblique shocks, instead of a
flow directly out from each wire.

The ablation streams merged prior to the mid-plane, and produced a uniform inflow
to the reconnection layer. This implied that the plasmoids observed in the reconnection
layer were not the product of the modulations in the inflows, which had been smoothed
out before the plasma reached the layer (see §6.6.1). The reconnection layer was denser
than the surrounding plasma (ne ≈ 1× 1018 cm−3), and there was a marked depletion of
electron density just outside the reconnection layer, which could be a signature of two-
fluid effects also observed in the Earth’s magnetosphere. Plasmoids were observed inside
the reconnection layer in many of the shots, and were accelerated out of the layer at high
velocities.

These velocities, along with the plasma temperature, were measured with high preci-
sion using a Thomson scattering diagnostic in a range of geometries (see §5.1). These local
measurements showed that the inflows were super-sonic and sub-Alfvénic, a regime of
magnetic reconnection which has not previously been studied. The initially cold (Te = 15
eV and Ti = 50 eV) and fast moving (50 km s−1) plasma flows decelerated within the thin
reconnection layer, and the electron and ion temperatures rose dramatically to Te = 100 eV
and Ti = 600 eV. Close to the centre of the reconnection layer, the plasma flowed out at
a similar speed to the inflows, but further downstream the flows had been accelerated to
around 180 km s−1.

Faraday Rotation imaging measurements showed that the magnetic field was annihi-
lated in a thin current sheet with a half width of δ = 0.6 mm (see §5.2). There was a clear
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left/right symmetry, which implied even current division between the two arrays. The
ablation from the wire arrays and the reconnection layer were remarkably uniform in the
in the vertical direction, which justified using a quasi-two-dimensional approximation for
much of the analysis. The magnetic field outside of the reconnection layer was roughly
uniform, and well approximated by a Harris sheet with δ = 0.6 mm and B ≈ 3 T.

Preliminary experiments with magnetic probes showed that the plasmoids have a mag-
netic structure consistent with an O-point (see §5.3). This provided evidence that the
plasmoids are not formed from a hydrodynamic process, such as density modulations in
the inflow, and this was supported by observations that the electron density was uniform
just outside the reconnection layer.

These highly detailed, spatially and temporally resolved measurements of key plasma
parameters allowed a thorough comparison of the experimental observations to theories
of magnetic reconnection. The Harris sheet was shown to provide a good fit to the mag-
netic field profile, which allowed the current density to be calculated and compared with
the other terms in the Ohm’s law for resistive MHD (see §6.1). Using the Spitzer-Braginskii
resistivity and the derived electric current, the resistive term was shown to be too small to
support the constant reconnecting electric field expected in steady state. Three explana-
tions were proposed to explain this discrepancy: two fluid effects providing additional
electric field (§6.3), anomalously high resistivity from kinetic turbulence (§6.5), or the
growth of the plasmoid instability breaking the steady state condition (§6.6).

The Generalised Sweet-Parker model was further generalised to include ionisation, and
this model predicts higher inflow and outflow velocities that the classic Sweet-Parker
model (see §6.2). These predictions agree with the experimental observations, which im-
plies that additional effects (such as compression and ionisation inside the layer and low
downstream pressure in the outflows) are important in determining the rate at which re-
connection occurs.

The experimental observations were also used to calculate the power balance between
the flow into and out of the reconnection layer (see §6.4.1). The overall power balance was
good, and showed that the magnetic energy was the major component of the high ion and
electron thermal energy in the outflow. Classical heating mechanisms were found to be
too slow to account for these high temperatures, which suggests that enhanced heating
from kinetic turbulence or the plasmoid instability may play a role. One criterion for
kinetic turbulence was considered, which showed that these instabilities could be present
in the reconnection layer.

The plasmoids observed in the reconnection layer were shown to exist in the semi-
collisional regime of the tearing instability, a regime which has not been studied in ex-
periments (§6.6). Early theories of the tearing instability predicted plasmoids would only
form at Lundquist numbers of above SC ∼ 104 [Baalrud, 2011], which is far larger than the
S ∼ 120 found in these experiments. These observations of plasmoids at S� 104 therefore
provide support for recent theories which show that this critical Lundquist number is not
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necessary in the semi-collisional regime [Loureiro, 2015], and hence are more ubiquitous
than previously believed.

Using linear tearing instability theory, the theoretical growth rate and expected num-
ber of plasmoids were calculated and found to be in agreement with the experimental
observations. The plasmoid instability breaks the current sheet up into numerous smaller
current sheets, which are known to enhance heating of the ions and electrons in the purely
collisional regime. It is possible that this enhanced heating is also a feature of the semi-
collisional regime, and that the plasmoids observed are responsible for the high electron
and ion temperatures. Small scale vortices caused by the plasmoid instability could be
another source of Doppler broadening, and these vortices could therefore be mistaken for
higher ion temperatures.

Despite the detailed observations and analysis, there are still many exciting avenues of
research open using this experimental set-up. In particular, searching for signatures of
two-fluid effects, kinetic turbulence and the magnetic structure of the plasmoids offers a
way to test whether these effects are significant in determining the power balance and
reconnection rate in these plasmas.

7.2 Further Experiments

This section describes three preliminary experiments, which were intended to help an-
swer open questions in this thesis. Firstly, small variations to the array hardware, such as
slightly rotating the arrays or increasing the number of wires, help with understanding
the nature of the plasmoids. Secondly, the vertical velocity inside and outside the recon-
nection layer was measured using a new Thomson scattering geometry. And thirdly, a
new load hardware was designed and tested which allowed the out-of-plane magnetic
field to be measured.

7.2.1 Effects of varying wire number and array orientation

It was argued in the previous chapter that the plasmoids cannot arise from modulations in
the inflow density, and instead are due to an instability in the reconnection layer. In order
to demonstrate this, it is possible to make small changes to the standard array hardware
and study whether the plasmoids still appear.

In the standard array hardware (Fig. 7.1a) detailed in the last three chapters there are
sixteen wires in each array, and wires are placed such that there is no wire directly opposite
another wire. Two simple modifications to this hardware can be made — firstly, slightly
rotating the arrays such that there is a wire facing a wire, and secondly doubling the
number of wires.

When the arrays are rotated by 11.25◦ (360◦/32) from the standard configuration, two
ablation flows meet head-on. In this case there is still a well developed reconnection layer
which stretches across the entire field of view, but no plasmoids were observed. For this
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Figure 7.1: End-on electron density maps from double exploding wire arrays with a) 16 wires
per array, standard configuration at t = 223 ns and b) 32 wires per array at t = 252 ns. Wire
locations shown as red circles.

configuration the temperatures and magnetic field have not yet been measured, and so it
is not possible to calculate whether this plasma should be stable to the tearing instabil-
ity. As this set-up is plasmoid-free, it could allow us to test another hypothesis, that the
plasmoids are responsible for anomalous heating, which could be tested using Thomson
scattering measurements of the reconnection layer.

Another variation is to double the number of wires to 32 per array, effectively adding
the wires from the other two configurations together. The electron density map is shown
in Fig. 7.1b. Each wire now takes half as much current as in the other two configura-
tions, and the wires are closer together, which makes it harder for the magnetic field to
penetrate outside the array. The electron density is lower and the modulations are con-
siderably smaller than in the sixteen wire case. A reconnection layer has formed with
roughly the same thickness as in Fig. 7.1a, and there is a plasmoid clearly visible inside
the reconnection layer at y = −2.4 mm. There have not yet been any measurements of
the magnetic field or temperatures in this configuration, so it is unknown whether there
is still anomalous ion and electron heating.

These additional experiments provide support for the hypothesis that the plasmoids are
formed by an instability within the layer, rather than from modulations of the inflowing
plasma. In the rotated array plasmoids are not present despite the modulations being sim-
ilar to the standard case, and in the 32 wire case there is a plasmoid despite significantly
smaller modulations of the inflow. It is unclear why there are no plasmoids in the rotated
case, or if the reconnection layer still shows anomalous ion and electron heating, and so
further measurements on both new configurations are necessary.
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7.2.2 Out of plane velocity measurements

In §6.2.1 the outflow velocity predicted by the generalised Sweet-Parker model was shown
to be 140 km s−1. This prediction agreed well with the velocity inferred from the apparent
plasmoid motion, but was less than the 180 km s−1 measured using the end-on Thomson
scattering set-up in §5.1.2. In the analysis of the end-on data, the quasi-two-dimensional
symmetry of the experiment was invoked to allow the vertical velocity to be set to zero. In
order to test this assumption, a new Thomson scattering geometry was devised in which
the resultant vector points out of the reconnection plane, and therefore the Doppler shift
is only sensitive to the Vz component of the velocity. In this geometry the resultant vec-
tor is also aligned with the presumed k-vector of any kinetic instabilities, and hence this
geometry can look for evidence of enhanced scattering, which is a signature of kinetic
turbulence (see §6.5).

The set-up for the vertical Thomson scattering geometry is shown in Fig. 7.2a, which
shows a vertical slice through the vacuum chamber. The laser beam is focused by a lens
outside the chamber, and converges towards the centre of chamber. A mirror placed at
angle to the horizontal plane deflects the beam downwards, and the focal point is at the
region of interest. The beam then diverges, and passes into a beam dump, which prevents
any stray light from escaping.

A second mirror, at an identical angle and placed symmetrically about the centre of the
chamber send scattered light to a lens outside the chamber, which focuses the light onto
a fibre optic bundle and then into the spectrometer, as in §2.2.6. The scattering vector
diagram is shown in Fig. 7.2b, which demonstrates that the resultant k-vector points in
the vertical direction. The length of the resultant k-vector can be changed by altering the
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Figure 7.2: Set-up and vector diagram for the vertical Thomson scattering diagnostic. a) The
laser beam is focused and reflected downwards by a mirror so that is passes through the
plasma from above. The beam then passes into a beam dump. The scattered light is collected
by a mirror at the same angle as the other mirror, and the light is collected by a lens and
focused onto a fibre optic bundle. b) The vector diagram, with the input k-vector (ki) in
green, the k-vector of the scattered light (ks) in blue and the vertical resultant k-vector (k) in
orange.

angle the two mirrors make with the horizontal plane — as long as the two mirrors are
symmetric, then the resultant k-vector will always be vertical.

Preliminary results from this new diagnostic show that there is very little vertical ve-
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locity outside of the reconnection layer, but inside the layer there is a significant bulk flow
directed upwards. This has implications for the analysis of previous end-on Thomson
scattering measurements, and for the role of the ions in carrying the current inside the
reconnection layer. No signatures of kinetic turbulence, such as enhanced scattering were
seen in this preliminary experiment.

7.2.3 Out of plane magnetic field measurements

An important and often sought signature of two-fluid effects in magnetic reconnection is
the quadrupolar out-of-plane magnetic field, or Hall field. This was discussed in §6.3.1,
and has been observed on experiments on MRX and in the Earth’s magnetosphere. Ro-
tating the laser used for Faraday Rotation imaging so that it propagates end-on to the
standard hardware set-up is harder than might be anticipated, and in particular it would
greatly reduce the numerical aperture of the imaging system. This would result in more
light being deflected out of the collection cone, resulting in poor signal in areas with steep
electron density gradients. As such, it is actually easier to rotate the hardware by 90◦ and
leave the probing laser beam in the same orientation.

The design for the load hardware went through several iterations, with the set-up
shown in Fig. 7.3 being the most successful. The hardware is laser cut from 1.5 mm thick
stainless steel, which allows new hardware to be rapidly prototyped and damaged hard-
ware to be quickly and cheaply replaced. The hardware is even more grossly asymmetric
than the standard load, with an anode plate rising from one side of the coaxial MITL. This
plate provides the current feed for the wire arrays, and current returns to ground through
the central conductors. It was necessary to make the anode plate wide in order to shield
the interaction region from the magnetic fields generated between the anode and cathode
plate.

Initial results with this new hardware demonstrated that a narrow reconnection layer
forms half way between the two wires arrays. The current division between the two wire
arrays is excellent, despite the longer current path to the top array seen in Fig. 7.3. The
Faraday diagnostic was then used to measure the out-of-plane magnetic field.

The end-on electron density map and out-of-plane magnetic field map are shown in
Fig. 7.4, from t = 314 ns after current start. The ablation streams and reconnection layer
are present in the electron density map (Fig. 7.4a), but the streams appear to have shock
like structures, reminiscent of aluminium wire arrays, between each pair of wires. The
reconnection layer is uneven and contains multiple plasmoids, including one very large
plasmoid exiting the reconnection layer at y = 8 mm. The depletion layer around the
reconnection layer is clearly visible, with a pronounced cavity near the top plasmoid.

The out-of-plane magnetic field map has several interesting features. Most of the map
shows a negative magnetic field, which is roughly constant across the image. This is
probably a systematic effect caused by the two polarisers not being at exactly the same
angle from extinction. This is visible in the polarogram (not shown), where the region
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Figure 7.3: Hardware for the out-of-plane magnetic field measurements, to scale. a) Side view,
showing the vertical plates from the anode and cathode. The central conductors carry cur-
rent from the anode plate through the wires, to the top disks. The current returns to ground
through the central conductors and the cathode plate. The arrays are stacked on top of each
other in anticipation of future Thomson scattering measurements. b) End-on view, showing
the end on field of view, which is cut through the anode and cathode disks to allow Faraday
Rotation imaging of the out-of-plane magnetic field.

where the laser beam is blocked by the load hardware still shows up as having a negative
rotation angle. However, some of this signal could be due to magnetic field leaking in
from the current feed region due to the lack of axisymmetry in this load hardware.

Near the reconnection layer there is a thin region of intense magnetic field, which
changes sign on either side of the reconnection layer. It is unclear what this is caused by
— it could be caused by the pileup of out-of-plane magnetic field advected by the inflows,
but the reason for the change in sign across the layer is unknown. There is no indication of
a quadrupolar field pattern, considered to be a signature of two-fluid reconnection. More
shots are necessary to look for this signature at different times after current start, as the
changing densities and length scales may mean that the experiment moves from being in
the two-fluids regime to a collision dominated regime later in time.

The final interesting feature is the out-of-plane magnetic field in the plasmoid. To high-
light this, a small region of the magnetic field map is shown in Fig. 7.5a, with the magnetic
field averaged in the y direction shown in the line-out in Fig. 7.5b. It is interesting that
the field in the plasmoid has the opposite sign to the magnetic field in the inflows, which
suggests that the field is not simply due to the advection and pile-up of magnetic flux in
the plasmoid. An out-of-plane magnetic field should be caused by circulating currents in
the reconnection plane, which implies differential rotation between the electrons and the
ions. Much of the focus in plasmoid theory has been on two-dimensional models, and,
to the best of my knowledge, out-of-plane magnetic fields have not been predicted for
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Figure 7.4: End-on interferometry and Faraday rotation imaging using the rotated hardware,
taken at at t = 314 ns after current start. a) Electron density map, showing shock structure
between the ablation streams and a well defined reconnection layer with a plasmoid at y =
8 mm. b) Out-of-plane magnetic field map, showing a uniform negative field throughout most
of the image, with a narrow region near the reconnection layer where the field changes sign,
and a strong out-of-plane magnetic field at the plasmoid.

plasmoids. As such, this observation warrants extensive further investigation.

7.2.4 Outlook

Clearly additional work is necessary for all of the further experiments described above.
Measurements of the reconnection layer in the absence of plasmoids in the slightly rotated
arrays would provide a way of determining whether the anomalous heating is caused
by the tearing instability. Further comparisons of experiments with the predictions from
theory are possible in plasmas with a different Lundquist number, and it is easy to imagine
extensions to these existing variations, such as changing the array diameter, separation or
wire number.

The remarkably high vertical velocity and the role of the ions in carrying the electric
current in the reconnection layer requires detailed study at a range of times and crossing
points, both in the reconnection plane and in the vertical direction. Out-of-plane mag-
netic fields provide a window into three-dimensional effects, and diagnosing a truly three-
dimensional reconnection scenario is a challenging and exciting new direction for these
experiments.

Finally, it would be interesting to drive the two arrays in series, such that when the
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Figure 7.5: The out-of-plane magnetic field inside a plasmoid. a) Section of the magnetic field
map shown in Fig. 7.4b, showing the region surrounding the plasmoid. b) Line-out of the
magnetic field across the plasmoid in the x direction, averaged over 4 mm in the y-direction.

magnetic fields meet at the mid-plane, they are oriented in the same direction and no
magnetic reconnection occurs. This would provide an insight into the level of heating
from magnetic reconnection, as well as demonstrating flux compression. Three attempts
have been made to drive arrays in series, but the configuration is susceptible to electrical
breakdown and the most likely successful load hardware would be based on the rotated
array used for the out-of-plane magnetic field measurements.

MAGPIE can drive a diverse range of loads, and is equipped with a sophisticated and
highly configurable diagnostic suite which enables the plasma produced to be understood
with remarkable detail. The experiments reported in this thesis show the potential for a
wide variety of future investigations into the rich and complex world of magnetic recon-
nection.
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1. You agree to include the following copyright and permission notice with the reproduction of
the Material:"Reprinted from [FULL CITATION], with the permission of AIP Publishing." For an
article, the credit line and permission notice must be printed on the first page of the article or
book chapter. For photographs, covers, or tables, the notice may appear with the Material, in
a footnote, or in the reference list.

2. If you have licensed reuse of a figure, photograph, cover, or table, it is your responsibility to
ensure that the material is original to AIP Publishing and does not contain the copyright of
another entity, and that the copyright notice of the figure, photograph, cover, or table does
not indicate that it was reprinted by AIP Publishing, with permission, from another source.
Under no circumstances does AIP Publishing purport or intend to grant permission to reuse
material to which it does not hold appropriate rights.
You may not alter or modify the Material in any manner. You may translate the Material into
another language only if you have licensed translation rights. You may not use the Material
for promotional purposes.

3. The foregoing license shall not take effect unless and until AIP Publishing or its agent,
Copyright Clearance Center, receives the Payment in accordance with Copyright Clearance
Center Billing and Payment Terms and Conditions, which are incorporated herein by
reference.

4. AIP Publishing or Copyright Clearance Center may, within two business days of granting this
license, revoke the license for any reason whatsoever, with a full refund payable to you.
Should you violate the terms of this license at any time, AIP Publishing, or Copyright
Clearance Center may revoke the license with no refund to you. Notice of such revocation
will be made using the contact information provided by you. Failure to receive such notice
will not nullify the revocation.

5. AIP Publishing makes no representations or warranties with respect to the Material. You
agree to indemnify and hold harmless AIP Publishing, and their officers, directors, employees
or agents from and against any and all claims arising out of your use of the Material other
than as specifically authorized herein.

6. The permission granted herein is personal to you and is not transferable or assignable
without the prior written permission of AIP Publishing. This license may not be amended
except in a writing signed by the party to be charged.

7. If purchase orders, acknowledgments or check endorsements are issued on any forms
containing terms and conditions which are inconsistent with these provisions, such
inconsistent terms and conditions shall be of no force and effect. This document, including
the CCC Billing and Payment Terms and Conditions, shall be the entire agreement between
the parties relating to the subject matter hereof.

This Agreement shall be governed by and construed in accordance with the laws of the State
of New York. Both parties hereby submit to the jurisdiction of the courts of New York
County for purposes of resolving any disputes that may arise hereunder.

V1.1
Questions? customercare@copyright.com or +18552393415 (toll free in the US) or
+19786462777.
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AMERICAN PHYSICAL SOCIETY LICENSE
TERMS AND CONDITIONS

Jan 17, 2017

This Agreement between Jack D Hare ("You") and American Physical Society ("American
Physical Society") consists of your license details and the terms and conditions provided by
American Physical Society and Copyright Clearance Center.

License Number 4030790656737

License date Jan 16, 2017

Licensed Content Publisher American Physical Society

Licensed Content Publication Physical Review Letters

Licensed Content Title Magnetic Reconnection and Plasma Dynamics in TwoBeam Laser
Solid Interactions

Licensed Content Author P. M. Nilson et al.

Licensed Content Date Dec 19, 2006

Licensed Content Volume
Number

97

Type of Use Thesis/Dissertation

Requestor type Student

Format Print, Electronic

Portion chart/graph/table/figure

Number of
charts/graphs/tables/figures

1

Portion description Fig 1

Rights for Main product

Duration of use Life of Current Edition

Creation of copies for the
disabled

no

With minor editing privileges no

For distribution to Worldwide

In the following language(s) Original language of publication

With incidental promotional
use

no

The lifetime unit quantity of
new product

0 to 499

The requesting
person/organization is:

Jack Hare

Order reference number

Title of your thesis /
dissertation

High Energy Density Magnetic Reconnection Experiments in Colliding
Carbon Plasma Flows

Expected completion date Feb 2017

Expected size (number of
pages)

200

Requestor Location Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, SW7 2AZ
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United Kingdom
Attn: Jack D Hare

Billing Type Invoice

Billing Address Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, United Kingdom SW7 2AZ
Attn: Jack D Hare

Total 0.00 USD

Terms and Conditions

Terms and Conditions
The American Physical Society (APS) is pleased to grant the Requestor of this license a non
exclusive, nontransferable permission, limited to [print and/or electronic format,
depending on what they chose], provided all criteria outlined below are followed.
1. You must also obtain permission from at least one of the lead authors for each separate
work, if you haven’t done so already. The author’s name and affiliation can be found on the
first page of the published Article.
2. For electronic format permissions, Requestor agrees to provide a hyperlink from the
reprinted APS material using the source material’s DOI on the web page where the work
appears. The hyperlink should use the standard DOI resolution URL,
http://dx.doi.org/{DOI}. The hyperlink may be embedded in the copyright credit line.
3. For print format permissions, Requestor agrees to print the required copyright credit line
on the first page where the material appears: "Reprinted (abstract/excerpt/figure) with
permission from [(FULL REFERENCE CITATION) as follows: Author's Names, APS
Journal Title, Volume Number, Page Number and Year of Publication.] Copyright (YEAR)
by the American Physical Society."
4. Permission granted in this license is for a onetime use and does not include permission
for any future editions, updates, databases, formats or other matters. Permission must be
sought for any additional use.
5. Use of the material does not and must not imply any endorsement by APS.
6. Under no circumstance does APS purport or intend to grant permission to reuse materials
to which it does not hold copyright. It is the requestors sole responsibility to ensure the
licensed material is original to APS and does not contain the copyright of another entity, and
that the copyright notice of the figure, photograph, cover or table does not indicate that it
was reprinted by APS, with permission from another source.
7. The permission granted herein is personal to the Requestor for the use specified and is not
transferable or assignable without express written permission of APS. This license may not
be amended except in writing by APS.
8. You may not alter, edit or modify the material in any manner.
9. You may translate the materials only when translation rights have been granted.
10. You may not use the material for promotional, sales, advertising or marketing purposes.
11. The foregoing license shall not take effect unless and until APS or its agent, Copyright
Clearance Center (CCC), receives payment in full in accordance with CCC Billing and
Payment Terms and Conditions, which are incorporated herein by reference.
12. Should the terms of this license be violated at any time, APS or CCC may revoke the
license with no refund to you and seek relief to the fullest extent of the laws of the USA.
Official written notice will be made using the contact information provided with the
permission request. Failure to receive such notice will not nullify revocation of the
permission.
13. APS reserves all rights not specifically granted herein.
14. This document, including the CCC Billing and Payment Terms and Conditions, shall be
the entire agreement between the parties relating to the subject matter hereof.
Other Terms and Conditions
Version 1.1
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AMERICAN PHYSICAL SOCIETY LICENSE
TERMS AND CONDITIONS

Jan 17, 2017

This Agreement between Jack D Hare ("You") and American Physical Society ("American
Physical Society") consists of your license details and the terms and conditions provided by
American Physical Society and Copyright Clearance Center.

License Number 4030790812526

License date Jan 16, 2017

Licensed Content Publisher American Physical Society

Licensed Content Publication Physical Review Letters

Licensed Content Title Magnetic Reconnection between Colliding Magnetized LaserProduced
Plasma Plumes

Licensed Content Author G. Fiksel et al.

Licensed Content Date Sep 4, 2014

Licensed Content Volume
Number

113

Type of Use Thesis/Dissertation

Requestor type Student

Format Print, Electronic

Portion chart/graph/table/figure

Number of
charts/graphs/tables/figures

1

Portion description Fig 1

Rights for Main product

Duration of use Life of Current Edition

Creation of copies for the
disabled

no

With minor editing privileges no

For distribution to Worldwide

In the following language(s) Original language of publication

With incidental promotional
use

no

The lifetime unit quantity of
new product

0 to 499

The requesting
person/organization is:

Jack hare

Order reference number

Title of your thesis /
dissertation

High Energy Density Magnetic Reconnection Experiments in Colliding
Carbon Plasma Flows

Expected completion date Feb 2017

Expected size (number of
pages)

200

Requestor Location Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, SW7 2AZ
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United Kingdom
Attn: Jack D Hare

Billing Type Invoice

Billing Address Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, United Kingdom SW7 2AZ
Attn: Jack D Hare

Total 0.00 USD

Terms and Conditions

Terms and Conditions
The American Physical Society (APS) is pleased to grant the Requestor of this license a non
exclusive, nontransferable permission, limited to [print and/or electronic format,
depending on what they chose], provided all criteria outlined below are followed.
1. You must also obtain permission from at least one of the lead authors for each separate
work, if you haven’t done so already. The author’s name and affiliation can be found on the
first page of the published Article.
2. For electronic format permissions, Requestor agrees to provide a hyperlink from the
reprinted APS material using the source material’s DOI on the web page where the work
appears. The hyperlink should use the standard DOI resolution URL,
http://dx.doi.org/{DOI}. The hyperlink may be embedded in the copyright credit line.
3. For print format permissions, Requestor agrees to print the required copyright credit line
on the first page where the material appears: "Reprinted (abstract/excerpt/figure) with
permission from [(FULL REFERENCE CITATION) as follows: Author's Names, APS
Journal Title, Volume Number, Page Number and Year of Publication.] Copyright (YEAR)
by the American Physical Society."
4. Permission granted in this license is for a onetime use and does not include permission
for any future editions, updates, databases, formats or other matters. Permission must be
sought for any additional use.
5. Use of the material does not and must not imply any endorsement by APS.
6. Under no circumstance does APS purport or intend to grant permission to reuse materials
to which it does not hold copyright. It is the requestors sole responsibility to ensure the
licensed material is original to APS and does not contain the copyright of another entity, and
that the copyright notice of the figure, photograph, cover or table does not indicate that it
was reprinted by APS, with permission from another source.
7. The permission granted herein is personal to the Requestor for the use specified and is not
transferable or assignable without express written permission of APS. This license may not
be amended except in writing by APS.
8. You may not alter, edit or modify the material in any manner.
9. You may translate the materials only when translation rights have been granted.
10. You may not use the material for promotional, sales, advertising or marketing purposes.
11. The foregoing license shall not take effect unless and until APS or its agent, Copyright
Clearance Center (CCC), receives payment in full in accordance with CCC Billing and
Payment Terms and Conditions, which are incorporated herein by reference.
12. Should the terms of this license be violated at any time, APS or CCC may revoke the
license with no refund to you and seek relief to the fullest extent of the laws of the USA.
Official written notice will be made using the contact information provided with the
permission request. Failure to receive such notice will not nullify revocation of the
permission.
13. APS reserves all rights not specifically granted herein.
14. This document, including the CCC Billing and Payment Terms and Conditions, shall be
the entire agreement between the parties relating to the subject matter hereof.
Other Terms and Conditions
Version 1.1
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AMERICAN PHYSICAL SOCIETY LICENSE
TERMS AND CONDITIONS

Jan 18, 2017

This Agreement between Jack D Hare ("You") and American Physical Society ("American
Physical Society") consists of your license details and the terms and conditions provided by
American Physical Society and Copyright Clearance Center.

License Number 4031941154219

License date Jan 18, 2017

Licensed Content Publisher American Physical Society

Licensed Content Publication Physical Review Letters

Licensed Content Title Slowing of Magnetic Reconnection Concurrent with Weakening
Plasma Inflows and Increasing Collisionality in Strongly Driven Laser
Plasma Experiments

Licensed Content Author M. J. Rosenberg et al.

Licensed Content Date May 20, 2015

Licensed Content Volume
Number

114

Type of Use Thesis/Dissertation

Requestor type Student

Format Print, Electronic

Portion chart/graph/table/figure

Number of
charts/graphs/tables/figures

1

Portion description Fig 2

Rights for Main product

Duration of use Life of Current Edition

Creation of copies for the
disabled

no

With minor editing privileges no

For distribution to Worldwide

In the following language(s) Original language of publication

With incidental promotional
use

no

The lifetime unit quantity of
new product

0 to 499

The requesting
person/organization is:

Jack Hare

Order reference number

Title of your thesis /
dissertation

High Energy Density Magnetic Reconnection Experiments in Colliding
Carbon Plasma Flows

Expected completion date Feb 2017

Expected size (number of
pages)

200

Requestor Location Jack D Hare
The Blackett Laboratory
Prince Consort Road
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London, SW7 2AZ
United Kingdom
Attn: Jack D Hare

Billing Type Invoice

Billing Address Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, United Kingdom SW7 2AZ
Attn: Jack D Hare

Total 0.00 USD

Terms and Conditions

Terms and Conditions
The American Physical Society (APS) is pleased to grant the Requestor of this license a non
exclusive, nontransferable permission, limited to [print and/or electronic format,
depending on what they chose], provided all criteria outlined below are followed.
1. You must also obtain permission from at least one of the lead authors for each separate
work, if you haven’t done so already. The author’s name and affiliation can be found on the
first page of the published Article.
2. For electronic format permissions, Requestor agrees to provide a hyperlink from the
reprinted APS material using the source material’s DOI on the web page where the work
appears. The hyperlink should use the standard DOI resolution URL,
http://dx.doi.org/{DOI}. The hyperlink may be embedded in the copyright credit line.
3. For print format permissions, Requestor agrees to print the required copyright credit line
on the first page where the material appears: "Reprinted (abstract/excerpt/figure) with
permission from [(FULL REFERENCE CITATION) as follows: Author's Names, APS
Journal Title, Volume Number, Page Number and Year of Publication.] Copyright (YEAR)
by the American Physical Society."
4. Permission granted in this license is for a onetime use and does not include permission
for any future editions, updates, databases, formats or other matters. Permission must be
sought for any additional use.
5. Use of the material does not and must not imply any endorsement by APS.
6. Under no circumstance does APS purport or intend to grant permission to reuse materials
to which it does not hold copyright. It is the requestors sole responsibility to ensure the
licensed material is original to APS and does not contain the copyright of another entity, and
that the copyright notice of the figure, photograph, cover or table does not indicate that it
was reprinted by APS, with permission from another source.
7. The permission granted herein is personal to the Requestor for the use specified and is not
transferable or assignable without express written permission of APS. This license may not
be amended except in writing by APS.
8. You may not alter, edit or modify the material in any manner.
9. You may translate the materials only when translation rights have been granted.
10. You may not use the material for promotional, sales, advertising or marketing purposes.
11. The foregoing license shall not take effect unless and until APS or its agent, Copyright
Clearance Center (CCC), receives payment in full in accordance with CCC Billing and
Payment Terms and Conditions, which are incorporated herein by reference.
12. Should the terms of this license be violated at any time, APS or CCC may revoke the
license with no refund to you and seek relief to the fullest extent of the laws of the USA.
Official written notice will be made using the contact information provided with the
permission request. Failure to receive such notice will not nullify revocation of the
permission.
13. APS reserves all rights not specifically granted herein.
14. This document, including the CCC Billing and Payment Terms and Conditions, shall be
the entire agreement between the parties relating to the subject matter hereof.
Other Terms and Conditions
Version 1.1
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AMERICAN PHYSICAL SOCIETY LICENSE
TERMS AND CONDITIONS

Jan 17, 2017

This Agreement between Jack D Hare ("You") and American Physical Society ("American
Physical Society") consists of your license details and the terms and conditions provided by
American Physical Society and Copyright Clearance Center.

License Number 4025820649616

License date Jan 11, 2017

Licensed Content Publisher American Physical Society

Licensed Content Publication Physical Review Letters

Licensed Content Title Measurement of Magnetic Field in a Laboratory Plasma by Thomson
Scattering of Laser Light

Licensed Content Author D. E. Evans and P. G. Carolan

Licensed Content Date Dec 7, 1970

Licensed Content Volume
Number

25

Type of Use Thesis/Dissertation

Requestor type Student

Format Print, Electronic

Portion chart/graph/table/figure

Number of
charts/graphs/tables/figures

1

Portion description Fig. 2

Rights for Main product

Duration of use Life of Current Edition

Creation of copies for the
disabled

no

With minor editing privileges no

For distribution to Worldwide

In the following language(s) Original language of publication

With incidental promotional
use

no

The lifetime unit quantity of
new product

0 to 499

The requesting
person/organization is:

Jack Hare

Order reference number

Title of your thesis /
dissertation

High Energy Density Magnetic Reconnection Experiments in Colliding
Carbon Plasma Flows

Expected completion date Feb 2017

Expected size (number of
pages)

200

Requestor Location Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, SW7 2AZ
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United Kingdom
Attn: Jack D Hare

Billing Type Invoice

Billing Address Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, United Kingdom SW7 2AZ
Attn: Jack D Hare

Total 0.00 USD

Terms and Conditions

Terms and Conditions
The American Physical Society (APS) is pleased to grant the Requestor of this license a non
exclusive, nontransferable permission, limited to [print and/or electronic format,
depending on what they chose], provided all criteria outlined below are followed.
1. You must also obtain permission from at least one of the lead authors for each separate
work, if you haven’t done so already. The author’s name and affiliation can be found on the
first page of the published Article.
2. For electronic format permissions, Requestor agrees to provide a hyperlink from the
reprinted APS material using the source material’s DOI on the web page where the work
appears. The hyperlink should use the standard DOI resolution URL,
http://dx.doi.org/{DOI}. The hyperlink may be embedded in the copyright credit line.
3. For print format permissions, Requestor agrees to print the required copyright credit line
on the first page where the material appears: "Reprinted (abstract/excerpt/figure) with
permission from [(FULL REFERENCE CITATION) as follows: Author's Names, APS
Journal Title, Volume Number, Page Number and Year of Publication.] Copyright (YEAR)
by the American Physical Society."
4. Permission granted in this license is for a onetime use and does not include permission
for any future editions, updates, databases, formats or other matters. Permission must be
sought for any additional use.
5. Use of the material does not and must not imply any endorsement by APS.
6. Under no circumstance does APS purport or intend to grant permission to reuse materials
to which it does not hold copyright. It is the requestors sole responsibility to ensure the
licensed material is original to APS and does not contain the copyright of another entity, and
that the copyright notice of the figure, photograph, cover or table does not indicate that it
was reprinted by APS, with permission from another source.
7. The permission granted herein is personal to the Requestor for the use specified and is not
transferable or assignable without express written permission of APS. This license may not
be amended except in writing by APS.
8. You may not alter, edit or modify the material in any manner.
9. You may translate the materials only when translation rights have been granted.
10. You may not use the material for promotional, sales, advertising or marketing purposes.
11. The foregoing license shall not take effect unless and until APS or its agent, Copyright
Clearance Center (CCC), receives payment in full in accordance with CCC Billing and
Payment Terms and Conditions, which are incorporated herein by reference.
12. Should the terms of this license be violated at any time, APS or CCC may revoke the
license with no refund to you and seek relief to the fullest extent of the laws of the USA.
Official written notice will be made using the contact information provided with the
permission request. Failure to receive such notice will not nullify revocation of the
permission.
13. APS reserves all rights not specifically granted herein.
14. This document, including the CCC Billing and Payment Terms and Conditions, shall be
the entire agreement between the parties relating to the subject matter hereof.
Other Terms and Conditions
Version 1.1
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AIP PUBLISHING LLC LICENSE
TERMS AND CONDITIONS

Jan 17, 2017

This Agreement between Jack D Hare ("You") and AIP Publishing LLC ("AIP Publishing
LLC") consists of your license details and the terms and conditions provided by AIP
Publishing LLC and Copyright Clearance Center.

License Number 4022940927158

License date Jan 06, 2017

Licensed Content Publisher AIP Publishing LLC

Licensed Content Publication Physics of Plasmas

Licensed Content Title Experimental investigations of ablation stream interaction dynamics
in tungsten wire arrays: Interpenetration, magnetic field advection,
and ion deflection

Licensed Content Author G. F. Swadling, S. V. Lebedev, G. N. Hall, et al

Licensed Content Date May 1, 2016

Licensed Content Volume
Number

23

Licensed Content Issue
Number

5

Type of Use Thesis/Dissertation

Requestor type Author (original article)

Format Print and electronic

Portion Figure/Table

Number of figures/tables 1

Title of your thesis /
dissertation

High Energy Density Magnetic Reconnection Experiments in Colliding
Carbon Plasma Flows

Expected completion date Feb 2017

Estimated size (number of
pages)

200

Requestor Location Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, SW7 2AZ
United Kingdom
Attn: Jack D Hare

Billing Type Invoice

Billing Address Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, United Kingdom SW7 2AZ
Attn: Jack D Hare

Total 0.00 GBP

Terms and Conditions

AIP Publishing LLC  Terms and Conditions: Permissions Uses

AIP Publishing hereby grants to you the nonexclusive right and license to use and/or distribute the
Material according to the use specified in your order, on a onetime basis, for the specified term,



17/01/2017 RightsLink Printable License

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=67141092a8b44fb3a7c4a1ff5c722b72 2/2

with a maximum distribution equal to the number that you have ordered. Any links or other
content accompanying the Material are not the subject of this license.

1. You agree to include the following copyright and permission notice with the reproduction of
the Material:"Reprinted from [FULL CITATION], with the permission of AIP Publishing." For an
article, the credit line and permission notice must be printed on the first page of the article or
book chapter. For photographs, covers, or tables, the notice may appear with the Material, in
a footnote, or in the reference list.

2. If you have licensed reuse of a figure, photograph, cover, or table, it is your responsibility to
ensure that the material is original to AIP Publishing and does not contain the copyright of
another entity, and that the copyright notice of the figure, photograph, cover, or table does
not indicate that it was reprinted by AIP Publishing, with permission, from another source.
Under no circumstances does AIP Publishing purport or intend to grant permission to reuse
material to which it does not hold appropriate rights.
You may not alter or modify the Material in any manner. You may translate the Material into
another language only if you have licensed translation rights. You may not use the Material
for promotional purposes.

3. The foregoing license shall not take effect unless and until AIP Publishing or its agent,
Copyright Clearance Center, receives the Payment in accordance with Copyright Clearance
Center Billing and Payment Terms and Conditions, which are incorporated herein by
reference.

4. AIP Publishing or Copyright Clearance Center may, within two business days of granting this
license, revoke the license for any reason whatsoever, with a full refund payable to you.
Should you violate the terms of this license at any time, AIP Publishing, or Copyright
Clearance Center may revoke the license with no refund to you. Notice of such revocation
will be made using the contact information provided by you. Failure to receive such notice
will not nullify the revocation.

5. AIP Publishing makes no representations or warranties with respect to the Material. You
agree to indemnify and hold harmless AIP Publishing, and their officers, directors, employees
or agents from and against any and all claims arising out of your use of the Material other
than as specifically authorized herein.

6. The permission granted herein is personal to you and is not transferable or assignable
without the prior written permission of AIP Publishing. This license may not be amended
except in a writing signed by the party to be charged.

7. If purchase orders, acknowledgments or check endorsements are issued on any forms
containing terms and conditions which are inconsistent with these provisions, such
inconsistent terms and conditions shall be of no force and effect. This document, including
the CCC Billing and Payment Terms and Conditions, shall be the entire agreement between
the parties relating to the subject matter hereof.

This Agreement shall be governed by and construed in accordance with the laws of the State
of New York. Both parties hereby submit to the jurisdiction of the courts of New York
County for purposes of resolving any disputes that may arise hereunder.

V1.1
Questions? customercare@copyright.com or +18552393415 (toll free in the US) or
+19786462777.
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AIP PUBLISHING LLC LICENSE
TERMS AND CONDITIONS

Jan 17, 2017

This Agreement between Jack D Hare ("You") and AIP Publishing LLC ("AIP Publishing
LLC") consists of your license details and the terms and conditions provided by AIP
Publishing LLC and Copyright Clearance Center.

License Number 4023010370933

License date Jan 06, 2017

Licensed Content Publisher AIP Publishing LLC

Licensed Content Publication Physics of Plasmas

Licensed Content Title Quantitative analysis of plasma ablation using inverse wire array Z
pinches

Licensed Content Author A. J. HarveyThompson, S. V. Lebedev, S. N. Bland, et al

Licensed Content Date Feb 1, 2009

Licensed Content Volume
Number

16

Licensed Content Issue
Number

2

Type of Use Thesis/Dissertation

Requestor type Student

Format Print and electronic

Portion Figure/Table

Number of figures/tables 3

Title of your thesis /
dissertation

High Energy Density Magnetic Reconnection Experiments in Colliding
Carbon Plasma Flows

Expected completion date Feb 2017

Estimated size (number of
pages)

200

Requestor Location Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, SW7 2AZ
United Kingdom
Attn: Jack D Hare

Billing Type Invoice

Billing Address Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, United Kingdom SW7 2AZ
Attn: Jack D Hare

Total 0.00 GBP

Terms and Conditions

AIP Publishing LLC  Terms and Conditions: Permissions Uses

AIP Publishing hereby grants to you the nonexclusive right and license to use and/or distribute the
Material according to the use specified in your order, on a onetime basis, for the specified term,
with a maximum distribution equal to the number that you have ordered. Any links or other
content accompanying the Material are not the subject of this license.
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1. You agree to include the following copyright and permission notice with the reproduction of
the Material:"Reprinted from [FULL CITATION], with the permission of AIP Publishing." For an
article, the credit line and permission notice must be printed on the first page of the article or
book chapter. For photographs, covers, or tables, the notice may appear with the Material, in
a footnote, or in the reference list.

2. If you have licensed reuse of a figure, photograph, cover, or table, it is your responsibility to
ensure that the material is original to AIP Publishing and does not contain the copyright of
another entity, and that the copyright notice of the figure, photograph, cover, or table does
not indicate that it was reprinted by AIP Publishing, with permission, from another source.
Under no circumstances does AIP Publishing purport or intend to grant permission to reuse
material to which it does not hold appropriate rights.
You may not alter or modify the Material in any manner. You may translate the Material into
another language only if you have licensed translation rights. You may not use the Material
for promotional purposes.

3. The foregoing license shall not take effect unless and until AIP Publishing or its agent,
Copyright Clearance Center, receives the Payment in accordance with Copyright Clearance
Center Billing and Payment Terms and Conditions, which are incorporated herein by
reference.

4. AIP Publishing or Copyright Clearance Center may, within two business days of granting this
license, revoke the license for any reason whatsoever, with a full refund payable to you.
Should you violate the terms of this license at any time, AIP Publishing, or Copyright
Clearance Center may revoke the license with no refund to you. Notice of such revocation
will be made using the contact information provided by you. Failure to receive such notice
will not nullify the revocation.

5. AIP Publishing makes no representations or warranties with respect to the Material. You
agree to indemnify and hold harmless AIP Publishing, and their officers, directors, employees
or agents from and against any and all claims arising out of your use of the Material other
than as specifically authorized herein.

6. The permission granted herein is personal to you and is not transferable or assignable
without the prior written permission of AIP Publishing. This license may not be amended
except in a writing signed by the party to be charged.

7. If purchase orders, acknowledgments or check endorsements are issued on any forms
containing terms and conditions which are inconsistent with these provisions, such
inconsistent terms and conditions shall be of no force and effect. This document, including
the CCC Billing and Payment Terms and Conditions, shall be the entire agreement between
the parties relating to the subject matter hereof.

This Agreement shall be governed by and construed in accordance with the laws of the State
of New York. Both parties hereby submit to the jurisdiction of the courts of New York
County for purposes of resolving any disputes that may arise hereunder.

V1.1
Questions? customercare@copyright.com or +18552393415 (toll free in the US) or
+19786462777.
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AIP PUBLISHING LLC LICENSE
TERMS AND CONDITIONS

Jan 17, 2017

This Agreement between Jack D Hare ("You") and AIP Publishing LLC ("AIP Publishing
LLC") consists of your license details and the terms and conditions provided by AIP
Publishing LLC and Copyright Clearance Center.

License Number 4022570207881

License date Jan 05, 2017

Licensed Content Publisher AIP Publishing LLC

Licensed Content Publication Review of Scientific Instruments

Licensed Content Title Diagnosing collisions of magnetized, high energy density plasma flows
using a combination of collective Thomson scattering, Faraday
rotation, and interferometry (invited)

Licensed Content Author G. F. Swadling, S. V. Lebedev, G. N. Hall, et al

Licensed Content Date Nov 1, 2014

Licensed Content Volume
Number

85

Licensed Content Issue
Number

11

Type of Use Thesis/Dissertation

Requestor type Author (original article)

Format Print and electronic

Portion Figure/Table

Number of figures/tables 1

Title of your thesis /
dissertation

High Energy Density Magnetic Reconnection Experiments in Colliding
Carbon Plasma Flows

Expected completion date Feb 2017

Estimated size (number of
pages)

200

Requestor Location Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, SW7 2AZ
United Kingdom
Attn: Jack D Hare

Billing Type Invoice

Billing Address Jack D Hare
The Blackett Laboratory
Prince Consort Road

London, United Kingdom SW7 2AZ
Attn: Jack D Hare

Total 0.00 GBP

Terms and Conditions

AIP Publishing LLC  Terms and Conditions: Permissions Uses

AIP Publishing hereby grants to you the nonexclusive right and license to use and/or distribute the
Material according to the use specified in your order, on a onetime basis, for the specified term,
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with a maximum distribution equal to the number that you have ordered. Any links or other
content accompanying the Material are not the subject of this license.

1. You agree to include the following copyright and permission notice with the reproduction of
the Material:"Reprinted from [FULL CITATION], with the permission of AIP Publishing." For an
article, the credit line and permission notice must be printed on the first page of the article or
book chapter. For photographs, covers, or tables, the notice may appear with the Material, in
a footnote, or in the reference list.

2. If you have licensed reuse of a figure, photograph, cover, or table, it is your responsibility to
ensure that the material is original to AIP Publishing and does not contain the copyright of
another entity, and that the copyright notice of the figure, photograph, cover, or table does
not indicate that it was reprinted by AIP Publishing, with permission, from another source.
Under no circumstances does AIP Publishing purport or intend to grant permission to reuse
material to which it does not hold appropriate rights.
You may not alter or modify the Material in any manner. You may translate the Material into
another language only if you have licensed translation rights. You may not use the Material
for promotional purposes.

3. The foregoing license shall not take effect unless and until AIP Publishing or its agent,
Copyright Clearance Center, receives the Payment in accordance with Copyright Clearance
Center Billing and Payment Terms and Conditions, which are incorporated herein by
reference.

4. AIP Publishing or Copyright Clearance Center may, within two business days of granting this
license, revoke the license for any reason whatsoever, with a full refund payable to you.
Should you violate the terms of this license at any time, AIP Publishing, or Copyright
Clearance Center may revoke the license with no refund to you. Notice of such revocation
will be made using the contact information provided by you. Failure to receive such notice
will not nullify the revocation.

5. AIP Publishing makes no representations or warranties with respect to the Material. You
agree to indemnify and hold harmless AIP Publishing, and their officers, directors, employees
or agents from and against any and all claims arising out of your use of the Material other
than as specifically authorized herein.

6. The permission granted herein is personal to you and is not transferable or assignable
without the prior written permission of AIP Publishing. This license may not be amended
except in a writing signed by the party to be charged.

7. If purchase orders, acknowledgments or check endorsements are issued on any forms
containing terms and conditions which are inconsistent with these provisions, such
inconsistent terms and conditions shall be of no force and effect. This document, including
the CCC Billing and Payment Terms and Conditions, shall be the entire agreement between
the parties relating to the subject matter hereof.

This Agreement shall be governed by and construed in accordance with the laws of the State
of New York. Both parties hereby submit to the jurisdiction of the courts of New York
County for purposes of resolving any disputes that may arise hereunder.

V1.1
Questions? customercare@copyright.com or +18552393415 (toll free in the US) or
+19786462777.
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AMERICAN PHYSICAL SOCIETY LICENSE
TERMS AND CONDITIONS

Jan 17, 2017

This Agreement between Jack D Hare ("You") and American Physical Society ("American
Physical Society") consists of your license details and the terms and conditions provided by
American Physical Society and Copyright Clearance Center.

License Number 4023050890837

License date Jan 06, 2017

Licensed Content Publisher American Physical Society

Licensed Content Publication Physical Review Letters

Licensed Content Title Structure of a Magnetic Flux Annihilation Layer Formed by the
Collision of Supersonic, Magnetized Plasma Flows

Licensed Content Author L. G. Suttle et al.

Licensed Content Date May 31, 2016

Licensed Content Volume
Number

116
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