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ABSTRACT OF THE DISSERTATION

High Repetition Rate Mapping of the Different Regimes of Laminar Collisionless Coupling

by

Robert Spencer Dorst
Doctor of Philosophy in Physics
University of California, Los Angeles, 2023

Professor Christoph Niemann, Chair

Throughout this work, the collective electromagnetic effects that mediate the transfer of energy
from an energetic, dense plasma species to a relatively tenuous, magnetized plasma species are
studied. These are observed to play an important role in a wide variety of space and astrophysical
environments such as supernova remnants, coronal mass ejections, planetary bow-shocks, and
man made ionospheric explosions. Laboratory experiments can create scaled versions of these
systems using smaller denser plasmas characterized by similar dimensionless parameters. These
can complement in-situ measurements and validate theoretical and computational models. One of
the greatest advantages of laboratory experiments lies in the direct control of parameters and in the
repeatability, which allows for many-point measurements of the interaction over successive data

runs.

Experiments performed at UCLA combined a high-energy laser and the Large Plasma Device
(LADP) to investigate collisionless coupling between an exploding laser-produced plasma (LPP)
and a magnetized helium plasma. A laser induced fluorescence (LIF) diagnostic has been developed
and optimized using collisional-radiative modeling to investigate the spatially and temporally

evolving ion velocity distribution function of the LPP as it interacts with the magnetized plasma.
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LIF measurements provide new insight into the two primary drivers that transfer energy: the
magnetic structure feature which moves ions down magnetic field gradients and the Larmor feature
which induces an E x B drift in the ambient plasma. Two experiments were conducted to investigate

the different coupling regimes.

The first experiment observes the coupling when the expansion of the LPP is sub-Alfvénic
My = v/vqa < 1). The LIF diagnostic maps the deceleration of LPP ions in the region
where large magnetic gradients are observed. Three dimensional particle-in-cell (PIC) simulations
reproduce the measured quantities well and offer new insight into the electric fields responsible
for coupling. Measurements in combination with PIC simulations show that energy is transferred
from the energetic species to the magnetized species consistent with the magnetic structure term.
Directly measuring particle distribution functions with LIF significantly improves the initialization

of the simulations.

The second experiment investigates coupling when the expansion is super-Alfvenic (Mg = v/v4 >
1). We observe the formation and propagation of an additional magnetic structure, or "blob", in the
ambient plasma that separates a relatively large distance (~ 0.49;) from the bulk diamagnetic cavity
(~ 6;). This blob is observed to coincide with the focusing of the LPP ions into a jet-like structure
which results from magnetic pressure gradients that act perpendicularly to both the magnetic field
and bulk LPP direction of motion. Magnetized ambient ions are observed to accelerate along a
trajectory consistent with Larmor coupling in the regions where LPP ions are observed to stream
across magnetic field lines. The formation of the blob is consistent with an electron population
confined between the Larmor electric fields created by the jet-like ion flow and the charge separation

electric fields created from the accelerated helium ions.
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CHAPTER 1

Introduction

1.1 Overview

Plasma is pervasive throughout the universe, making up around 99% of the observable mass.
What makes a plasma unique from the other states of matter is the existence of unbound charged
particles that interact with electromagnetic radiation. This results in complex motion of the particles
governed by collective behavior. If a sufficiently strong magnetic field is present, it can alter the
trajectory of the particles enough to confine the particle orbits within the system size and it is
considered magnetized. These magnetic fields can break symmetries otherwise seen in particle
dynamics, as well as mediate the transfer of energy and momentum from one plasma species to

another.

This transfer of energy from one particle distribution to another has been well understood for quite
a long time when particle-particle collisions dominate the interaction. Understanding the transfer
of energy between particles over length scales much smaller than the collisional mean free path,
as is the case in many space and astrophysical environments, has proven more difficult. Generally
speaking, plasmas are quite rarefied - enough so that classic Coulomb collisions are negligible on
the length scales over which the dynamics evolve. As these particles are charged, their movements

affect the electric and magnetic fields in a self-consistent way.

One type of plasma interaction involved in a wide variety of space and astrophysical environments is

that of an energetic, dense plasma expanding into a relatively diffuse, magnetized plasma. Examples



of such interactions are observed at the edge of supernova remnants [83], man made ionospheric
explosions [32], and planetary bow shock formation [47]. These environments are known to be
efficient particle accelerators, seed large-scale instabilities, and produce high energy gamma-ray

bursts.

Laboratory scaled experiments have been devised to complement in-sifu observations and help
accelerate our understanding of the underlying physics. For example, collisionless shocks are
phenomena that naturally occur in space and astrophysical environments where directed kinetic
energy is converted to thermal energy over length scales much smaller than the collisional mean
free path. The Rankine Hugoniot jump conditions [17] describe the global characteristics of the
solar wind and ionospheric plasmas far from the shock structure, but the microphysics responsible
for dissipation on the shock scale are not well understood. A handful of laser plasma experiments
[64, 75] have successfully created a collisionless shock in the laboratory. These can provide spatially

resolved measurements to validate numerical models and in-situ measurements [20, 46, 90, 31, 93].

Explosive plasma interactions are not limited to natural phenomena. Active Magnetospheric Parti-
cle Tracer Explorers (AMPTE) was a series of missions aimed at studying Earth’s magnetosphere
and its interactions with the solar wind [6]. A cloud of photo-ionized barium ions was released
in the magnetosphere and observed to interact with the magnetized hydrogen plasma of the solar
wind. The unanticipated motion of the barium ions transverse to both the solar wind flow and
interplanetary magnetic field was observed. This provided the earliest direct evidence of collision-
less transfer of energy through the laminar electric fields [53]. The energetic ion species in such

experiments is often referred to as "debris" plasma, denoted by a "d" in equations.

One common way of recreating the interaction of an energetic plasma and a tenuous magnetized
plasma in the laboratory is by utilizing a high-power laser to ablate the surface of a solid target.
Among the first was Ripin [73] who observed the creation of a plasma from a high intensity laser
(10'2 — 1915 W/cm?) focused onto a foil where the laser produced plasma (LPP) expanded into a

vacuum. In more modern experiments, the LPP expands into a preformed, magnetized plasma.



Here, the Large Plasma Device (LAPD) at UCLA provides the magnetized plasma [36]. The
absolute scales of a laboratory experiment and astrophysical interactions are orders of magnitude
different. With proper scaling, laboratory experiments help to reveal the same underlying physics.
Theoretical works [31] and prior experiments [77] have identified the most critical parameters to
match in order for the dynamics to most closely resemble those observed in-situ. A comparison
between the absolute and dimensionless parameters are shown in table 1.1: for this comparison
we focus on the conditions of the AMPTE mission which most closely resemble the experiments

performed here.

Absolute Laboratory | AMPTE
v (km/s) 50 -300 1400

n; ambient (cm™) 2x 1013 107

L (m) 0.1-1 10°

B (G) 300 -2000 | 0.3

T, (eV) 1-10 ~ 400

t (ns) 10-1000 | > 10°
Scaled Laboratory | AMPTE
MA:V/VA 0.5-2.5 8

Be <1 <<1 0.1
tQq, > 1 1-5 10 - 100
L/ip; > 1 1-2 ~1-5
Lidpsp << 1 1073 107°

Table 1.1: Comparison between the absolute scales and scaled parameters in the laboratory and space environments,
specifically for AMPTE reported in Bernhardt et al. [6]. Through proper scaling of characteristic plasma parameters,
many of the AMPTE features are explored in the laboratory. The scaled quantities that do not match well (L/A,,¢p
and t Q. ,) are both above the cutoff value (> 1), which is the necessary condition for relating the two quantities.
Unfortunately, many of the scaled properties depend on multiple parameters and so we are not able to optimize all
simultaneously in the laboratory.

These characteristic scaling parameters generally depend on more than one physical parameter,
and therefore it is not possible to match every one. The Alfvénic mach number (M4 = v/vy)
represents the ratio between the bulk velocity (v) to the Alfvén velocity (v4 = B/V4rman,). The
time scale is expressed relative to the ion cyclotron frequency (Q; = ¢g;B/m;c), and length scales
are relative to either the ion inertial length (6; = ¢/w,; where w,; = , /47rn,-ql.2 /m; is the plasma

frequency), or the directed ion gyroradius (p; = v/€;). For these equations B is the magnetic field



value, m; is the ion mass (’a’ for ambient and ’1’ or ’d’ for the laser produced debris plasma), n;
is the ion number density, q; is the ion charge, and c is the speed of light. The comparison to the
Coulomb mean free path (4,, 7)) indicates that the interaction between the explosive ion species and
ambient ions species is not influenced by collisions. The same cannot be said about electron-ion

or electron-electron collisions in the laboratory setting.

The number of laboratory experiments has been growing rapidly in recent years to match the
comprehensive theoretical and computational efforts in understanding this interaction. Prior ex-
periments have utilized a geometry where the LPP expands quasi-perpendicularly to the magnetic
field, but at sub-Alfvénic velocity. These experiments investigated the formation of a diamagnetic
cavity and jetting of the LPP from curved polarization fields [87, 22], and observed surface stri-
ation growth on the diamagnetic cavity edge, allowing for additional cross field transport of LPP
ions relevant to the AMPTE experiments [22]. Additional experiments involving a M4 = 1 LPP
examined the electrostatic fields which mediate LPP-ambient coupling in the limit of (%M 4 << 1,

where L is a characteristic scale length associated with coupling.

Experiments utilizing a higher energy laser to drive faster plasmas have explored the change in
coupling when the energetic expansion is super-Alfvénic. These revealed the effects of ambient ion
mass to the diamagnetic cavity formation and radiated shear Alfvén wave [65], directly observed the
LPP-ambient coupling in the limit of (S%M 4 > 1 where Larmor term dominates [9], and have for the
first time produced sufficient coupling in the super-Alfvénic limit to launch a quasi-perpendicular

collisionless shock relevant to the bow-shock surrounding Earth [64].

Despite the improved understanding of these interactions in both the sub- and super-Alfvénic
regimes, one aspect that has proven to be challenging to investigate in the laboratory experiments
mentioned above is to measure the LPP ion velocities with high degree of spatial and temporal res-
olution. Here, I detail the development of a laser induced fluorescence (LIF) diagnostic specifically
designed to measure the transient, hot plasma with high spatial and temporal resolution. This mea-

surement is unique from many other LIF schemes in that it requires a large bandwidth (6.5 cm™)



probe laser, is only susceptible to a two-level scheme, and requires extensive collisional-radiative
modeling to examine time-dependent energy level populations that dictate when the method is fea-
sible. This LIF diagnostic was utilized to map the LPP ion velocities as it couples to the ambient,

magnetized plasma in both a sub-Alfvénic and super-Alfvénic expansion.

In the sub-Alfvénic expansion, LPP ions were observed to decelerate in the region where large
magnetic gradients couple energy from the LPP to the magnetic fields. The velocity maps allowed
for a well initialized particle-in-cell (PIC) simulation to help complete the picture of energy

transferring to the magnetized ions through the magnetic pressure.

In the super-Alfvénic expansion, the LPP was observed to focus into a jet-like structure along the
primary direction of travel and across the magnetic fields. The cross-field ion currents induce
electric fields that accelerate ambient plasma consistent with an E X B drift. The drifting ambient
ions and streaming LPP ions developed a secondary magnetic structure, or blob, that extends well

past the main diamagnetic cavity.

1.2 Basic Equations for Quasi-Perpendicular Collisionless Coupling

This section reviews some of the basic equations describing plasma behavior relevant to this work.
Plasma is an ionized gas where the electrons have sufficient energy so as to be separated from the
nucleus of the ions in a state of quasi-neutrality. Given the charged nature of plasma particles,
the dominant interactions that determine the dynamics are long range Coulomb interactions. The
necessary condition for a plasma is that the number of particles in a Debye sphere has to be very
large (Np = 47rn§) /3 >> 1 where /l%) =T, /4nn.e?). This allows for a continuum approximation to
be made which leads to a fluid like description of a plasma. Here n, is the electron number density
and T, is the electron temperature. The behavior is dominated by collective effects over the entire
plasma distribution as opposed to treating each particle independently. Two important equations

are that of continuity and conservation of momentum



ong
ot

+V - (ngvy) =0

0
msns(—v+(v-V)v):ZsenS(E+v><B)—V-P

ot

(1.1)

(1.2)

where P is the pressure tensor. As each of the moments of the Vlasov equation [79] are dependent

on the subsequent moment, a closure condition must be established that often comes in the form of

a source term.

Each quantity is denoted as the sum of the averaged quantity (Q) plus a fluctuating component

6Q. This allows the linearization of each moment when solving. A simplifying assumption that is

often made is an Ansatz that solutions are in the form of an exponential expi(k - x — wt), which

allows the use of Fourier transforms to substitute any time derivatives as d/dt = —iw and spatial

derivatives as V = ik.

In addition, Maxwell’s equations

V-E=4np

V-B=0

10B
VXE=—-———
% c Ot

V><B:4—7TJ+16—E
c c Ot

(1.3)

(1.4)

(1.5)

(1.6)

will be used, of which Faraday’s (eqn. 1.5) and Ampere’s (eqn. 1.6) laws are used to a greater

extent.

Combining these equations results in the necessary description of plasma behavior including



dispersion relations and the evolution of the fields that mediate coupling in these systems. Analysis
in this framework utilizes a "hybrid" plasma model, in which the electrons are treated as single
charge-neutralizing massless fluid, while the ions are treated kinetically [41, 3]. The validity of

which is discussed at length by Leroy et al. [55].

The electron fluid evolution follows from the conservation of momentum equation

v, 1
Ne _ _Vp, —en, (E +ov, X B) (1.7)
dt c

Melle

where m,, n,, v,, p., and e are the electron mass, density, velocity, pressure and charge. In the
hybrid limit we assume that over the time scales relevant for ion momentum and energy exchange,
the electrons responds nearly instantaneously due to the negligible inertia compared to ions. This

allows the limit of m, — 0 approximation, which leads to the laminar electric field equation

1

en,

E=-

1
Vp, — v, X B. (1.8)
C

It is useful to replace the electron velocity in this equation via Ampere’s law, in which we assume

that the high frequency, transient displacement current is ignored. From this one finds

4r
VxB=— (Z Zienv; — eneve) . (1.9)

Assuming quasi-neutrality(i.e. n, = };; Z;n;), we can solve the above equation for v, and substitute

it into equation 1.7. This results in

Vpe B x (V X B) Zi Zin;v; X B (1.10)
ey Zin; e Y; Zin; cyiZin;
——
electron pressure  magnetic structure Larmor
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The electric field is described by three components: the electron pressure gradient, magnetic
structure, and Larmor terms as they will be referred to. The magnetic structure term is the
electrostatic component due to space charges, and the Larmor term is an induced electric field from

ion motion. In chapter 2 each term will be discussed more thoroughly.

It is important to note that we have assumed only one electron density n,, and do not differentiate
between the LPP electrons and ambient electrons. For the time scales that are relevant for ion-ion
coupling this is a valid assumption since the LPP electrons are highly collisional and become
indistinguishable from the ambient electrons a short time after inception. This equation for the
laminar electric field can also be derived from the generalized Ohm’s law, which is described in

the theory section.

1.3 Collisionless Coupling and Collisionless Shock Formation

While the experiments performed here are focused on the LPP-ambient coupling in terms of
identifying and understanding the coupling mechanisms fundamentally, the ultimate goal is to
create sufficient coupling so as to create a quasi-perpendicular collisionless shock in the laboratory

[63].

Shocks are theoretically well understood (see [17, 85, 84]) and are characterized by having an abrupt
transition from supersonic to subsonic flows, or in the case of a magnetized collisionless shock,
super-magnetosonic to sub-magnetosonic flows. This abrupt change in flow is known as a "jump
condition" and works to transfer directed kinetic energy into thermal energy. In classic collisional
shocks, the transition takes place on scale lengths of around A,, r,,. The type of collisionless shocks

that are relevant to this work dissipate energy on length scales of less than an ion inertial length.

An additional difficulty presents itself in extrapolating our understanding of gas dynamics to colli-
sionless shocks when including complex behaviors such as multiple wave modes, non-Maxwellian

distributions leading to instabilities, and energetic particle distributions [17]. The basic processes



of energy arriving at a shock faster than it can be dissipated is valid across the various types of
shocks. As this wave steepening cannot continue indefinitely, a method for energy dissipation
is required. Methods for energy dissipation in collisionless shocks have been well studied and

intrinsic differences exist when the velocity scale changes from below to above the critical value

(MA,crit ~ 3)

In order to create a collisionless shock in the laboratory several conditions must be met in order
for a super-magnetosonic, or in our case a super-Alfvénic (c; <<v,) driver plasma to "shock" an
ambient magnetized plasma. It is shown in the following chapter that the driver plasma stops at a
given distance over which the ambient particles must be accelerated and gyrate by a quarter orbit, as
will be shown below. In other words, the LPP ions must sufficiently couple to the ambient plasma

which leads to the decoupling condition [46]

Zang

T
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aOld = @ ) (Zgng + Zanyg)

(1.11)
where 01, is the temporal duration of the LPP (or debris plasma) ion current density, Z; is the
charge state of the driver or ambient plasma, and n; is the density of each plasma species. If this
decoupling condition is met, the transfer of energy and momentum from the explosive plasma to
the ambient magnetized plasma ceases. The right hand limit (@ < 1) can be understood as charge
density limiting the coupling. In the limit of large Mach numbers (M4 > 1) the electric field created
in the interaction of the cross field ion current is directed in the azimuthal direction. If the ambient
electron density is sufficiently small, the large electric fields accelerate the ambient ions to speeds
greater than or equal to the LPP in 1/4 of a gyroradius, thus coupling the LPP ions to the ambient
ions. If the electron density is too high, the electric fields are shielded by the fast moving electrons
and coupling is reduced. In reality, this condition can be slightly relaxed given the radially outward
pointing electric fields created by the magnetic pressure term. This equation assumes that the only

mechanism coupling energy to the ambient ions is via the Larmor term, which initially drives ions



azimuthially and after 1/4 gyroperiod redirects them radially. Since the magnetic pressure term
drives ions to have an initial radial expansion, the assumed negligible initial radial velocity is not

true for moderate Mach numbers.

The left hand limit represents the effects of a finite pulse width of the LPP. The ambient ions must
be sufficiently magnetized within the pulse of the LPP driver plasma. If the ambient ion gyroradius

exceeds the pulse length on the driver plasma it decouples.

1.4 Scope of Dissertation

This dissertation presents the results of recent experiments utilizing an LPP expanding into the
preformed, magnetized plasma of the LAPD to understand the different regimes of laminar colli-
sionless coupling between the two plasma species. The dominant mechanism that exchanges energy
from the LPP to the ambient plasma is dictated by the Alfvénic Mach number of the LPP flow into
the ambient plasma. The magnetic structure term dominates in the case of sub-Alfvénic expansion

and the Larmor term in the case of super-Alfvénic expansion.

Chapter 2 (Theory) provides a theoretical overview of how the LPP is formed and expands into
the ambient magnetized plasma. Important length scales dictating this interaction are derived as
well as the different sources for the transfer of energy and momentum from the LPP to the ambient
plasma. The intensification of a singly ionized helium spectral line by energetic electrons is briefly

discussed.

Chapter 3 (Experimental Setups) discusses the different setups and devices that are used in the
experiments. The Large Plasma Device (LAPD) where the bulk of the experimental work has been
completed is described in detail. The Phoenix target chamber is discussed briefly as a test site
for diagnostic development. The diagnostics used in the experiments are discussed, with a heavy
emphasis on the new laser induced fluorescence diagnostic for explosive carbon laser produced

plasma that has been developed from scratch.
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Chapter 4 (sub-Alfvénic Coupling) details the experiment in which the magnetic structure com-
ponent of the laminar electric fields dominates. It is shown that in the sub-Alfvénic limit the
flow of energy is not directly coupled from the LPP to the ambient plasma, but uses the magnetic
energy as an intermediary step to transfer energy. The experimental data is complemented by 3D
particle-in-cell (PIC) simulations to contextualize the results and give a broader understanding to

the mechanism.

Chapter 5 (super-Alfvénic Coupling) details the experiment in which both the magnetic structure
term and the Larmor term play important roles in the dynamics and collisionless coupling. The
magnetic structure term helps to confine the plasma transverse to the primary direction of travel and
collimates the flow into a jet-like structure. This collimation leads to an enhanced current density
later in time that develops the Larmor electric fields that directly couple the LPP to the ambient
plasma. This develops a charge separation in the ambient plasma that creates a smaller diamagnetic

cavity that extends past the main cavity.

Chapter 6 (conclusions) summarizes the results of this work and discusses potential experiments

in the future.
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CHAPTER 2

Theory

2.1 Laser-Produced Plasmas

When radiation from a laser of sufficient intensity is focused upon the surface of a solid target,
a hot and dense plasma is formed. This laser-produced plasma (LPP) is highly transient and is
characterized by steep and rapidly evolving density and temperature gradients, and ions of various
charge states and velocities. Creating an energetic plasma by laser ablation of a solid target is a
common technique used in many laboratory settings from laser driven inertial confinement fusion
[42, 50] to laboratory astrophysics [72, 73, 61, 26, 43, 22]. Despite the wide use of LPP drivers
across disciplines, the precise characterization and control of these drivers remain an active field

of study. In the following I give a brief overview of the laser plasma generated in this experiment.

2.1.1 Laser-Target Interaction

The process of a nanosecond (107 s) pulse laser interacting with a solid target is described by
three distinct regions [92]. The laser interacts with the target and creates a plasma. Shortly after
this, but still within the laser pulse duration, the laser interacts with the high density material that
was just ejected from the surface. After the laser pulse has ended, the hot and dense plasma freely

expands away from the target. These are summarized in figure 2.1.

At t = 0 ns, the high intensity laser is focused onto the graphite (C) or high density polyethylene

(HDPE, C,Hy,) target surface at intensities up to 1 x 10'> W/cm?. The electric fields induce high
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Figure 2.1: Tllustration of laser ablation of a solid target by irradiation with high intensity light. Laser light irradiates
the target surface from the right hand side. The solid blue block represents the unaffected target region, the ablation
zone where the plasma is highly collisional, and as a result, isothermal. The initial plasma that is created exists well
above the critical density which allows the plasma to absorb the incident laser light through a process referred to as
inverse-bremsstrahlung. The final zone is the expansion zone where the density has dropped to the point where laser
light is no longer absorbed and the plasma expands rapidly.

temperatures that rapidly eject electrons and subsequently ions at near solid densities (n ~ 102

cm™). This initial state of the LPP is well above the critical density for the laser irradiating the
target (ngp;y = 1.1 X 10! /A?[um] cm™ ~ 1 x 10?! cm™ for 1053 nm light) [67]. This sets up a
region near the target through which the laser light cannot transmit and all laser energy is either
absorbed or reflected [81]. The light absorbed through a process called inverse bremsstrahlung [60]
results in a isothermal plasma distribution. The light reflected is negligible for plasmas created in

this intensity and frequency regime [30].

At very early times, the high density allows for collisions and satisfies the local thermodynamic
equilibrium (LTE, or McWhriter) condition [59]. This sets up a nearly Gaussian velocity spread
about the average speed for each ion charge state. The initially highly ionized plasma can recombine
and this free bound transition results in a continuum in the emitted spectra which has been used
to measure the temperature of the electrons in the LPP [7]. These recaptured electrons cascade to

lower electron orbitals until they reach either the ground or a metastable state. The bound electrons
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can be excited by collisions or photon absorption.

The LPP is directed perpendicularly to the surface of the target independent of the angle of incidence
of the ablation laser. This results in an oblate spheroid shaped plasma. The electrons expand at
higher velocities due to the lower mass, which drives a charge separation induced electric field.
This ambipolar electric field accelerates the trailing ions proportional to their charge-to-mass ratio,
setting up downstream velocity distributions that depend directly upon g/m. For the HDPE targets

used, this would result in protons having the highest velocity with all carbon ions trailing.

As the plasma continues to expand, a threshold value is crossed where it is no longer in LTE and
the velocities and charge states reach a steady-state value. This is understood as the electron-ion
and ion-ion collision rate trending to zero. If the plasma is expanding into an unmagnetized
vacuum, the expansion is perfectly adiabatic and remains approximately Gaussian. As long as the
plasma expands unhindered, the density decreases proportional to the geometric expansion in 3D

(n, o £73).

2.1.2 Expansion Into Magnetized Plasma

Prior experiments with a similar setup have explored the diamagnetic cavity formation of a sub-

Alfvénic [87] and super-Alfvénic [66] expanding LPP. Here I summarize the key results.

When considering the expansion of an LPP into a magnetized plasma, the impact of the magnetic
fields and ambient ions must be accounted for. In the picture of the plasma expanding into vacuum,
the laser produced electrons stream ahead of the ions. After a short period, the ions and electrons

reach a state of quasi-neutrality and expand ballistically.

Introducing a magnetic field breaks the symmetry seen in the expansion into vacuum. This is
particularly evident when the LPP expands across the magnetic field in the quasi-perpendicular
geometry. It is useful to model the piston plasma as a spherically symmetric expansion into a

magnetized plasma with a uniform magnetic field By or B,,,. This simplified model allows for
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Figure 2.2: Tllustration of diamagnetic cavity formation. The charge separation between the magnetically confined
LPP electrons and free streaming LPP ions induces an E x B diamagnetic current in the electron population that expels
the external magnetic field. A qualitatively similar process sets up an outward facing radial electric field between the
LPP ions and ambient electrons that produces a magnetic compression at the leading edge of the expansion. The LPP
cloud expands in a quasi-perpendicular geometry to the ambient magnetic field. The LPP cloud is assumed, at early
times, to be azimuthially symmetric.

a few characteristic length scales to be derived more easily. The radially expanding LPP shell
consists of Ny 1ons, with charge Z;, mass my, at an initial bulk velocity v, . The ambient plasma

has a homogenous density of n,, mass m,, and charge Z,,.

Invoking quasi-neutrality, one finds

3ZyNy .
Ne=2yny+2Zong = Z,n, + IR =Zin,(1+ (R /R)3) 2.1

where n, is the overall electron density, and R* = (3NoZo/4nZana)'/?

is defined to be the equal
charge radius. This radius represents the volume the LPP expands to where an equal amount of
charge of the ambient plasma has been swept over [3]. This quantity is useful when discussing the
coupling criteria. This model also assumes that the magnetic field energy of the ambient plasma
B% /8m) is small compared to the directed kinetic energy of the LPP (%Nomdvfl(t)). In other words,

the LPP ion kinetic beta 3; x = 47rN0mdvfi(t)/B(2) >> 1.
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In the presence of a magnetic field, the electrons quickly become magnetically confined (~ ten’s of
ns) as the gyroradius of electrons is small compared to the system size. The relatively unmagnetized
LPP ions (p; = v/€; > L) stream past the electrons resulting in an electric field directed inwards as
shown by E,_ in figure 2.2. In combination with the external magnetic field, the electron population
experiences an E X B drift. These currents enhance the electron pressure gradient flow (VP, X B)
in a manner that expels the externally applied magnetic field. This process results in a region of

lower magnetic field called the diamagnetic cavity [87].

Ignoring the ambient plasma entirely, the expansion of the LPP is halted at the magnetic stopping

radius, Ry, 9, which is derived from the energy balance equation

1 2 1 2 B(z) 4r 3
ENOmdvd,O = EN()ded(I) + S—H?R (l’) 2.2)

(2.3)

This radius, Ry g, is the maximum radius the LPP ions could expand to before all kinetic energy

was converted into expelling the magnetic field [5].

A similarly produced, but oppositely directed current structure is formed ahead of the streaming
ions that enhances, or compresses the local magnetic field [92, 9]. The time varying magnetic field
of the diamagnetic cavity causes an induction electric field via Faraday’s law which is primarily
directed in the azimuthal direction. An additional electric field is created to oppose the v X B
Lorentz force that deflects moving ions and electrons in opposite directions. The Faraday and
Lorentz generated electric fields combine in the azimuthal direction and E X B drift the ambient
electrons radially outward. This outward drift leads to an outward directed polarization electric
field which creates an anti-diamagnetic current in the ambient electrons ahead of the streaming

LPP ions. Ignoring all energy dissipation processes, this effect would continue to steepen the
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magnetic field until the ions stop. The maximum magnetic field compression far downstream has
been experimentally observed to be proportional to the Alfvénic Mach number (M4 = vg/v4) up
to the maximum value of Bgoynsiream/Bo ~ 4 [17]. Recent experiments have shown the magnetic

field compression within the shock structure to be directly proportional to the Mach number [75].

In the case where energy and momentum is also transferred to the ambient ions, the stopping radius

is reduced at higher Mach numbers. From similar energy conservation arguments it follows that

2

1 mangv2(t) 4n

1 Bj An
ENomdviO - ENomdvfl(t) + 8—;?1@(;) = ?R3(t) (2.4)
) -1/3
R=Ry=Ryo(1+M3) . 2.5)

Taking the limit where coupling to the magnetic fields is negligible and all of the initial energy is
transferred into the directed kinetic energy of the ambient ions reveals the quantity known as the
equal mass radius Ry;. Equating the total LPP mass to the mass of ambient ions at radius Ry, leads

to:

4r 3N,
Nomg = nama?Rnp o= 07d

= ) 2.6
M dnn,my, (2.6)

Physical insight as to the dynamics is gained by evaluating the ratios of the magnetic stopping

distance, equal charge radius and equal mass radius:

3 2
(Rb,O) _ 3N0ded70 47mama _ M2 (27)

Ry B(z) 3Nomg
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In the limit of a highly super-Alfvénic driver (M4 > 1) the equal mass radius determines the cavity
size in comparison to the magnetic stopping radius, indicating that the LPP ions decelerate largely
due to coupling to the ambient ions. In the opposite limit of a sub-Alfvénic driver (M, < 1),
coupling is dominated by expelling the ambient field. In the case of a marginally sub- or super-

Alfvénic interaction (M4 ~ 1) both processes play an important role.

The relatively simple arguments constructed above helps define limits and important scaling pa-
rameters. The underlying mechanisms that transfer energy from the driver plasma to the ambient
fields and particles is discussed in the following section. Care must be taken when using these
formulae to describe the following experiments as the LPP expansion is not spherically symmetric.
The distance from the target to the edge of the diamagnetic cavity is more accurately the diameter,

not the radius.

2.2 Coupling Mechanisms

As the explosive LPP expands into the magnetized ambient plasma, electric fields develop. It is
useful to divide these into separate categories, two of which are: laminar [46, 5, 35] and turbulent
[58, 68, 71, 25]. Laminar coupling is mediated by fields that exhibit a smooth and ordered structure
with the bulk features being quite repeatable. Turbulent coupling is characterized by fields that
exhibit chaotic or irregular patterns and lead to the generation of instabilities. These are often
non-repeatable phenomena and are more challenging to study. Both types of fields can suppress or

enhance the ambient magnetic field and affect particle motion.
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In the following section the dominant mechanisms that create the electric fields that transfer energy

from the LPP ions to the ambient ions are reviewed.

2.2.1 Laminar Electric Fields

Laminar electric fields are large scale, coherent fields that mediate collisionless coupling (eqn.

1.10).

These electric fields are the result of electron pressure gradients (the first term in Eqn. 1.10), spatial
variations in the magnetic field structure (the second term in Eqn. 1.10), and ion currents across
magnetic field lines (the third term in Eqn. 1.10 often referred to as the Larmor term). These

electric fields affect the motion of the LPP and ambient plasma particles alike.

The electron pressure gradient points radially outwards from the target surface, where the high

density laser produced electrons repel one another.

The Larmor term is understood through the lens of quasi-neutrality. The opposing directions of the
gyration of the ions and electrons sets up a spatial charge separation anywhere there is a sufficiently
large magnetic field. This sets up an electric field which attempts to reduce the charge separation.
The field attempts to reduce the charge separation of the LPP ions and electrons, but acts on the
ambient ions as well. A cartoon is shown in figure 2.3 that shows the direction of the Larmor fields

and the dependence on magnetic field.

The second term is a results of substituting Ampere’s law into the Hall current term (E = JxB/en,).
Re-framing the "magnetic structure" term in this way allows for it to be measured by available
diagnostics. We can further understand this term by using vector identities to brake it up into two

components: a magnetic pressure and magnetic tension term

1 1 B?
- Bx(VxB)=- V— - (B-V)B|. (2.10)
dren, dren, 2
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Figure 2.3: Illustration of the Larmor term in the laminar electric field equation. The ion velocity is directed radially
away from the laser spot on target. LPP ions interact with the ambient magnetic field and create an electric field in the
azimuthal direction. Physically, the electric field is created in direct opposition to the Lorentz force which attempts to
divert the electron and ion flow. The magnitude of E;,, is reduced in the diamagnetic cavity where the magnetic field
is reduced. This was first measured by Bonde et al. [13].

The magnetic pressure term (VB?/2) forces ions down magnetic field gradients. This term acts
along the edge of the diamagnetic cavity where large magnetic field gradients exist, and dominates

the magnetic tension term. This allows the magnetic structure term to be approximately equated to

the magnetic pressure term.

The ratio of the Larmor term to the magnetic structure term scales with the Alfvénic Mach number

|- 3 Zin;v; x B

enec

| ——B x (V x B)|

dren,

L
~ =M 2.11
M (2.11)

where L is the system size and d; is the ion inertial length. This demonstrates that even in the
case of large Mach numbers, the magnetic structure term can outweigh the Larmor term if the ion

inertial length is large compared to the system size.

The ratio of the electron pressure gradient term to the magnetic structure term scales as 8, =
8npe./ B2 [5]. At early times, of about the time at which electrons become magnetically confined,
the electron pressure gradient dominates all other components in this electric field equation. The
pressure gradients are immense and the subsequent field act to accelerate both the LPP ions and

ambient ions alike. Since the density of LPP ions far outnumber the density of ambient ions at
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this early time, the energy is imparted onto the LPP ions to a greater degree. Breaking down the

electron pressure gradient term reveals

Vp. T.,Vn, N VT,
nee  en, e

(2.12)

As the LPP rapidly expands, the temperature and density gradients decrease. Evaluating equation
2.12 with approximate, but realistic values for times greater than 100 ns (Vn,/n, ~1-5cm, T, ~ 5
eV, VT, ~ 10 eV/cm) we see that this field only accounts for 2 — 10 V/cm compared to the hundred’s
of V/cm that are created by the magnetic structure term and cross-filed ion current term. This is

consistent with the findings of prior, similar experiments [12].

It is interesting to note that the laminar electric field equations can also be derived from the
generalized Ohm’s law, as has been done in prior studies [13]. This provides more physical insight
and so I briefly review the process. Starting with Ohm’s law with terms of order m,/m; being

ignored we find

0:J +V-(VJ+JV) —V><B+JXB Vpe

E=— 2
Whe€o Whe €O en, €en,

+nJ. (2.13)
The first two terms are negligible for the spatial and temporal scales considered here. The final
term, the resistive term, is negligibly small for the expansion phase of a hot plasma. It contributes
a small amount later in time, but is still weak compared to the other sources (~ 0.1 V/cm for

_ 4N Zezmi,/zlnA .

nsp = 0.014 Q cm) where 5, = =5~ T 1S the Spitzer resistivity and InA is the Coulomb

logarithm.

The velocity V in the third term is mass weighted, so we can, to a good approximation, replace it
with a sum over the ion velocities. Making use of Ampere’s law while ignoring the displacement

current component J = ;~VxB leads to the similar form:
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where quasi-neutrality has been invoked to replace n, with }}; Z;n;. This results in the same laminar

electric field derived with the inertia-less electron "hybrid" model.

The V X B and J X B components are often times referred to as the Lorentz and Hall terms
respectively, where the Lorentz term is the previously discussed cross-field ion current term and
the Hall term has previously been referred to as the magnetic structure term. The Hall term is a

result of ions and electron motion decoupling and moving separately.

When discussing electric field components, it is useful to split the term into the electrostatic
(Vx Eg =0o0rEg; = -V¢) and induced (V - E;,y = 0 or E;;,y = —0;A) components, where ¢ is the

electrostatic potential and A is the vector potential.

2.2.2 Decoupling

The mechanisms that collisionlessly transfer energy from an explosive LPP to a magnetic ambient
plasma have been shown above. This coupling cannot happen instantaneously. The longer the
criteria for coupling are met, the greater the energy transfer. In this section the dynamics that
dictate the duration until the two species decouple from one another are explored, as initially

discussed in Hewett et al. [46].

The first limit defining the decoupling represents having sufficient charge density. In the super-
Alfvénic limit, the dominant component of the electric field is directed in the azimuthal direction,
perpendicular to both the magnetic field (z) and LPP direction of travel (x). The field is estimated
by:

Zang

Eg= —C
Zing + Zyny,

varB. (2.15)
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where Z; and n; are the charge and densities of the ambient and debris plasmas, v, is the radially
directed component of the LPP ion velocity, and B, is the magnetic field. This field induces an E x
B drift of the ambient ions and electrons. The motion of the ion population begins parallel to the

electric field. The response of the ambient ions can then be expressed by

Av, Z,e
= Ey. 2.16
A o B (2.16)

The ions initially accelerated in the 8 (§ in Cartesian coordinates) direction gyrate into the 7 (£ in
Cartesian coordinates) direction by one quarter of a gyro period, or AT = 7/2w, 4. If the ambient
ions fail to accelerate to a velocity at or greater than the LPP ions by this time, they decouple. This

is expressed as:

Zing

T
—— <1 2.17
ZZdl’ld + Zyng < ( )

which hides the importance of the magnetic field in this interaction.

The second criteria is known as the finite-pulse-length threshold and is representative of the degree
of magnetization of the ambient ions. The end result is similar, in that the ions decouple by trailing
behind the piston plasma, but the mechanism through which this decoupling happens is different.
In this limit, the finite length (6%;,,) of the piston plasma must be larger than the ambient ion
gyroradius. If the gyroradius is too large, then the accelerated ambient ions gyrate back to the
blow-off axis behind the piston plasma and stop the coupling. The coupling increases with g/m of

the ambient ions [49]. This limit is expressed as

Zang

T
—————— > Wc.qOtpp. 2.18
27204+ Zyny, @e.aOllpp ( )
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The interaction dynamics are quite sensitive to small changes in the parameters of either species.

2.2.3 Helium Intensification by Energetic Electrons

As the LPP couples to the ambient magnetized plasma, observing the motion of the ambient helium
ions allows for an understanding of the transfer of energy from the driver plasma to the magnetized
plasma. However, in the steady-state conditions of the LAPD, the self emission of the helium ion
plasma is virtually undetectable on the timescales (~ tens’-hundred’s of ns) over which the coupling

occurs.

Wavelength filtered imaging reveals that when the energetic LPP ions stream through the ambient
helium plasma there is a significant intensification of the He™ 486.6 nm spectral line in response.
The spatial location of the intensification corresponds to the leading edge of the LPP ions, but
separates after a short period of time. The lens is focused on the plane where maximum coupling

is expected, but light along the entire line of sight is collected by the imaging system.

The emission of the He* 486.6 nm spectral line requires the transition of a bound electron from the
n =4 to the n = 3 quantum state. A detailed collisional-radiative analysis performed by Bondarenko
et al. [9] has revealed that the primary mechanism for repopulating n = 4 in the ambient plasma
is collisional excitation from the ground state (n = 1) with electrons of kinetic energy greater than
or equal to 51 eV. The spatial correspondence of the He* 486.6 nm spectral line with the magnetic
compression suggests that the electrons involved in the anti-diamagnetic current ahead of the LPP

flow are also responsible for the repopulation of the n = 4 quantum state in the He* ions.

The spontaneous decay rate of this line is ~ ten ns. As emission from this transition is observed
for many microseconds, the electrons must be interacting with the helium and repopulating the
n= 4 state for an extended period of time, up to many microseconds after the expansion of the

diamagnetic cavity.

This intensification allows for the observation of this He™ line on the nanosecond scale, which is
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necessary to see the response of the ambient ions to the LPP driver plasma. It is limiting in that the
effects can only be observed in regions where there are energetic electrons and therefore a more
robust method of observation would be preferable for future measurements. This technique is still

valid as a qualitative method for observing the reaction of helium ions to the laser plasma.
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CHAPTER 3

Experimental Setups

3.1 Large Plasma Device

These experiments take advantage of the unique combination of a high power laser system and the
LAPD [36] in order to investigate the interaction between an explosive laser produce plasma and
a magnetized background plasma. The experiment replicates conditions similar to astrophysical
plasmas at a high repetition rate (~ 1 Hz) compared to many other similar experiments. The LAPD
provides a large scale (18 m long, by (D1 m) well characterized, current free, steady state (~ 10
ms), highly-repeatable magnetized ambient plasma. Large magnetic coils along the length of the
machine generate configurable magnetic fields (300 — 2000 Gauss) that radially confine the plasma.
A (D38 cm lanthanum hexaboride (LaBg) cathode on the south side (far left in figure 3.1) of the
machine generates a plasma (n, ~ 1 x 102 — 3 x 10'3 cm™3) centered on the axis. The LAPD
can generate a plasma from a variety of gasses (typically H,, He, Ne or Ar). A background fill of

helium was chosen for the experiments in order to balance the repetition rate with the degree of

magnetization of the background. At this time is was uncertain if hydrogen gas would be able to be

B =600 G (-z)
—

Figure 3.1: Schematic of the LAPD. In order to visualize the interior, a cut along the axis has been made in the render.
The purple and yellow bands represent the magnetic coils that produce a steady-state magnetic field. The magnetic
field is directed along the axis in the —Z direction. For these experiments, a magnetic field of 600 Gauss was chosen.
A cross section of the port highlighted in the yellow box is displayed in figure 3.2.
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Figure 3.2: Cross section of the LAPD experiment. The ablation laser is focused onto a graphite target which creates
a carbon LPP which expands quasi-perpendicularly to the magnetic field created by the purple magnet. The target is
rastered in a helical pattern between shots to ensure a fresh surface for each ablation laser shot.
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consistently ionized at a one quarter Hz repetition rate and any ion with a mass larger than helium
would have a larger gyroradius (i.e. less magnetized). Typical ambient plasma temperatures range

from T, =1—-10¢eV and T; ~ 1 eV. Experimental parameters used are summarized in table 3.1.

By (Gauss) 600 600
Plasma He*t He*

L (m) ~1 ~1

n; (cm™) 1.6 x 1013 2.1x 108
T, (eV) 1 5-10

T; (eV) 1 1

d; (cm) ~ 10 ~ 10

v (km/s) 170 140

Table 3.1: Important experimental parameters for the two experiments. The only substantial change to the ambient
plasma was an increase in density from 1.6 x 10'3 to 2.1 x 10'3 cm™3 which affects the Alfvén speed and therefore the
Mach number

The mode of operation resulting in the highest densities in the LAPD utilize a piezoelectric gas
puff near the cathode to increase the number of primary ionizing electrons. The LaBg cathode
is an excellent electron emitter when heated to near electron emission temperatures (~ 1850°
C) by graphite heating elements [24]. The electrons are accelerated by a relatively transparent
molybdenum anode which causes ~ 175 €V ionizing electrons to stream through the length of the
machine. The electrons that are emitted by the cathode ionize the gas between the cathode-anode
pair, which contribute to the overall number of ionizing electrons. Since the electrons are collisional
with the background gas, the resulting plasma that is created has an axial gradient if the gas fill is
too high. If no gas puff is used, then the number of ionizing electrons is determined by the gas
fill, increasing the gas fill increases the ionizing electrons, but with the downside of decreasing the
mean-free-path of electron ion collisions - too high of a density and the plasma column shortens.
If gas is puffed in the region between the cathode and anode, the number of ionizing electrons is

increased, while maintaining the length of the plasma column.

The experiments discussed here were performed in a quasi-perpendicular geometry, which refers to
the bulk laser produced plasma flow direction (X) being perpendicular to the background magnetic

field (B = B2). The surface of the target where the ablation laser is focused is positioned ~ 9 — 12

28



cm from the axial center of the machine in the —X direction (as indicated in figure 3.2). The ablation
laser is incident on the cylindrical graphite target at an angle of 38° with respect to the x-axis. The
target was translated and rotated in a helical pattern between laser shots for one shot per position.
This helps avoid cratering of the target for the subsequent shots and improves the shot-to-shot
repeatability. The functionality of multiple shots on the same position was tested briefly, but found

to compromise the data.

Two different ablation lasers were used in the LAPD experiments. In the first experiment, which is
discussed in chapter 4, a SpectraPhysics (1064 nm, 1.5 J, 8 ns full width at half maximum - FWHM)
laser system was focused to an intensity of 1 x 10'" W/cm? resulting in a sub-Alfvénic (M4 ~ 0.6)
bulk expansion speed. In the second experiment discussed in chapter 5, the Peening laser system
(1053 nm, 14 J, 15 ns FWHM) was focused to an intensity of 1 x 10!> W/cm?. A comparison of the
lasers and the ablated plasmas is shown in table 3.2. The primary ion species refers to the carbon
ion with the most kinetic energy density in the LPP. This ion species will determine the coupling

regime.

In both experiments the ablation beam was focused through a )75 mm, f = 30 cm focal length lens
that was positioned within the LAPD at the inner most edge of the lens tube holder, as depicted
by the large tube inserted in the LAPD from the upper-right in the schematic of figure 3.2. While
the lens holding tube has negative effects such as blocking the primary electrons which causes a
shadowing of the ambient plasma to the north of the experiment, the upsides of an increased on

target intensity, and blow-off velocity outweigh this.

3.2 Phoenix Target Chamber

In addition to experiments performed on the LAPD, a variety of smaller scale experiments were
performed on a (D1 m, 30 cm tall cylindrical, stainless steel vacuum chamber [29]. The setup allow
the creation of a very similar LPP without the ambient plasma or magnetic field and was used as a

test bed for the new LIF diagnostic.
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LIF Probe Carbon Laser
Beam Plasma PIMAX2
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Figure 3.3: Schematic of the Phoenix laser lab target chamber where the LIF diagnostic was first tested. The ablation
beam is focused onto the plastic target which creates a composite LPP of protons, carbon ion species, and a variety
of molecules. The LIF probe beam is directed anti-parallel to the blow-off axis. The PIMAX2 ICCD camera images
transverse to the blow-off axis.
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Ablation Beam Parameters
Laser Energy (J) 1 14
Intensity (W/cm?) 1 x 10! 1 x 102
Rep Rate (Hz) 20 6
77, (nS) 8 14

Laser Produced Plasma

Nparticles ~ 1015 ~ 1016
Vinean! VA 0.6 2-3
Primary Ion Species c+ CH
Cavity size/d; 0.4 1.1

Table 3.2: Comparison between the ablation beam parameters and subsequent LPP characteristics used in the two
experiments. The laser energy increased by over an order of magnitude between the two experiments which created a
significantly faster LPP.

The peening laser was focused by a 1 m focal length lens (with a beam f/26) onto the target to a
@250 pm focal spot, at an incidence angle of 34° with respect to the § axis, as shown in figure 3.3.
The different final focusing lens in this setup resulted in a slower LPP bulk speed. The target was
a 2.54 cm diameter cylindrical rod made of high density polyethylene (HDPE), which was rotated
in a helical pattern between laser shots to ensure a new surface. The turbo pump maintained a
pressure of 2 x 107> Torr by actively pumping. Actively pumping with the turbo is critical when

ablating plasma on the Hz time scale as debris can build up otherwise.

Although there is a difference in target material between the two experiments, both the ablated
plasma from HDPE and graphite contain large amounts of carbon ions. The HDPE targets also
produce very fast protons as the LPP ions have a velocity approximately equal to the respective
charge to mass ratios. The high temperatures inside the LAPD due to the radiant load of the cathode

forbid the use of a HDPE target in these experiments, and graphite targets were used instead.

3.3 Diagnostics

Diagnostics are tools used to measure properties of the plasma of interest, whether that be in space
or in the laboratory. In the LAPD these are separated into two categories of diagnostics: probes

that are inserted into the plasma to physically measure a characteristic, or optical diagnostics that
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characterize the plasma non-perturbatively.

The physical probes (magnetic flux probe and Langmuir probe) used in the LAPD campaigns are
digitized using the LAPD’s 10-bit data acquisition system (DAQ) at either 100 MHz or 1.25 GHz.
Motorized drives position the probes between shots in order to analyze large regions of space.
At each position 3 — 5 repetitions are recorded for statistics. During a high-repetition rate run
thousands of time traces are recorded relatively quickly which allows for highly resolved data to

characterize the interaction.

3.3.1 Laser Induced Fluorescence

A novel use case of a laser induced fluorescence (LIF) diagnostic was developed for these experi-
ments [29, 10]. LIF is a non-perturbative optical technique that is capable of selectively measuring
the ion velocity distribution function (VDF) of a plasma species with high spatial and temporal
resolution. It is distinct from other active optical plasma diagnostics, such as Thomson scattering
and Raman scattering, in that it can measure ion properties and without a-priori knowledge of the
distribution. LIF is a common optical technique for measuring ion VDF in basic plasmas [13, 57].
The novelty here is the use on a dense and super-Alfvénic laser produced plasma which presents

unique challenges.

The ion VDF is constructed incrementally by tuning the LIF probe beam to Doppler shifted
absorption wavelengths. This will resonate with electrons bound to ions of a specific velocity bin
and the re-emission of light from those ions can be measured. This is performed over successive
shots until the entire width of the velocity distribution has been scanned over and measured. This
requires that the bandwidth of the LIF beam be much smaller than the width of the ion VDF in
question, while large enough to excite a sufficient number of ions to cause a detectable signal. An
illustration of this is shown in figure 3.4 where the black trace is the distribution function of a
particular ion species, with the corresponding Doppler shifted spectral lines labeled on the top.

The width of the LIF beam is represented by the pink block, which is the FWHM of the Gaussian
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Figure 3.4: Illustration of the LIF measurement. The blue line is the spectral line chosen for LIF in a non-moving
reference frame. The black line is the distribution function for the ion species to be probed by the LIF beam, with
the corresponding Doppler shifted absorption wavelengths listed on the top. The pink block represents the LIF beam
FWHM that is tuned, or shifted, to lower or higher wavelengths in 0.01 nm steps. The LIF beam is wide enough that a
sufficient population of ions fluoresce above the noise threshold.

bandwidth of the beam. The LPP measured here is quite hot. The typical dye lasers that are used

in LIF measurements have too narrow a bandwidth to measure such a wide distribution.

3.3.1.1 Feasibility Study

Ideally, the plasma being diagnosed by LIF would be in a full or quasi steady-state. LIF relies
upon a highly populated ground or a metastable "lower" state in the bound electrons. The laser can
then excite the electrons to an "upper" state and observe the emission from the transition back to
the lower state. The transient nature of LPPs present challenges to this process as the ground or
metastable state are only populated some time after the creation of the LPP. Understanding these

populations requires extensive modeling by collisional-radiative modeling.

Excitation out of the ground state is preferable since it is often the most populated state and
fluorescence tends to be limited by the upper state enhancement. For the carbon ions (C**) studied
in this experiment, the necessary wavelength to excite an electron out of the ground state is outside
the range of commercial lasers (19 ~ 4 — 8 nm). Similar to many other He-like ions, there exists a
metastable state (152s(3S)) for the bound electrons to populate in the C** jon. Excitation out of

a metastable state is feasible for LIF, although with a reduced signal gain due to the limited initial

33



Three Level LIF Scheme Two Level LIF Scheme

Excited State .
_— Excited State
2p 3P,
Excited Observed
Excited| Observed
Metastable State
_— Metastable Stat
Final State © aszaSS:a State

Figure 3.5: Comparison between a two- and three-level LIF scheme. The three-level LIF scheme utilizes different
wavelengths for excitation and observation, whereas the two-level scheme utilizes the same wavelength for both. The
C* ion used in this experiment is only susceptible to a two-level scheme.

population.

When considering a LIF scheme, the ion species lends itself to either a two- or three-level scheme
as depicted in figure 3.5. In the two level scheme the electron transition that is excited is the same
one that is observed. The advantage is that all of the fluorescing ions decay via the same transition,
but it can often present difficulties in terms of scattered light from optics and surrounding metals.
In the three level scheme the excited electron can then decay via two separate transitions, with the
transition to a new state being observed. This offers the advantage of not having to subtract out
the scattered light from the LIF probe beam, but without the knowledge of the exact number of
electrons in the transition. The C** ions involved in these experiments are only susceptible to a

two-level scheme.

The transition 152s(*S;) — 1s2p(*P,) is used for both the absorption and observation of the C**
ions. Excitation to the 1s2p(3Py) states has also been proposed; however, only the transition to

and fluorescence from the 152p (3 P,) state is considered due to its highest statistical weight.

LIF on an LPP is challenging due to the fact that a large portion of the bound electrons are from
recombination, and cascade down to the lower bound states. Based on the criterion that the lower

state in a LIF scheme must be highly populated compared to the upper state, a lower bound in time
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is set by how quickly the electrons recombine and decay to the metastable state. Directly after
the ablation laser irradiates the surface, the plasma formed is nearly fully ionized (Z ~ 6). As
the LPP is highly collisional at early times, this allows for electron recombination with the ions
up until the density drops past the LTE condition where the temperature at that time determines
the steady-state average charge of the plasma. Since bound electrons are predominantly the result
of electron recapture, the electrons cascade into the metastable state. To understand the complex
nature of the LPP, the radiation-hydrodynamics code HELIOS [56] is utilized to model the spatially
and temporally dependent temperature and densities of the carbon plasma ablated from the target.

This simulation only calculates the temperatures and densities of the plasma.

In order to obtain atomic state distributions, the simulated temperature and density profiles of
the LPP are fed into a collisional-radiative modeling software (PrismSPECT). PrismSPECT then
calculates the atomic state distribution, including the time-dependent bound electrons states of
the various ion charge states, by solving detailed rate equations including all population and
de-population mechanisms [10]. From these simulations we can evaluate when the upper state
population far exceeds the lower state population as is the condition for LIF. This is depicted in
figure 3.6, where a comparison of the electrons in the upper state (blue) to the metastable state
(red) is shown. This suggests that a threshold for a detectable LIF signal should be crossed by
~ 100 ns after the ablation laser fires. Up until saturation, the LIF signal is the brightest where the
density is highest. Therefore, an upper bound in time is set by the geometric expansion leading to

the dispersion of the LPP density, which for this plasma is before ~ 1000 ns.

The presence of the ambient plasma leads to additional complications that must be considered.
Collisional excitation from the metastable state to the upper state has a mean free path of 4,7, ~ 30
cm, which is calculated from experimental findings of collisional cross sections evaluated by
Phaneuf et al. [69]. As the experiment size is roughly 10 cm, this means that collisional excitation

cannot be ignored.

PrismSPECT accounts for both collisional excitation from the metastable state to the upper state, as
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Figure 3.6: Population fraction data extracted from PrismSPECT simulation. Density and temperatures of the LPP are
input into the collisional-radiative model which then exports the relative fraction of carbon ion states in the plasma.
This determines the time at which we use LIF on the LPP as a high ratio between the metastable and upper state is
required for LIF to be successful. This condition is met by ~ 100 ns after the ablation laser pulse.

well as well as collisional depopulation of the forbidden transition from the metastable state to the
ground state. Neither of these mechanisms have a great effect on the measurement. The collisional
excitation from metastable to upper state exists in both the "signal" and "background" shots and is

equally subtracted out from the measurement. The depopulation mechanism does not have a great

effect on the metastable state, as shown by the plateau of the red line in figure 3.6.

3.3.1.2 Image Processing

In standard LIF imaging, the laser probes a region of plasma causing fluorescence from the
irradiated region. The fluorescence is collected perpendicularly to the probe beam, either by an
imaging system or other detector. The collection optics setup here utilize an intensified charge-
coupled device (ICCD) camera optimized for low level light detection in the UV (figure 3.3). ICCD
cameras couple an intensifier with an electron multiplying component in front of the CCD sensor.
A narrow (~ 10 nm) bandpass filter optimized for this spectral emission line is placed in front of

the camera to reject unwanted light.

Despite the bandpass filter, light from other sources (e.g. continuum light, C2* emission) can pass
through the filter and obstruct the measurement. These light sources in addition to light from
C** ions not in resonance with the LIF beam must be subtracted so that the intensification of the

fluorescing ions, or signal is isolated. The light sources that are not from the fluorescing C** ions
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Figure 3.7: An example of the image processing necessary to extract the LIF data. The left most image shows the
"background" of the measurement, which is LPP ion emission from all sources within the bandwidth of the bandpass
filter. This two dominant sources are light from the C** and C?>* ions. Note that this is line integrated along the
line-of-sight when imaging the region. The middle image is the detected signal when probing the LPP with the
LIF beam tuned into a specific Doppler-shifted absorption wavelength. Only the region where the LIF beam passes
through the LPP is fluorescing. The LIF beam is approximately a 2D sheet (negligibly thin along the line-of-sight) so
this measurement offers quite good spatial resolution compared to the standard imaging. The third panel shows the
subtraction of the first panel from the second panel which is done to isolate the ions that are traveling at a specific
velocity.

are referred to as "background" light. In order to account for any long-term experimental changes,
background and signal shots were taken in succession in sets of 40 — 100 shots, as dictated by the
signal-to-noise ratio (SNR). A fast mechanical shutter was used to block the LIF beam every other
shot. These were then separated into two groups: 1) signal with background and 2) background.
Each are averaged and then the background is subtracted from the signal and background in order

to give the average signal. The effects of the background subtraction is shown in Fig. 3.7.

It is important to note that the LIF signal (which only consists of fluorescing C** ions) has
comparatively higher spatial resolution than the background emission, which consists of self-
emission from other laser plasma species. The background consists of light from the plane at the
lens best focus, as well as defocused light collected along the entire ~ 10 — 20 cm long column of

the laser plasma plume (depending on how far the LPP has expanded).

Images produced by the ICCD cover a spatial area of 23 x 23 cm? in the plane of best focus. The
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observed region of interest is a limited sample in the center of the image so as to avoid any vignetting
effects of the collection optics. The exposure time varied from 2 ns for the lifetime measurements
to 20 ns for all other shots. Different ICCD cameras were used in the two experiments so more

details about each imaging system is given at the beginning of each experimental chapter.

3.3.1.3 Image Sequences

The first image processing stage yields 2D images of fluorescing C** ions at one set of time and
velocity. Example images from the time scans are shown in Fig. 3.8. Panels 3.8 (a) and (b) display
fluorescing ions moving at 223 km/s at 150 and 250 ns, respectively. These show that the LIF
diagnostic is consistent with a ballistic model [29] for LPP expansion and offers the advantage of

not requiring any a priori knowledge of the distribution to measure the velocity.

Each sequence of shots (i.e. wavelength scan at a constant time or time scan at a constant wavelength)
is combined into a streak plot in order to represent the evolving ion dynamics in the system. For
this purpose, the signal is averaged across the z-axis to reduce each image to a 1D array and stack
the arrays along the scanned parameter. For the velocity scans the data is reduced down to the
phase space velocity plot and for the time scans streak plots of the spatio-temporal evolution of a
single velocity bin are obtained. Example of these are shown in chapter 4 detailing the sub-Alfvénic

experiment.

Scattered light (the bright circle seen in Fig. 3.8 (a) and (b)) of the LIF probe beam from the target
surface affects the measurement only in regions within ~ 2 cm of the target surface. This prevents

certain velocity bins at early time from being accurately measured.

3.3.1.4 Saturation and Non-Saturation Regimes

At low probe laser powers, the fluorescence signal is linearly related to the laser power, and therefore
the concentration of the absorbing species is obtained [1]. As laser power is increased, upper level

entrancement is eventually limited. This regime is referred to as the saturation limit. Due to
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Figure 3.8: Images of C** ions traveling at 223 km/s at fourteen times from t = [100, 750] in 50 ns steps relative to
the firing of the ablation beam. These images represent 50 total ablation laser shots, 25 in which have the LIF beam
present ("signal" shots) and 25 in which the beam is not present ("background" shots). We subtract the average of the

25 background shots from the signal shots to distill the fluorescing C** ions. As would be expected, the ions are further
from the target at a later time.
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experimental conditions, it is often necessary to work at or near the saturation limit to maximize the
signal to noise ratio. Further insight is gained through the rate equations that govern this two-level

system

dN
d—tl = —N(1)Bial, + N2(1)(Ags + Qa1 + Bai1,) (3.1)
dN,
= = Ni(t)B12l, — Na(t)(A21 + Q21 + Bo1 1) (3.2)

where N and N; represent the population of the two electron levels, B1> and By are the rates of
absorption and stimulated emission, Ay is the rate of spontaneous emission, Q;; is the metastable

state quenching rate, and I, is the spectral energy density of the LIF probe beam.

Assuming that I, varies slowly in time so that the steady-state condition applies (dN;,,/dt = 0, where

N;or = N1 + N») it is shown that

_ BIZIV
A1 + Q21 + By 1,

N> Nj. (3.3)
In the saturation limit (B2I, >> c(Az1 + Q21)) the fluorescence is no longer proportional to the laser
irradiance and the dominant de-population method is stimulated emission. It has been suggested
that in the saturation regime the concentration is extracted by plotting fluorescence power against

inverse laser power, but requires a high intensity probe laser [8].

In order to establish where on the saturation curve the LIF measurement lies, we compare the LIF
measurement with a series of subsequent measurements where we attenuate the LIF probe beam
by sending it through a UV neutral density (ND) filter of a certain optical density (OD). If we are
operating in the saturation regime, then we would expect to see no decrease in fluorescence when

we attenuate the LIF beam. If we do see a decrease then we know that we are operating in the
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Figure 3.9: Maximum value of the attenuation scan. This measurement at 150 ns is quite near the saturation region as

the max fluorescence power is beginning to level off, as is indicative of the saturation region. The LPP state at 200 ns
is further away from saturation given the probe beam energy.

non-saturation regime.

As the LPP density and population fractions are highly time-dependent, we must establish the
saturation curve for each given time. For two times the results of a LIF beam energy sweep is
shown in figure 3.9. This LIF beam energy is swept by attenuating the beam with the UV ND filters.
The data set taken at t = 150 ns (blue) displays more of the saturation regime than the data set at
200 ns (red). This is evident in the flattening of the blue curve compared to the red curve. With
proper calibration we would be able to obtain the density of the LPP with a more comprehensive

scan.

The data acquired here utilized the probe beam in its natural circular cross section. In the experi-
ments on the LAPD the LIF beam is fanned out and therefore the fluence is lowered, pushing the
measurement outside of the saturation regime. This has the cost of reducing the overall signal-
to-noise ratio, but has the benefit of not having to take into account saturation broadening of the

spectra [40, 19].
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3.3.2 Magnetic Flux Probes (''bdots")

Time evolving magnetic fields are measured with a magnetic flux probe, also known as a "bdot"
(dB/dt = B) [33]. These probes are comprised of wires wrapped around a ceramic cube, with each
set of coils oriented along a different Cartesian coordinate. When the magnetic field changes, a
voltage is induced in the coil perpendicular to the change in B and is proportional to the effective
area of the coil (Vipgucea o Aey fB). The signal is attenuated and amplified in the coil which is then

recorded on the LAPD DAQ system.

The attenuation and amplification processes seem redundant, but serve separate and important
roles. Differential amplifiers subtract off any DC signal induced in the coils. There are multiple
factors that can cause an offset to the signal, but the primary component is due to electrostatic
potentials in the plasma. The attenuation must be applied before the differential amplifiers since the
maximum allowable voltage is =1 V. These measurements are numerically integrated to give AB.
The frequency response is reasonably estimated by an RL circuit formed by the internal inductance

(L) and resistance (R) of the coil (negligible capacitance is assumed)

=TLR = (3.4)

where L is the self inductance of the coil, M is the mutual inductance of the wound pair, and R is

the resistance of the coil itself.

With the recent upgrades to the LAPD, the radiant heat load of the LaBg cathode has increased
drastically. The bdot design had to be adjusted to withstand this increased heat load, which
increased the difficulty of assembly. In the original design, the wires were wound around a Vespel
core and run a relatively short distance to the circuit board. The Vespel core had to be replaced
by a ceramic core, all epoxy was replaced by high-temperature epoxy, and the circuit board that
previously existed near the core had to be placed further along the shaft. This increased the length

of wire that could potentially pick up undesirable signals and affect the measurement. The top end
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frequency range (> 10 MHz) was affected more than lower frequency ranges and so this is ignored

for the measurement presented here.

In these experiments a 3 X 3 x 3 mm?, 10 turn bdot was provided by the LAPD facility for use. The
spatial resolution is limited to the size of the bdot (3 mm), and the temporal resolution is essentially
limited by the number of turns (~ 10 MHz), which changes the self-inductance (see equation 3.4).
As discussed previously, the environment created by the LPP is quite extreme in both spatial and
temporal scales - even compared to the LAPD background. Ideally, a bdot that was smaller and
with fewer turns would be fielded in these experiments in order to increase the spatial and temporal

resolution of the measurements.

3.3.3 Density Measurement

Accurately measuring the ambient density defines which regime the experiment is in (sub- or
super-Alfvénic) by determining the Alfvén speed. Prior to the upgrade of the LAPD that resulted
in an increased ambient density, density scans were performed by a Langmuir probe and calibrated
by a microwave interferometer. However, the upgrade pushed the density near the bounds of the
critical density for 60 GHz microwave interferometers which brings into question the validity of
the standard calibration method. Additionally, the lens tube that holds the final focusing lens inside
of the LAPD (as seen in fig. 3.2) shadows the plasma along the path of the interferometer which

makes the measurement invalid.

In order to validate the interferometer, another method of density calibration was devised in which
an Alfvén wave was launched by an antenna at a known location and measured by a bdot down
field. Through a time-of-flight measurement of v4, an average density could be deduced and used

for calibration.
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Figure 3.10: Lineout of the LAPD density profile from a Langmuir probe scan along the x-axis at y = 0. The x-axis
has been shifted according to the offset of the graphite target relative to the LAPD coordinates. The absolute values of
the density are calibrated with an Alfvén wave measurement. The black doted lines represent where in the plasma the

graphite target is located. This lineout was taken one port (32.5 cm) to the south (closer to the cathode) of the target,
however the effects of the large obstruction can still be seen in the density profile.

3.3.3.1 Langmuir Probe

A Langmuir probe consists of small electrically biased wire with a surface (A) exposed to a plasma
that forms a Debye sheath [62, 18]. It was used in each of the LAPD experiments to measure the
electron temperature and density of the ambient plasma with spatial resolution. Two modes of
operation are common use for the Langmuir probes: one in which the voltage is swept while the
plasma conditions remain unchanged, and one in which the bias is fixed while the plasma conditions
evolve. For these experiments only the fixed bias type was used, which is referred to as I, short
for ion saturation. The time scale for measuring this is limited by the Debye sheath formation time,

which is easily satisfied with the given conditions.

1 [8T; .
7eniA o ifT; ~T, (3.5)
O.6en,~AJ}%, T, > T

Lo =

From equation 3.5, correctly measuring the area of the probe tip determines the accuracy of the
density measurement. When exposed to the harsh environments of the LAPD, the surface area

can deform over time from debris being deposited onto the surface. Not only does this increase
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the area of the probe, but it also affects the conductivity of the surface which changes the Debye
sphere. As a result, the Langmuir probe is not the best tool for measuring an absolute value of
the density. It has the advantage of providing spatially resolved measurements. When used in
conjunction with an integrated value of density, Langmuir probes can reveal 1D or 2D profiles of

density or temperature.

3.3.3.2 Microwave Interferometer

Several 60 GHz microwave interferometers are installed throughout the LAPD to measure the
line-integrated density [48]. As the microwave passes trough the plasma, the phase is shifted
proportionally to the average electron density. The coherence of the transmitted wave with the
unaltered microwave signal is used to determine the absolute phase shift. Once the line integrated
density has been measured, the absolute density profile can be distilled by comparing this to the

shape of the plasma measured by the Langmuir probes. The line integrated density is found from
—2cn A
/ nedl = —<1eB0 (3.6)
Wprobe

where A¢ is the total phase shift, w,,p. is the microwave frequency, and n. is the critical density

where the plasma becomes opaque to the interferometer

OMe )2 % 1.24 % 1078 fem™ 3.7)

ne =
e2

where f is the frequency given in Hz. The critical density for refraction of the 60 GHz interferometer
isn. ~ 4 x 10'3 cm™3 which is close to the operating density. Despite the theoretical limit for use of
60 GHz interferometers of 4 X 10'3 cm~3 which is much higher than the ~ 2 x 10'* cm™ densities

in the experiments, the actual limit for accurate detection fails before this limit.

One complication of using the interferometer in the LAPD setup is the direction of travel. The
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microwaves are launched from the top 45° east flange and measured on the bottom 45° west flange.
This path is directly shadowed by the lens tube, which gives an underestimate of the line integrated
density for the plasma that is not in the shadow. Therefore, an additional method was developed by

Vincena and Gekelman to check the validity of the density estimated in this way.

3.3.3.3 Alfvén Wave

The Alfvén speed depends on the density of the medium it travels through (v4 = Bo/V4rn;m;)
[36]. With the reasonable assumption that the plasma is evenly magnetized and contains only a
single ion species (He™), the average density is calculated by launching an Alfvén wave with a

rotating magnetic field antenna along the axis of LAPD and measure the dispersion of the wave.

An antenna on the far north end of the device creates an Alfvén wave that is measured a known
distance (generally 4 m) from the launch point. Measuring the Alfvén wave at adjacent ports allows
the change in time and phase of the waves to be recorded. The time-of-flight reveals what the
Alfvén speed is, which can in turn validate the average density along the axis of the LAPD. The

phase change allows us to calculate the dispersion relation to determine the density.

This method was devised by Dr. Gekelman and implement by Dr. Vincena and worked well for
calibrating the Langmuir probe in the second set of experiments where the density of the plasma
was too high for the interferometer. This method is more reliable than the interferometers currently
installed on the LAPD and should be used for future Langmuir probe calibrations. The density plot

shown in figure 3.10 used the calibration method described here.
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CHAPTER 4

Sub-Alfvénic Coupling

This chapter reports the spatially and temporally resolved velocity distribution function (VDF)!
measurements of a carbon LPP to better understand the collective electromagnetic behavior that
couples and transfers energy to an ambient magnetized helium plasma through a novel application
of laser induced fluorescence (LIF) [29]. The LAPD at UCLA provides a unique platform for
studying the sub-Alfvénic (M4 = 0.6), quasi-perpendicular expansion of a carbon (C) LPP cloud
into a magnetized ambient plasma. As the laser plasma expands primarily perpendicularly to the
background magnetic field, a charge-separation induced electron diamagnetic current expels the
magnetic field in the wake of the high-density LPP ions [77]. The spatial structure in the magnetic
fields, as well as the interaction of the trailing, higher density ions with the magnetic fields sets
up a laminar electric field that accelerates the ambient ions [9, 13, 75]. Regions in phase-space
where LPP ions with a wide distribution in velocity are piled up where the diamagnetic currents are
highest. This signifies the coupling of the leading edge, high density LPP ions to the background

is dominated via laminar interactions.

To better understand the dynamics of both the background and LPP, the measured LPP ion VDF
and magnetic field traces are compared with particle-in-cell (PIC) simulations. PIC codes are
computational tools used to simulate plasma behavior by representing particles on a grid and
solving for electromagnetic fields using Maxwell’s equations. Particles’ motion is calculated based

on the Lorentz force equation, and their interactions with fields are used to update the grid-based

I'The full velocity distribution function was only measured at two times.
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electromagnetic fields. These simulations capture collective plasma effects and require careful
time integration and boundary conditions, often employing parallel computing for efficiency and

enabling the study of diverse plasma phenomena.

PIC simulations have been used to model the very large scale (> km) interactions such as high
altitude nuclear experiments [32, 54] and steady-state magnetospheric shocks [91] as well as
the smaller scale (< cm) lab-astrophysics environments [89, 76] in great detail. It has become
commonplace to use computer simulations to interpret experimental data as well as to bridge the
gap between laboratory data and in situ spacecraft measurements. In matching observables from
experimental data (time resolved LPP ion VDF and magnetic field traces) to PIC simulations with
good agreement, the simulations allow for a more complete understanding of the dynamics of the

LPP ions and the transfer of energy to the background particles.

This chapter is structured as follows. Section 4.1 describes the experimental setup and diagnostics.
The experimental findings are presented and their comparison with PIC simulation models to
understand the coupling of a sub-Alfvénic LPP to a background magnetized plasma in Sec. 4.2 and

Sec. 4.3. Section 4.4 is a summarizes our main results.

4.1 Experimental Setup

The experimental setup is illustrated in Fig. 4.1 (a). The LPP cloud is created by focusing a high
intensity laser beam (1064 nm, 1.5 J, 8 ns FWHM) onto a graphite (C) target. For a given target
material, the intensity of the ablation laser determines the composition of the plasma it creates.
Focusing the laser to a higher intensity results in faster, higher charge-state ions, with the trade-off
of fewer overall ions [39, 77]. An intensity of around 1 X 10" W/cm? was achieved, resulting in an

LPP cloud with kinetic energy density dominated largely by the C** ions.

Higher charge state (i.e. C>* and C®) that are faster than C** are also present, but have orders

of magnitude less density. These fast ions leak out of any magnetic field deformations and do not

48



Velocity = 64 = 21.5 km/s, Time Delay = 440 ns

Graphite Target

@) ___LPP emission (exp.) LIF signal (exp.)
(b) 540 3000 4@ 3000
Magnetic Carbon & © 6 -
Coil = Laser £ g 2000 8 2000£
g Plasma E 3
s g10 10 8
*é' g1z 1000 12 1000
g
2 214 14
g -I0 5 0 5 100 -10 5 0 5 100
c
i S LPP emission (PIC) LIF signal (PIC)
2 ~
Tt a Ea@ <0
%6 - 3000 H 3000
y =4 e
Probe beam tuned g 8 000 8 2000
to 64 km/s C** 8
Carbon 210 10 é
X ] 2 @
tla:sen:a Field axis 512 1000 12 1000%
4 B=600G .‘gla 14
@ -10 -5 0 5 100 -10 -5 0 5 10-0
Distance along field axis (cm) Distance along field axis (cm)

Figure 4.1: (a) Schematic of the experiment. The graphite target is located at x = —12 cm (origin is the axial center).
The LIF probe beam is directed anti-parallel to the x-axis (blow-off axis). The PIMAX2 camera images along the y
direction. The LIF probe beam is expanded along the z-axis (co-ordinates as indicated in the bottom-right of panel
(a)). (b) Iustration of the imaged region of the laser plasma during the expansion (as indicated by the black rectangle).
Panels (c) and (e) show a comparison between experimental and simulated emission from the entire LPP cloud,
including all C** self-emission lines as well as other species at 440 ns after laser ablation. Panels (d) and (f) show
background-subtracted fluorescence maps for C** ions moving at 64 km/s (speed dictated by LIF beam wavelength).
The simulated data (f) has been cut abruptly at the edge of the beam width (2.5 cm in z).

interact substantially. The lower charge states (i.e. C*, C** and C**) are much slower despite their
relative abundance. They have been observed to travel well behind the diamagnetic cavity edge
[49], where the primary coupling occurs. The second dominant ion species in terms of kinetic
energy density is the C?* ion, which is counter intuitive since the relative abundance would be
expected to be proportional to the charge. While this phenomena is not completely understood, an
interpretation can be inferred from recapture rates in the interaction of C** with neutral He. At
lower energies (< 1 keV/amu), double electron capture (C* +He —» C** + He**) has a larger cross

section than single electron capture (C** + He — C* + He"). From this it is postulated that the

recapture of free electrons might also preferentially choose to recombine to C>* over C**.

The experiment was performed in a quasi-perpendicular geometry, which refers to the bulk laser-
plasma flow direction (x) being perpendicular to the background magnetic field (B = BZ). The
surface of the target where the ablation laser is focused is positioned ~ 12 cm from the axial center

of the machine in the -x direction (as indicated in figure 4.1 (a)). The ablation laser is incident on
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the cylindrical graphite target at an angle of 52° with respect to the y-axis. The target was translated
and rotated in a helical pattern between laser shots for one shot per position. This helps avoid

cratering of the target for the subsequent shots and improves the shot-to-shot repeatability.

The LPP expands into a magnetized pre-formed helium plasma in the LAPD. For this experiment

the plasma density was measured to be n; ~ 1.6 x 10'3 cm™.

After the LPP expands for a specific time, the LIF beam is directed anti-parallel to the expansion,
intersecting along the ‘blow-off axis’ (Fig. 4.1 (b)) and interacts with the C** ions. The LIF beam
is generated by a tunable, diode pumped solid state laser (Ekspla NT230). In this experiment, the
beam is tuned around 227.091 nm (1.5 mJ, 4 ns pulse duration, 50 Hz, 6.5 cm~! bandwidth). Using
cylindrical lenses, the beam is expanded from 4 mm to 5 cm in the z direction, while the height
of the beam remains ~ 4 mm in the y direction. The beam is then transmitted through a quartz
vacuum window and terminates on the graphite target as depicted in Fig. 4.1 (b). The intensity of

the LIF beam is too low to ablate the target.

The camera-based detection system used to image the fluorescence consisted of an image-intensified
charge-couple device (ICCD) camera with an intensifier sensitive in the ultraviolet (UV) range,
an objective (25 mm fixed focal length, /2.8 — /16, UV sensitive), and a relatively broad (10 nm
FWHM, 228 nm central wavelength) optical filter. The optical filter is placed directly in front of
the objective to reject stray light from the ablation laser and many spontaneous emission lines. The
camera images the plasma perpendicularly to the probe sheet - along the y direction from the top
as shown in Fig. 4.1 (a). Note that a spontaneous emission line of C *2(229.687 nm) is transmitted
through the filter; however, this line is not in resonance with the LIF beam and is subtracted from
the signal. An example of the background and signal is displayed in Fig. 4.1 (c¢) and (d) and an

equivalent representation from a PIC simulation (discussed later).

Given the orientation of the LIF beam relative to the LPP expansion, the component of velocity

along the blow-off axis (x-axis) was measured by tuning the wavelength of the LIF beam according
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to

v
Arrr = Ao(1 - ?X) 4.1)

where Ay ;F is the wavelength of the probe beam, A is the non-Doppler shifted absorption wave-
length, v, is the velocity of C** ions along the blow-off axis, and ¢ is the speed of light. In the
reference frame of the LPP ions, the LIF laser is blue-shifted. Therefore, in order to measure

positive velocities along the blow-off axis the LIF probe beam must be red-shifted.

The LIF beam has a bandwidth of 6.5 cm™! (0.033 nm at 227.091 nm), which corresponds to
velocity bins of ~ 43 km/s. However, the wavelength of the LIF laser is tuned with 0.01 nm (~ 13
km/s at 227.091 nm) resolution. This allows us to measure a more resolved VDF profile by stepping

through the velocity profile in 13 km/s steps.

The LIF beam cross section determines the spatial resolution of the measurement. The spread in
the probe beam illuminated 5 cm along the z-axis and 4 mm along the y-axis. The fluorescing C**
ions (signal) has a high spatial resolution compared to the background, which consists of both the
LAPD He plasma emission, as well as emission from other laser plasma species. The background
emission consists of light from the plane at the laser beam’s best focus, as well as defocused light
collected along the entire ~ 80 cm of LAPD plasma column, and the 10 — 20 cm long column of

the laser plasma plume (Fig. 4.1 (a)).

A bdot probe [33] was inserted into the plasma in the same xz-plane as the LIF beam, during
separate shots. In addition to measuring the magnetic field flux, the probe is used to calibrate the
pixel/distance ratio of the LIF detection system. All other parameters were held constant so as to
have a one-to-one comparison to the LIF data. The probe directly measures the diamagnetic cavity
as well as plasma waves produced by the LPP. The bdot was used to record magnetic signal traces

in an xz plane. Boundaries of this plane were constrained by the target surface in the x-direction
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Figure 4.2: Images of fluorescing C** ions at a several velocities and times. Each images represents 25 signal shots
with 25 background shots subtracted to highlight the fluorescing ions. (a) and (b) show the same velocity bins at two
different times which is consistent with a time-of-flight model where faster ions are further from the point of inception
than slower ions. (c) and (d) show the same time at two different velocity bins. Ions in the 64 km/s bin have slight
overlap with the ions in the 104 m/s bin which seems to violate the time-of-flight model. This can be explained by the
coupling to the ambient magnetic fields as will be detailed in section 4.3.1. The black arrows overlayed into the bottom

images represent the magnetic field measured with a bdot probe.
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(-12.1 cm), and the LAPD electromagnets in the z-direction (-3 < z < 3 cm).

4.2 Particle-In-Cell Simulations

To gain insight into many of the features observed in the experimental data, a three-dimensional
(3D) fully kinetic PIC simulation [54] using the VPIC code [15] was performed by Ari Le at LANL
to model the experiment and explore the collisionless coupling between the sub-Alfvénic LPP and
the background magnetized plasma. A 3D full PIC simulation was chosen over a hybrid model
as the spatial extent of the entire experiment was not large compared to the Debye length, which
must be resolved for numerical stability. There were two objectives of the simulation code: one to
validate the PIC code, but also to understand the unmeasured experimental quantities such as the

electric field and response of the ambient plasma.

Simulation | Experiment
my./m, 25 7440
valc 0.1 55%x107*
B <<1 <<1
Vx,C+4/VA 0.6 0.6
Pc+ld; 1.9 1.9
Vecn/va 0.4 0.4
pc+ld; 2.5 2.5
L/d; 0.5 0.5
Z; e e
B, (G) 600 600
N+ 1.6 X101 | 1.6 x10"3
(cm™)
T, (eV) 1 1
The+ (€V) 1 5
cs (km/s) 6.4 6.4
Apgp.cra(m) | > 10 > 10

Table 4.1: Comparison between simulated and experimental background plasma conditions, where p; = vy ;j/w, ; is the
directed ion gyroradius, d; = c/w,; is the ion inertial length, 8 = 87nT/ B? is the ratio of plasma pressure to magnetic
field pressure, L is the magnetic cavity size, v4 is the Alfvén speed, c, is the sound speed, and A,,, ¢, is the collisional
mean free path between the two ion species.

The initial simulated background plasma conditions are compared to the experimentally known
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quantities in table 4.1. The non-physical ion to electron mass ratio was varied from 25 to 100 with
negligible effects and so the mass ratio was kept at 25. Simulation lengths are scaled to match d;,
times are scaled to match 1/w,;, and velocities are scaled to match v4 within the confines of the
non-physical mass ratio and speed of light. The PIC simulation used a domain of L, X L, X L, =
4d; x 2d;x 6d; = 144 x 72 x 216 cells, with 5 x 10® macroparticles per species in the uniform

background plasma, ~ 1 x 107 C** macroparticles, and ~ 5 x 107 C>* macroparticles.

A cloud of ions representing the LPP (mypp/my, = 3 corresponding to mypp/m, = 75 to
differentiate the LPP ions from the ambient ions) was initialized at the origin with a density profile
nrpp o cos*(6) and velocity profile vy pp o cos?(6), where 6 is the azimuthal angle with respect to
the blow-off axis. Maintaining the mass ratio of LPP ions to ambient ions is important for matching
their respective charge-to-mass ratios as the Larmor radii are important for the coupling. The
FWHM initial spread in the LPP ion distribution is over ~ 2 cm in each direction, which is done in
order to make the Debye lengths a reasonable value in order to be able to resolve in the simulation.
As the LPP in the experiment is considerably smaller in comparison, the starting time of the PIC
simulation represents a short amount of time (~ 50 — 100 ns) into the expansion of the experimental
LPP into the ambient plasma. This delays the physics between the PIC simulation and experimental
data by a small, amount that is challenging to quantify. Since the coupling between the two plasma

ion species primarily happens after approximately 400 ns, the PIC simulation captures this physics.

The initial energy was partitioned between two populations of ions: C*" with a vy eqn = 105
km/s and C2* with a Vx.mean = 65 km/s. This is chosen to be consistent with previous work where
relative kinetic energy densities have been studied with respect to ablation laser intensity [77].
The C** distribution was measured at many times in the experiment and thus used to match the
simulation code. The C?* distribution was varied until good agreement in the spatial extent of the
diamagnetic cavity between the experiment and PIC simulations was achieved, particularly in the
region trailing the fast C* jons. The electron temperature was set to T, 1 pp = 10 T; packground

within the simulation in order to match the timing of the diamagnetic cavity leading edge slope. It
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was found by varying this parameter that with too small of an electron temperature in the LPP that
the cavity would not extend far enough in x, but last for too long of a time. The expansion speed and
size of the diamagnetic cavity is an important feature to match when simulating these experiments
as the size represents the transfer of energy from the LPP to the ambient magnetic fields and ions

as seen in chapter 2.

While matching simulations to experimental results it is critical to correctly initialize both the
electron and ion distributions, even though the experimental diagnostics are primarily used to
characterize ion properties. Many of the most important features (diamagnetic cavity formation
and collapse, energy transfer, heating, etc.) arise due to the interactions between electron and ion
distributions and are therefore a useful benchmark when validating that the simulations accurately
portray the experiment. Many MHD codes hide the physics behind the diamagnetic cavity and field
compression and therefore do not accurately match the experimental findings. It was determined that
treating the electrons as two separate temperatures was critical to obtaining reasonable agreement
between the experimental data and PIC simulations. A comparison between the measured and
simulated evaluation of the diamagnetic cavity is displayed in Fig. 4.4 (b) and (e), respectively.
The maximum cavity size (defined here as the location of highest magnetic field gradient at the
time of largest cavity size) was obtained at x = 5.7 cm and ¢ = 500 ns for the experimental data and

x = 6.1 cm and ¢ = 585 ns for the PIC simulations.

Figure 4.1 displays the similarity between the experimental ((c) and (d)) and PIC simulation ((e)
and (f)) of the total LPP emission ((c) and (e)) and the LIF signal at 64 km/s ((d) and (f)). LIF
data from the PIC simulation is extracted by tracking ions moving at a specific velocity bin. The
similarity of the experimental and simulated LIF signal also point to the PIC simulation being

representative of the experiment.

The magnetic field values are explicitly returned by the PIC simulation. There many be small
differences when measuring the magnetic fields with a bdot probe due to the frequency response of

the probe which could lead to smaller measured magnetic compression since the leading edge of
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the compression is quite fast. The general shape and cavity size measured should be well reflected

by the absolute values output by the code.

Extracting the LIF data from the PIC simulation was a bit more involved since it does not drop out
so conveniently. Firstly, ions moving within a specific velocity bin had to be isolated. For instance if
ions traveling at 64 km/s were going to be plotted, the ions outside of the 64 +21 km/s velocity range
are dropped. Then, as the bandwidth of the LIF laser beam is Gaussian in shape, the remaining ion
distribution is multiplied by a normalized Gaussian distribution weighted according to the velocity.
This would result in heavier weighting of ions traveling at the center of the bandwidth (~ 64 km/s)
compared to ions traveling at the FWHM (~ 43/85 km/s). This reflects the instrument function
and artificially broadens the PIC outputs compared to plotting a single velocity. In order to scale
the absolute values, the trimmed velocities were multiplied by the density output from the PIC
simulation and by the macroparticle/experimental particle factor. Finally the relative population of
the metastable state of the C** which was output by the PrismSPECT [11] modeling discussed in
chapter 2 was taken into account, as well as an estimated factor accounting for the efficiency of the

collection optic setup (detector quantum efficiency, spectral filter transmissivity, etc.).

4.3 Experimental Results

4.3.1 Spatio-temporal Evolution Maps

To gain insight into the interaction between the LPP ions and the magnetic field, it is useful to
plot spatio-temporal evolution maps of ion velocities and magnetic fields side-by-side for direct
comparison. To distill the LIF images into an x vs t format, the data along the x axis from each
image is stacked along the time dimension for a given velocity bin. Examples of such a streak plot
are displayed in figure 4.3 (a) and (b) for velocities corresponding to v, = 64 and 104 km/s. Below

the ion velocity evolution maps, the magnetic field data along the x-axis is shown in (c) and the
— IxB

calculated Hall or magnetic structure term (E, =

) from the laminar electric field equation is

JyXB;
ene

shown in (d). It is assumed that E, ~ and J, in calculated via Ampere’s law in the xz plane.
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For the geometry in this experiment, the current in the y direction should significantly outweigh
the current in the z direction. Here we are assuming the Darwin limit in which the transient, high

frequency displacement current component of the electric field can be ignored.

Fig. 4.3 (c) displays a streak plot of the magnetic field in the z-direction as measured by the bdot
probe. The white regions are undisturbed from the initial 600 G background field. The red region is
the leading-edge compression ahead of the fast laser produced ions, and the blue region represents

the diamagnetic cavity produced by the ExB drifting electrons [63, 9, 88, 22].

Figure 4.3 (a) displays the signal from ions moving at v, = 64 + 21 km/s vs time after ablation.
At very early time (t < 300 ns) the signal is negligible, signifying that there are too few particles
traveling within this velocity bin to allow their detection. At x = 5 cm and approximately 350
ns, a large signal appears, which then continues past t = 800 ns spreading out as time increases.
Following a ballistic model (Ax/At), particles at 5 cm and t = 350 ns would have an average directed
velocity of v, = 140 km/s, substantially higher than the velocity illuminated by the LIF diagnostic.
The spatial correspondence of this signal of ions traveling at a velocity slower than explained by
ballistic motion with the location of large calculated electric field (d) suggests coupling mediated
by this magnetic structure, or Hall term. Ions at the leading edge experience an inward facing
electric field via the magnetic structure term, and therefore decelerate rapidly down to ~ 64 km/s.
Since the ablation laser duration is 8 ns, and the relevant time scales are on the order of 100’s of
ns, there is no need to account for the difference in inception times for the different velocity bins in
the experiment. The electric field to decelerated a C** ion from 140 to 64 km/s over 100 ns is E =
mc

IR ﬁ—; =300 V/cm, which is consistent with the calculated electric fields in figure 4.3 (d).
C +

After the leading edge ions decelerate, the trailing ions have a faster speed. This is apparent in
figure 4.3 (b) where the large signal of 104 km/s ions are initially located closer to the target than
that of the 64 km/s ions. The faster shell of ions, which were not measured in this experiment
at this early time, shielded the 104 km/s ions from the electric field induced by the Hall effect.

Once the fast ions decelerate, the 104 km/s ions lead the expansion of the LPP cloud and drive
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Figure 4.3: Panels (a) and (b) show spatio-temporal evolution plots of distance from target vs time of the C** ions at
two specified velocity bins collected in the experiment. Panel (c) displays the measured magnetic field traces along the

blow-off axis of the expulsion/compression structure. Panel (d) shows the calculated electrostatic field strength in the x

direction from E, = %. From Ampere’s law the current is calculated as J, = ;-V x B. This assumes a flat electron

density, which while not entirely accurate, allowing for a rough calculation with spatial resolution. Combining these
plots good spatial agreement is evident with the appearance of slow ions that are believed to have originated as fast
ions in the spatial location where there are large electric fields. This point is marked with an "x" on the plots.

the diamagnetic currents which create the Hall electric fields. The leading edge ions decelerating
and being overtaken by the trailing ions leads to the curved shape of the diamagnetic cavity edge,
evident in both the magnetic field traces and the calculated electric fields. The is short lived due to
the geometric dispersion of the LPP ions, and since the diamagnetic cavity dissipates and coupling
ends. This is confirmed in figure 4.3 (d) where the calculated electric fields decrease rapidly after

~ 500 ns.

The profiles in (a) and (b) after t ~ 440 ns more closely resemble that of a ballistic model, signifying
that coupling has been reduced greatly, if not completely ended. The apparent spreading of the
signal from the inception location is due to the finite bandwidth of the probe beam. The lower

bound of 43 km/s is the trailing edge and the upper bound of ~ 85 km/s is the leading edge.

One additional note about the LIF streak plots is that one might initially assume the brightness
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directly correlates to the density. However, care must be taken when comparing signal brightness
across different times, since at later times there are more ions in the metastable state that are capable

of fluorescing, weighed against the natural dispersion of the ions.

The equivalent simulation results for the spatio-temporal evolution velocity maps and the magnetic
field are shown in figure 4.4, where the experimental data are shown in (a-c) and the simulation
results are displayed in (d-f). Every plot included in Fig. 4.4 has identical axes: the distance from
the target along the blow-off axis is plotted along the horizontal-axis and the time relative to the
ablation beam along the vertical-axis. The distance and time of the PIC simulation is chosen to
most closely resemble that of the experimental data even though the exact starting position and
time are a bit ambiguous. There are notable similarities between the experimental and simulated
data. The diamagnetic cavity shows approximately the same expansion speed and cavity expulsion
and size, and the ion velocities follow a similar deceleration with good spatial agreement to the

diamagnetic cavity.

4.3.2 Phase Space and Velocity Distribution Function

Here we show the full velocity distribution function at two times during the experiment. The top
two images in figure 4.5 scan over the entire distribution of velocities in 14 m/s bins. There are
a total of 20 velocities measured in the recreation of these. Constructing the phase space plot as
outlines is section 4.3.1, allows for a comparison between measured and the simulated phase space
plots. The simulated LIF results must be artificially broadened with the instrument function of the
LIF beam in order to recover a true comparison to the experimental data. The experimental data
(fig. 4.5 (a) and (b)) as well as the PIC results (fig. 4.5 (c) and (d)) show that the mean velocity of

the C** ions, directed along the blow-off axis, has slowed between 610 — 860 ns.

The deceleration observed at this later time is primarily due to the gyration of the ions in the
magnetic field, which agrees well with the streak plots in Fig. 4.4. The coupling takes place

primarily around 400 ns when a sharp deceleration of ~ 40 km/s occurs over a duration of ten’s of
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Figure 4.5: a) and b) Phase space plots at 440 and 690 ns, respectively, after ablation. Each velocity bin represents a
different data run. c) and d) PIC simulation phase space plots at equivalent times which have been artificially broadened
with the instrument function in order for a more direct comparison.

ns. The later time dynamics of the LPP ions is dominated by simple gyration in the magnetic field

which shows a much more moderate deceleration along the x-axis of ~ 15 km/s over ~ 250 ns. A

more detailed description of the transfer of energy is explored in the following section.

The broadening of the phase space is explained with the observed features in Sec. 4.3.1. Since the
slower population of ions that are initially ahead are overrun by the faster moving ions, the times at

which the phase space were measured show significant overlap between the two populations.

4.3.3 Energy Coupling

The reasonable agreement between the simulation and experimental data at later times (> 400 ns),
giving confidence to the PIC simulation results of the coupling mechanism at early time (< 400 ns)
which can reveal additional physics that was not measured in the experiment. One additional goal

of this experiment was to validate the computational model.
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over time. The flow of energy is initially from the electrons to the LPP ions, then to the background field and finally to
the background ions, as is expected in the sub-Alfvénic case.
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Figure 4.7: (a)-(d) Phase space plots of the C** LPP ions (red/blue contour) as well as corresponding magnetic field
profiles (red lines) at four characteristic times. These are the simulated values corresponding to measured quantities.
(e-h) Phase space plots of the background ions (red/blue contour) as well as corresponding electric field profiles (black
lines). These represent quantities not measured in the experiment, but are important for the complete story of coupling.
The gyroperiod is 3.25us.
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Both the experimental data and the relative change in energy of each species in the model (Fig.
4.6) details the time of expected coupling between the LPP and magnetic fields. In Fig. 4.6, B
represents the magnetic field energy, He* is the background ion energy, C>* and C** represents
the energy in each laser-produced ion species, and e is the energy in the electron population. Due
to the time step size (t-w., ~ 0.04), there is no distinction made between the quickly magnetized

laser produced electrons and the background electrons.

The transfer of energy is separated into three phases as shown in Fig. 4.6. Initially (0 us <
t < 0.2 us), the quickly magnetized laser plasma electrons accelerate the LPP ions. The high
inertia, unmagnetized ions streams past the electrons and set up an electric field due to the charge
separation. In the second phase (0.2 us < ¢t < 0.5 us), the ambipolar electric field set up by the
charge separation induces an ExB drift of the electrons, transferring energy from the ions to the
magnetic field. In the final stage (0.5 us < 1), the laminar electric field (E;,,,) set up by magnetic

pressure gradient as well as the LPP ion currents accelerate the background ions.

To further assess coupling, the time dependent VDF of both the LPP ions and the background
ions alongside the electric and magnetic fields is examined through the simulated data. Four
characteristic times of extracted from the PIC simulations are displayed in Fig. 4.7. The times
chosen are near 200 ns, 400 ns, 600 ns, and 800 ns. These correspond to the times near maximum
LPP ion energy, maximum transfer of energy from LPP ions to magnetic field, maximum energy

increase of the background ions, and finally the stabilizing of the LPP ions energy.

By t = 208 ns the laser plasma is freely streaming, and, via interacting with the electrons, has set
up the magnetic cavity (B (x=3cm, t=208 ns) = 80 G) which is represented by the red profile along
the top row of plots. The background ions remain relatively stationary as depicted in the bottom
row of plots. The LPP ions are exhibiting ballistic motion, which is evident as faster moving ions
have traveled further. This motion forms the diamagnetic cavity. The electric field from spatial

magnetic gradients is forming, and directed towards decreasing magnetic field.
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At the next time step (416 ns) the initial signs of ions departing from ballistic motion is observed.
The ions that are further out in space are observed to be traveling at a lower directed velocity,
similar to the LIF data shown earlier. Within the mass of LPP, there are two distinct red points,
where the leading point is at a slower speed. By comparing the spatial position with the electric
fields in (f) the mechanism for this deceleration is in agreement with the space charge electric
fields. This is further pronounced in Fig. 4.7 (c) where particles at the magnetic ramp (= 5 cm)
are decelerating along the blow-off axis. This spread in ion velocities coexisting at the magnetic
ramp (at 6 cm) in the phase space plot is the departure from ballistic motion that indicates coupling
and is the mechanism that leads to a slower population of ions (64 km/s) out in front of faster
ions (140 km/s) observed in the spatio-temporal evolution maps in Sec. 4.3.1. The LPP ions that
most effectively couple energy to the background are those with sufficient density. Figure 4.7 (c)
shows that this leaves the diffuse (very low density), highest velocity "vanguard" layer of LPP ions
relatively unaffected as well as the diffuse slower ions. After t = 590 ns the LPP ions become too
diffuse and slow to maintain the diamagnetic cavity. Therefore the space charge separation electric

fields diminish and coupling ends.

At these same times (Fig. 4.7 (f) and (g)), the laminar electric field due to gradients in the magnetic
fields are developed. Now that the electric fields have grown and sufficient time has passed, the
background ions begin to get swept up in the wake of the LPP ions. At the trailing edge of the
bubble (where the magnetic field is sloped downwards) both components of E,,,, are directed
in the +x direction. Comparatively, in the region where the magnetic field slopes upwards, the
magnetic pressure term points in the -x direction, and since it dominates in comparison to the
Larmor term, background ions are accelerated to negative velocities. This is reflected in the VDF

of the background where ions are accelerated to higher positive velocities than negative velocities.

At the final time step (798 ns) these effects further develop. As shown in Fig. 4.4 (a) and (c)
there are LPP ions of quite different velocities piled up at the edge of the diamagnetic cavity and

the cavity has largely collapsed. More of the background ions have been picked up by the electric
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fields and a population have been accelerated to speeds higher than the bulk of the LPP. Since the
LPP was not sufficiently populous the coupling was not sufficient to see any separation of the LPP

from the background accelerated ions.

4.4 Summary

The collective electromagnetic interactions that couple energy from a sub-Alfvénic laser produced
plasma to a pre-formed, magnetized background plasma are explored via a novel laser induced
fluorescence diagnostic. Time streaks of two ion velocities and velocity distribution functions at
two given times are compared to measurements of magnetic compression and diamagnetic cavity
formation. The observation of LPP ions departing from ballistic motion corresponding to colli-
sionless coupling of LPP-background coupling is understood through modeling the experimental

data.

e Three-dimensional, fully kinetic particle-in-cell simulations reproduce both the magnetic
field and particle data and show that the LPP ions couple energy to the background upon
crossing the large magnetic field gradient at the edge of the diamagnetic cavity. The discrep-
ancies observed when comparing the PIC results to the measured data stem from the large
spatial spread in the ions when being initialized compared to the experiment, as well as the

inherent dependence of the experimental LIF data on the density of the ions.

e This experiment mapped out the 2D spatial extent of two velocity bins, and two time delays
of the velocity along the blow-off axis. Future experiments on the LAPD will map the full
extent of the velocity space, as well as the transverse velocities, in order to gain more insight

into laser-target interactions.

e In addition to the increased extent of mapped parameter space, the plasma conditions will
be improved in the context of quasi-perpendicular collisionless shock formation [9, 77, 66].

The combination of a higher energy laser system ( 20 J) [78], which is expected to create a
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faster LPP expanding into a hotter, denser background plasma from an improved source, will

push the experiment well into the super-Alfvénic regime.

Although this diagnostic was developed with the intention of measuring carbon ions ablated
by a moderate intensity lasers (~ 1 x 10! — 1 x 103> W/cm?), the technique can be adapted

to a variety of experiments that generate compatible C charge states.

For example, it may be possible to use this technique in inertial confinement fusion (ICF)
experiments. While in typical ICF experiments the high laser intensities (I, ~ 1 x 103
W /cm?) will initially create a much more highly ionized plasma (Z ~ 6), C ions compatible
with this LIF scheme have been observed in gas-filled capsule implosions[2], possibly due to
the collisionality of these plasmas. Further studies would indicate if this technique would be
feasible in such environments. In order to probe the timescales of such experiments a short

pulse (~ps) laser would be required.

This technique could be further extended by using two-photon LIF [14, 57] which is capable
of measuring ion properties such as temperature and density, as well as ambient properties
such a magnetic or electric fields with the caveat that the high intensities required would limit
the measurement to a single point, reducing the spatial information gained. This technique
has not yet been explored in our configuration due to high probe beam intensity required to

perform two-photon LIF, as well as the low spatial resolution of such a measurement.
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CHAPTER 5

Super-Alfvénic Coupling

5.1 Overview

The expansion of a super-Alfvénic, quasi-perpendicular LPP into a relatively tenuous magnetized
plasma has been investigated. The energetic carbon (C) ions couple energy and momentum to the
helium (He) ambient ions through large scale laminar electric fields (eqn. 1.10) over length scales

that are much shorter than the ion-ion collisional mean free path (A;; . 7p).

Magnetic pressure gradients (E,,.s in equation 1.10) along the edge of the diamagnetic cavity are
enhanced by the ambient plasma density. These are strongest transverse to both the blow-off axis
and magnetic field and act to collimate the LPP flow into a jet-like structure as depicted by the blue
arrows at t; in figure 5.1. These fields are created at frequency close to the ion-cyclotron frequency

which drives the collimation off axis in the azimuthal direction.

This collimation into a jet-like feature results in a high current density that extends well past the
diamagnetic cavity, allowing for the Larmor electric fields (Ez,, in equation 1.10) to accelerate the
ambient plasma consistent with an E X B drift. This is depicted in figure 5.1 at t;. A similar focusing
via magnetic pressure has been observed in the expansion of an LPP into a strongly magnetized
vacuum [70], and due to a curvature in the polarization electric field [61, 88]. The polarization
driven case involves a low 8; LPP where the magnetic field is not significantly perturbed. Here, the
self-focusing and additional cross-field transport is primarily due to the magnetic pressure. This is

in agreement with Brenning et al. in their comparison of high to low S plasmas [16].
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Figure 5.1: Illustration of the formation of the blob and small magnetic compression. As the LPP ions converge
into the jet, the strong Larmor electric fields cause an E X B drift in the ambient plasma. At t, the Helium and
electron population is coincident with the LPP jet, but for simplification in the illustration is is shown above the
jet. This accelerates the helium ions upwards, due to the large gyro-radius, while moving the electrons primarily
perpendicularly to Er,,-. This sets up electric fields along the outside of the electron population that expels the local
magnetic field and compress the magnetic field above the blob.

The relatively large gryoradius of the ambient ions compared to the electrons will cause a charge
separation electric field (E¢pqrge in figure 5.1 at t3). This electric field is directed anti parallel to
the Larmor term and creates an additional structure in the magnetic field that extends past the bulk

diamagnetic cavity. This "blob" (as it is generally referred to in 2D) is a slice of a filament structure.

Similar blob (2D) or filament (3D) phenomena have been observed in both flux tube transport in
1onospheric events such as the Starfish* experiment [94], as well as in cometary transit [51] where
blobs are observed to co-move perpendicular to both a jet-like structure and the solar magnetic
field. The creation and transport of blobs are often tied to a polarization drift which results from
a static electric field that arises due to the difference in gyro-directions of the electrons and ions.
However, this is only the case when the magnetic fields are not significantly altered. These blobs
have frequently been observed to cross field lines, and transport energy along magnetic field line.
To our knowledge, this is the first time a blob has been studied in such a transient laser-produced
plasma. One prior study saw an increase in visible light congruent with the location and timing of
the blob, but it was not discussed in their findings and it is unclear if the same phenomena is the

cause [13].

Here, the formation and separation of a blob from the bulk diamagnetic cavity is explored by

measuring the time evolving magnetic fields (bdot probe) and the velocity distributions of the LPP
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Figure 5.2: Schematic of the experiment. The LIF measurement was imaged along the axis of the LAPD through a
turning mirror embedded in the LAPD.
plasma (LIF). In order to measure the reaction of the ambient plasma to the LPP, the helium plasma

is imaged through a bandpass filter.

5.2 Experimental Setup

The experimental setup is illustrated in figure 5.2, and shares a great deal with the setup in the
previous chapter [28]. The Peening laser system (1053 nm, 14 J, 14 ns FWHM) is used in place
of the SpectraPhysics laser for the purpose of ablation, which increases the on target intensity to
~ 1 x 10'2 W/cm?. The focusing lens has remained unchanged, which results in a similar spot size
between the experiments. Despite this, the number of ablated ions increases by nearly an order of

magnitude, as well as the on-axis velocity increases by roughly a factor of three [78].

The collection optics system for the LIF diagnostic has significantly changed from the sub-Alfvénic
setup. Here we image the LIF beam along the axis of the machine in order to observe the xy plane.
A turning mirror is inserted from the west side of the LAPD with a mirror reflective in the UV.
The LIF is imaged though the same bandpass filter. The ICCD camera has been upgraded from the

prior experiment. The new PIMAX4 camera has a generation Il intensifier that is optimized for the
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Figure 5.3: Diagram showing the different diagnostic setups used for this experiment. The bdot configuration shows the
three xy planes where data was acquired. In order to avoid the ablation laser path the extent of each plane was limited in
y according to x positions. The LIF parallel configuration shows the geometry chosen for measuring the x component
of the LPP velocity. The LIF perpendicular configuration shows the geometry for measuring the y-component of the
LPP velocity. Since a pencil beam was used for this measurement, the LIF probe beam was scanned along the x
direction to measure the transverse velocities at different spatial positions.

UV, with an imaging array of 1024 x 1024 pixels, 16 bit digitization, and increased sensitivity in

low level light detection.

A helium ion density of 2.1 x 10!3 cm™3

was achieved in this experiment through the use of the
LAPD gas-puffing device near the south end LaBg cathode. The LPP expanded into the main
discharge of the LAPD and so the electron and ion temperatures for this experiment were higher as

a result.

In the sub-Alfvénic experiment, the LIF probe beam was expanded into a 5 cm thick sheet in the
xz plane. This worked well, in that the intensity of the beam was constant throughout the entire
length of travel to a good degree which meant that there was a higher chance of the LIF beam to
cause fluorescence. The drawback being that the measurement was effectively 1D and interesting

results were potentially missed.

Here, the probe beam was fanned out along the xy plane and focused along the z direction (as
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shown in fig. 5.3 (b)). This resulted in a larger region in which the dynamics of the LPP could
be observed, but without confidence of the exact intensity of the beam at any given point. As the
priority was to measure velocity and not the density, this was an acceptable trade-off. Given that
the angle of the beam is relatively small (5 — 10 degrees), it is safe to assume that the x-direction

of the LPP velocity was measured.

In addition to measuring the LPP parallel velocity, vy, a second probe beam geometry was imple-
mented to measure the transverse velocity of the LPP along the y-direction. In this configuration
(fig. 5.3 (¢)) the LIF beam enters through a quartz window on the top of LAPD and passes
through the LPP in the negative y-direction. This causes fluorescence in the ions with a specific
y-component of velocity according to the wavelength of the probe beam. This measurement proved
to be more sensitive to the intensity of the probe beam, and therefore the beam was not fanned out
along the direction of travel and remained at 1 cm wide. In order to acquire data from an area with
a width larger than the beam waist, the beam was scanned along the x-axis to measure a larger area.
Measuring the transverse component of the LPP velocity allows the observation of the effects of

the laminar electric fields, as they primarily act in the y direction for the setup described here.

For each measurement, 50 shots (25 background and 25 signal) were acquired, averaged and
subtracted in order to have sufficient signal. The number of shots necessary to produce a reasonable
signal was much greater than in the sub-Alfvénic experiment. There are three possible explanations
for this: the higher velocities in this experiment causes the density to drop much faster based on
geometric arguments, increased ablation laser intensity produces more higher charge state ions in
the LPP, and the LIF laser energy had anomalously dropped by nearly a factor of two, likely pushing

the measurement well outside of the saturation region.

A few examples of the LIF measurement are shown in figure 5.4, half in the parallel configuration
and half in the perpendicular configuration. The images shown here act as a benchmark in order
to confirm that the LIF diagnostic is consistent with a time-of-flight model where ions are spatially

located according to their speeds. Based on the good agreement, we can confidently use the LIF
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Figure 5.4: Eight images showing the LIF signal in red overlayed on top of the LPP self-emission in grey scale at the
same time. The red signal representing the LIF measurement is referred to as a heat map. These images show that the
LIF diagnostic works well on ions moving ballistically (ions that are measured as moving faster are further away from
the inception point). (a-d) displays the LIF in the parallel configuration in which measured v,. There is a very strong
signal in three of the four velocity bins measured that are in good agreement with ballistic motion. (e-h) display an
example of the LIF measurement in the perpendicular configuration which is consistent with ions that have gyrated a
small amount (small negative values of vy, on the axis). These measurements which are held to a higher scrutiny (i.e.
signal closer to the noise level has been cut) for the acceptable S/N ration giving confidence that the diagnostic works
well and can be used to assess more subtle features.
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investigate more subtle features along the edge of the cavity and extending past the cavity where

the dynamics are far more complicated.

The bdot probe was fielded in the same xy plane as the LIF beam for comparison. Multiple xy
planes are stitched together in order to avoid the ablation beam path, while also measuring the

largest possible interaction region. A visualization of the three planes measured is shown in figure

5.3 (c).

These experimental differences between the sub-Alfvénic and super-Alfvénic experiments are sum-
marized in table 5.1. The key differences in the formation of the blob are the increase in number of

LPP particles and bulk LPP flow.
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sub-Alfvénic \ super-Alfvénic
Ambient Plasma
Magnetic Field (G) 600 600
ng.+ (cm™2) 1.6 x 1013 2.1x10"3
T, (eV) 1 5-10
d; (cm) 11.5 10
v (km/s) 160 140
Ablation Laser

E;(J) 1.5 14
I; (W/cm)? 10! 1012
77 (ns) 10 14

Laser-Produced Plasma
N Particles ~ 105 ~2x 101
Bulk Initial Velocity 0.6v4 1.5-2vy
Bulk Ion Species c+ CcH
Diamagnetic Cavity || 0.4 d; ~d;
Size (cm)

Table 5.1: Summary of differences between the sub-Alfvénic and super-Alfvénic experiments. The increase in LAPD
ambient density leads to a smaller Alfvén speed and smaller ion inertial length. The more substantial experimental
difference was the increase in ablation laser energy results in a much faster blow-off speed and larger cavity size. The
ion species that dominates in terms of kinetic energy density remains C**.

5.3 Experimental Results

This section details the experimental results of a super-Alfvénic LPP expanding into a magnetized

ambient plasma.

The first part discusses the effect of the increased density to the diamagnetic cavity formation and
shape. Without these high densities, the magnetic pressure would not be sufficient to collimate the

LPP flow into a jet.
The second part details how the LPP focuses into a jet.

Finally the third shows how the jetting into the high density magnetized plasma forms the blob.
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5.3.1 Coupling Length Scales Determined by M 4

As discussed in chapter 2, the size and shape of the diamagnetic cavity depends on the contribution
of energy transferred to the magnetic fields and ambient ions. In the limit of a sub-Alfvénic
expansion (v < v4), the contribution of the ambient ions is small and the magnetic stopping radius
dictates the cavity size. Conversely, in the far super-Alfvénic limit (v > v,4), the contribution of

the magnetic field is small and the equal mass radius determines the diamagnetic cavity size.

In the low, super-Alfvénic Mach number case (v ~ 1—-2 v4) neither of these simplifying assumptions
can be made and the LPP expansion is stopped by both the ambient ions and the magnetic field.
In order to test the contribution of each, a bdot probe measured the diamagnetic cavity size and
timing with and without an ambient helium plasma. These data will be referred to as the ambient
plasma, or LaBg cathode, being "on" or "off". When the cathode is off, the ambient plasma density
is negligible and therefore the cavity is determined by the energy transferred to the magnetic field
alone, which is comparable to when the LPP expands into magnetized vacuum. During the plasma
off runs, the gas puffing system was also turned off so as to reduce the pressure further in the LAPD,
ensuring a collisionless interaction. As the magnetic field produced by the coils surrounding
LAPD work to confine the ambient plasma, testing the expansion into an unmagnetized plasma in
the LAPD is not possible. Comparing the cases of expansion into plasma and vacuum allows the

validity of equation 2.3 to be tested.

Figure 5.5 shows a comparison of B, along the blow-off (x) axis versus time with (a) and without
(b) the ambient plasma. In addition to the full streak plots shown in (a) and (b), lineouts along the
x-axis at a specific time are displayed in the plots directly below. These show B (blue), with the
calculated E; .4, (orange). The peak value of the diamagnetic current (spatially located at the

peak of the orange trace) at t = 500 ns is taken as the stopping radius for each case.

Evaluating the stopping radii with equation 2.5 reveals that the Alfvénic Mach numberisM4 ~ 0.8.

This number is substantially lower than expected based on measuring the LPP velocity with the
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Figure 5.5: Streak plots of B, as a function of time and x are plotted for the case of expansion into a magnetized
ambient plasma (a) and only a magnetic field (b) with the difference between the two in (c). The lines on the contour
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current, the effects of the ambient plasma are observed in the increased calculated electric fields by over a factor of two.

This increase in the collimating electric fields force the LPP flow back towards the axis of symmetry. At 1200 ns, the
time at which the blob gyrates back to the x-axis, there is a region of magnetic expulsion far out past the main cavity

in (g) whereas there is no such structure in (h). This is exaggerated in (i) which shows the difference between the two.
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Figure 5.6: Images taken of the LPP self-emission expansion at t = 550 ns relative to ablation laser. Both images are
taken through a bandpass filter centered around 227 nm light. Within the bandpass filter are prominent self-emission
lines for C** and C** which are the dominant ions in terms on the kinetic energy density of the LPP. The proportion
of C** to C** is identical between the two cases. Emission from other ion species has been filtered out which explains
the gap between the leading edge and the light closest to the target. (a) is the expansion into magnetized vacuum (with
the gas puff turned off) and (b) is the expansion into magnetized plasma. y comparing the two images, the effects of
the ambient plasma on the self-focusing of the LPP is evident. The ambient plasma increases the magnetic pressure
which helps to confine the LPP. This increased confinement allows for additional cross-field penetration, as shown in
(b) extending further along the x-axis than (a). The polarization electric fields are present in each case and cause the
off-axis tilt in the electron gyro-direction (+9).
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LIF diagnostic and calculating the Alfvén speed from the density measurement and magnetic field
value (see table 5.1). The main contributor to the error in calculating the Alfvén speed in this way
is the assumption that the LPP expands similarly in both cases, or that the volume of the LPP in
each scenario is accurately described by one radius. The bdot data for the expansion into vacuum

was only taken along the x-axis and limits the comparison to one-dimension.

By referencing images of the LPP expansion, as shown in figure 5.6, a qualitative difference in the
stopping volume is observed. The images in fig. 5.6 show the expansion of the LPP at t = 550
ns into magnetized vacuum (a) and plasma (b). Light is filtered through a bandpass filter centered
at 227 nm which only transmits light from C?* and C*" self-emission. The proportion of C>* to
C* is identical between the two cases. This explains the gap between the leading edge and the
trailing edge in each image. The difference in expansion along the y-axis between the two cases
is significantly larger than the difference in x-axis expansion. The Mach number would be more

accurately calculated in this way if a 2D measurement of the cavity was taken with the bdot.

The collisionality condition must be revisited when considering the expansion of the LPP into a
magnetized gas to ensure that energy is not being transferred from the LPP ions to neutrals via

collisions. The approximate collision frequency for ion-ion collisions in a plasma is [86]

ViV =9x 107, 222" A1 (l + i%) (5.1)

H M€
which equates to A7, = 125 m. The relevant mean free path for ion-neutral collisions is one
for resonant charge exchange, which dominates compared to both the polarization attraction and
the collisional excitation in the energy regime for the carbon ions in this experiment. Once again
experimental findings from Phaneuf et al. [69] are adopted to see that that A,, 7, ~ 60 m. Despite

the factor of two difference in mean free paths, the interaction length scales still far outweigh the

experiment length of 10 cm.
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Figure 5.7: Self emission images of the LPP at 100, 300, and 500 ns. The light is predominantly from C** ions, but
includes light from other C ion self emission. At early times, the LPP expands primarily along the x-axis. Continuing
further out in time the formation of a jet-like structure appears at the leading edge of the expansion of the plasma off
from the axis of symmetry. The structure moves upwards, opposite of the gyromotion of ions in the applied ambient
field of LAPD. A red dotted line is plotted along the x-axis for reference. The formation of the jet is a result of the
magnetic pressure that acts along the edges of the LPP flow. The upwards tilt of the jet is a result of the polarization
drift acting on the ions.

5.3.2 Convergence of Flow into Jet-like Structure

In the overview of this chapter, it was discussed how the magnetic pressure gradient at the diamag-
netic cavity edge focuses the LPP along the dimension transverse to both the magnetic field direction
and the blow-off axis (figure 5.1 at t;). It was shown in the section above that the presence of the
ambient plasma enhances this effect. This is accompanied by an induced drift which collimates the
flow off-axis. This effect can only be observed in the xy-plane. The magnetic pressure gradients
are substantially smaller in the Z direction, and so the same collimation is not observe in the xz

plane (see chapter 4). Here I will discuss in more details the convergence of the flow into a jet.

In the first stage of the LPP expansion, the directed ram pressure of the LPP (O.Sm,-nivl.z) greatly
exceeds that of the ambient magnetic field (B% /8m). The ratio between the LPP ion kinetic ram
pressure and the magnetic pressure is the kinetic beta, gy = O.Sminivi2 / (B% /8m). The general
shape of the LPP closely resembles that of the ballistic expansion into B = 0 where the leading
edge forms a cos?(6) distribution, where 6 is from the x-axis [44]. This is reflected in the shape
of line-integrated, unfiltered images of the LPP (figure 5.7 (a)) and the still forming diamagnetic

cavity (figure 5.8 (a)). In figure 5.8 B, is represented by the contour, and the magnetic pressure
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Figure 5.8: Two dimensional bdot scans are shown at three times. Two separate planes are stitched together in order
to scan over a large area from 1.8 < x < 10.1 cm and —6.5 < y < 2.8 cm, while also avoiding the ablation laser path.
The contour represents the magnetic field along the axis and the arrows represent the calculated magnetic pressure
term in the laminar electric field equation. At 100 ns the compression is first observed to enter the field of view. The
magnitude of the magnetic pressure is small and is not yet visible. At 300 ns the magnetic compression is observed
off axis by roughly 1 cm in the -y direction. The large magnetic pressure along the cavity edge is shown by the highly
localized black arrows. At 500 ns the full extent of the diamagnetic cavity is shown and a discrepancy of the magnetic
pressure strength along the top and bottom of the diamagnetic cavity. If integrated along the y-axis there is a net
positive pressure in the y-direction. Here a zoomed in image of the diamagnetic cavity is shown. The development of
the blob is outside of the frame of these images.

gradient driven electric fields are represented by the arrows, which are calculated from equation

1.10.

The early time LIF measurements agree well with the bdot data and unfiltered images. The LPP
ions travel relatively unimpeded with shells of faster ions further out in space than slower ions.
This is evident in fig. 5.9, which displays six parallel velocities at t = 100 ns. The transverse LPP
velocities at the same time are shown in figure 5.10 (a-d) agree well with the expected motion of ions
with larger y velocities extending further from the x-axis. There is a slight offset in y-velocities, as
seen with y = —54 km/s directed velocity on axis and the bias of x = 262 km/s towards the negative
y. These are consistent with ions gyrating in the magnetic field for 100 ns, corresponding to 0.2
radians. This is considerably different from the expansion into unmagnetized vacuum as seen in
figure 3.8 at the same time. A comparison to the sub-Alfvénic experiment is challenging due to the

difference in ablation beam and imaging orientation.
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Figure 5.9: An illustration of the parallel LIF setup is displayed on the top. The six velocity bins collected at t = 100
ns are shown. Ar early times, the LPP expands freely, closely following a cos?(#) model. The background grey-scale
contour is the self emission of the LPP which is integrated over the line of sight and all wavelengths and the red contour

represents LIF data.
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Figure 5.10: An illustration of the complementary setup for perpendicular velocity measurements is shown on the far
left. Four velocity bins are measured at this time, ranging from —107 — 51 km/s. This data is also in good agreement
with a ballistic expansion of the LPP ions. Att = 100 ns the LPP expands ballistically, which is represented by the
approximately Maxwellian spread in the velocity profile. Once the magnetic pressure forces have begun to act and
restrict the LPP transverse motion, the spread in velocity becomes much more leveled out in y-direction.
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As the ions continue to expand, the diamagnetic currents increase and form the diamagnetic cavity
and field compression structure. The diamagnetic cavity and magnetic pressure gradient vectors are
now evident in figure 5.8 (b). Since the magnetic compression (6 Bcompression ~ 0.3 X Bg) observed
in this experiment is relatively small compared to the diamagnetic cavity (0 Bcqviry ~ —0.9 X By),
the pressure gradient driven electric fields are predominantly in the wake of the fastest LPP ions and
the force directs ions inwards in the direction of the diamagnetic cavity. From this it is observed that
the magnetic pressure is primarily directed in the +J direction along the bottom of the cavity and
the —¥ direction along the top of the cavity. Since a derivative is calculated across a discontinuity
when stitching the planes together, there is some non-physical behavior along the stitched line that

can be ignored.

With this continued expansion of the LPP the density decreases in inverse proportion to the time
cubed (ny,, o t73). This decreases the transverse ram pressure to the point where the magnetic
pressure term stagnates the expansion along the y direction and redirects the plasma flow back
towards the x-axis. A simple cartoon displaying this effect is shown in fig. 5.11. The ballistic zone
refers to the region where LPP ions are expanding into the diamagnetic cavity and their motion is
unaffected by the negligibly small magnetic field. The ion velocities observed in figure 5.4 (a-d)

represents the motion in the ballistic zone.

The convergence zone is where LPP ions are expanding across the magnetic field gradient along
the cavity edge. The ion motion is significantly affected by the non-zero magnetic field and the
pressure gradient electric fields. The electric fields will redirect the ions back towards the blow-off
axis. If the flow is sufficiently redirected it will converge into a high density jet-like structure at
the leading edge. The additional features observed at the edge of the diamagnetic cavity in figure
5.12 show ions in the convergence zone. The transverse velocity maps visualize how the transverse
flow is restricted from 100 ns and 300 ns (fig. 5.10). The spread in velocity space is reduced from
vy (100 ns) = [-107,51] km/s to v,(300 ns) = [-54,0] km/s primarily in the convergence zone.

At this time (300 ns) the jet has not yet formed.
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The addition of an ambient plasma steepens the magnetic ramp, which is the region where the
magnetic field "ramps" up from fully expelled to peak compression. An example of the enhancement
is shown in figure 5.5 (d) and (e). In (d) the magnetic ramp is approximately 6 B = 650 G over x =
7.5 = 10.5 cm, or roughly 6 B/6x = 220 G/cm. The expansion into a magnetized vacuum (e) the
magnetic ramp is greatly reduced to 6 B/6x = 100 G/cm. Since the calculated E s (orange lines
in (d) and (e)) is proportional to § B>/dx, the LPP expansion into plasma experiences over twice the
focusing effect compared to vacuum. Revisiting the imaging on the late-time (500 ns) expansion
confirms the impact of the ambient plasma (5.6 (b)) on the collimation compared to expansion in

vacuum (5.6 (a)).

If the curvature in polarization electric fields across the cavity was the dominant focusing mecha-
nism, there would be no difference between the expansion into plasma compared to vacuum as this
large scale polarization is due to the interaction with the magnetic field [16, 82]. The key assump-
tion that leads to a curvature in the polarization fields is from the lack of magnetic field perturbation
(low B). This allows for a simplified version of Faraday’s law in which VX E = %‘(’l—f = 0. This is

not a valid approximation in the diamagnetic cavity edge in this experiment. Outside of the main

diamagnetic cavity these large polarization fields have been measured [13].

This focusing results in the highly anisotropic expansion of the cavity which is evident in the shape
of the 500 ns data in both figures 5.7 and 5.8. The "tear-drop" like shape is a result of the magnetic
pressure term directed along the y-axis along with a time varying E X B drift as is discussed below.
Similar effects have been observed in experiments studying sub-Alfvénic expansion [88] as well as

expansion into vacuum [70, 61], and have been discussed theoretically [4, 79].

The LPP continues to self-focus until a jet is formed at the leading edge. From the arguments given
thus far the jet would be expected to be formed on axis, since the transverse magnetic pressure
would be expected to be symmetric across the blow-odd axis. The self-emission images in fig 5.7
(c) and 2D magnetic field data in fig. 5.8 show that the jet converges repeatably off axis in the +y

direction. This corresponds to the electron gyro-direction.

83



Convergence zore

Figure 5.11: Tllustration adopted from Frank et al. 1996 showing the convergence of the plasma flow transverse to the
primary direction of travel. This flow "refracts" due to the interaction with the magnetic fields and ambient plasma
and sets up a jet-like structure at the leading edge of the LPP. The convergence zone represents the region in which the
magnetic pressure term is large and redirects the LPP flow. The ballistic zone is the region of expelled magnetic field
where the ions travel ballistically. The jet is a result of the convergence region where ions pile up into a high density
at the leading edge of the diamagnetic cavity.

Consistent with the findings of the sub-Alfvénic experiment, the leading edge ions experience a
large deceleration due to the magnetic pressure gradients. This is evident in the deceleration of the
leading edge ions from t = 100 ns (figure 5.9) where ions are moving upwards of v, = 315km/stot
=300 ns (figure 5.12) where ions are observed to move at velocities as slow as v, = 50 km/s. This

m Av

deceleration would require a radially inward directed electric field of magnitude E, = TA T 400

V/cm. This is consistent with the calculated fields in figure 5.5 (d).

The ions slow rapidly due to the presence of this electric field which has been measured in prior
experiments [13, 28]. These slow moving ions have a small directed gyroradius (p; < 1 cm) which
allows for the ions to drift along the cavity edge in the azimuthal direction. Prior experiments have
attributed a similar drift to the E X B drift of the entire LPP mass [61, 88, 26], the present case is
a more localized effect as the drift can only affect particles along the diamagnetic cavity edge that
have met two criteria: sufficient deceleration for p; < 1 cm, but still in the presence of a magnetic
field. As the magnitude and direction of the E X B drift and VB drift are similar, either of these

could play a role in the motion along the cavity edge.

This will guide the ions in the azimuthal direction, or counter-clockwise in the data shown (+y on
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the x-axis, +X on the bottom of the cavity edge, and —X on the top of the cavity edge). The effects
of the drift can be observed in figure 5.12 which shows the x-directed velocity bins of the C** ions.
The ions in the convergence zone on the top side of the cavity experience a deceleration, which is
evident in the ions with a low velocity existing further out in space. In the region of the 52 km/s
bin at x =8 — 10 cm and y = 0 — 2.5 cm there is a large signal. Ions traveling ballistically at 50

km/s would reach a distance around 1.5 cm by this time.

The reciprocal net positive drift along the bottom of the convergence zone is more visible at higher
velocity bins. The velocity map representing the 157 km/s bin, for example, displays a large signal
along the bottom edge of the cavity far behind the signal along the top edge of the plasma. If the
LPP was allowed to expand freely into an unmagnetized vacuum, the expansion would be purely
symmetric about the x-axis (see figure 3.8). However, since the ions along the top are decelerated
and the ions along the bottom are accelerated in the convergence zone there is a large difference in

the spatial position of the two signals.

This drift results in the self-collimation of the LPP off axis by y = 1.3 cm at 500 ns as displayed in
figure 5.6 (b). Although the bulk features of the drift along the edge is observed here, the interface
of the LPP and magnetized ambient plasma is host to a number of instabilities that is believed to

lead to the spiky nature observed along the edge [23].

The x-directed velocity LIF maps at this time (550 ns) are displayed in figure 5.13. Below the
velocity maps is the 2D magnetic field at the same time. The black dotted line overlayed onto all
of the plots at the same point shows the very tip of the diamagnetic cavity. As will be shown in
the following section, this feature detaches from the main cavity and maintain a region of expelled
magnetic field that extends outward from the cavity, similar to a filaments observed in the Starfish*

high-altitude nuclear test (HANESs) [94].
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Figure 5.12: Images of fluorescing C** ions at 300 ns at six different x-velocity bins. The effects of the Vpot velocity
shear along the edge of the cavity is evident in the discrepancy of the velocities measured on the top and bottom of the
cavity. Velocities lower than 0 km/s and higher than 267 km/s bin were within the noise and therefore are not displayed
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over the top of them, and are identified as streaming within the diamagnetic
cavity. The blue lines overlayed onto the images represent the expected time of flight distance for ions traveling at this
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Figure 5.13: Fluorescence images of C** ions at 550 ns at six velocity bins are displayed over the greyscale self-emission
images of the LPP. On the bottom a contour plot of B, at the same time is shown when the blob is first separating from
the diamagnetic cavity. The region where the blob is separating is represented by a black dotted line on the magnetic
field plot as well as the LIF images. The bulk LPP flow is directly below the formation of the blob, which suggests the
blob is formed from the cross-field ion currents.
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5.3.3 Laser Produced Plasma Jetting Forms Plasma Blob

The focusing of the LPP maintains higher densities later in time and space than a free expansion.
This high density flow is propelled into a region of magnetic field. This large, cross-field ion
current density mediates the Larmor electric fields to develop (E o« —n;g;v X B) in the y-direction
acting on the LPP and ambient ions alike. These fields counter-balance the Lorentz force on the
LPP ions and prevent gyration, whereas the ambient ions accelerate upwards and move according

to the Lorentz force equation

d’r(t) _dv(r) e V(1)
a2 - ar i \E@O+ == XBr). (5.2)

As the ambient ion velocities are initially quite small, the equation of motion is dominated by the
force due to the Larmor generated electric fields. The ambient ions are initially directed parallel to
the electric fields (+9) and then begin to gyrate. Since the LPP ions are primarily directed along
the x-axis the difference in trajectory of the LPP ions and gyrating ambient ion separates them
by upwards of the directed ambient ion gyroradius pg.+ = Vy.+/Qpge+, Where v+ is the directed
velocity and Q.+ is the ion cyclotron frequency for helium ions. This effect is displayed in the
illustration in figure 5.1 at t3. The ambient electrons have a smaller directed gyroradius and so
their motion to a good approximation can be is treated as directed radially outward according to
the E X B drift with the externally applied magnetic field. The difference in motion between the
two ambient species creates a region of charge separation that establishes an electric field directed
downward. The combination of the Larmor and charge separation electric field sources enables a

current which expels the magnetic field between the two flows as seen in figure 5.1.

To visualize this, figure 5.13 shows the 2D magnetic field map where there is first evidence of the
blob compared to the velocity maps of the LPP. A black dashed circle highlights the region where
this blob originates with a yellow arrow indicating its approximate future trajectory. Black dashed

circles are over-plotted onto the LPP velocity maps in same location where the blob forms to allow
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for an easier comparison between the two measurements. The predominant LPP flow is directly

below the blob by this time, consistent with the blob being driven by Larmor electric fields.

The dynamics of the blob are shown in fig 5.14 where 2D bdot traces are displayed at ten separate
times spanning form 500 — 700 on the first column and 750 — 950 ns on the third column. Each
of these 2D traces are accompanied by y-lineouts of B, at five positions along the x-axis for easier
visualization of the blob cross-section. The five lineouts are represented by the black dashed lines
overplotted onto the 2D traces. The traces start before the blob has detached from the cavity. At
times before 650 ns the characteristics of a standard diamagnetic cavity are observed, with the
cavity strength decreasing with increased distance form the target. By 750 ns, the blob detaches
from the cavity and the tip returns towards the blow-off axis. In the lineout at x = 12.7 cm, the
blob expulsion is AB = 100 G which is 60 Gauss more expelled than the field at x = 10.7 cm.
This pocket of expelled magnetic field that separates from the cavity must be maintained by a
diamagnetic current structure flowing in a counter-clockwise sense. The blob is centered at (X,y)
= (12.7 cm, 1.8 cm) and has a physical size of 3.2 cm in the direction of travel and 1.8 cm in the
transverse direction, which is displayed in figure 5.15 (c). The amount of energy within the 2D

slice of the blob is calculated to be 35 pJ/cm from g—; X Apiob-

It is useful to check that such an ion current could expel this amount of magnetic field. Assuming
that the ions are approximated by a wire, the amount of current necessary to expel 100 Gauss at a
radius of 1 cm is 500 A (from B = g—ﬁf). An estimated density can be calculated from I = q;n;v;A;,
where q;, n;, v;, and A; are the ion charge, density, velocity, and cross section area. This leads to an
approximated density of 5 x 10'3 cm™3 for the LPP ions at 550 ns. Scaling laws [78] estimate the
number of laser ablated ions as 2 x 10!, which nearly half of should be C** at these conditions.
The shape of the LPP can be approximated as an oblate spheroid with a semi-major axis of 5 cm
and semi-minor axis of 2 cm to first order. This equates to a volume of 210 cm?®, and thus an

ion number density of 4.7 x 10'3 cm™3. The agreement of this simplified model give confidence

to the notion of the LPP ion currents creating the blob. This model would suggest an equivalent
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magnetic compression along the bottom of the ion current, which is observed in the lineouts at x =
10.7 cm at 500 ns in figure 5.14. This phenomena is short lived compared to the blob, as the blob
is maintained by the charge separation electric fields along the top edge, whereas the compression

is not maintained once the ion currents dissipate.

The blob then begins to dissipate and moves closer to the x-axis. By t = 1200 ns the center of
the blob displaced from the target by 16 cm where the maximum diamagnetic cavity extent is X =
10 cm. This is easier to observe in the lineouts present in figure 5.5 (g) highlighted with a black
dashed line. The blob expulsion magnitude has dropped from 100 to 40 Gauss by this time. The
1D lineout in figure 5.5 provides better spatial resolution for observing the blob than the 2D traces

in figure 5.15.

One prior experiment that observed this type of converging flow [70] did not report the formation of
this additional magnetic structure in the experimental data, even though a similar feature appeared
in the ideal MHD simulations. The structure is forming in the ambient particles and therefore was

not observed in the prior experiments as it was performed in vacuum.

The blob is formed between the two ion flows, the LPP along the bottom and the E x B drifting
helium ions [9, 13]. In order to observe the reaction of the helium ions as the LPP transfers
energy, the plasma was imaged through a 10 nm bandpass filter, centered around the 468.6 nm He™*
self-emission line. These images are integrated along the line of sight. As discussed in chapter 2,
the emission of this spectral line is only visible on the nanosecond timescale if the ambient ions are
in contact with energetic electrons. The emission is from a transition the n = 4 to n = 3 quantum
state and repopulation of the n = 4 state from the ground state requires collisional excitation by an
electron with energy > 51 eV. Therefore, only a small subset of the ambient ion reaction is observed

due to the cross field ion current.

Another difficulty in this measurement is that there exists a C>* self-emission line at 467.3 nm. This

is within the FWHM of the bandpass filter used to image the helium and at an intensity greater than
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Figure 5.14: The evolution of the blob from inception to dissipation are represented. At each time from 500 — 950 ns,
a 2D magnetic field trace on the left hand side and y-lineouts at 5 different x position on the right hand side are shown.
These x positions are represented by the black dashed lines over the 2D traces. Before the blob detaches from the
diamagnetic cavity, the y-lineouts show that the magnetic expulsion decreases with increasing distance from the target.
After the blob detaches around 700 ns, there is a distinct gap between the diamagnetic cavity and the blob where the
magnetic field is 60 Gauss less expelled than the blob. The peak expulsion of the blob is AB = 100 Gauss at 800 ns.
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the helium line. While this does limit this measurement, with basic arguments about the spatial

location and direction of travel of the C2* ions, the reaction of the helium ions can still be observed.

The ions species in the LPP should have velocities related to the respective charge-to-mass ratios,
giving C>* roughly half the initial velocity of the C** ions. Overlayed on top of the helium emission
images in fig. 5.15 are red dotted lines that represent the furthest spatial location C>* would be
expected to have expanded. Any signal beyond this point is assumed to be emitted by the intensified
helium ions. A secondary identification method is the direction of travel. As the C>* ions should
be directed primarily along the x-axis, the features that move along the y-axis in accordance with

the Larmor coupling term is assumed to be helium ions.

Based on these arguments, the He™ reaction to the LPP is observed in the filtered images. In figure
5.15 the magnetic field traces and filtered He ion images at three different times (500, 750, and
1000 ns respectively) are shown. A red arrow in figure 5.15 (b), (d), and (f) identifies the spatial

location of helium ions that are accelerated by these Larmor fields.

In the first row at t = 550 ns, the Larmor electric fields have just begun and so the helium ions have

not separated from the electrons and formed the detached blob.

The second row (t = 750 ns) depicts when the blob detaches from the main diamagnetic cavity and
the tip of the cavity returns back down to the axis. A region of 580 Gauss that has separated from
the main cavity has been highlighted in black and represents the blob. From the helium emission,
it is shown that ambient ions have primarily moved upwards in the y-direction, and slightly forward

in the x-direction, consistent with the E X B drift driven by the Lorentz equation 5.2 for early times.

The helium emission that is identified by the red arrow is notably above the blob. This helps
to support the origin of the blob as electron population trapped between two oppositely directed
electric fields. One along the bottom of the blob directed in the +y direction due to the LPP
cross-field currents (induced electric fields). The other along the top of the blob directed in the

—3 direction from the transient charge separation from the difference in gyroradii of the ambient
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ions and electrons as they E x B drift (electrostatic fields). This drives a current similar to the
diamagnetic current which expels the ambient magnetic field in this blob. The reason the magnetic
compression below the ion current dissipates much faster than this blob is the lack of electrostatic

field maintaining the feature.

Finally, at 1000 ns, along the bottom row the blob is directed toward the x-axis and dissipates. The
helium ions have decoupled from the LPP by this time. These blob structures have been observed
in earths atmosphere after Starfish* events [94] and have been measured to considerably elongate
along the field axis. A direct correlation can be drawn between the lifetime of these blobs and
the length along the field axis as energy is transported out of the system. In this experiment, data
was collected in two dimensions and therefore the full 3D structure of the filament is not clear.
However, prior experiments done on the LAPD by Gekelman et al. [37] have shown large coherent
current channels that exist perpendicular to the LPP flow in agreement with this blob, as well as
the corresponding density increase. These experiments did not reach currents as large as predicted
here. A characteristic that defines these blobs is a singly-peaked density distribution with a peak
value much higher than the surrounding root mean squared fluctuations of the ambient density
[27]. These are associated with changes to the magnetic field similar to those observed here. The
densities were not able to be measured in these experiments and only magnetic field data can be

compared.

In the duration that the motion of ambient ions is observed as a direct reaction of the LPP driver,
the species moves further in the y-direction than the x-direction. This is understood through
the equation of decoupling, presented by Hewett et al. [46]. It was previously shown that if
a =nZgng|2(Zang + Z4n,) meets the condition Q.7; < @ < 1 the ambient ions rapidly decouple
from the driver plasma. The left-hand limit of the equation is known as the finite pulse duration
limit, and is understood as the ambient ions not being sufficiently magnetized within the finite pulse
width of the LPP driver. The ambient ions are accelerated along y, increasing the gyro-radius.

However, by the time they complete one quarter of a gyro-period and direct the velocity to the
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Figure 5.15: (a-c) show 2D bdot planes at 550, 750, and 1000 ns. The region of ~ 580 G that is separated from the
main cavity is represented by the black dotted line in order to highlight the blob region. (d-e) show the unfiltered LPP
images at the corresponding times with the region of the blob highlighted. At 1000 ns the far out regions are outside of
the visible range due to the intense light near the target. (f-i) show the images with the helium filter placed in front of

the camera. While there is intense light from C?* light, a convincing signal is generated from intensified helium near
the blob.
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x-direction, the driver plasma has expanded well past and no longer are able to couple to the
plasma. This decoupling could be alleviated by using a hydrogen ambient plasma, or by increasing

the magnetic field. Since the electric field maintaining the blob has weakened, the blob dissipates.

Thus far simulations have been able to replicate some of the major features in this experiment
(blob detaching from cavity and drift). Fine adjustments are still being made to ensure sufficient

agreement between experimental and simulated data.

5.3.4 Comparison to Expansion in Vacuum

In order to verify that this blob structure is developed due to the presence of the ambient plasma,
it is useful to return to the comparison between the LPP expanding into the magnetized ambient
plasma to expansion into a vacuum with magnetic field as seen in figure 5.5. Comparing the blob
developed in the ambient plasma to vacuum is limited since the motion of the blob is off-axis, and
the only data collected without an ambient plasma was a lineout along the x-axis. In fig. 5.5 the
difference between plots (a) and (b) are plotted in (c) to detail the difference that ambient plasma
has on the magnetic traces. Blow each of the streak plots, an x-lineout at times corresponding to
500 and 1200 ns specified on the left most plot for each row. A line is overplotted onto the streak
plots to show where the lineouts correspond to the 2D data. The electric field due to the magnetic
pressure is calculated and plotted alongside the magnetic field traces. Only the x-component of

E,ress can be calculated in this lineout since the only spatial parameter varied is x.

From the 500 ns data (the second row) the calculated electric field that leads to both the self-focusing
mechanism, as well as the polarization drift, is greatly reduced from the expansion into plasma
(d) to the expansion into vacuum (e). While no 2D data of the vacuum shot was measured to
corroborate that the dynamics are affected, it stands to reason that the reduced electric fields along
the x-axis is representative of an overall reduce electric field along the exterior of the diamagnetic

cavity. This would result in less collimated flow and therefore no jetting or blob.
As displayed in the 2D bdot data, the blob gyrates down to the x-axis by approximately 1200 ns,
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and although the extent of the expulsion has been reduced, the effects are seen in the lineouts in
(g), (h) and (i). When there is no ambient plasma to interact with (b, e and h), the blob does not
develop and the field simply returns to the ambient field after the magnetic compression passes.
Whereas (g) and (i) show that an additional magnetic expulsion exists further out in space than the

diamagnetic cavity corresponding to the blob.

5.4 Summary

The main discovery in this experiments was the creation of an additional magnetic structure - or
blob - created in the ambient plasma that extends well past the diamagnetic cavity. 2D mapping of
a super-Alfvénic LPP expanding quasi-perpendicularly into a magnetized ambient plasma allowed
for the origins of blob to be explored. This experiment built off of the previous experimental
findings that have shown the effect of the magnetic structure term which dominates in sub-Alfvénic
expansion. While the dominant component of coupling in super-Alfvénic flow is the cross-field ion
current term, the magnetic structure term still plays an important role in the dynamics in the low
Mach number (M4 ~ 2) case. We investigate the dynamics through the combination of magnetic
field measurements, spatially and temporally resolved ion velocity maps, and wavelength filtered

imaging. The investigation has yielded the following results:

The dynamics are understood through the combined utilization of magnetic flux probes, wavelength-
filtered imaging, and the laser induced fluorescence diagnostic and have yielded the following

results:

e The effects of the increased coupling to the ambient plasma were observed, as is expected
from the energy balance equation. The diamagnetic cavity size is greatly reduced when
the LPP expands into a magnetized plasma as opposed to a magnetized vacuum. This
gives additional confidence that the plasma density is high enough that the LPP is in the

super-Alfvénic regime.
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e The measured magnetic fields allow the calculation of the electric fields along the diamagnetic
cavity edge that lead to a self-focusing force which allows a jet-like structure to emerge at the
leading edge of the LPP flow. LPP self-emission images are in good agreement with the self

focusing and agree well with the calculated magnitude of electric field strength.

e The restrictive force along the edge of the cavity that focuses the LPP and which acts
perpendicularly to the externally applied magnetic field leads to an inertial polarization drift.
This polarization drift is sufficiently strong to significantly affect the trajectories of ions
within a gyroperiod. This causes the gyration of the tip of the diamagnetic cavity in the
electron gyro-direction and are observed in the LIF maps as slowing the ions along the top

side of the cavity edge and accelerating ions along the bottom edge.

e The jetting of the LPP flow increases the density of the LPP ions in a region where ions are
crossing field lines. This ion current in a non-field free region allows Larmor coupling to
impart energy from the LPP to the ambient plasma directly instead of using the magnetic
fields as an intermediary in the process. This electric field is directed in such a way so as to
cause an E x B drift of the ambient ions and electrons. Using wavelength filtered imaging
the reaction of the helium ions to the LPP are observed to move according to the Larmor
term which is directed perpendicular to the LPP ion current and B field. The ions are not

well magnetized and so shortly after acceleration, they decouple from the LPP plasma.

e A blob is observed in the magnetic field traces where a region of expelled magnetic field
that extends well past and separates from the main diamagnetic cavity in what is referred to
as a blob. This blob structure is generated in the region where the Larmor fields originate,
but does not extend quite so high as the observed helium ions. This giving confidence that
the blob is a region of electrons trapped between the LPP and helium ions that then diffuses
along the field lines. The blob gyrates back towards the x-axis after a short (few 100’s of ns)
time. This blob is a result of the coupling to the ambient plasma and is not observed when

the plasma expands into vacuum.
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CHAPTER 6

Conclusions

6.1 Summary of Main Results

The primary results of this work can be divided into two components: the observation of a blob
structure developing in the interaction of a hot, transient plasma with the ambient magnetized
plasma of the LAPD and the implementation of a laser induced fluorescence (LIF) diagnostic

capable of measuring the hot, transient plasma.

The results will be divided into two sections based on the experiments performed. The first
discusses the creation of a blob in the ambient plasma. The second discusses the development of

the LIF diagnostic on a sub-Alfvénic laser produced plasma (LPP).

6.1.1 Super-Alfvénic Expansion

e A blob, or region of expelled magnetic field that extends well past and separates from the
main diamagnetic cavity is observed. This blob structure is generated in the region where
the Larmor (induced electric) fields originate and extends between the streaming LPP ions
and the accelerated ambient helium ions. This gives confidence that the blob is a region of
electrons trapped between the LPP and helium ions that then diffuses along the field lines.
This blob is a result of the coupling to the ambient plasma and is not observed when the

plasma expands into vacuum.
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6.1.2

The results of increased coupling to the ambient magnetized plasma are observed. The
diamagnetic cavity volume is reduced when the LPP expands into a magnetized helium
plasma as opposed to a magnetized vacuum. The discrepancy in size is not equivalent in
all dimensions, with the cavity length remaining more similar along the blow-off axis than

transverse to the blow-off axis.

The magnetic pressure gradient generated electric fields at the diamagnetic cavity edge
mediate the focusing of the LPP flow into a jet-like structure at the leading edge. This is
different from prior experiments where the LPP focused due to a curvature in the polarization
electric fields. LPP self-emission images are in good agreement with the self focusing and
demonstrate that the effect is not present in the expansion into magnetized vacuum. The

calculated magnitude of electric field strength agrees with the focusing mechanism.

The jetting of the LPP flow increases the density of the LPP ions in a region where ions are
crossing field lines. This ion current in a non-field free region allows Larmor coupling to
impart energy from the LPP to the ambient plasma directly instead of using the magnetic
fields as an intermediary in the process. This electric field is directed in such a way so as to
induce an E x B drift of the ambient ions and electrons. Using wavelength filtered imaging
the response of the helium ions to the LPP are observed to move according to the Larmor
term which is directed perpendicular to the LPP ion current and B field. The ions are not

well magnetized and so shortly after acceleration, they decouple from the LPP plasma.

Sub-Alfvénic Expansion

The first laser induced fluorescence measurements on an explosive, C** laser produced plasma
(LPP) as it expands into a preformed magnetized plasma were conducted. These allowed for
the LPP ion velocity distributions to be measured with high spatial and temporal resolution,
revealing ion deceleration in regions of high magnetic pressure gradients, consistent with

coupling dominated by the magnetic structure term.
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e The measured ion velocities at early times allowed for an improved initialization of three-
dimensional particle-in-cell simulations that well represent the interaction. Through matching
the ion velocities and diamagnetic cavity shape and expansion time, these simulations allowed
for the unmeasured quantities such as the total electric field and ambient ion reaction to be

understood.

e The combination of the novel measurement of ion velocity maps and simulations allows for
an understanding of electric fields created from laminar collisionless coupling that accelerate
the ambient helium ions. The energy from the LPP is observed to transfer to the magnetic

field and then to the ambient ions as is expected in the sub-Alfvénic regime.

6.2 Future Work

Structures similar to this blob feature have been observed in the AMPTE and Starfish* experiments
that transport energy across field lines. These features have been observed to have an increased
extent along the magnetic field axis, be associated with increased densities, and are characterized
by quantities that deviate significantly from Gaussian statistics. The exploration of blobs in LPP
experiments is relatively new and not thoroughly explored, as the geometry of this experiment was
2D. As a future direction, we could explore the spatial extent along the field axis, and try to measure

the increased density profile in the blob to understand how energy is transported along field-lines.

In the current setup, the LIF diagnostic requires averaging approximately 20 laser shots to collect
one data point. This is due to the necessity of subtracting background shots from the signal shots
to distill the actual signal. An improvement to the LIF diagnostic would allow for the collection of
signal in one ablation laser shot by using two cameras to observe the interaction region. One camera
would image the background a few ns before the LIF probe beam resonates with the LPP, then an
image would be acquired by a second camera to gather the signal and background. Assuming that
the dynamics of interest have not appreciably changed over a few ns, this would allow us to observe

non-repeatable phenomena such as instabilities, as well as field this diagnostic on slower repetition
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rate lasers.

Recent experiment have demonstrated improved control over the LAPD plasma conditions, resulting
in a factor of two increase in the helium density by conservative estimates. This increased density
will lower the Alfvén speed and extend this experiment further into the super-Alfvénic regime
dominated by Larmor coupling. If the same scaling of density applies to the hydrogen plasma,
the increase magnetization of the ambient plasma will extend the coupling between the LPP and

ambient plasma, while maintaining a super-Alfvénic expansion.
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APPENDIX A

Measurements of Ion Velocity Distributions in a Large Scale

Laser-Produced Plasma

A.1 Introduction

Creation of a hot expanding plasma by laser ablation of a solid target is ubiquitous in laboratory as-
trophysics. The interaction of a laser-produced plasma (LPP) expanding into an ambient magnetized
plasma is important in cases as diverse as the study of diamagnetic cavity formation[9], anoma-
lous magnetic diffusion[26], plasma instability growth[43], and collisionless shock formation[64].
These systems are often hotter (7, > 10 eV) and denser (n, > 103 cm™3) than those probed by
traditional diagnostics (e.g. magnetic flux probes, Langmuir Probes, etc.), which also inherently
disrupt the plasma during measurement. LPP experiments must instead rely on non-invasive diag-
nostics when traditional diagnostics would overly disrupt the dynamics or when the plasma is too

hot/dense to permit physical probes.

In this paper, the design and assembly of a time-resolved monochromator to diagnose ion velocity
distributions is discussed. We present results of time-of-flight (ToF) ion measurements from
expanding laser plasmas. One distinguishing factor from conventional techniques (i.e. Langmuir
probes, Thomson scattering) is the ability to separately diagnose different charge states within a
composite plasma. By looking at self-emission spectral wavelengths for each of the species in our
composite plasma, the velocity distributions and relative abundances of each ion species can be

identified. This information is vital in order to further understand the creation and dynamics of the
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laser-produced plasma.

A.2 Experimental Setup

This diagnostic was developed for use as part of a series of experiments studying instabilities in
ion beams streaming parallel to ambient magnetic fields[43, 45]. The LPP is created by focusing
a high energy laser (1053 nm, 200 J, 25 ns FWHM) onto a high-density polyethylene (CoH4)
target (Fig. A.1). The composition of the LPP is determined by the intensity of the ablation
laser[78], which for this experiment went up to 1, = 1013 W/ecm?

University of California, Los Angeles (UCLA) High Energy Density Plasma (HEDP) Phoenix

. This laser is operated by the

Laser Laboratory[63]. Based on this intensity, the most dominant ion species, in both population
and total kinetic energy density[78], is C**. The resulting plasma expands though the ambient
helium plasma of the Large Plasma Device (LAPD) at UCLA[36].

The LAPD consists of two cathodes (BaO and LaBg) on either end of a 20 m, long 1 m diameter
vacuum chamber that is capable of creating a quiescent and highly reproducible, steady-state
(~ 15 ms), magnetized plasma at repetition rates up to 1 Hz. The LAPD can create a plasma up

to electron density n, ~ 10'3 cm™3, electron temperature 7, ~ 5 — 10 €V, and ion temperature

T; ~1¢eV.

The initially dense LPP (n; ~ 1.5 x 10'7 cm™3) rapidly expands causing the leading edge of the
ablated ion plume to become quite tenuous[78] (n; < 5 X 10 cm™3) by the time it reaches the
first optical diagnostic window (viewing port) at z = 32.5 cm. Nevertheless, the monochromator
diagnostic can detect particles greater than seven meters from the target where the longitudinal
dispersion has caused the density to drop further[45]. Measurements can be made through viewing

windows spaced every 32.5 cm along the LAPD.

The spontaneous emission lines of interest for this study (isolated from other lines by at least the

instrument function A4 = 0.3 nm, and not containing significant fine structure) exist in the UV
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Figure A.1: Cross section of experimental setup in the LAPD. The diagnostic collects light from the center of the
LPP plume (d, = 110.0 cm), and couples light to the monochromator through a convex lens. The light is wavelength
filtered and collected by a PMT. The setup is placed at a distance of 32.5 cm along the blow-off axis (—Z direction,
anti-parallel to By) which is one of the viewing port locations where data can be collected.

range (225 — 245 nm). The C* ion species was chosen for study based on experimental reasons,
and of the observable self-emission lines, the 227.091 nm line was determined to be the brightest

over a wide range of temperatures and densities. All measurements for these experiments were

made through quartz windows, which were transparent down to ~ 150 nm.

A.3 Design and assembly

The primary objective of this diagnostic is to measure the velocity of multiple concurrent charge
states of fast ions. In our experiments, the ions are super-Alfvénic with speed v/v4 > 1, where
va = B/(4mmin;)"/? is the Alfvén speed, B is the ambient magnetic field, m; is the ion mass, and
n; is the number density of the ions. This requires the diagnostic to have a temporal resolution of

much less than one inverse ion cyclotron frequency (w;% = m;c/q;B), where c is the speed of light,

-1

and g; is the ion charge, and spatial resolution less than one ion inertial length (6; = vaw_;).

There are three critical components of the diagnostic: the collection optics, the monochromator as
a light filter, and a light detector system. The collection lens combined with the monochromator

sets the spatial resolution, whereas the light detector system determines the temporal response and
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the light detection characteristics.

A.3.1 Collection optics

Coupling of light emitted from the source to the detector is most easily understood by tracing rays
from the detector aperture back through the monochromator and into the plasma. Light emitted by
the ions is collected by a spherical plano-convex lens and imaged onto the monochromator entrance
slit. All calculations are performed under the assumption of an ideal lens (i.e. minimum spherical

aberrations) and an optically thin plasma (i.e. negligible photon-ion collisions).

In order to transmit the image plane unaffected (i.e. without loss of light or resolution) through
the monochromator, the collection optics should be positioned to match the f-number (Ny) of
the monochromator(Ny ,,). In other terms, d; = 2rNy,, where d; is the distance between the
lens and entrance slit of the monochromator, and r is the radius of the lens as can be seen in
Fig. 1. Using the thin lens equation, the resulting distance from the lens to the object plane is

do = (2frNysm)/(2rNyg,, — f), where f is the focal length of the collection optic(s).

The object distance is often set by experimental constraints. For instance, the closest a lens can
physically be positioned to the axis of the LAPD chamber, while still being located outside of the

chamber, is 0.5 m.

In the common case where the source of emission is spatially extended, characterizing the spatial
resolution of the measurement system is necessary. This is especially crucial where there is spatial
structure of interest. Conventionally a ray tracing algorithm would be used to calculate the collection
volume of such a setup[34]. However, these can be cumbersome and computationally intensive.

An alternative method has been utilized that is within 4% agreement of ray tracing algorithms[21].

The desired quantity is the collection efficiency (€) for an arbitrary point within the source for the

optical system under consideration (Fig. 2):
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Figure A.2: Sample pattern of accepted rays from a source displaced transverse to the collection axis. The effective
area used to calculate the coupling efficiency uses the image of the monochromator slit.

E(X) _ AI(X,y, Z)

 dn(x —d;)? A1)

where A;(x,y, z) is the area defined by the accepted light rays from an arbitrary point in space
for all values x > d; (the location of the lens) and e€(d, + d;) = €, = 1 at best focus. The
collection efficiency for points outside of best focus is determined by projecting an image of the
monochromator entrance slit onto a plane transverse to the collection axis (Fig. 2). Utilizing this

technique, the collection volume boundary is defined to be where € = 1/e ~ 0.37

For the setup used in experiments conducted on the LAPD, the light was collected through a 200
mm focal length lens to a 1/4 m Acton spectrometer (1200 grooves/mm grating blazed at 500 nm).
The entrance slit was set to be 10 ym with a height of 4 mm. The resulting collection volume
was determined to be 0.23 cm® along the line of sight, with a maximum cross section of 2.8 cm

X 2.2 um (corresponding to the height and width of the slit, respectively).

A.3.2 Detector comparison

There are many important factors to weigh when deciding upon a light detector, including: temporal
response, quantum efficiency, signal to noise, spectral range, and radiant flux being observed. The
two metrics that most compactly encompass these quantities are the signal to noise ratio (S/N) and

the equivalent noise input (ENI). The ENI (also known as noise equivalent power) is the minimum
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input light flux at which you receive a S/N of unity for a detector. In comparing two commonly
used light detectors - the avalanche photodiode (APD) and the photomultiplier tube (PMT) - it was

determined that the PMT outperformed the APD under our experimental conditions.

The signal output by an APD is I; =MR(A)P;, where M is the gain, R(1) is the responsivity at a
given wavelength (1) and P; is the input power. Depending on the value of P;, the detector noise
will be dominated by either detector dark noise (I;) at low levels, or photon shot noise at higher

levels.

N _ MR(Q)P;
Napp  \[(2qAB(1; + R(A)M2P;F))

(A.2)

The S/N is given by Eq. 2 where ¢ is the elementary charge, AB is the bandwidth, and F is the
excess noise factor, which describes the statistical noise due to multiplication process and is given
by F=Mk+(2—-1/M)(1 — k), where k is the ionization rate ratio[52]. The minimum detectable

optical power, P,,;, can be calculated from setting Eqn. 2 equal to 1. This results in

gABF  \Jq?AB2F2? + 2gABI;M~2

P, in = + A3
i,APD,min R(/l) R(/l) ( )
Since the dark current will dominate for low level light signals, this can be estimated as:
V2qABI,;
PiAPD min = —5 5 (A.4)

MR(Q)

The S/N for the PMT case is given by Eqn. 5 where S, is the anode radiant sensitivity, 1,4, is the

anode dark current, and u is the gain[38].
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£ _ SpPi
Npmr  \[(2qABuUF (S,P; +214,))

(AS)

Unlike the APD case where one term in the noise dominates over the other for low input power,

both noise sources have to be taken into consideration when rearranging for P;, min[38].

» _ quFAB  (quFAB)? +4ql4uFAB
i,PMT,min = S + S
p p

(A.6)
Where F and S, are highly wavelength dependent. Once a specific wavelength of interest has been
chosen, the values for the majority of terms in equations 2 and 5 are determined. However, the PMT
is designed to be able to have certain characteristics, namely bandwidth, changed by an external
circuit. The bandwidth of this type of ciruit is given[52] by AB = 0.35/trc = 0.35/R;4:Cior,
where T is the characteristic time of an RC circuit, R;,; is the total resistance and C,,; is the total

capacitance.

Both the APD and PMT have a low output capacitance (~ 0.1 — 100 pF and ~ 1 — 20 pF,
respectively). Therefore, the total capacitance is dominated by the connecting BNC cable (Cpyc),

which typically has a capacitance/length value in the 100 — 300 pF/m range.

A PMT has a series of smaller resisters that add up to have high terminal impedance (~ 300 k€2).
By impedance matching this to an external circuit (oscilloscope, data-acquisition-system, etc.) the
Trc can be manipulated by adding a parallel shunt resistor. For instance: assuming the use of
an oscilloscope that has 1 MQ impedance capabilities, different shunt resistors can be placed in
parallel so as to set the total resistance of the system. This combined with the Cgyc will set the
bandwidth, and therefore the S/N of the setup. Shunt resistors ranging from 500 Q - 10 kQ

therefore result in an effective bandwidth of 23.33 MHz —1.2 MHz respectively.

In contrast, the terminal circuitry in an APD is an active low-pass filter with amplification. The
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Hamamatsu Hamamatsu
S12053-10 (APD) | R7518 (PMT)

R(A) or S, (A/W) 0.14 5.1x10°
Gain (M or u) 50 1.2x107

Ip (nA) 1.0 0.2

F 3 1

Ay (mm?) 0.79 192

S/N at 1 uW 3.8 237

Table A.1: Comparison of S/N of the Hamamatsu S12035 — 10 APD and R7518 PMT. The terminal resistor used to
calculate is 1k€Q, giving a Trc = 36 ns. All values taken at 227.1 nm wavelength value.
output impedance is low (~ 50 Q) which does not offer the same adaptability to external circuitry as

with high impedance. The output impedance dominates 7g¢ and therefore the bandwidth is fixed.

This straight-forward adjustment to the bandwidth, and therefore the S/N, by changing out the shunt
resistor is a desired quality of this diagnostic, which is satisfied by the PMT. This offers flexibility
to configure the setup for varying levels of light detection. For laser experiments run on the LAPD,
this flexibility allows for measuring a hot, dense plasma as well as a cold, tenuous plasma with

minimal adjustments.

The final aspect to be weighed is the detector active area A;. This is important to match to the image
size at the detector in order to maximize the light that is being collected. Generally, A; pyr > 100
A4 app. Due to a small active area, many APDs waste collected light and therefore have a much

smaller effective P;. This will need to be taken into account when comparing the S/N, 7 ;.

Under expected values of light flux ( 1 ©W) and detector properties for PMTs and APDs (Table 1)
that fit in this setup, it was determined that S/Npyr >> S/Napp. In cases of high radiant flux
leading to an anode output current of 1, ,,; > 1 pA or for time resolution of < 1 ns, an APD would

be the desirable detector.
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A.4 Calculating velocity from detector signals

This diagnostic was tested during experiments (Fig. A.1) where a laser (102 W/cm?, 1053 nm)
ablates a C,Hys (plastic) target. The resulting LPP streams transverse to the focal axis of the
monochromator. The dominant charge state[78], both in terms of kinetic energy density and popu-
lation fraction, is C**. As LPP particles pass through the collection volume, light of characteristic
wavelengths is emitted through self-emission. The light is collected by the lens, filtered through

the monochromator and coupled to the PMT.

Based on the geometry of the LAPD, diagnostic ports are only available at specific intervals along
the z-axis, which determines the spatial frequency of measurements. Once a given distance has been
selected, a time trace of the self-emission of a specified LPP ion species (Fig. A.4a) is recorded.
Temporal profiles of ion self-emission are recorded with a time resolution ranging from 10—200 ns.
The self-emission profiles can be transformed into velocity data by using the time-of-flight based
on the distance. However, calculating the velocity bins in this way weighs slower particles more
than faster particles, as they spend more time in the collection volume. This effect can be corrected
by using a velocity-dependent time-integration method, wherein we multiply the amplitude by the
velocity. The correction shifts the velocity distributions to larger values, which is shown in the

bottom plot of Fig. A.3.

Other diagnostics, such as Langmuir probes, are capable of producing ion velocity traces[45].
The differentiating factor for the diagnostic being presented is the ability to distinguish between
ion species based on the emitted spectral line, the control over the S/N and bandwidth of each
measurement, and the linearity in response (Langmuir probes have a non-linear response at higher
currents due to charge accumulation). In Fig. A.4, three different time profiles and corresponding
velocity profiles of C** at different distances from the target are displayed. These were taken at
the same wavelength (1 = 227.1 nm), but with 3 different shunt resistors (500 Q for blue, 5 kQ
for orange, and 10 kQ for green). Although the S/N and bandwidth of these measurements vary

significantly, the velocity distributions are mostly unaffected. The furthest measurement of C*
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Figure A.3: Top: Comparison of raw (blue) and corrected (orange) C* (1 = 227.1 nm) velocity distributions from
self-emission signals. The correction shifts the velocities by up to 20%. Bottom: Relative difference between the two
profiles above.

was at 715 cm from the target, limited by the viewing ports of the LAPD.

A.5 Discussion and conclusion

The system of a monochromator using a photomultiplier tube as a detector was designed to measure
time-of-flight (TOF) velocity of laser-produced plasma (LPP) ions streaming transversely to the
collection plane, in a magnetized ambient plasma. The diagnostic well resolved the dynamics of
the laser plasma ions spatially (~ 0.1 mm?) and temporally (~ 10 —200 ns depending on the chosen
detector bandwidth) and provided a S/N ratio greater than an avalanche photodiode detector (see

Sec. III).

There is no direct way of measuring a localized temperature and density with this diagnostic.
However, by comparing the measured spectrum to collisional-radiative modeling software, the
temperature and density can be inferred[80]. Temporally and spatially resolved spectra can be
collected by varying the monochromator wavelengths across many laser shots. In order to properly
compare the measured spectra to a model, the responsivity (or the electrical output per optical input)

must be determined. This is important in order to compare the correct absolute amplitudes of the
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Figure A.4: a) Time traces of C** (1 = 227.1 nm) ion self-emission measured at three distances from the target. b)
Corresponding (corrected) velocity traces for each of the time traces.
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spectral lines. This calibration can be accomplished using two well-characterized light sources:
one being a continuous source to get the wavelength dependence, and the other being a narrow band
light source to determine how the instrument function affects the power density[74]. Developing

this technique will be a subject for future work.
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