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ABSTRACT OF THE DISSERTATION

Collision-less Coupling between Explosive Debris
Plasma and Magnetized Ambient Plasma

by

Anton Sergeivich Bondarenko
Doctor of Philosophy in Physics
University of California, Los Angeles, 2015

Professor Christoph Niemann, Chair

The explosive expansion of a dense debris plasma cloud into relatively tenuous, magnetized,
ambient plasma characterizes a wide variety of astrophysical and space environments, includ-
ing supernova remnants, interplanetary coronal mass ejections, and ionospheric explosions.
In these and other related phenomena, collision-less electro-magnetic processes rather than
Coulomb collisions typically mediate the transfer of momentum and energy from the debris
plasma to the ambient plasma. In an effort to better understand the detailed physics of
collision-less coupling mechanisms, compliment in situ measurements, and provide valida-
tion of previous computational and theoretical work, the present research utilizes a unique
experimental platform at the University of California, Los Angeles (UCLA) to study the in-
teraction of explosive debris plasma with magnetized ambient plasma in a reproducible lab-
oratory setting. Specifically, by jointly employing the Large Plasma Device (LAPD) and the
Phoenix laser facility, the super-Alfvénic, quasi-perpendicular expansion of laser-produced
carbon (C) and hydrogen (H) debris plasma through preformed, magnetized helium (He)
ambient plasma is investigated via a variety of sophisticated diagnostics, including emission
spectroscopy, wavelength-filtered imaging, a magnetic flux probe, and a Langmuir probe.
The key result is the direct observation of collision-less coupling via large Doppler shifts
in a He II ion spectral line, which indicate that the ambient ions accelerate in response to

the explosive debris plasma. Specifically, the He II ions accelerate along a trajectory that

1



qualitatively corresponds to the large-scale laminar electric field generated by the debris
expansion. A custom computational approach is utilized to simulate the initial He II ion
response to the explosive debris plasma, and a synthetic Doppler-shifted wavelength spec-
trum constructed from the simulated ion velocities excellently reproduces the experimental
measurements, verifying that the observed He II ion acceleration quantitatively corresponds
to the laminar electric field. The direct observation of laminar collision-less coupling is con-
sistent with the parameter regime of the experiment and validates previous computational

and theoretical studies.
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CHAPTER 1

Introduction

1.1 Overview

The explosive expansion of a dense plasma cloud into relatively tenuous, magnetized, ambient
plasma characterizes a wide variety of astrophysical and space environments. Supernova
remnants in the free-expansion phase [56], for example, consist of stellar material rapidly
moving through the surrounding magnetized interstellar plasma. Interplanetary coronal mass
ejections [10] at the Sun produce fast-moving plasma bursts that can interact with the Earth’s
magnetosphere. Man-made explosions in the Earth’s upper atmosphere, including high-
altitude nuclear detonations [21] and magnetospheric particle tracer experiments [31, 35],

involve explosive plasma expansion into the magnetized medium of the ionosphere.

In these and other related phenomena, the expanding “debris” plasma decelerates as
it both interacts with the ambient plasma and expels the magnetic field within the debris
cloud volume to form a diamagnetic cavity [64]. From basic considerations of momentum and
energy conservation [5], it follows that the principal debris deceleration mechanism depends
on the Alfvénic Mach number M4, defined as the ratio of the debris expansion speed to the
ambient plasma Alfvén speed. Specifically, in the super-Alfvénic limit (M4 > 1), the debris
decelerates primarily due to momentum and energy transfer to the ambient plasma, while in
the sub-Alfvénic limit (M4 < 1), the debris decelerates as it expends energy on the expulsion
of the magnetic field. Naturally, both types of interactions play a significant role in the
intermediate case (M4 ~ 1). A salient feature of many astrophysical and space environments

is that the collisional mean free path exceeds the characteristic distance over which the



expanding debris significantly slows by orders of magnitude [65]. Thus, in the super-Alfvénic
regime (M4 > 1), the expectation is that the debris plasma transfers substantial momentum
and energy to the ambient plasma via collision-less, collective, electro-magnetic processes

rather than through classical Coulomb collisions.

Collision-less momentum and energy transfer between explosive debris plasma and mag-
netized ambient plasma is a subject of ongoing research, and a number of recent theoretical
and computational studies [13, 14, 29, 62, 63] have made significant progress by investigating
the detailed physics of collision-less coupling mechanisms and defining parameters designed
to predict the necessary plasma conditions for coupling (or decoupling) to occur. Presently,
the proposed physical models and parameters demand experimental verification. The use of
in situ observations of astrophysical and space phenomena for this purpose carries numer-
ous challenges, including extraordinarily large spatial and temporal scales, irreproducibility,
and limited data. Thus, properly scaled [19], parameter-controlled, reproducible labora-
tory experiments are crucial for complementing in situ measurements, validating theory and
simulations, and moving towards a complete understanding of collision-less debris-ambient

plasma interaction.

To this end, the present work reports a laboratory investigation of the super-Alfvénic,
quasi-perpendicular expansion of laser-produced debris plasma through preformed, magne-
tized ambient plasma, utilizing a unique experimental platform at the University of Califor-
nia, Los Angeles (UCLA). This chapter begins by introducing important theoretical concepts

(Section 1.2) and provides a detailed outline of the entire work to follow (Section 1.3).

1.2 Theoretical Background

1.2.1 Interaction Length Scales

To introduce the length scales associated with the explosion of a debris plasma cloud into

surrounding magnetized plasma, it is useful to consider a spherically symmetric debris shell



consisting of N; ions, each of mass my, radially expanding at speed Vj; into a homogenous
ambient plasma of density n, and ion mass m,. The ambient plasma is initially magnetized

by a uniform magnetic field of magnitude B.

In the initial phase of explosive debris expansion (at times much earlier than a debris
ion gyro-period but later than an electron gyro-period), the effectively free-streaming debris
ions outrun the magnetically confined electrons, generating a radial electric field that keeps
the electrons and ions together and maintains quasi-neutrality. This electric field drives
the electrons into an azimuthal E x B drift, which, in conjunction with ﬁpe x B electron
pressure gradient drifts, produces a diamagnetic current inside the debris shell that lowers
the magnetic field magnitude (B < By) within the volume bounded by the current layer
(the diamagnetic cavity). A sufficiently strong diamagnetic current results in full expulsion
of the magnetic field within the cavity (B = 0). More complicated effects [64] set up
an additional, oppositely directed azimuthal current just ahead of the debris shell, which
increases the magnetic field magnitude (B > By) over a small region in front of the cavity (the
magnetic compression). Fig. 1.1 schematically demonstrates the formation of a diamagnetic
current and the characteristic deformation of the magnetic field. As the debris plasma
expansion continues, it propagates the diamagnetic current layer forward and the cavity
increases in size. In addition, the debris interacts with the ambient plasma, either through
classical Coulomb collisions or via collision-less, collective, electro-magnetic processes. Both
the growing volume of the expelled magnetic field and coupling to the ambient plasma

1 Eventually, the debris stops and

expend the debris plasma energy, slowing its expansion.
the diamagnetic cavity reaches a maximum size, after which the magnetic field gradually

returns to its original magnitude via diffusion.

The relative importance of the magnetic field to the ambient plasma in decelerating the
expanding debris can be inferred by utilizing conservation of energy and momentum to define

several useful length scales [5]. The magnetic stopping radius Rp characterizes the maximum

! Additional processes, such as the generation of shear Alfvén waves, can further expend the debris energy,
though these losses are assumed to be negligible here.
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Figure 1.1: Schematic demonstration of the diamagnetic current and the characteristic defor-
mation of the magnetic field for a radial debris shell expansion through an initially uniform
magnetic field pointing into the page. In (a), the free-streaming ions outrun the magnetically
confined electrons, generating a radially inward electric field that maintains quasi-neutrality.
This electric field drives the electrons into an azimuthal E x B drift in the clockwise di-
rection, which, in conjunction with the clockwise ﬁpe x B drift due to an assumed radially
inward electron pressure gradient, constitutes the diamagnetic current. As shown via the
gray-scale contour in (b), this reduces the magnetic field magnitude within the current layer
(the diamagnetic cavity). An additional, oppositely directed azimuthal current just ahead
of the debris shell (not shown) increases the magnetic field magnitude in front of the cavity

(the magnetic compression).

expansion of a debris shell provided that it only uses energy to expel the magnetic field,
thus neglecting interactions with the ambient plasma. Assuming full expulsion within the
diamagnetic cavity and ignoring the relatively insignificant volume spanned by the magnetic
compression, the initial debris kinetic energy (carried almost entirely by the ions) can be

equated to the energy of the expelled magnetic field within a spherical volume of radius Rp,



yielding

1 N B2\ [4nR% 3Ngma V7 3
Z V2= |20 = ——2 . 1.1
5 dMdVg <87r) ( 3 , Rp B2 (1.1)

The equal mass radius R); characterizes the maximum expansion of a debris shell provided
that it only couples to the ambient plasma, neglecting any interactions with the magnetic
field. Assuming that all of the ambient ions are swept up and acquire the velocity of the
debris ions, conservation of momentum requires that expansion stops when the debris ions
overrun an equivalent mass of ambient ions. Equating the total debris mass to the total

ambient mass within a spherical volume of radius Rj; yields

1
Ar R3 3N, 3
Ndmd = NgMy ( T M) , RM = <—dmd> . (12)

3 4mn,m,

The principal debris deceleration mechanism follows from the ratio of the magnetic stopping
radius Rp to the equal mass radius Rj;. This quantity is easily shown to depend on the
ratio of the debris expansion speed V; to the ambient plasma Alfvén speed vy = \/%m,
defined as the Alfvénic Mach number M 4:
1 2

Rp 2 (Arn,myg \ 3 Vi3 2

—— = V3 [ — = _ = M3 . 13

me v () - () = =

VA

In the limit M4 > 1, corresponding to a highly super-Alfvénic debris expansion, Ry, < Rp
and Rj,; provides the stopping distance, indicating that the debris decelerates primarily
due to coupling to the ambient plasma. In the limit M, < 1, corresponding to a sub-
Alfvénic debris expansion, Rg < R); and Rp yields the stopping distance, signifying that
the debris decelerates due to expulsion of the magnetic field. In the intermediate case

My ~ 1, Rg ~ Ry and both types of interactions play a significant role in slowing the

debris.

While the above arguments demonstrate that coupling between explosive debris plasma
and magnetized ambient plasma is significant in the super-Alfvénic regime (M4 > 1), the
detailed physics of the coupling mechanisms have yet to be addressed. In environments of suf-
ficiently high density, classical Coulomb collisions provide effective momentum and energy
transfer from debris to background. However, in the tenuous conditions of typical astro-

physical and space phenomena, the debris ion-ambient ion and debris ion-ambient electron



collisional mean free paths exceed the characteristic debris stopping distance (e.g., the equal
mass radius Rys) by orders of magnitude, indicating that collision-less, collective, electro-
magnetic processes are responsible for debris-ambient coupling. Collision-less momentum
and energy transfer can generally be attributed to either turbulent mechanisms, which in-
volve the development of plasma instabilities, or laminar mechanisms, corresponding to the
generation of large-scale electric fields. The following two subsections explore turbulent and

laminar collision-less coupling in further detail.

1.2.2 Turbulent Collision-less Coupling

Turbulent collision-less coupling involves the development of instabilities that effectively
transfer energy from debris to background. A candidate mechanism is the magnetized ion-
ion two-stream instability [47], which develops due to the relative streaming of debris ions
through ambient ions across a magnetic field and converts the directed debris ion energy
into thermal ambient ion energy. Another potential mechanism is the modified two-stream
instability [40], which results from the relative drift between the debris ions and electrons
across a magnetic field and couples the directed debris energy into ambient ion thermal energy
perpendicular to the magnetic field and electron thermal energy parallel to the magnetic field.
Excitation of these instabilities requires the Alfvénic Mach number M, associated with the

debris expansion to satisfy the condition

_ 8mn.kpT.
) ﬁe = B—ga

N

My < (1+5.) (1.4)

where n, and T, are the electron density and temperature, kg is Boltzmann’s constant, and
By is the magnetic field magnitude. In the limit 5. < 1, typical of many astrophysical
and space environments, the above condition reduces to M, < 1, indicating that turbulent

collision-less coupling mechanisms are typically ineffective in the super-Alfvénic regime.



1.2.3 Laminar Collision-less Coupling

In laminar collision-less coupling, large-scale electric fields that arise as debris plasma ex-
pands into magnetized ambient plasma accelerate the ambient ions. A general expression
for the laminar electric field follows from a combination of the electron fluid momentum
equation and Ampere’s Law. Ignoring resistivity due to collisional or anomalous effects, the

electron momentum equation is

dv, - s A
mened—vt = —Vp. — en, <E + % X B) , (1.5)

where me, n., v., and p. = n.kgT, are the electron mass, density, fluid velocity, and scalar
pressure, respectively, e is the elementary charge, ¢ is the speed of light, and E and B are
the electric and magnetic fields. As the system evolves, quasi-neutrality dictates that the
electrons continually redistribute themselves to locally match the total charge density of all

the debris and ambient ion species, each of density n; and charge number Z;, such that

ne = Z Zin;. (1.6)

On time scales relevant to significant momentum and energy transfer from the debris ions
to the ambient ions, the electrons respond almost instantaneously due to their negligible
mass and transient behavior can be ignored. Thus, a good approximation to Eq. 1.5 is the

massless electron limit m, — 0, which allows for a solution to the laminar electric field:?

1 - 4 =
Vpe — 2 % B. (1.7)
C

ene

Elam - -

Eq. 1.7 can be expressed in terms of the ion current densities by substitution from Ampere’s
Law. Neglecting the displacement current corresponding to transient high-frequency com-
ponents of the electric and magnetic fields and solving for the electron fluid velocity v, in

terms of the ion current densities J_; yields

L - 4x ; 1 . ¢ a
VxB== (3 J-eni), = —— (3 - -V B), 1.8
X . Zl enete | , U p— ZZ VX (1.8)

2The massless assumption that eliminates the left-hand side of Eq. 1.5 cannot be applied to the ions,
elucidating why the electron momentum equation is the starting point for the derivation of the laminar
electric field.
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Figure 1.2: Schematic demonstration of the direction of the three terms comprising the
laminar electric field of Eq. 1.9, assuming a spherically symmetric, radial debris expansion
through a magnetic field pointing into the page. In (a), the electron pressure represented
by the gray-scale contour is assumed to increase towards the center of the debris cloud,
which, in accordance with the first term, results in a radially outward electric field. In (b),
the magnetic field profile represented by the gray-scale contour shows full expulsion within
the diamagnetic cavity and compression at the cavity edge. In accordance with the second
term, and under the reasonable assumption that the magnetic pressure gradient significantly
exceeds the magnetic tension in the central plane perpendicular to the magnetic field, the
resulting electric field points in the direction of decreasing magnetic field magnitude, radially
away from the maximum of the compression. In (c), the radial debris ion current generates
an azimuthal electric field in the clockwise direction where the magnetic field is non-zero, in

accordance with the third term.

where the sum is taken over all the debris and ambient ion species. Substitution of Eq. 1.8

into Eq. 1.7 produces the expression

Elam = - vpe -

— — — 1 — —
Bx (VxB) - J, x B. 1.9
ene 4men, enec Zz (1.9)
From Eq. 1.9, it follows that the laminar electric field arises due to three features: electron
pressure gradients (first term), spatial variations in the magnetic field (second term), and ion

currents across the magnetic field (third term). The first and third terms can be understood

intuitively from the requirement of quasi-neutrality (Eq. 1.6). The first term expresses the



electric field that must work against the electron flux generated by gradients in density and
temperature in order to keep the electrons and ions together, while the third term represents
the electric field that must work against the o x B Lorentz force that attempts to push apart
electrons and ions moving across the magnetic field. The second term can be interpreted by

utilizing a vector identity to express it as

o, (B7)8

ene s 47

e B (v x B) - (1.10)
This term thus represents the effective force caused by magnetic pressure gradients VB2 /8w
and magnetic tension (é . 6) B /4m. If the magnetic pressure gradients significantly exceed
the tension (a reasonable scenario in the plane perpendicular to the magnetic field), the
resulting electric field due to this term simply points in the direction of decreasing magnetic
field magnitude. As demonstrated schematically in Fig. 1.2, all three features contributing

to the laminar electric field can arise in the context of explosive debris plasma expansion

into a magnetized background.

Collision-less momentum and energy transfer takes place as the ambient ions are sub-

jected to the laminar electric field, resulting in acceleration due to the Lorentz force,

g = Zat <Elam 4% é) , (1.11)
m c

where Z,, m,, and ¥, are the ambient ion charge number, mass, and velocity, respectively.
Generally, the ambient ion trajectory is highly complex because the laminar electric field
consists of components of various orientations (Fig. 1.2) and, along with the magnetic field,
depends on position and time. However, some insight into the ambient ion response can be
obtained by considering the relative magnitudes of the three terms comprising Eq. 1.9 [5].
First, the ratio of the electron pressure gradient term to the magnetic pressure gradient and

tension term scales as

L Vp.
L[« (6 X 5)

4mrene

~ Be. (1.12)

In the limit 8. < 1, representative of astrophysical and space environments, the magnetic

pressure gradient and tension term thus significantly exceeds the electron pressure gradient



term. Second, the ratio of the cross-field ion current term to the magnetic pressure gradient

and tension term scales as

= Jix B

enec

L
L5 (ﬁ y E)‘ ~ d—iMA, (1.13)

4mrene

where M, is the Alfvénic Mach number of the debris expansion, L denotes the spatial scale
of significant variations in the magnetic field, and d; is the ion inertial length. It therefore
follows that, in the super-Alfvénic limit (M4 > 1), the cross-field ion current term provides
the dominant contribution to the laminar electric field.?> Laminar coupling in this limit,
typically termed Larmor coupling, characteristically involves an E x B drift of the ambient
ions in the original direction of the cross-field component of the debris ion current. Fig. 1.3
illustrates the ambient ion response for the simplified case of a uniform current and magnetic
field. Secondary effects, such as debris ion deceleration and laminar electric field components

due to ambient ion currents, are not considered here.

1.2.4 Coupling Parameters

Collision-less coupling in the super-Alfvénic regime has been the subject of a number of
recent theoretical and computational studies. These investigations have proposed several
parameters designed to predict the necessary plasma conditions for debris-ambient coupling
(or decoupling) to occur. In [29], for example, a theoretical analysis of Larmor coupling
determined that the debris ions fail to couple to the ambient ions provided that the parameter
« falls in the range

T Zang

WeOtg < <1, a = —

1.14
2(Zqng + Zang)’ ( )

where w,, is the ambient ion gyro-frequency, 0ty is the temporal duration of the debris
current at any given position, Z; and n, are the debris ion charge number and density,
and Z, and n, are the ambient ion charge number and density. The upper limit (o < 1)

expresses that effective coupling does not occur if the cross-field ion current term of the

3This term is also dominant if cross-field ion currents exists in a region of uniform magnetic field, where
magnetic pressure gradients and tension do not exist.
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Figure 1.3: Schematic demonstration of Larmor coupling. A uniform debris ion current
directed in the +az direction moves through a uniform magnetic field pointing in —z and
generates an electric field in —y, in accordance with the dominant third term of Eq. 1.9.
A stationary ambient ion subjected to the laminar electric field initially accelerates in —y
and rotates into +x within one-quarter of a gyro-period due to the Lorentz force caused by
the magnetic field. Provided that the ambient ion does not stream ahead of the debris, it

continues to follow an E x B trajectory with a gyro-center drift in +ux.

laminar electric field is insufficient to accelerate an ambient ion up to the speed of the debris
ions within one-quarter of a gyro-period (see Fig. 1.3). The lower limit (o > w,0t,) implies
that coupling fails if the ambient ion gyro-radius exceeds the spatial width of the debris
pulse. The study thus concluded that the efficiency of debris-ambient coupling depends,
in part, on the ratio of the ambient charge density to the debris charge density. Another
investigation [14] utilizing “hybrid code” simulations (kinetic ions, massless fluid electrons)
verified that strong debris-ambient coupling depends on a parameter proportional to Rys/p4,
where R); is the equal mass radius and py is the directed debris ion gyro-radius. For example,
for the specific case of C V debris ions expanding into H ambient plasma, strong coupling
only occurs when Ry;/pg > 0.7. This semi-empirical condition follows from the requirement
that the simulated debris-ambient interaction is sufficient to launch a collision-less shock

into the ambient plasma. The study thus verified that strong coupling generally requires the
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debris ion gyro-radius to be smaller than the characteristic debris stopping distance. Similar
coupling parameters have also been derived analytically and computationally in other related

work [4, 25].

1.3 Outline

A complete understanding of collision-less momentum and energy coupling between super-
Alfvénic debris plasma explosions and surrounding magnetized plasmas currently demands
experimental investigation in the context of properly scaled, parameter-controlled, repro-
ducible laboratory environments. Recent experiments [44, 48, 51] have utilized a super-
Alfvénic debris plasma “piston” to successfully drive quasi-perpendicular collision-less shocks
into ambient, magnetized plasma. Additional experiments and observational studies [12, 56]
have also explored the role of magnetized streaming instabilities in collision-less debris-
ambient interaction. However, investigations of the detailed physics of laminar coupling
mechanisms (i.e., the role of Eq. 1.9) and related coupling parameters (e.g., Eq. 1.14) have
been largely limited to computational and theoretical work, with the exception of a recent

study [53].

To this end, the present work reports a laboratory investigation of the super-Alfvénic,
quasi-perpendicular expansion of laser-produced carbon (C) and hydrogen (H) debris plasma
through preformed, magnetized helium (He) ambient plasma, utilizing a unique experimen-
tal platform at the University of California, Los Angeles (UCLA). Sophisticated diagnostics,
including emission spectroscopy, wavelength-filtered imaging, a magnetic flux probe, and
a Langmuir probes, monitor the debris-ambient interaction. The subsequent analysis uti-
lizes various computational tools, including radiation-hydrodynamic modeling, collisional-
radiative modeling, synthetic wavelength spectrum generation, and custom simulations, in
order to compare the experimental data to the theoretical framework. The key result of this
work is the direct observation of collision-less debris-ambient coupling that is consistent with

the laminar electric field.
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Chapter 2 introduces the experiment and reports the key features of debris-ambient inter-
action discerned from the data. The results provide direct evidence of laminar collision-less
coupling between the laser-produced debris and the magnetized He background. Specifi-
cally, strong Doppler shifts detected in a He II ion spectral line indicate acceleration, and
the inferred He II ion trajectory is determined to be qualitatively consistent with the laminar
electric field of Eq. 1.9. In addition, the data indicates that the debris-ambient interaction

results in the generation of energetic electrons.

Chapter 3 investigates whether the observed initial He II ion acceleration in response to
the laser-produced debris is quantitatively consistent with the laminar electric field. The
analysis first develops a simple model of the debris plasma expansion that allows for a direct
calculation of the laminar electric field as a function of position and time via Eq. 1.9. The
calculated electric field is then utilized to simulate the initial He IT ion response. Comparison
to the experimental data shows excellent agreement and self-consistency with the theoretical
framework of laminar collision-less coupling. Limitations of the analysis are also addressed.
Finally, Chapter 4 summarizes the key conclusions and recommends future steps in order to

further this research.

Appendix A presents preliminary evidence of instabilities in the context of laser-produced
debris expansion into magnetized He background, based on an experiment similar to that
of Chapter 2. Specifically, harmonic modulations observed in a He II ion spectral line sug-
gest strong oscillatory electric fields, in accordance with the time-dependent Stark effect. A
detailed analysis of the spectra yields estimates of the electric field magnitudes and frequen-
cies, which are found to be consistent with the electrostatic electron beam-plasma instability
provided that the debris-ambient interaction generates sufficiently energetic electrons. Ad-
ditional experimental evidence for the existence of such fast electrons and potential fast

electron generation mechanisms are discussed.

Appendix B provides a feasibility study of utilizing the planar laser-induced fluorescence
(PLIF) diagnostic in order to characterize laser-produced debris plasmas. In particular,

PLIF schemes accessible to commercially available tunable lasers are identified for several
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C ion charge states by utilizing radiation-hydrodynamic and collisional-radiative modeling.
Because PLIF characterization yields a three-dimensional visualization of the debris expan-
sion, it can potentially improve upon the debris expansion model of Chapter 3 and thus

further develop understanding of collision-less debris-ambient interaction.
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CHAPTER 2

Experimental Observation of Debris-Ambient

Interaction

2.1 Overview

As detailed in Chapter 1, collision-less coupling between explosive debris plasma and mag-
netized ambient plasma, in which collective, electromagnetic processes rather than classical
Coulomb collisions mediate the momentum and energy transfer, characterizes a variety of as-
trophysical and space phenomena. Moreover, theoretical arguments demonstrate that in the
low-beta limit (8, = % < 1) typifying these environments, super-Alfvénic (M4 > 1)
debris expansions couple to the magnetized background plasma primarily through large-scale
laminar electric fields. The present lack of experimental data regarding laminar collision-less
coupling motivates the need for reproducible laboratory experiments that can compliment
i sttu measurements and provide validation of computational and theoretical work. To this
end, a unique experimental platform at the University of California, Los Angeles (UCLA), has
been utilized to study the super-Alfvénic, quasi-perpendicular expansion of laser-produced
carbon (C) and hydrogen (H) debris plasma through preformed, magnetized helium (He)

ambient plasma via a variety of sophisticated diagnostics, including emission spectroscopy,

wavelength-filtered imaging, a magnetic flux probe, and a Langmuir probe.

This chapter reports the key features of debris-ambient interaction discerned from the
experimental data. Section 2.2 introduces the laboratory facility and describes the configura-
tion and parameters of the experiment and the diagnostics in detail. Section 2.3 assesses the

initial electron and ion temperatures and densities of the preformed, magnetized He ambient
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plasma, prior to its perturbation by the laser-produced debris. Section 2.4 then examines the
effect of the explosive debris on the He background, focusing on two principal observations.
First, the debris-ambient interaction results in the generation of energetic electrons. Second,
and of greater significance in the context of this work, Doppler shifts in a He II ion spectral
line directly indicate that the explosive debris causes an acceleration of the He II ions along a
trajectory that is qualitatively consistent with the laminar electric field (Eq. 1.9). The data
analysis in this section is primarily qualitative. A quantitative treatment of the observed He
IT ion acceleration is presented in Chapter 3. Finally, Section 2.5 concludes this chapter by

summarizing the main experimental results.

2.2 The Experiment

2.2.1 Experimental Platform

The unique experimental platform at UCLA for investigating the interaction between explo-
sive debris plasma and magnetized ambient plasma utilizes two facilities in combination. The
first facility, the Large Plasma Device (LAPD) [24], creates a well-characterized, current-free,
steady-state (10 ms), highly reproducible (1 Hz), and large plasma column (18 m length,
~ 1 m diameter) via cathode-anode discharge using a variety of gas fills (typically H, He,
Ne, and Ar). Magnetic coils along the length of the machine generate a configurable axial
magnetic field (200 — 1800 G) that magnetizes and radially confines the plasma. Numer-
ous ports along the LAPD allow for diagnostic access. The second facility, the Phoenix
Laser Laboratory, provides three laser systems that can be used to generate explosive debris
plasma via ablation of solid targets (typically graphite or plastic) or as diagnostic beams.
The kJ-class Raptor laser [43] generates the most energetic pulse (1053 nm, 25 ns, > 200
J) and requires 45 minutes between shots in order for the flash lamps to cool sufficiently.
The Phoenix laser [17], typically utilized in parallel with Raptor as a diagnostic beam, pro-
duces a lower-energy pulse (1064 nm, 5 ns, 20 J) once every 5 minutes. Peening, the newest

laser system, delivers pulses (1053 nm, 16 ns, 30 J) at a maximum rate of 6 Hz. A typical
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experiment jointly utilizes the two facilities as follows: a solid target embedded within the
LAPD is irradiated with one of the lasers, generating explosive ablation plasma that expands
through the preformed, magnetized plasma. Concurrently, a variety of diagnostics monitor

the debris-ambient interaction.

2.2.2 Setup and Parameters

In the present experiment, schematically illustrated in Fig. 2.1 and Fig. 2.2, the LAPD
generates steady-state He plasma via an 8 ms long discharge of a single, high-emissivity
lanthanum hexaboride (LaBg) cathode located at one end of the machine. In the region
relevant to the experiment, the plasma is radially confined by an axial magnetic field of 710 G.
The resulting magnetized plasma column, roughly aligned to the central axis, has a diameter
of ~ 20 cm, a typical electron density of ~ 7 x 10!2 cm™3, and a typical electron temperature
of ~ 4 eV. (Section 2.3 contains a more detailed characterization of the ambient plasma
parameters). A long, rectangular high-density polyethylene (CyHy), target is submerged into
the LAPD and offset from the central axis by 30 cm, with the target surface normal oriented
perpendicular to the magnetic field. The Raptor laser, operating at 150420 J per 5 ns pulse,
is focused onto the target at an angle of 30° to the surface normal through a 1.8 m focal length
lens, resulting in a spot diameter of 1.5 mm? and a surface intensity of 1.7 4= 0.3 TW /cm?.
The energetic laser pulse, timed to irradiate the target 7.5 ms after the start of the LaBg
cathode discharge, ablates and ionizes the surface, producing explosive plasma consisting of
various C and H ion charge states. Because laser-ablated plasma is primarily directed along
the target surface normal independent of the laser angle of incidence, the present target
orientation ensures that the debris expands quasi-perpendicular to the magnetic field and
through the maximal volume of ambient plasma. The target is moved up or down between
every laser shot to provide a fresh, flat surface for ablation. Since the target offset from the
central axis (30 cm) is larger than the radius of the preformed He plasma column (~ 10 cm),
the laser-produced debris must expand through a region of neutral He gas before reaching

the ambient plasma. Table 2.1 summarizes the experimental parameters.
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laser energy 150 £20 J
laser intensity 1.7+ 0.3 TW/cm?
background magnetic field 710 G

debris plasma species Cand H
ambient plasma species He

ambient plasma diameter ~ 20 cm
ambient electron density ~ 7 x 102 cm™3

ambient electron temperature =~ 4 eV

Table 2.1: Parameters of debris-ambient coupling experiment.

2.2.3 Coordinate System

In the co-ordinate system utilized for the present experiment, the horizontal dimension across
the diameter of the machine defines the z axis, the vertical direction across the diameter
defines the y axis, and the long, axial dimension defines the z axis. The location of the target
center closest to where the laser irradiates the target surface defines the origin (z,y,z) =
(0,0,0) cm, but due to the finite target width, the laser actually impinges on the target at
(,y,2) = (0.6,0,0) cm. The time at which the laser pulse first irradiates the target defines
the initial time ¢ = 0 s. The target surface normal (and thus the primary direction of debris
plasma expansion) is oriented in +z, and the coils of the LAPD produce a magnetic field
that points in —z. The primary axis of debris expansion (the “blow-off axis”) is defined by
(y,2) = (0,0) cm, and the central perpendicular plane (the “blow-off plane”) is defined by
z =0 cm. The central axis of the LAPD corresponds to (z,y) = (30,0) cm.

2.2.4 Diagnostics

Four primary diagnostics are utilized in this experiment. First, a custom-built spectroscopic
fiber probe is fixed at coordinates (y,z) = (—30,0) cm and freely moves along z via a

motorized 1D drive. The probe is oriented to collect line-integrated light emission along y

18



laser :

!

focusing —» = !

He : g :
ens :

background
plasma :

CandH
debris

B-dot probe

fiber probe
¥

central
axis !

magnetic
coils

target

ICCD
i _ camera
magnetic filter |
coils

L

central
axis

Figure 2.1: 3D schematic of the experimental setup, showing the utilized section of the LAPD
and the quasi-perpendicular expansion of laser-produced C and H debris plasma through the
preformed, magnetized He ambient plasma. In (a), a spectroscopic fiber probe, a magnetic
flux probe, and a Langmuir probe monitor the debris-ambient interaction. In (b), a mirror
placed far down the length of the machine allows for wavelength-filtered imaging of the

blow-off plane.
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Figure 2.2: 2D schematic of the experimental setup. In the blow-off plane (a), the laser-
produced debris plasma expands primarily in +x through a magnetic field directed in —z.
The debris passes through a region of neutral gas fill before reaching the He ambient plasma
column. The spectroscopic fiber probe is focused on the blow-off axis and collects line-
integrated emission along y. The magnetic flux probe takes measurements along the blow-off
axis. Both probes can freely move along x. In the field of view of the wavelength-filtered
images, the preformed He plasma column appears roughly in the center, the target falls near
the left edge, and the magnetic field points into the page. In the plane one port downfield
(b), the Langmuir probe freely moves along = and y and can scan the entire planar profile

of the He ambient plasma.
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(perpendicular to both the background magnetic field and the primary blow-off direction).
A 75 mm focal length lens at the probe’s collection end projects an image from the blow-off
axis onto a linear array of 20 200-um fused silica optical fibers. The linear array is oriented
such that the imaged field of view spans ~ 0.1 cm along x and ~ 1.5 cm along z. However,
the collected signal also contains defocused contributions along the entire line of sight. The
fibers are coupled through a slit (50 pm or 100 pm) into a 0.75 m SPEX spectrometer
containing a 3600 g/mm UV holographic grating. The spectrum is centered on the He
IT ion 468.6 nm line and projected onto a Princeton Instruments (PI) MAX 4 intensified
charge coupled device (ICCD) camera, yielding a spectral resolution of ~ 0.02 nm. Light
emission collected during laser shots is typically time-integrated for 500 — 1000 ns at various
delays after the laser pulse, while emission collected from the unperturbed ambient plasma
is typically time-integrated for 2 ms and averaged over as many as 25 cathode discharges.
Calibration of the spectrometer, as well as a measurement of the instrumental broadening

function, is accomplished via an Oriel pencil-style xenon (Xe) calibration lamp.

Second, a custom magnetic flux (or “B-dot”) probe [22] consisting of 5 differentially-
wound single-axis cores spaced at 1 cm increments is fixed at the blow-off axis and freely

moves along x via a motorized 1D drive. The probe is oriented to measure the rate of change

dB
dt

of the z component of the magnetic field (%52), and the signals are sent through custom-built
150 MHz differential amplifiers and coupled into a 1.25 GHz, 10-bit digital acquisition system
(DAQ). The measurements from each core are then numerically integrated, thus yielding B,

as a function of time at 5 consecutive positions from a single laser shot.

Third, a Langmuir probe [11] is fixed one port downfield from the target, corresponding
to the plane z = —32 c¢m, and freely moves along both x and y via a motorized 2D drive. The
probe is utilized for two purposes. First, in the unperturbed, ambient plasma, it performs a
detailed planar scan while the bias voltage on the exposed conducting face is swept, yielding
contours of the electron density and temperature in the plane perpendicular to the magnetic
field. In this mode, the conducting face is oriented in the —z direction (away from the LaBg

cathode) in order to eliminate the effects of the primary ionizing electrons. Second, during
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laser shots, the conducting face is oriented in the 4z direction (towards the target and debris
plasma) and biased at fixed voltages of —20 V and —50 V in order to search for energetic
electrons launched along the magnetic field at specific positions. The Langmuir probe output

is also coupled into the DAQ.

Lastly, an aluminum mirror inside the LAPD, located at z =~ 500 cm, reflects light
collected along the length of the machine through a port window. The reflected light then
passes through a wavelength filter and is collected by a zoom lens attached to a PIMAX 4
ICCD camera. The lens is configured to bring the blow-off plane z = 0 cm into focus and
yields a field of view of ~ 60 cm along x and =~ 60 cm along y. In the resulting images, the
preformed plasma column of the LAPD appears roughly in the center, the target falls near
the left edge, and the magnetic field points into the page. Two different wavelength filters
are utilized in order to selectively image particular ion species. The first filter, centered at
468.6 nm with a 1 nm bandwidth, isolates He II ions via the 468.6 nm spectral line. The
second filter, centered at 500 nm with a 10 nm bandwidth, is tilted slightly with respect to
the optical axis in order to isolate C V ions via the 494.4 nm spectral line. Light emission

collected during laser shots is time-integrated for 30 ns at various delays after the laser pulse.

2.3 Characterization of the Unperturbed Ambient Plasma

Prior to assessing the interaction of the explosive laser-produced debris with the preformed,
magnetized background of the LAPD, it is necessary to characterize the He ambient plasma
in its initial, unperturbed state. To this end, a Langmuir probe scan yields planar profiles of
the electron density and temperature. The measurements are then utilized in combination
with emission spectroscopy and collisional-radiative modeling to estimate the temperature
of the He II ion charge state and to demonstrate the consistency of the Langmuir-measured

electron temperature to the spectroscopic data.
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2.3.1 Electron Density and Temperature

To obtain contours of the electron density and temperature of the He ambient plasma, the
Langmuir probe performs a planar scan from £ =5 cm to x = 55 ¢m and from y = —15 cm
toy = 15 cm at 1 ecm increments. The exposed conducting face of the probe is oriented in the
—z direction (away from the LaBg cathode) in order to eliminate the effects of the primary
ionizing electrons. At each position, the bias voltage on the conducting surface is swept
while measuring the resulting current to it, and both the electron temperature and density
follow from the response curve [11]. Though the Langmuir scan takes place in the plane
one port downfield from the target (z = —32 cm), the measurements can also be assumed
to characterize the blow-off plane (z = 0 c¢m), since variations in electron temperature and
density along the magnetic field should be insignificant over such short distances. From the
scan, it follows that the electron density profile of the plasma column has a full width at
half-maximum (FWHM) of & 20 cm. The peak density of ne e ~ 7.2 x 1012 cm™ occurs
at (x,y) = (32,6) cm, somewhat offset from the central axis of the LAPD. The electron
temperature profile is more complex and involves several anomalous readings near the edges
of the scan region. The peak temperature of kg7, 4 ~ 4.3 €V occurs at (z,y) = (36,2)

cm. The profiles are shown in Fig. 2.3.

2.3.2 He II Ion Temperature

An estimate of the He II ion temperature follows from the observed Doppler broadening in
the He II 468.6 nm spectral line profile. To obtain the spectrum, the fiber probe collects
line-integrated emission along y at x = 30 cm, through the central region of the ambient
plasma column. Other broadening mechanisms, in addition to the Doppler effect, contribute
significantly to the observed line shape and must be carefully taken into account in order
to extract the ion temperature. Under the present experimental parameters, three primary
features comprise the final measured line shape: instrumental broadening, fine structure

splitting, and Doppler broadening. Other mechanisms, such as Zeeman splitting, pressure
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Figure 2.3: Results of the swept Langmuir probe scan, showing contours of (a) the electron
density and (b) the electron temperature of the unperturbed He ambient plasma in the plane
perpendicular to the magnetic field. The contours include line-outs along the axes y = 0 cm

and z = 30 cm.

Stark broadening, and the natural line width, are well below the resolution limit of the

spectroscopic setup.

Instrumental broadening results due to the finite spectrometer slit width and the spec-
tral response of the diffraction grating. An experimental determination of the instrument
function, denoted S;,s;, consists of illuminating the fiber probe with a calibration source (in
this case, a Xe lamp) and measuring the wavelength profile of a spectral line known to have
an intrinsic width smaller than the resolution limit of the spectroscopic setup. In this way,

any broadening in the observed profile corresponds purely to instrumental effects.

Fine structure corresponds to a small splitting of electronic energy levels of the same
principal quantum number n due to electron spin-orbit coupling and relativistic corrections.
The He II 468.6 nm spectral line, corresponding to spontaneous transitions from n = 4 to
n = 3, thus actually consists of a closely spaced series of lines of generally different rel-
ative intensities. The fine structure profile, denoted Sy, is obtained with the aid of the
collisional-radiative simulation code PrismSPECT [38], which calculates the plasma ioniza-

tion distribution and energy level populations, determines the transition powers of spectral
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lines, and generates synthetic spectral profiles given the plasma temperature, density, and
geometry as input. The present PrismSPECT simulation is carried out in non-local thermal
equilibrium (non-LTE), steady-state mode, such that the ionization balance and energy level
populations follow from the equilibrium solution to a large set of atomic rate equations rather
than from the Saha and Boltzmann distributions. The computation utilizes a detailed He
atomic model that contains rates corresponding to a variety of transition processes, including
spontaneous emission, collisional excitation and de-excitation, and photoionization. Repre-
sentative measurements from the Langmuir scan (Fig. 2.3) along the optical collection axis at
x = 30 cm provide the plasma temperature (4 V) and ion density (10'® cm™2) inputs for the
simulation.! The primary ionizing electrons from the 150 V LaBg cathode discharge are also
incorporated by including a small non-thermal electron population (assumed to comprise
5% of the total electron density) with a directed kinetic energy of 150 eV. The calculation
is performed in “zero width” geometry, implicitly assuming the plasma to be optically thin
and ignoring non-local radiative transfer effects. The fine structure spectrum Sy, of the He
IT 468.6 nm line is then constructed directly from the calculated transition powers of the
contributing components, using wavelengths from the NIST Atomic Spectral Database [34].

The PrismSPECT simulation parameters are summarized in Table 2.2.

Lastly, Doppler broadening results due to the thermal motion of the emitting population.
Under the assumption of a Maxwellian distribution of the He II ion velocity component along
the optical collection axis, the Doppler spectral profile, denoted Sp,p, can be expressed in

wavelength space as

e 2 )\ - )\c ?
SDop ()‘> = C Xexp [_ ;n]:;jc—, ( ) > ] ) (2'1)

where A is the independent variable indicating the wavelength, A. is the central wavelength

of the spectral line, mpy,. is the He atomic mass, T; is the He II ion temperature, kg is

PrismSPECT only provides a single input field for the plasma temperature and thus assumes that the
ion and electron temperatures are equal, which is certainly not the case in the He ambient plasma of the
LAPD. Moreover, while the electron density has been measured, the ion density can only be roughly inferred
by making assumptions on the average plasma charge state. However, transition power ratios calculated by
PrismSPECT have been shown to be virtually independent of ion temperature and density, and therefore
the present inputs should yield an accurate simulation of the fine structure profile.
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atomic model He, all levels

simulation type non-LTE, steady-state
plasma temperature 4 eV

ion density 10" cm ™3

geometry zero width

non-thermal electron energy 150 eV

non-thermal electron fraction 0.05

Table 2.2: PrismSPECT simulation parameters used to generate the fine structure profile

Sys of the He II 468.6 nm line.

Boltzmann’s constant, c is the speed of light, and C' is an arbitrary normalization constant.

The FWHM of the Doppler contribution to the measured profile thus provides a direct
diagnostic of the temperature via AApw gy = ,/%/\C.

The total simulated spectral profile S;,; can be constructed via convolution of the ex-
perimentally measured instrument function .S;,,s, the PrismSPECT-generated fine structure

profile S5, and the Maxwellian Doppler profile Sp,, of Eq. 2.1:
Stot = Sinst & st ® SDop- (22)

A spatially averaged estimate of the He II ion temperature then follows from a best fit
of Syt to the measured, line-integrated profile of the He II 468.6 nm line. Specifically, a
Levenberg-Marquardt mean-squared error minimization algorithm varies the ion temperature
T;, which modifies S;, through the Doppler contribution Sp,, in Eq. 2.2, until a best fit is
achieved. Fig. 2.4 demonstrates the construction of the simulated spectrum Sy, from the
three primary broadening mechanisms and compares the best fit to the measured profile.
The fit reproduces the measured line shape, including the significant asymmetry in the
profile attributed primarily to the fine structure, and yields a He II ion temperature of
kgT; = 0.3 £ 0.2 eV. Despite the large relative error resulting from the significant width of

the instrument function relative to the Doppler broadening, the present analysis provides an
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Figure 2.4: Construction of the best-fit simulated spectrum S;,; and comparison to the
measured profile of the He II 468.6 nm spectral line. The simulated spectrum is gener-
ated via a convolution of (a) the experimentally measured instrument function Sj,s, (b) the
PrismSPECT-generated fine structure profile Sy,, and (c) the Maxwellian Doppler profile
Spep of Eq. 2.1. A mean-squared error minimization algorithm varies the He II ion temper-
ature T;, which modifies the width of the Doppler contribution until a best fit (dashed blue
line) to the measured profile (solid red line) is obtained in (d). The best fit reproduces the
line shape, including the asymmetry resulting primarily from fine structure, and yields a He

IT ion temperature of kgT; = 0.3 £0.2 eV.

improved upper bound on the He II ion temperature of kgT; < 0.5 eV.

2.3.3 Consistency of Electron Temperature and Spectral Line Shape

As demonstrated in the previous subsection, the spectral profile of He II 468.6 nm line
depends on the He II ion temperature, which affects the Maxwellian Doppler broadening
contribution. Less obviously, the line shape also depends on the electron temperature, which
generally affects the relative intensities of the various lines comprising the fine structure pro-

file through a modification of the energy level populations. The best-fit simulated spectrum
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Figure 2.5: Comparison of the simulated (dashed blue line) and measured (solid red line)
profiles of the He II 468.6 nm line for an electron temperature of (a) 4 eV, (b) 10 eV, (c) 1
eV, and (d) 4 eV without a non-thermal population fraction at 150 eV, at the best-fit ion
temperature of kgTi = 0.3 eV. The comparisons indicate a non-trivial dependence of line
shape on electron temperature. The best fit in (a) requires both an electron temperature of
~ 4 eV (consistent with the Langmuir scan) and a directed 150 eV primary ionizing electron

population (consistent with the LaBg cathode discharge voltage).

that so effectively reproduces the measured line shape in Fig. 2.4 relies on a PrismSPECT-
generated fine structure profile corresponding to a bulk electron temperature of 4 eV and
a small non-thermal population with a directed kinetic energy of 150 eV, suggesting a con-
sistency with Langmuir probe measurements of Fig. 2.3. To further investigate the effect
of electron temperature on the simulated line shape, additional PrismSPECT calculations
are carried out at 1 eV and 10 eV, and once again at 4 eV but without the non-thermal
electron population, while keeping all other simulation parameters equivalent to Table 2.2.
As before, the simulated fine structure profiles are convolved with the instrument function
and the Doppler profile in order to construct the total spectra, with the He II ion tempera-
ture now held fixed at the best-fit value of kgTi = 0.3 eV. Fig. 2.5 compares the simulated

spectra to the measured profile, indicating a small but non-trivial modification of the line
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shape resulting from a change in the relative intensities of the fine structure components
at different electron temperatures. The comparisons indicate that the simulated spectrum
fails to reproduce the measured profile as accurately at electron temperatures significantly
higher (10 eV) or lower (1 eV) than those derived from the Langmuir scan (=~ 4 eV) or
without the inclusion of a 150 eV primary ionizing electron population corresponding to the
LaBg cathode discharge. These results thus point out a consistency between the Langmuir
measurements of electron temperature, the observed spectral profile of the He II 468.6 nm

line, and collisional-radiative modeling in PrismSPECT.

2.4 Key Features of Debris-Ambient Interaction

When an energetic pulse from the Raptor laser irradiates the surface of the polyethylene
(CoHy),, target, it generates explosive debris plasma consisting of various C and H charge
states that expands quasi-perpendicular to the background magnetic field through the pre-
formed He plasma column of the LAPD (see Fig. 2.1 and Fig. 2.2). The diagnostics mon-
itoring the resulting debris-ambient interaction yield two principal observations. The first
observation is the generation of energetic electrons, measured directly via a biased Langmuir
probe and indirectly via wavelength-filtered imaging, which reveals a significant increase in
the He II ion self-emission. Comparison of the filtered images to the magnetic field profile
measured by a magnetic flux probe further supports the existence of energetic electrons. The
second observation, of greater significance in the context of this work, is the acceleration of
He IT ions in response to the expanding debris along a trajectory qualitatively consistent with
the laminar electric field (Eq. 1.9). This result comes directly from emission spectroscopy,

which detects strong Doppler shifts in a He II ion spectral line.

2.4.1 The Laser-Produced Debris Plasma

In general, the laser-produced debris plasma is a complex, non-equilibrated system charac-

terized by drastic spatial and temporal variations in density and temperature and mixtures
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of ion charge states of differing velocity distributions. While Chapter 3 provides a more de-
tailed, quantitative characterization of the debris plasma generated in this experiment, it is
sufficient for the purposes of the present analysis to discuss the key features in a qualitative

manner.

At t = 0 s, the impact of an intense Raptor laser pulse onto the polyethylene (CoHy),
target ionizes the surface atoms by rapidly ejecting the electrons. This generates strong
ambipolar electric fields that rip C and H ions from the target surface. In these initial fields,
the ions experience acceleration proportional to their charge state and inversely proportional
to their mass. Thus, ions with higher charge-to-mass ratios attain faster average expansion
speeds [7], though each charge state also generally develops a significant, roughly Gaussian
velocity spread about the average [48]. Additionally, pressure anisotropies in the initial
plasma drive the expansion primarily perpendicular to the target surface, forming an ellip-
soidal cloud elongated along the blow-off axis [54]. The initial debris plasma thus consists
of various fractions of all the ion charge states (H II, C II - C VII), which expand primar-
ily along the blow-off axis with drifting Maxwellian velocity distributions segmented by the
charge-to-mass ratios. This identifies H IT and C VII as the fastest and second fastest ion
charge states [59], respectively, and C IT as the slowest.? The debris also typically contains

neutral atoms and molecular species [32], which expand significantly slower than the ions.

The debris plasma, which can be considered as an essentially instantaneous explosion due
to the insignificant duration of the laser pulse (5 ns) relative to time scales relevant to the
experiment (~ 1 us or longer), then expands quasi-perpendicular to the background magnetic
field, passes through a region of neutral He gas fill, and eventually reaches and interacts
with the performed He plasma column of the LAPD. The cross-field debris expansion results
in the formation of a leading magnetic compression and a growing diamagnetic cavity, as

illustrated in Fig. 1.1. Simultaneously, the debris density, which achieves near solid values

2 An important implication of the segmented velocity distributions to the present experiment is that while
the fastest ion charge states can certainly exceed the Alfvén speed of the ambient plasma (M4 > 1), the
slower charge states may fail to do so (M4 < 1). Thus, in accordance with the theory outlined in Chapter 1,
the physics corresponding to both regimes can potentially become important. This issue is considered further
in Appendix A.
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(~ 10%% cm™3) at the target surface immediately after ablation, rapidly drops by orders of
magnitude as a function of both distance from the target and time after the laser pulse as

the plasma expands.

2.4.2 Generation of Energetic Electrons

Measurements performed by several diagnostics jointly demonstrate that the debris-ambient
interaction generates energetic electrons. Wavelength-filtered imaging provides initial, in-
direct evidence by revealing a considerable intensification of the He ambient plasma self-
emission in response to the explosive debris. Fig. 2.6 compares images of C V debris ions
and He II ambient ions collected via emission of the 494.4 nm and 468.6 nm spectral lines,
respectively, at t = 500 ns, ¢t = 750 ns, and £ = 1000 ns. Due to the highly energized initial
state of the debris plasma, the C V ions fluoresce intensely as they expand primarily along
the blow-off axis, revealing flute-like structures at the leading edge.®> However, the He II ions
remain virtually undetectable in the short (30 ns) exposures until the leading edge of the
C V ions sweeps through the ambient plasma, substantially increasing the He IT 468.6 nm

fluorescence in its wake.

Fig. 2.7 more clearly demonstrates the correspondence of the C V leading edge to the
intensified He II region by comparing normalized intensity profiles of C V and He II along the
blow-off axis from the images of Fig. 2.6. The profiles are superimposed on a line-out of the
unperturbed ambient electron density of Fig. 2.3. In terms of half-maximums, the line-outs at
t = 500 ns reveal that He II intensification initially develops between = ~ 20 cm and = ~ 25
cm, where the leading edge of C V first penetrates the He plasma column after crossing a
region of neutral gas fill. As the debris continues to expand through the ambient plasma,
the He II fluorescence boundary trails the C V leading edge and the volume of intensified He
IT grows. By ¢t = 750 ns, the leading edges of both the C V and He II profiles reach x ~ 30

cm, and by ¢ = 1000 ns, they reach x ~ 35 cm. Fig. 2.7 also compares the intensity line-outs

3Flute-like structures in laser-produced plasmas have been observed in a related experiment [16] and likely
correspond to the large Larmor radius Rayleigh-Taylor (LLR) instability. This feature is not investigated
further in the present analysis.
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Figure 2.6: Wavelength-filtered images of C V debris ions (via the 494.4 nm line) and He II
ambient ions (via the 468.6 nm line) at ¢ = 500 ns, ¢ = 750 ns, and ¢ = 1000 ns, collected over
30 ns integration times. The superimposed squares mark the position where the laser pulse
irradiates the target surface, the dashed lines denote the blow-off axis, and the magnetic
field points into the page. Comparison of the images demonstrates that as the leading edge
of the C V ions sweeps through the ambient plasma, the He II ion fluorescence considerably
increases in its wake. The C V images also reveal flute-like structures at the leading edge

that correspond to instabilities [16].
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Figure 2.7: Normalized intensity profiles of C V (solid red line) and He II (dashed blue
line) along the blow-off axis from the images of Fig. 2.6, superimposed on a line-out of the
unperturbed ambient electron density (gray fill) of Fig. 2.3. The profiles are compared to
the magnetic field’s z component, also measured along the blow-off axis. The leading edges
of the C V and He II emission profiles (at half-maximum) spatially correspond to each other

and to the maximum of the magnetic compression.

to the spatial profiles of the magnetic field’s z component, measured along the blow-off axis
via a magnetic flux probe. At ¢ = 500 ns, the magnetic compression becomes apparent at
the edge of the measured region, where the field increases above the background value of
By = 710 G. The compression continues to propagate along the blow-off axis, and by ¢ = 750
ns, the maximum reaches z ~ 33 cm. By ¢t = 1000 ns, the maximum reaches x ~ 36 ¢m and
the trailing diamagnetic cavity becomes more fully apparent. During this time interval, the
maximum achieved compression ratio is %g ~ 1.5. The comparison reveals that the leading
edges (at half-maximum) of the C V and He II emission profiles approximately correspond to

the peak magnetic compression. The correspondence also suggests that C V is the dominant

debris charge state driving the cavity expansion, which is addressed in Chapter 3.

The C V ions become difficult to image for ¢ > 1500 ns at the current exposure settings
due to a rapid decline in the emission of the 494.4 nm line. However, the He II ions can be
tracked much later in time due to the continued intense fluorescence at 468.6 nm. Fig. 2.8

shows a series of He II images at various times between ¢ = 1500 ns and t = 13000 ns.
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In addition to demonstrating the prolonged duration of intensified emission, the time series
also reveals that between ¢t = 1500 ns and ¢ = 5000 ns the fluorescing He II cloud becomes
significantly displaced from its original position, ending up centered at roughly (z,y) ~
(50,10) cm. After ¢ = 5000 ns, the cloud remains mostly stationary though intensified

emission continues until at least ¢ = 13000 ns.

Fig. 2.9 more clearly demonstrates the significant displacement of the fluorescing cloud by
comparing normalized profiles of the He II intensity along the blow-off axis from three of the
images of Fig. 2.8 to a line-out of the unperturbed ambient electron density of Fig. 2.3. At
t = 2000 ns, the debris plasma has swept through and intensified the entire ambient plasma
column and the fluorescence profile roughly matches the density line-out. By ¢ = 5000 ns,
however, the peak of He II emission has moved from x =~ 30 cm to x =~ 50 c¢m, a displacement
of =~ 20 c¢m from the peak density position of the unperturbed plasma. At ¢ = 8000 ns, peak
fluorescence continues at x ~ 50 cm. Fig. 2.9 also compares the intensity line-outs to the
spatial profiles of the magnetic field’s z component along the blow-off axis. At ¢ = 2000
ns, most of the He II emission region falls within the diamagnetic cavity. The front edge
of the cavity continues to propagate forward while the back end begins to collapse, and by
t = 5000 ns, the magnetic field returns to its background value everywhere except for a
~ 15 c¢m interval centered at x =~ 45 cm. Correspondingly, the strongest He II emission only
persists in the region where the cavity remains and decreases significantly in the region where
the cavity collapses. By t = 8000 ns, the remainder of the cavity collapses but fluorescence
continues in the vicinity of the final cavity position. Together, Fig. 2.8 and Fig. 2.9 thus
demonstrate three features: the prolonged duration of intensification, the correspondence
of the peak emission to the position of the diamagnetic cavity, and the displacement of
the fluorescing cloud. The displacement provides preliminary evidence of debris-ambient

coupling, which will be addressed in more detail in the following subsection.

To understand how the imaged intensification indirectly indicates energetic electrons, it
is necessary to recall that emission of the 468.6 nm spectral line requires a population of

He II ions to spontaneously transition from energy levels with principal quantum number
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Figure 2.8: Wavelength-filtered images of He II ambient ions (via the 468.6 nm line) at
various times between ¢ = 1500 ns and ¢ = 13000 ns, collected over 30 ns integration times.
The superimposed squares mark the position where the laser pulse irradiates the target
surface, the dashed lines denote the blow-off axis, and the magnetic field points into the
page. The red dots marked “pos. 1”7 and the blue dots marked “pos. 2” denote the field-
aligned positions of the biased Langmuir probe in Fig. 2.10. The images demonstrate the
prolonged duration of intensified He II ion emission and reveal a significant displacement of

the fluorescing cloud between ¢ = 1500 ns and ¢ = 5000 ns.
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Figure 2.9: Normalized intensity profiles of He II (solid blue line) along the blow-off axis
from three of the images of Fig. 2.8, superimposed on a line-out of the unperturbed ambient
electron density (gray fill) of Fig. 2.3. The profiles are compared to the magnetic field’s
z component, also measured along the blow-off axis. First, the comparisons demonstrate a
significant (=~ 20 cm) displacement of the peak He II emission from the peak density position
of the unperturbed plasma. Second, the comparisons show that the peak He II emission
follows the diamagnetic cavity and then persists in the vicinity of the final cavity position
after its collapse. The small oscillations in the magnetic field profiles likely correspond to a

shadowing issue of the 5-tip magnetic flux probe.

n =4 to n = 3. Intensified fluorescence therefore requires a significant increase in the n =4
population. A detailed analysis of the PrismSPECT simulations carried out in Section 2.3
indicates that the primary mechanism populating n = 4 is excitation from the predominant
ground state n = 1 via collisions with free electrons, which must have a kinetic energy
of at least 51 eV in order to overcome the energy difference between the two levels [34].
Intensification thus necessitates an increase in the population of free electrons with energies
> 51 eV. Moreover, as demonstrated in Fig. 2.8, increased fluorescence persists for at least
13 ps even though the characteristic spontaneous decay time from n = 4 to n = 3 is only
~ 10 ns. This indicates that energetic electrons continually repopulate the n = 4 level for

the entire duration of intensification.

The spatial correspondence of the magnetic field profiles to the intensity line-outs further
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supports the existence of energetic electrons. Due to their low mass, the electrons are
effectively tied to the magnetic field lines and cannot propagate along the blow-off axis. For
example, an energetic electron with a directed cross-field kinetic energy of 100 eV (roughly
corresponding to a speed of v, = 6000 km/s) in the background magnetic field By = 710 G
has a gyro-radius of only p. = ’”;ngl ~ 0.05 cm. However, the electrons can freely stream
within the diamagnetic cavity, where the magnetic field is expelled. This is consistent with
both Fig. 2.7, which shows virtually no intensification ahead of the magnetic compression,
and Fig. 2.9, which demonstrates that the peak He II emission follows the diamagnetic
cavity and survives only in the region where the cavity finally collapses. In other words, the

intensified region of He II follows the energetic electrons, which are confined by the evolving

magnetic field profile.

Measurements from a biased Langmuir probe provide direct confirmation of energetic
electrons. The conducting face of the Langmuir probe is oriented in the +z direction (towards
the target and debris plasma) and biased at —20 V and at —50 V. T'wo positions are selected
for measurement based on the He II images of Fig. 2.8. The first position, denoted via the red
dot at (x,y) = (50, 10) cm, places the probe in a field-aligned configuration to the intensified
He II cloud. The second position, denoted via the blue dot at (z,y) = (50, —13) cm, sets the
probe outside of the fluorescence region. Fig. 2.10 compares the Langmuir probe readings
to the intensities from the images of Fig. 2.8 at the two positions as a function of time. At
the position field-aligned to the fluorescing cloud, the Langmuir probe detects a significant
electron current (represented by the measured negative voltage), first at a bias of —20 V and
then —50 V. The fact that electrons reach the conducting face despite the negative biases
indicates directed electron kinetic energies along the magnetic field of > 50 eV, consistent
with the indirect inference from intensification of the He II 468.6 nm line. Moreover, the
temporal duration of energetic electrons corresponds to the He II emission. The negative
voltage first becomes apparent between t = 4 us and ¢t = 5 ps, just as the fluorescing cloud
arrives at the probe position in Fig. 2.8, and persists until ¢ ~ 12 us, consistent with the

significant intensity drop between ¢t = 10 us and ¢t = 13 us. By contrast, at the position
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Figure 2.10: Comparison of biased Langmuir probe measurements to imaged He IT 468.6 nm
intensities as a function of time at the two positions marked in Fig. 2.8. In a field-aligned
configuration to the fluorescing He II cloud (“pos. 17), the Langmuir probe detects an
electron current at biases of —20 V (solid red line) and —50 V (dashed red line), consistent
with the observed He II intensification (red squares). Outside of the fluorescing cloud (“pos.
27), the Langmuir probe does not detect any electrons at a bias of —20 V (solid blue line),

and correspondingly, no increase in He II emission is observed (blue circles).

outside of the fluorescence region, the Langmuir probe does not measure any electron current
even at a bias of —20 V| indicating that maximum electron energies in this region cannot

exceed 20 eV.

Biased Langmuir probe readings, wavelength-filtered images, and magnetic flux probe
measurements thus jointly demonstrate the generation of energetic electrons (> 50 eV). As
verified by Thomson scattering measurements [48] under similar conditions in the LAPD,
initially hot electrons in the laser-produced debris cool rapidly, reaching thermal background
levels less than 5 cm from the target and well within 1 us after ablation. In combination
with the fact that the debris density becomes comparable to the ambient density by the time
the debris reaches the ambient plasma column (see Chapter 3), the detection of energetic

electrons as far as ~ 50 cm from the target and later than 10 us after the laser pulse in the
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present experiment indicates that they are generated by the debris-ambient interaction and
cannot simply correspond to a hot remnant of the initial debris plasma. While the exact
mechanisms responsible for the fast electron population remain to be determined, the present
data points to several hypotheses. The correspondence of the He II intensification boundary
to the magnetic compression in Fig. 2.7 suggests that energetic electrons first develop within
the azimuthal current layers (i.e., the diamagnetic current). Recalling that the diamagnetic
current forms, in part, due to azimuthal E x B drifts of the electrons, the drift kinetic
energy may be sufficient to excite ground state He II ions and create the observed increase
in fluorescence. However, as demonstrated in Fig. 2.9, continued He II fluorescence long
after the collapse of the diamagnetic cavity indicates that the diamagnetic current cannot
account for the energetic electrons later in time. Another potential source of fast electrons
is an instability driven by the slower, sub-Alfvénic (M4 < 1) charge states of the expanding

debris plasma. Appendix A considers this possibility in further detail.

2.4.3 He II Ion Acceleration

Of greatest significance in the context of this work is the observed acceleration of He II
ions in response to the explosive debris plasma along a trajectory qualitatively consistent
with the laminar electric field (Eq. 1.9). A preliminary indication that the debris pushes the
ambient plasma already appears in Fig. 2.8 and Fig. 2.9, which demonstrate a displacement
of the fluorescing He II cloud in both the +x and +y directions, consistent with the gyration
expected of ions moving through a magnetic field directed in —z. Direct observation of He
IT ion motion in response to the debris follows from spectroscopic measurements of Doppler
shifts in the He II 468.6 nm line. The considerable intensification of this line caused by
energetic electrons has a highly beneficial consequence, as it allows for significantly better
time resolution in the spectroscopic measurements. In fact, with the present apparatus, the
intensified plasma yields sufficient signal-to-noise ratios with integration times of only 500 ns,
a vast improvement over the ~ 1 ms exposures required in the unperturbed ambient plasma.

This allows for sub-gyro-period resolution (a He II ion in the background magnetic field
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By = 710 G has a gyro-period of T' = 2™™He¢ x4 y5)  a crucial aspect of the measurements

eBo
to follow.

Fig. 2.11 shows wavelength profiles of the He II 468.6 nm line measured via the fiber probe
at three different positions and time intervals. The corresponding filtered images of He II ion
fluorescence illustrate the spatiotemporal configuration of the spectroscopic measurements by
highlighting the optical collection axis of each wavelength profile. The fiber probe tracks the
intensified cloud along x while collecting line-integrated emission along y. For comparison,
spectra are also collected in the unperturbed ambient plasma. The first wavelength profile,
measured at x = 30 cm and time-integrated from ¢ = 500 ns to ¢t = 1000 ns, demonstrates
strong asymmetric Doppler broadening predominantly towards lower wavelengths (a blue
shift). Recalling that the fiber probe points in the +y direction (see Fig. 2.2), the observed
blue shift denotes that the intensified He II ions initially acquire a velocity component in
—y. The blue shift of AN = —0.25 £ 0.02 nm (measured at half-maximum of the profile)

cA

corresponds to a velocity component along y of v, = o = —160+£ 13 km/s, where A, is

the central wavelength of the transition at 468.6 nm and c is the speed of light. This is
almost two orders of magnitude faster than the root-mean-square speed of ~ 3 km/s derived
from the ~ 0.3 eV He II ion temperature within the unperturbed ambient plasma. The
second wavelength profile, measured at x = 45 cm and time-integrated from ¢t = 4000 ns
to t = 4500 ns, reveals a strong asymmetric Doppler broadening predominantly towards
higher wavelengths (a red shift). This indicates that, farther from the target and later in
time, intensified He II ions change direction and develop a large velocity component in +y.
In fact, the red shift of AX = 0.22 + 0.02 nm (measured at half-maximum of the profile)
corresponds to a y velocity component of v, = 141 &+ 13 km/s, similar in magnitude but
opposite in direction to the first measurement. The third wavelength profile, measured at
x = 47.5 cm and time-integrated from ¢ = 9000 ns to t = 10000 ns, demonstrates a reduced
and roughly symmetric Doppler broadening about the line center. This suggests that at late
times the intensified He II ions no longer have a directed drift but remain heated above the

unperturbed ambient ion temperature. Approximating the line shape to a Maxwellian yields
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Figure 2.11: Wavelength profiles of the He I 468.6 nm spectral line measured in the presence
of explosive debris (solid red line) and in the unperturbed ambient plasma (dashed blue line)
at three different positions and time intervals. The corresponding filtered images of He
IT fluorescence highlight the optical collection axis (thick orange line) of the spectroscopic
measurements. In (a), asymmetric Doppler broadening predominantly towards the lower
wavelengths (blue shift) indicates an initial acceleration of He II ions in the —y direction.
In (b), asymmetric Doppler broadening predominantly towards the higher wavelengths (red
shift) demonstrates that, farther from the target and later in time, the He II ions change
direction and now move primarily in +y. In (c¢), reduced and roughly symmetric Doppler
broadening suggests that at late times the He II ions no longer have a directed drift but

remain somewhat heated above the unperturbed ambient ion temperature.
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root-mean-square speeds along y of &~ 30 km/s, about an order of magnitude faster than the

unperturbed ambient plasma.

The spectroscopic measurements of Fig. 2.11 indicate that the explosive debris plasma,
which expands primarily in the 4z direction along the blow-off axis, initially pushes the He
IT ambient ions in the —y direction, transverse to its expansion. Moreover, later in time and
farther from the target, the He II ions appear to reverse their direction and move in +y. In
order to interpret these counterintuitive results, it is useful to first establish the parameter
regime of the present experiment by considering the Alfvénic Mach number M4, the electron
beta [, and the debris ion-ambient ion collisional mean free path \g,. To estimate M4, a
characteristic debris expansion speed Vj is determined from the time of flight of the magnetic
compression. From Fig. 2.7, the peak compression reaches x ~ 30 cm at ¢ = 500 ns,
corresponding to V; ~ 600 km/s. Under the assumption of He II as the dominant ambient
charge state, the ion density n, is well-represented by n¢ mar =~ 7.2 X 10'2 cm™? from the peak
electron density measurement of Fig. 2.3, and the Alfvén speed in the ambient plasma at
the background magnetic field of By = 710 G calculates to v4 = \/#W ~ 290 km/s. The
resulting Mach number of M, = ;/—j ~ 2 thus confirms a super-Alfvénic (M, > 1) expansion.

An estimate of 3, similarly follows from the peak electron density 7. yq, and the peak electron

temperature kg7, mq =~ 4.3 €V of Fig. 2.3, yielding g, = SW"E’W“E]%BTS”"” ~ 0.0025. Near the
target surface, . can significantly exceed this value due to the much higher debris plasma
densities and temperatures. However, as the debris cloud expands out to the ambient plasma
column, the electrons cool rapidly [48] and densities drop to values comparable to the ambient
plasma (see Chapter 3). Thus, the debris-ambient interaction satisfies the condition g, < 1.

Finally, the debris ion-ambient ion multi-Coulomb collisional mean free path A4, [33] follows

from the expression

2 My

dedQ 2 mq 4 -1
Mo = | —% w1+ — | ZgZanee " InA| | (2.3)

where my and m, are the debris and ambient ion masses, Z; and Z, are the debris and
ambient ion charge states, Vj is the debris ion speed, n, is the ambient ion density, e is

the elementary charge, and In A is the Coulomb logarithm. For a C V debris ion streaming
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at 600 km/s through He II ions at the peak ambient density from Fig. 2.3, Eq. 2.3 yields
Ade =~ 50 km, indicating that at the scales of the experiment size D, the debris ion-ambient

ion interaction is collision-less (Ag, > D).

Recalling the theoretical considerations outlined in Chapter 1, momentum and energy
transfer from debris ions to ambient ions in the super-Alfvénic (M4 > 1), low electron
beta (5. < 1), collision-less (Ag, > D) regime that characterizes the present experiment is

mediated primarily by the laminar electric field:

1 = 1
Vpe —

e
en, 4ren,

Elam = -

Ex(ﬁxﬁ)— Zif,;xé. (1.9)

Fig. 2.12 illustrates that the asymmetric Doppler broadening observed in Fig. 2.11 is, in fact,

en,c

qualitatively consistent with He II ion acceleration via the third term of Eq. 1.9, which arises
due to cross-field ion currents. Along the blow-off axis, the various charge states comprising
the expanding debris plasma set up ion current densities J; primarily directed in +x. Due
to the magnetic field directed in —z, the cross-field ion current term accordingly generates
a laminar electric field pointing in the —J, x B direction, which corresponds to —y at the
blow-off axis. As the explosive debris first crosses into the ambient He plasma column, this
electric field immediately pushes a population of intensified He II ions in the —y direction,
accelerating them from the initial thermal root-mean-square speeds of only ~ 3 km/s to
a directed drift of up to &~ 160 km/s towards the collecting fiber probe. This produces
the observed asymmetric Doppler broadening towards the lower wavelengths measured at
x = 30 cm. The subsequent motion of the He II ions cannot be determined exactly without
resorting to computational methods (see Chapter 3) due to the complex temporal and spatial
dependencies of both the laminar electric field and the magnetic field. Nevertheless, the basic
trajectory can be inferred from the orientation of the magnetic field, directed in —z. If debris
expansion persists and the laminar electric field continues to point in —y, the He II ions will
follow a cycloid-like path with a guiding center drift in the 4+ direction (an E x B-like drift).
On the other hand, if the debris expansion stops and the laminar electric field expires, the
He II ion motion will resemble simple gyration due to the magnetic Lorentz force. In either

one of these scenarios, a population of He II ions initially accelerated in —y must eventually
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Figure 2.12: Illustration demonstrating the consistency of the cross-field ion current term
of Eq. 1.9 to the measured asymmetric Doppler broadening in Fig. 2.11. In (a), the debris
plasma sets up ion currents directed primarily in 4z as it expands along the blow-off axis
through the magnetic field in —z, generating an electric field in —y. In (b), as the debris
enters the ambient plasma column, the electric field accelerates He II ions in —y and towards
the fiber probe, resulting in the measured blue shift. In (c), the accelerated He II ions follow
either an E x B-like drift trajectory or a simple gyration motion until the magnetic field

redirects the ions in +y at some distance farther along x, resulting in the measured red shift.

redirect to +y some distance farther along x. This distance should be on the order of the

gyro-radius, which, for an accelerated He II ion at v, ~ 160 km/s in the background field

MHeCy
= ~~

of By = 710 G, corresponds to p, = e

10 ecm. This accounts for the asymmetric
Doppler broadening towards the higher wavelengths measured later in time at x = 45 cm,
which indicates a directed drift of up to ~ 140 km/s away from the collecting fiber probe.
Fig. 2.12 also demonstrates that the measured blue shifts and red shifts of Fig. 2.11 rely on

sub-gyro-period time resolution, which allows the spectra to capture the motion of the ions

before they significantly change direction in the magnetic field.

Doppler spectroscopy thus directly indicates He II ion acceleration in response to the ex-
plosive debris plasma along a trajectory consistent with the laminar electric field. However,
two issues in the present analysis must be acknowledged. First, in Fig. 2.11, the predomi-
nantly blue-shifted spectrum at x = 30 cm also includes a small red-shifted component, and
the predominantly red-shifted spectrum at x = 45 cm includes a blue-shifted component.

This indicates that the qualitative interpretation in Fig. 2.12, based on the cross-field ion
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current term of Eq. 1.9, is incomplete. In accordance with the theoretical arguments of
Chapter 1, the contribution of the electron pressure gradient term relative to the magnetic
pressure gradient and tension term scales as 3, and can be ignored since §. < 1. However,
the contribution of the cross-field ion current term to the magnetic pressure gradient and
tension term scales as M4. The current value of M4 = 2 thus indicates that the magnetic
pressure gradient and tension term can contribute significantly to He II ion acceleration in
the vicinity of the magnetic compression and diamagnetic cavity edge, in conjunction with
the cross-field ion current term. As will be demonstrated in Chapter 3, magnetic pressure
gradients do in fact account for the red shift measured at x = 30 cm. Second, it is important
to note that the measured Doppler-broadened spectra of Fig. 2.11 do not necessarily account
for the entire He II ion velocity distribution. As demonstrated in Fig. 2.7 and Fig. 2.9, the
energetic electrons that cause intensification in the He II 468.6 nm line are confined by the
magnetic profile and follow the diamagnetic cavity, surviving only in the final position of
cavity collapse at late times. However, due to their much larger mass, He II ions with suffi-
cient velocity can stream ahead of the magnetic compression and move outside of the region
of trapped energetic electrons, where they no longer experience collisional excitation and
become optically invisible. The measured spectrum thus only corresponds to the velocity
distribution of the intensified He II ions. As will be shown in Chapter 3, the full velocity
distribution likely contains much faster He II ions that do not fluoresce. This effect can also
potentially explain the significantly reduced Doppler broadening measured at x = 47.5 cm,
which might result from the fact that the faster ion population has moved out of the region

of energetic electrons and no longer contributes to the measured spectrum.

The next logical step of achieving a quantitative comparison between the measured spec-
tra and laminar coupling theory poses various challenges. For one, the spectra of Fig. 2.11 are
spatially integrated along y and temporally integrated for 500 ns or more, providing enough
time for He II ions to stream in and out of the collection axis from various parts of the fluo-
rescing cloud. The sampled velocity distribution is thus complex and highly non-Maxwellian,

as made evident by the asymmetric, flat-topped line shapes of the Doppler-broadened spec-
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tra. Additionally, the electric and magnetic fields that determine the He II ion response
are complicated functions of position and time. Thus, a quantitative comparison between

measurements and theory demands a computational approach. This is detailed in Chapter 3.

2.5 Summary

This chapter has reported the key observations from a laboratory investigation of the super-
Alfvénic, quasi-perpendicular expansion of laser-produced C and H debris plasma through
preformed, magnetized He ambient plasma, utilizing a unique experimental platform at
UCLA that combines the LAPD and Phoenix facilities. A variety of sophisticated diag-
nostics, including emission spectroscopy, wavelength-filtered imaging, a magnetic flux probe,
and a Langmuir probe, have monitored the debris-ambient interaction, yielding the following

important results:

e Swept Langmuir probe measurements in the plane perpendicular to the magnetic field
indicate that the unperturbed He ambient plasma column has a FWHM of &~ 20 cm, a
peak electron density of ~ 7.2 x 10'2 cm ™3, and a peak electron temperature of ~ 4.3

eV.

e Spectroscopic measurements of the He II 468.6 nm line in the unperturbed He ambient
plasma, in combination with collisional-radiative modeling in PrismSPECT, yield a
line-integrated He II ion temperature estimate of 0.3 £ 0.2 eV at x = 30 cm. The
spectral line shape is also found to be consistent with a bulk Maxwellian electron
temperature of ~ 4 eV (as measured by the Langmuir sweep) and a small primary
ionizing population with a directed kinetic energy of 150 eV (as expected from the

cathode discharge).

e Wavelength-filtered imaging observes a considerable and long-lasting (> 10 us) inten-
sification of the He II 468.6 nm emission in response to the explosive debris plasma,

indirectly indicating the continual generation of electrons with directed kinetic energies
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> 51 eV. Comparison to magnetic flux probe measurements suggests that the energetic
electrons develop within the magnetic compression as it sweeps through the ambient
plasma and remain confined primarily within the diamagnetic cavity until its collapse.
Displacement of the fluorescing He II cloud by at least ~ 20 cm from the initial peak

density position provides preliminary evidence of debris-ambient coupling.

Biased Langmuir probe measurements at positions field-aligned to the intensified He
IT region confirm the long-lasting (> 10 us) duration of electrons with kinetic ener-
gies > 50 eV. The energetic electron generation mechanisms may correspond to the

diamagnetic current or to the development of instabilities late in time.

Of greatest import in the context of this work, spectroscopic measurements of the He
IT 468.6 nm line reveal significant, asymmetric Doppler broadening in response to the
explosive debris plasma. A closer analysis indicates an initial acceleration of He II ions
in the direction transverse to the debris plasma expansion and a subsequent gyration in
the magnetic field. He II ion velocity components of up to ~ 160 km/s are measured,
nearly two orders of magnitude faster than the root-mean-square speed of ~ 3 km/s in
the unperturbed ambient plasma. The inferred trajectory is found to be qualitatively
consistent with the cross-field ion current term of the laminar electric field (Eq. 1.9),
which is expected to be the dominant debris-ambient coupling mechanism in the super-
Alfvénic (M4 > 1), low electron beta (5. < 1), collision-less (Agy > D) regime that

characterizes the present experiment.
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CHAPTER 3

Analysis of Laminar Collision-less Coupling at Early

Times

3.1 Overview

As detailed in Chapter 2, the laboratory investigation of super-Alfvénic, quasi-perpendicular
expansion of laser-produced carbon (C) and hydrogen (H) debris plasma through preformed,
magnetized helium (He) ambient plasma yields evidence of laminar collision-less coupling.
Specifically, strong Doppler shifts in a He II ion spectral line directly indicate acceleration
along a trajectory qualitatively consistent with an initial impulse due to the cross-field ion
current term of the laminar electric field (Eq. 1.9). While the qualitative correspondence is
promising, a validation of laminar coupling theory also requires a quantitative comparison, a
task that poses various challenges. For one, the measurements that indicate He II ion accel-
eration rely on spatially and temporally integrated spectra that sample a large population of
ions of differing trajectories, resulting in highly complex velocity distributions and atypical
Doppler-broadened profiles. Additionally, the electric and magnetic fields that determine
the He II ion response are generally complicated functions of position and time. A meaning-
ful quantitative comparison of the observed spectral line shapes to laminar coupling theory
therefore demands a computational approach that can calculate the theoretical trajectories
and velocities of a distribution of He II ions in the spatially and temporally varying electric

and magnetic fields.

Ignoring resistivity due to collisions, the evolution of a He II ion (charge number Z = 1)
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subjected to arbitrary electric and magnetic fields follows from the Lorentz force,

E0 20 (B "B, (51)

where 7(t) and v (t) = %(tt) are the ion position and velocity, E (7,t) and B (F,t) are the
spatially and temporally dependent electric and magnetic fields evaluated at the current
position of the ion, and myg., e, and ¢ are the ion mass, elementary charge, and the speed
of light, respectively. Given the initial conditions, a solution to Eq. 3.1 yields the trajectory
7(t) and velocity @ (¢). However, this requires detailed spatiotemporal knowledge of E (7, t),
which is not measured in the present experiment, and B (7, t), which is only diagnosed along
the blow-off axis. Theoretical considerations from Chapter 1 indicate that in the super-

Alfvénic (M, > 1), low electron beta (8, < 1) environment of this investigation, E (7,t)

can be computed from the expression for the laminar electric field. Thus,

— — 1 —
E (7_’: t) = Elam = — VPe —

en, 4mren,

§x<ﬁx§)— ! Zifixé, (1.9)

en,c

where the magnetic field B = B (7,t), the ion current densities J = (7,t), the electron
density n. = n. (7, t), and the electron pressure p. = p. (7,t) are functions of position and
time evaluated at the current location of the He II ion. However, because the spatiotemporal
behavior of these parameters is also unknown from experiment, a calculation of E (7,t) via
Eq. 1.9 cannot be easily performed. Determination of the He II ion trajectory and velocity
therefore necessitates a reasonable prediction of E (7,¢) and B (7, ), despite the absence of
experimental data.

For this purpose, a number of recent computational studies [14, 13, 63| have utilized two-

Y

dimensional “hybrid codes,” which treat the ions as particles and the electrons as a massless
thermal fluid, in order to simulate the interaction of explosive debris plasma with magnetized
ambient plasma. Given various initial input parameters (including plasma species, charge
states, density profiles, expansion speeds, magnetic fields, and temperatures), the hybrid

code first calculates E (7, t) via the fluid electron momentum equation (analogous to Eq. 1.9)

and advances the debris and ambient ions over a small time step via the Lorentz force
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(Eq. 3.1). The motion of the debris and ambient ions modifies J; (7, t) and n, (7, ¢) (by quasi-
neutrality), and the Maxwell-Faraday equation (V x E (7,t) = —%%) evolves B (7,1)
from its initial configuration, which in turn updates E (7,t). Repetition of this procedure
over numerous time steps thus yields a self-consistent solution of the ion motion and fields.
However, a fundamental difficulty arises in connecting the simulation results to the actual
experimental data. In the two-dimensional simulations, the density of the expanding debris
plasma generally decreases with time as ~ t%, while in the three-dimensional experiment,
the debris density drops as ~ t%,, Because E (7, t) crucially depends on the plasma density
(through .J; (7,t) and n (7,t) in Eq. 1.9), the expectation is that the simulated electric fields
and ion trajectories differ significantly from the experimental observations. Recently, the
hybrid code has been extended into three spatial dimensions, which resolves this discrepancy.

However, the computational intensity of fully three-dimensional calculations demands super-

computer processing power.

The motivation of the present chapter is therefore to develop an alternative, simplified
computational approach that takes into account the three-dimensional nature of the exper-
iment without demanding the high processing power of the three-dimensional hybrid code.
In contrast to the methodology of the hybrid code, which evolves the plasma parameters and
fields together, the general approach here imposes predetermined spatiotemporal models of
the plasma parameters, allowing for a simple calculation of E (7, 1), B (7,t), and the resulting
He II ion response. The computational methods developed in this chapter, while extremely
useful to the present analysis, also contain significant limitations and should therefore not
be viewed as a replacement to the three-dimensional hybrid code. Instead, the present ap-
proach provides a complimentary tool that can potentially allow for a rough investigation
of parameter space prior to committing to a computationally (and temporally) intensive

three-dimensional hybrid simulation.

In this chapter, Section 3.2 utilizes various experimental data in combination with radiation-
hydrodynamic simulations of the laser-produced debris plasma in order to develop heuristic

models for n. (7,t), J; (7,t), B (F,t), and p. (7, ), allowing for a calculation of E (7,t) in the
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blow-off plane (z = 0 cm) via Eq. 1.9. The models take into account the three-dimensional
expansion of the debris, though their validity relies on a number of simplifying assumptions
and requires “early times,” before the debris plasma expends a substantial amount of its ini-
tial kinetic energy or undergoes significant gyration in the magnetic field. In the subsequent
analysis, four different versions of the heuristic models (one version corresponding to the
actual experimental parameters and three intentionally unrealistic variations) are applied in
order to investigate the self-consistency of the computational approach. Section 3.3 employs
the derived models in order to assess the spatiotemporal behavior of E (7, t) in relation to
B (7,t) and the expanding debris plasma. The modeled E (7,¢) and B (7,t) are then used to
simulate the initial response of a distribution of He II ion test particles in the blow-off plane
via the Lorentz force (Eq. 3.1), and the resulting He II ion motion is assessed. Section 3.4
then compares the computational results to the experimental data. Specifically, synthetic
Doppler-broadened spectral line shapes constructed from the simulated He II ion trajecto-
ries and velocities are compared to the spectroscopic measurements, providing a quantitative
evaluation of laminar coupling theory. Additionally, the validity of the computation is tested
against the Maxwell-Faraday equation and energy conservation. Finally, Section 3.5 sum-
marizes the important results. Most importantly, the present analysis concludes that the
Doppler-broadened spectrum indicating initial He II ion acceleration in response to the ex-
plosive debris is quantitatively, as well as qualitatively, consistent with the laminar electric
field of Eq. 1.9. Together, the results of Chapter 2 and Chapter 3 thus constitute an ex-
perimental validation of laminar collision-less coupling theory in a reproducible laboratory

environment.

3.2 Derivation of Plasma Parameter Models

A theoretical computation of the electric field E (7, t) via Eq. 1.9 requires knowledge of the
spatiotemporally dependent electron density n. (7, t), the total ion current density ), J; (7, t),

the magnetic field B (7,¢), and the electron pressure p, (7,t). As these parameters are not
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determined experimentally (with the exception of B (7,t), diagnosed only along the blow-off
axis), this section develops heuristic models by utilizing the available experimental data,
radiation-hydrodynamic simulations, and several simplifying assumptions. The models are
then combined via Eq. 1.9 into an expression for E (7,¢) in the blow-off plane (z = 0 cm),

where considerable simplifications arise due to symmetry.

3.2.1 Model for Electron Density

The interaction of explosive debris plasma with ambient magnetized plasma results in a very
complex evolution of the electron density n. (7,t). However, the behavior of individual ion
charge states is generally much more tractable. Quasi-neutrality dictates that the electrons
continually redistribute themselves in order to locally match the total charge density of all
the debris ion species (each of density ng (7, t) and charge number Z;) and ambient ion

species (each of density n, (7, t) and charge number Z,), such that

ne (F) =) Zana (Fot) + ) Zana (Fot). (32)
The present analysis thus derives n. (7, t) by developing models for ng (7, t) and n, (7, t).

A reasonable model of the density ng (7, t) of each debris ion charge state requires a
detailed spatiotemporal knowledge of the laser-produced plasma, which generally consists of
a mixture of various charge states (H II, C II - C VII) with velocity distributions segmented
by the charge-to-mass ratios, as well as neutral atoms and molecular species that expand
significantly slower than the ions. However, two-dimensional hybrid code simulations have
demonstrated that H ions do not effectively transfer momentum and energy to the ambient
plasma due to their relatively low mass and extremely fast expansion speeds. Therefore, as
a simplification, the subsequent derivation of ng (7, t) considers only ion charge states C II -

C VII and ignores neutral atoms and molecules.

In order to characterize the laser-produced debris plasma, the one-dimensional, La-
grangian radiation-hydrodynamics code HELIOS [39] is utilized to simulate the laser-target

interaction. Given various inputs, including the target material equation-of-state (generated
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target material graphite (C)
geometry planar

laser wavelength 1053 nm

laser pulse length 5 ns (Gaussian)

laser intensity 1 TW/cm?

Table 3.1: HELIOS simulation parameters used characterize the evolution of the laser-

produced debris plasma.

by the PROPACEOS code), the parameters of the incident laser pulse, and the expansion
geometry, the code computes the evolution of the resulting laser-produced debris via fluid
equations of motion with pressure contributions from ions, electrons, magnetic fields, and
radiation. The HELIOS output utilized here follows directly from a comprehensive char-
acterization of laser-produced plasmas found in [52], which also provides an experimental
validation of the code and discusses the input parameters and computational methods in
further detail. Motivated by the more extensive availability of simulations utilizing the
graphite (C) equation of state, the results used here assume a graphite target rather than
the polyethylene plastic material employed in the experiment. However, as HELIOS predicts
a nearly identical composition and evolution of the C component of the debris plasma for
both target types, this should be inconsequential. The simulation assumes an average laser
intensity of 1 TW/cm? over a 5 ns Gaussian pulse at a wavelength of 1053 nm, modeled

1" The simulated plasma evolves in a planar geometry, such that the input

after Raptor.
laser intensity profile homogeneously irradiates an infinite flat target surface and the debris

expands only along the surface normal. Table 3.1 summarizes the simulation configuration.

The HELIOS output contains numerous plasma parameters, including the spatially and
temporally dependent densities of each debris ion charge state. However, the HELIOS-

calculated densities necessarily differ by orders of magnitude from the actual values in the

!The original HELIOS computations actually assume a 25 ns Gaussian pulse, based on the configuration
of Raptor in previous experiments. In order to account for the 5 ns pulse length of the present experiment,
the output is manually adjusted via simple scaling laws found in [52].
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experiment due to the assumption of a planar geometry, which fails to represent the three-
dimensional debris expansion. While HELIOS can also perform calculations in cylindrical
and spherical geometries, neither of these scenarios accurately reflects the observed ellip-
soidal expansion of the laser-produced debris. Thus, instead of using the directly calculated
densities, the model developed here utilizes the HELIOS-predicted total number of ablated
ions N, the relative population fractions of the ion charge states x4, and the velocity distri-
butions of each ion species, which are then combined with an independently obtained model
of the debris expansion geometry in order to derive ng (7, t). The computed values of these
parameters at t = 500 ns (roughly corresponding to the time when significant debris-ambient
interaction begins in the experiment) are listed in the “Run 1 (3D)” portion of Table 3.2,
shown at the end of this section. The results show that the laser pulse ablates ~ 107 total
ions, which distribute amongst all the charge states C II - C VII. The majority of the ions
correspond to C V and C IV, which constitute ~ 40% and ~ 30% of the total ion popula-
tion, respectively. The velocity distributions are well-described by drifting Maxwellians of

the form L,
(v —Va)

| (3.3)

fa(v) = Cyexp [—

where Vj is the mean drift speed that increases with charge state, oq is the standard devi-
ation corresponding to the spread in the distribution, and Cy is an arbitrary normalization
constant. The fastest C VII charge state expands at ~ 1000 km/s on average. Fig. 3.1

graphically illustrates the velocity distributions of each debris ion species.

Wavelength-filtered imaging of the explosive laser-produced debris plasma motivates a
simple model of the expansion geometry, which is then combined with the computed pa-
rameters of Table 3.2 in order to derive ng (7, t). Fig. 3.2 shows C V ions imaged in the
blow-off plane via the 494.4 nm spectral line at ¢ = 625 nm, ¢ = 750 ns, and ¢ = 875 ns.
The images utilize the experimental setup of Chapter 2 but without the generation of the He
ambient plasma column, thus showing debris expansion only into the magnetized vacuum

of the LAPD. The expansion geometry follows from the C V fluorescence boundary in the
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Figure 3.1: HELIOS-simulated velocity distributions of the debris ions corresponding to the
input parameters of Table 3.1 at t = 500 ns.

blow-off plane, well-represented in polar co-ordinates by a heuristic “teardrop” function:

r(0,t) = 1o (t) exp (—|0]/6y) cos O, —

bo| 3

gegg. (3.4)

In Eq. 34, r = \/m is the distance from the origin to the fluorescence boundary in the
blow-off plane, §# = arctan (y/x) is the angle with respect to the blow-off axis, ry (t) is the
time-dependent maximum extent of the fluorescence along the blow-off axis, and 6 is a free
parameter that varies the teardrop shape. A qualitative best fit of Eq. 3.4 is obtained at
0y = 1.5 rad and superimposed on the images of Fig. 3.2. As the cusp position represented
by rq (t) evolves from x ~ 35 cm to x &~ 40 cm between ¢ = 625 ns and ¢ = 875 ns, Eq. 3.4

continues to provide a consistently good fit at the optimal fixed value of 6.

While the images of Fig. 3.2 characterize the expansion geometry in the blow-off plane
perpendicular to the magnetic field, a corresponding assessment of the parallel plane is not
available in the present experiment. The fully three-dimensional expansion model developed
here thus assumes symmetry. Specifically, the debris is presumed to expand into the sym-
2

metric volume swept by rotating the teardrop outline of Fig. 3.2 about the blow-off axis.

Under this assumption, Eq. 3.4 can be easily converted from polar co-ordinates to spherical

2See [8] or Appendix B for a discussion of how the planar laser-induced fluorescence (PLIF) diagnostic
in future experiments can potentially improve upon the expansion model utilized here by providing three-
dimensional imaging of the debris plasma.
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Figure 3.2: Wavelength-filtered images of C V debris ions (via the 494.4 nm line) at ¢t = 625
ns, t = 750 ns, and ¢t = 875 ns, collected over 30 ns integration times. The C V ions expand
into the magnetized vacuum of the LAPD. The superimposed squares mark the position
where the laser pulse irradiates the target surface, the dashed lines denote the blow-off axis,
and the magnetic field points into the page. The overlaid teardrop profiles correspond to

Eq. 3.4 at the optimized value of 6y = 1.5 rad.

co-ordinates:

F (8, 6,8) = o () exp (—0/0) cos 0,0 < 0 < =0 < 6 < 2r. (3.5)

bo |

In Eq. 3.5, r = \/m now represents the distance from the origin to the fluorescence
boundary in three-dimensional space, § = arctan (W / :1:> continues to measure the
angle with respect to the blow-off axis but is no longer confined to the blow-off plane, and ¢
measures the angle of the projection of r in the yz plane. Symmetry about the blow-off axis
follows from the fact that r» does not explicitly depend on ¢. The geometric dependence of
the expansion speed simply follows from differentiating Eq. 3.5 with respect to time,

v(0,61) = %’f’t) — o (£) exp (—6/6y) cos 6, (3.6)

where v (t) is the generally time-dependent speed along the blow-off axis. Unsurprisingly,

s

the speed decreases with increasing 6, falling to zero at 0 = 7.

In order to easily combine the HELIOS-computed parameters of Table 3.2 with the

teardrop geometry derived from wavelength-filtered imaging into an expression for ng (7, t), it
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is necessary to make the crucial simplifying assumption of a ballistic debris plasma expansion.
Under the ballistic assumption, debris ions radially stream at constant velocity from the
origin 7 = 0, where the laser irradiates the target at ¢ = 0. This has two important
implications. First, a debris ion with velocity ¢ at time ¢ is located at position 7 = vt.
Second, in Eq. 3.6, vy (t) = vy is a constant and the expansion speed only depends on the
direction indicated by 6. A reasonable postulate for the plasma distribution function of each
debris ion charge state as a function of position 7, velocity ¢, and time t is thus

(v — Vaexp (—0/6y) cos 9)2
203

fa (7, 0,t) = Cg8® (7 — 0t) exp | — (3.7)

Eq. 3.7 is effectively the drifting Maxwellian distribution of Eq. 3.3 with a J-function that
enforces the ballistic property 7 = vt. To account for the teardrop expansion geometry,
the HELIOS-simulated average drift speed V; is modulated by the angular dependence of
Eq. 3.6. Thus, the actual average drift speed is only equal to V; along the blow-off axis
(6 = 0) but decreases with increasing 6, falling to zero at ¢ = 7. The HELIOS-simulated
velocity spread o4 is assumed not to have an angular dependence.

Integration of Eq. 3.7 over all velocity space collapses the d-function and yields the density

nq (7, t) of each debris charge state:

Cy (r — Vit exp (—0/6)) cos 9)2

ng (7,t) = /fd (7, 7,t) d*T = —= exp | — 5,77 . (3.8)
d

As expected, ng (7, t) is characterized by a drifting Gaussian profile. The peak expands at

speed V; along the blow-off axis (§ = 0) but moves slower with increasing , remaining

™

stationary at ¢ = 7. The standard deviation o4t grows linearly in time as the dispersion

in the ion velocities causes an increasing spatial spread in the population. Simultaneously,
the peak amplitude drops as t% due to the three-dimensional expansion. The contour of
maximum density at any given time produces the teardrop shape superimposed in Fig. 3.2.
The normalization constant Cy is obtained by integrating Eq. 3.8 over all space and equating

the result to the total number of ions within each charge state, which follows from the product

of the HELIOS-simulated total number of ablated ions N, and the fraction of each charge
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state x4. Thus,
Nootxa = / na (7, 1) &F. (3.9)

T

The integration in Eq. 3.9 is performed numerically, utilizing the values of Vy, o4, x4, and
Nyt listed in Table 3.2 and the optimized parameter 6, = 1.5 rad. The integration range
in spherical co-ordinates only spans 0 < 6 < 7 (corresponding to the positive side of the
blow-off axis), implicitly assuming that all of the ablated ions expand away from the target
surface. The numerically computed values of the constants Cy for each debris ion charge

state are also listed in Table 3.2.

It is important to note that the ballistic assumption utilized in this derivation necessarily
neglects any debris ion acceleration or deceleration. The expression for n, (7, t) in Eq. 3.8 is
therefore only valid early in the evolution of the debris plasma, before it expends a substantial
amount of kinetic energy through coupling to the ambient plasma and the expulsion of the
magnetic field, and before the ions gyrate significantly due to the Lorentz force. Section 3.4

investigates the validity of the early-time ballistic assumption in further detail.

In order to derive the total electron density n. (7, t) from quasi-neutrality (Eq. 3.2), it is
also necessary to develop a model for the density n, (7,t) of each ambient ion charge state.
However, an exact determination of the spatiotemporal evolution of n, (7, t) necessitates
knowledge of the ambient plasma response to the explosive debris. This, in turn, requires
the electric and magnetic fields E (7,t) and B (7,t), the very quantities that the present
analysis eventually aims to derive. Escaping the vicious circle thus requires a simplifying
assumption. Asshown in Fig. 2.3 of Chapter 2, a Langmuir sweep of the unperturbed ambient
plasma yields a profile of the electron density in the plane perpendicular to the magnetic
field. Because the measured densities do not vary significantly along the magnetic field over
length scales relevant to the experiment, the Langmuir data in fact defines a volumetric
electron density function, denoted ne meqs (7). By quasi-neutrality, ne meqs (7) equates to the
total ambient ion charge density, as it is measured prior to the arrival of the debris plasma.

Invoking the assumption that the explosive debris does not significantly disturb the ambient
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density profile when it first arrives, the equivalence continues to hold and thus

> Zang (Fit) = ne meas (7). (3.10)

Eq. 3.10 provides a good starting point for the ambient ion density as it is based directly on
experimental data. However, the assumption of a static profile limits its validity. Section 3.3
attempts an improvement that takes into account the perturbation of the ambient density

profile by the explosive debris.

Substitution of Eq. 3.8 for the debris ion densities ng (7, ¢t) and Eq. 3.10 for the ambient
ion densities n, (7, t) into the quasi-neutrality condition of Eq. 3.2 yields the electron density
ne (7, 1):

ne (7,t) = Zd Zana (P, 1) + Nemeas () - (3.11)

In Eq. 3.11, the sum is taken over all debris ion charge states C II - C VII.

3.2.2 Model for Ion Current Density

Conveniently, much of the work towards a model of the total ion current density 3, J; (7, )
has already been completed in the previous subsection. The summation is taken over the
current density corresponding to each debris and ambient ion species, denoted fd (7, t) and

-

Jo (7, 1), respectively. Thus,

> Ji (7)) = > Ja (7)) + > Jo (7). (3.12)
For each debris ion charge state,

j;l (F7 t) - Zdend (F; t) ﬁd (F; t) = Zdend (7?, t) (Z>

2) 7 (3.13)

where the debris ion density ng (7,t) follows from Eq. 3.8 and the drift velocity 0, (7, t) =
(%) 7 follows from the ballistic time-of-flight assumption. As expected from the expansion

geometry, Jy (7, t) is directed radially outward.

By contrast to the expanding debris plasma, which contains charge states as high as C

VII (corresponding to Z; = 6) and expands at speeds upwards of ~ 1000 km /s, the ambient
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plasma contains only He II (Z, = 1) and He III (Z, = 2) and carries initial thermal speeds
of only ~ 3 km/s. For comparable debris and ambient ion densities (see Section 3.3), the
expectation is that initially ), Jy (7 1) > > J, (7,t), such that the total current density
> J; (F)t) ~ > Jy (7, t). Substitution of Eq. 3.13 into Eq. 3.12 yields

RAGE (%) > Zina(Fi0) 7, (3.14)

where the sum is taken over all debris ion charge states C II - C VII. As the ambient ions
accelerate in response to the explosive debris plasma, they increasingly contribute to the

current density and the approximation becomes less accurate.

3.2.3 Model for Magnetic Field

A calculation of the laminar electric field via Eq. 1.9 as well as the resulting Lorentz force that
acts on the He II ambient ions via Eq. 3.1 generally requires full spatiotemporal knowledge

of all three components of the magnetic field:

sy
—
J
~
N~—

I

B, (7, t)z+ By, (r,t)y+ B, (7 t) 2. (3.15)

However, as detailed in Chapter 2, the magnetic flux probe measures only the z component of
the magnetic field along an interval of the blow-off axis. While volumetric scans with three-
axis magnetic flux probes can certainly yield full knowledge of B (7,t) in high repetition rate
experiments, this is unfeasible at the low shot rate of the Raptor laser. As a result, the
present analysis demands reasonable assumptions on the behavior of B, (7,t), B, (7, t), and

B, (7, t) outside of the measured region.

Wavelength-filtered imaging, in combination with the measured magnetic field profiles,
motivates a simple model of B, (7,t) in the blow-off plane. Fig. 3.3 compares images of He
IT ions collected via emission of the 468.6 nm spectral line to the corresponding line-outs
of the normalized intensity and the magnetic field’s z component along the blow-off axis
at t = 500 ns, ¢ = 750 ns, and ¢t = 1000 ns. In addition, the images include overlays of

the teardrop function of Eq. 3.5 at the previously optimized value of 6, = 1.5 rad, with
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the cusp position set to the magnetic compression maximum along the blow-off axis. As
previously concluded from Fig. 2.7 in Chapter 2, the line-outs along the blow-off axis reveal a
spatial correspondence between the He II intensification edge and the maximum compression,
indicative of energetic electrons confined to the field lines. Moreover, as the maximum
compression moves from z ~ 26 cm to x ~ 36 cm between ¢t = 500 ns and ¢ = 1000 ns,
the teardrop continues to provide a reasonable fit to the He II fluorescence boundary in the
blow-off plane. This suggests that the magnetic field in the blow-off plane also follows the
same profile. The model developed here thus extrapolates the measured z component from
the blow-off axis into the blow-off plane along the teardrop contours, such that

r

exp (—60/60y) cos 6’

Bz (F7 t) - Bz,meas (LL’, t) , T = (316)

where B, jeqs (7,1) is the experimentally measured z component at position z along the
blow-off axis and x follows from re-arranging Eq. 3.5. At a fixed time, the “teardrops” define
contours of constant B, (7,t). Eq. 3.16 is understood to be valid only in the blow-off plane
(z =10 cm).

The expanding debris plasma generally bends and deforms the initially uniform magnetic
field directed along z, giving rise to B, (7,t) and B, (7,t). However, in the blow-off plane,
the symmetry of the deformation implies that these components are negligible (see [63] for
an excellent visualization of this based on two-dimensional hybrid code simulations). The
present model assumes B, (7,t) = B, (7,t) = 0. Substitution of Eq. 3.16 into Eq. 3.15 thus

yields the magnetic field in the blow-off plane,
B (7?7 t) = Bz,meas (ZL‘, t) 27 (317)

where the definition of x follows from Eq. 3.16. While Eq. 3.17 does not contain the full three-
dimensional structure of the magnetic field, it nevertheless provides a model grounded in
experimental data for calculations in the blow-off plane, which is sufficient for the subsequent
analysis. For the teardrop region corresponding to x < 26 c¢m, where magnetic flux probe
measurements are not taken, B (7, t) is set to the background magnetic field of By = 710 G,

directed in —z.
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Figure 3.3: Comparison of wavelength-filtered images of He IT ambient ions (via the 468.6 nm
line) to corresponding line-outs of the normalized intensity (solid blue line) and the magnetic
field z component (solid gray line) along the blow-off axis at ¢ = 500 ns, ¢ = 750 ns, and
t = 1000 ns. The line-outs reveal a spatial correspondence between the He II fluorescence
boundary and the maximum magnetic compression along the blow-off axis, as highlighted
by the vertical dashed line. In the images, the superimposed squares mark the position
where the laser pulse irradiates the target surface, the dashed lines denote the blow-off axis,
and the magnetic field points into the page. The overlaid teardrop profiles correspond to
Eq. 3.5 at the optimized value of y = 1.5 rad, using the position of the maximum magnetic
compression to define the cusp. The teardrop contour provides a good fit to the He II

fluorescence boundary in the blow-off plane.
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3.2.4 Model for Electron Pressure

From the theoretical considerations of Chapter 1, the satisfied condition . < 1 in the
debris-ambient interaction region of the present experiment indicates that electron pressure
gradients do not contribute significantly to the laminar electric field (Eq. 1.9). To verify
the unimportance of pressure gradients in the context of the models developed throughout
this section, a simple expression for the electron pressure p, (7,t) is obtained. The pressure
follows from

Pe (F’ t) = Te (Fa t) kBTe (F7 t) ; (318)

where n, (7,t) and T, (7,t) are the spatiotemporally dependent electron density and tem-
perature, respectively, and kp is Boltzmann’s constant. While a model for n. (7,t) follows
from Eq. 3.11, the behavior of T, (¥, t) remains to be determined. As detailed in Chapter 2,
swept Langmuir probe measurements of the unperturbed ambient plasma yield a profile of
the electron temperature in the plane perpendicular to the magnetic field, detecting peak
temperatures of ~ 4 eV. However, as the explosive debris perturbs the ambient plasma,
biased Langmuir probe measurements and filtered imaging reveal energetic electrons with
directed kinetic energies of > 50 eV. This suggests a highly complex evolution of T (7, 1),
though the data is insufficient to motivate a detailed model. The simplified approach utilized

here assumes a uniform electron temperature profile in space and time, such that
Te (Fa t) = Te,maxa (319)

where the value of T ,,,, follows from a reasonable upper limit of the electron temperature
inferred from the data. This allows for a prediction of the maximum possible electron pressure
De.maz (T, 1), sufficient for the purpose of verifying the insignificance of the electron pressure

gradients. Substitution of Eq. 3.11 and Eq. 3.19 into Eq. 3.18 yields

pe,max (F7 t) = [Zd Zdnd (Fa t) + ne,meas (7:‘)] kBTe,maxa (320)

where the sum is taken over all debris ion charge states C IT - C VII.
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3.2.5 Model for Laminar Electric Field

The heuristic models of the total electron density n. (7,t), the total ion current density
> J, (7,t), the magnetic field B (7,t), and the maximum electron pressure pe maq (7, 1) allow

for a direct calculation of the laminar electric field via

1 = 1
Vo, —

De
ene 4men,

F(Ft) = B = — Bx (VxB) - LS Tk B (19)

ENC
This subsection individually calculates each term of Eq. 1.9 in the blow-off plane (z = 0 cm),

where considerable simplifications arise due to symmetry.

The first term of Eq. 1.9 denotes electric fields caused by electron pressure gradients:

— -

Eelec = - Vpe' (321)

e

Substituting Eq. 3.11 for n. (7,t) and Eq. 3.20 for pema (7, t) into Eq. 3.21, the assumed
uniform electron temperature 7. ,,,, moves outside of the spatial gradient. Moreover, in
the blow-off plane, symmetry implies that the debris ion density ny (7, t) does not vary over
infinitesimal changes along the z direction. Similarly, the measured ambient electron density

Ne.meas (T') 18 assumed to be invariant along z. Thus,

. T, Z4N ing (7 V 3
Eelec <—, ) _ (kB e,ma:p) (Zd dVJ_nd (Tvt) + vj_ne,meas (T)) : (322)

Tt - -
€ Zd Zdnd (7“, t) + ne,meas (7“)

where V 1 corresponds to the gradient in the blow-off plane, such that Eelec (7,t) does not
have a z component. The magnitude of Eelec (7,t) represents an upper limit estimate of
the electron pressure gradient contribution and depends on the debris and ambient electron
density gradients, the total electron density, and a suitable guess for the maximum electron
temperature T, ,,q..> In accordance with the negative sign in front of Eq. 3.22, Eelec (7, )

points in the direction of decreasing plasma density.

The second term of Eq. 1.9 denotes electric fields caused by magnetic pressure gradients

and tension:
- 1

Emag = -

B x (6 X E) . (3.23)

4men,

3The possibility of large electron temperature gradients, which can significantly contribute to the magni-
tude of Egpe. (7, 1), is not considered here.
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The expanding debris plasma deforms the initially uniform magnetic field through the gen-
eration of a magnetic compression and a diamagnetic cavity, generally resulting in a complex
solution to Eq. 3.23. However, arguments from symmetry lead to considerable simplification.

The vector term of Eq. 3.23 can be re-expressed in a more convenient form via

— — — 1 — — — —

B x (v X B) = VB - (B - v) B. (3.24)
Because the initial magnetic field only has a z component, a symmetrically deformed mag-
netic field of the form B = B,z + B,y + B.% has vanishing B, and B, in the blow-off plane,
though the spatial derivatives of these components are generally non-zero [63]. Moreover,

B, does not vary over infinitesimal changes along z. From Eq. 3.24, it therefore follows that

B x (ﬁxé):Bz<aBz—aB’ﬂ>;ﬁ+3Z (aBz—aBy) n (3.25)

Ox 0z y 0z

indicating that the electric field Emag does not have a z component. Furthermore, the defor-
mation of the magnetic field in the blow-off plane is such that field gradients perpendicular to

the field lines (in this case, along = and y) are typically more drastic than gradients parallel

to the field lines (along z) [63]. Thus, 282 > %5 and % > %, and Eq. 3.25 becomes
— = — aBz N aBz N =
B x (v x B) - B.2 23+ B. 2% = B.V,B., (3.26)
ox dy

where V| corresponds to the gradient in the blow-off plane. Eq. 3.26 demonstrates that
only magnetic pressure gradients contribute significantly to Emag in the blow-off plane, while

magnetic tension is negligible.

Recalling that the teardrops of Eq. 3.5 define contours of constant magnetic field in the
blow-off plane, it follows that the vector Bzﬁ 1 B, from Eq. 3.26 must point normal to the
contours and in the direction of increasing B,. A straightforward calculation of the slope of
the normal to the contours yields an expression for the angle g relative to the blow-off axis

of a line running along Bzﬁ 1 B.:

1 4+ cos 26 + 26, sin 20
26 cos 20 — sin 20

tan pp = (3.27)
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The relationship of v to 6 is illustrated in Fig. 3.7. However, while Eq. 3.27 provides an easy
method of determining the direction of Bzﬁ 1 B., calculation of its magnitude is less trivial
due to a mathematical artifact introduced by the teardrop extrapolation of the magnetic
field into the blow-off plane. Specifically, the magnitude of B.V | B, increases with 6 due
to the fact that the successive contours of constant magnetic field become spatially closer,
thus artificially enhancing the gradient. In an attempt to correct for this unphysical effect,
the magnitude is calculated only along the blow-off axis (where the magnetic field profile is
measured directly) and applied along the teardrop contours throughout the blow-off plane.

Employing this correction, substitution of Eq. 3.17 for B (7, t) into Eq. 3.26 yields
= 6Bz,meas (.T, t) ‘

é(f,t)x(Vxé(ﬁt))‘% Oz

where the definition of x follows from Eq. 3.16. Substituting Eq. 3.11 for n. (7, t) and Eq. 3.28
(

B, meas (¢,1) (3.28)

1),
)

for the vector expression into Eq. 3.23 then yields the magnitude of Emag
Bz,meas ('Tu t) 8 z,meas ( t ’

4 ’ _
) dme Y  Zana (T, t) + Nemeas (7)] ox
The magnitude thus depends on the measured magnetic field strength, the gradient of the

(3.29)

magnetic field, and the total electron density. The negative sign in front of Eq. 3.23 implies
that Emag (7,t) points in the direction of decreasing magnetic field magnitude, along a line
normal to the teardrop contours of Eq. 3.5. This line forms an angle g with respect to the

blow-off axis, as defined by Eq. 3.27.

The third term of Eq. 1.9 corresponds to electric fields caused by cross-field ion currents:

— ]_ — —
Eion =———Y_ Jix B. (3.30)

enec
Substitution of Eq. 3.11 for n, (7, t), Eq. 3.14 for ). J; (r,t), and Eq. 3.17 for E(F, t) into
Eq. 3.30 yields

B (7.1) = — (1) Y aZang (T, ) T X B, meas (€, 1) 2 (3.31)
o ’ ct Zd Zdnd (F7 t) + ne,meas (773 . '

In the blow-off plane, where the radial ion currents are always perpendicular to the magnetic

field, the cross product computes easily. Simplifying Eq. 3.30 leads to

- r Ne meas (7:‘) - A
Eion _)7 t) = 1 = - Bz meas 5 t 97 3.32
(1) <ct> ( + > a Zang (T, t)) ’ (z,) ( )
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where the definition of x follows from Eq. 3.16 and 6 defines the azimuthal direction in the
blow-off plane, pointing towards increasing angle 6. The magnitude of the cross-field ion
current term Ejop, (7, t) thus depends on the measured magnetic field strength, the time-of-

flight speed, and the ratio of debris and ambient electron densities. Taking into account the

—

negative value of B, eqs (7, 1) (since the magnetic field points in the —z direction), E;, (7, )
points in the clockwise azimuthal direction provided that the magnetic field points into the

page and the debris expands radially outward.

The total laminar electric field can now be obtained from the vector sum of the three
terms:

E (F,t) = Euee (7, 1) + Erpag (7, 1) 4 Ejon (1) . (3.33)

Like its contributing components, the total electric field E (7, t) of Eq. 3.33 does not have a

z component in the blow-off plane and is therefore perpendicular to the magnetic field.

3.2.6 Summary of Models

The available experimental data and radiation-hydrodynamic simulations in HELIOS moti-

vate plasma parameter models primarily based on the following assumptions:

e H II ions, neutrals, and molecules in the debris do not affect the ambient plasma.
e The debris ions expand ballistically (no acceleration, deceleration, or gyration).

e The debris ions have drifting Maxwellian velocity distributions.

e The debris ion expansion is represented by a symmetric 3D teardrop.

e The ambient density profile is not perturbed significantly by the debris.

e The ambient ions do not contribute significantly to the total ion current density.

e The magnetic field profile in the blow-off plane follows the teardrop shape.

Employing these assumptions, the spatiotemporal evolution of the total electron density

ne (7, t), the total ion current density ), J; (7, t), the magnetic field B (7,t), and the maxi-
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mum electron pressure pe mqq (7, t) is determined by the expressions

ne (7, t) = Zd Zqna (7, ) + Ne.meas (7). (3.11)
DAY (€T>Z Zng (7, 1) 7 (3.14)
B(Ft)=B 2, = A7
(1) zimeas (T,1) 2 exp (—9/00) cos 6’ (3:17)

pe mazx (’I“ t [Z Zdnd ’f’ t) + Ne ,meas (m] kBTe ,max (320)

where the debris ion density ng (7, t) follows from

. Cy (r — Vatexp (—0/6p) 0030)2
) b= 20212 )

(3.8)

Here, r = /22 + y2 + 22 is the distance from the origin, § = arctan ( \/y? + 22/x) is the
Y

angle with respect to the blow-off axis (limited to 0 < 6 < %), and ¢ is time. The charge
numbers Z,;, normalization constants Cy, average drift velocities V;, and velocity spreads o
follow from Table 3.2, and the sums are taken over all the debris ion charge states C II -
C VII. The optimized parameter 6, = 1.5 rad corresponds to the teardrop shape that best
fits the observed debris expansion. In Eq. 3.11 and Eq. 3.20, ne meqs () corresponds to the
measured ambient electron density profile of Fig. 2.3 from Chapter 2. In Eq. 3.17, which
is valid only in the blow-off plane (z = 0 c¢m), B, eqs (2,t) corresponds to the measured
magnetic field z component along the blow-off axis. In Eq. 3.20, T¢ e, is the estimated
upper limit of the electron temperature, and kp and e are Boltzmann’s constant and the

elementary charge, respectively.

The derived plasma parameter models allow for a direct calculation of the laminar electric
field via Eq. 1.9. In the blow-off plane (z = 0 cm), the electron pressure gradient term
Eo oo (7,t), the magnetic pressure gradient and tension term Emag (7,t), and the cross-field

ion current term Ej,, (7, t) follow from

Eelec (F, t) = — <kBTevm‘H> (Zd ZaV 1ng (Tv t) + ViNemeas (F>> , (3.22)

Fon0 = (3) (14 2= D) )0 33



= — Bz meas (I, t) aBz meas (LU, t)
ma 7t ’ = : - = : s 329
g (721) dme >, Zana (Tot) + Nemeas (7)] Ox (3:29)
1 26 + 26, sin 26
tan g = + cos 20 + 26 sin (3.27)

260 cos 20 — sin 20

In the above expressions, Eotee (7,t) points in the direction of decreasing electron density, as
determined by the gradient v | in the blow-off plane. Emag (7, t) points towards decreasing
magnetic field magnitude along the normal to the teardrop contours of Eq. 3.5, defined by
the angle ¢ with respect to the blow-off axis. Eion (7, t) is directed azimuthally, as indicated
by é, resulting in a clockwise contribution provided that the magnetic field points into the

page. The total laminar electric field follows from the vector sum of the three terms:
E (7,t) = Euee (F,1) + Enag (7, 1) + Ejon (7). (3.33)

Like its contributing components, the total electric field E (7,t) of Eq. 3.33 does not have a

z component in the blow-off plane and is therefore perpendicular to the magnetic field.

In the analysis to follow, four different versions of the heuristic models are applied in
order to investigate the self-consistency of the computational approach and to characterize
the sensitivity of the output to changes in the input. Specifically, several parameters that
determine the debris ion densities ng (7,¢) through Eq. 3.8 are varied with the intention
of producing greater deviations from the data for inputs that differ significantly from the
expected experimental conditions. To better understand the model variations, it is useful to
first consider the kinetic energy of the debris plasma. Assuming the debris ions carry the

vast majority of the kinetic energy, the kinetic energy density U (7, t) follows from

UG71) = gme S ma(F ) (71) (3.34)
where ng (7, t) and vy (7, t) are the density and speed of each debris ion charge state, m¢ is
the atomic mass of C, and the sum is taken over all charge states C II - C VII. Utilizing
Eq. 3.8 for ng4 (7,t) and the ballistic time-of-flight assumption oy (7, t) = (%) 7 allows for a
calculation of U (7,t). The total kinetic energy Ex then follows from integration of Eq. 3.34

over all space:

Ex = / U (7,t) d°F. (3.35)

r

69



jon | CII C 111 CIv cvV C VI C VII

Zq 1 2 3 4 5 6

Xa | 0.064 0.187 0.322 0.408 0.014 0.006
Run 1 (3D) Va | 0044 0.231 0.434 1.508 5.742 9.925
Nior = 1.865E17 oa | 0.100 0.253 0.355 1.734 1.979 1.071
Ex =941J Cq | 1.225E-3 1.722E—4 9.171E-5 1.195E—6 1.027TE—8  1.668E—8
Run 2 (10X) Va | 0015 0.080 0.150 0.500 1.900 3.300
Nior = 1.865E18 oa | 0.030 0.080 0.110 0.550 0.620 0.330
Ex =941 Cq | 4400E—1 5.209E—2 2869E—2 3.669E—4 3.111E—6 5.026E—6
Run 3 (0.1X) Va | 0130 0.700 1.500 4.700 19.000 33.000
Nior = 1.865E16 oa | 0.330 0.800 1.100 5.400 6.000 3.000
Ex=941J Cq | 3488E—6 5.555E—7 2.869E—7 3.954E—9 3.288E—11 5.689E—11
Run 4 (2D) Va | 0044 0.231 0.434 1.508 5.742 9.925
Niot = 1.865E17 em™' | oq | 0.100 0.253 0.355 1.734 1.979 1.071
Ex =73J cm™? Cq | 2995E3  1.062E3  8.016E2  5.044E1 5973E—1  1.322E0

Table 3.2: Values of charge number Z,, ionization fraction yg, average velocity V;, velocity
spread o4, integration constant Cy, total ablated ion number N, and kinetic energy E
corresponding to all four versions of the plasma parameter models for charge states C II - C
VII. “Run 1 (3D)” follows directly from the HELIOS simulation results of Table 3.1 extracted
at ¢ = 500 ns. “Run 2 (10X)” and “Run 3 (0.1X)” correspond to a factor of 10 increase
and decrease, respectively, in the HELIOS-predicted Ny, adjusting the other parameters to
keep E fixed. “Run 4 (2D)” corresponds to a two-dimensional debris expansion, once again
utilizing the HELIOS results. The values of V; and o, are in units of 107 cm/s. The values

of Cy are in units of s*/cm? except for “Run 4 (2D),” where they are in s?/cm?.

The first version of the heuristic models, titled “Run 1 (3D)” in Table 3.2, assumes a
three-dimensional debris expansion and utilizes the values of total ablated ion number Ny,
normalization constants Cj, average velocities V,, and velocity spreads o, corresponding
directly to the HELIOS simulation of Table 3.1. Calculation of the total debris kinetic

energy via Eq. 3.34 and Eq. 3.35 yields Ex = 94 J, a reasonable value provided that roughly
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60% of the ~ 150 J laser pulse converts into kinetic energy of the ablated ions.* This
version provides the most accurate representation of the actual experimental conditions.
The second version, titled “Run 2 (10X),” intentionally multiplies the HELIOS-predicted
number of ablated ions Ny, by a factor of 10. Without further adjustment, this necessarily
multiplies the debris kinetic energy by a factor of 10 as well, creating an experimentally
unrealistic scenario. To maintain feasible conditions, the velocity distributions are modified
in order to keep the total kinetic energy fixed at Ex = 94 J via Eq. 3.34 and Eq. 3.35,
despite the increased number of ions. Unsurprisingly, this requires the reduction of V,; and
o4 corresponding to each debris ion charge state by a factor of &~ 3, as kinetic energy goes
as the square of speed. The constants Cy are then recomputed for the modified Ny, Vi,
and o4 via Eq. 3.9. The third version, titled “Run 3 (0.1X),” intentionally divides the
HELIOS-predicted number of ablated ions N; by a factor of 10. Analogously, V; and oy
are increased by a factor of ~ 3 in order to preserve the total kinetic energy at Ex = 94 J,
and the constants Cj; are recomputed accordingly. Finally, the fourth version, titled “Run
4 (2D),” assumes a two-dimensional expansion in the plane perpendicular to the magnetic
field with no variation in the plasma parameters along the z direction. This version utilizes
the same HELIOS-predicted values of Ny, Vy, and o4 employed for “Run 1 (3D),” though
the interpretation of N, changes to the total number of ablated ions per cm of the third,
invariant z dimension. The new expansion geometry requires a minor modification of the
plasma parameter models, and it is straightforward to show that analogous two-dimensional
expressions in the blow-off plane (z = 0 cm) differ only by a single power of the time t¢.
Specifically, the t% term at the front of Eq. 3.8 becomes t% The constants Cy must also be
recalculated in order to account for the new geometry. Computation of the kinetic energy
via expressions analogous to Eq. 3.34 and Eq. 3.35 yields EFx = 73 J per cm of z. All four
versions of the models assume the HELIOS-simulated ionization fractions yy. The values of
Zas Xas Va, 04, Ca, Niot, and Ej for all four model variations and for all charge states C II -

C VII are listed in Table 3.2.

4The calculated debris kinetic energy depends on the HELIOS simulation results and the specific function
chosen to represent the expansion geometry.
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3.3 Results of Plasma Parameter Models

This section assesses the results of the heuristic models derived in Section 3.2, utilizing the
parameters of Table 3.2. First, the spatiotemporal evolution of the computed laminar electric
field E (7,t) in the blow-off plane (z = 0 c¢m) is analyzed in relation to the magnetic field
B (7,t) and the debris ion densities ng (7,¢). Then, the computed E (7,t) and B (7,t) are
used to simulate the initial response of a distribution of He II ions to the expanding debris

plasma via the Lorentz force (Eq. 3.1).

3.3.1 Spatiotemporal Evolution of the Laminar Electric Field

In accordance with Eq. 3.33, the total electric field E (7, t) follows from the vector sum of
the electron pressure gradient term E,.. (7,t) (Eq. 3.22), the magnetic pressure gradient
term Emag (7.t) (Eq. 3.27 and Eq. 3.29), and the cross-field ion current term Ej,, (7,t)
(Eq. 3.32). However, as anticipated from the theoretical considerations of Chapter 1 and
the experimental results presented in Chapter 2, the satisfied condition . < 1 implies
that the electron pressure gradient term Eelec (7, t) should not contribute significantly. As
a verification, the magnitude of Ey. (7,t) is compared to the total magnitude of E (7, 1),
utilizing the parameters corresponding to “Run 1 (3D)” from Table 3.2 and assuming a
maximum electron temperature kTt mq = 100 eV (loosely motivated by the detection of
electrons with directed kinetic energies of > 50 eV via biased Langmuir probes, as detailed
in Chapter 2). At the position (x,y) = (20,0) cm, corresponding to the edge of the ambient
plasma where coupling first becomes important, Eoee (7,t) comprises just ~ 11% of the
total magnitude at its peak. At (x,y) = (30,0) cm, corresponding to the center of the
ambient plasma column, the maximum contribution drops to &~ 1%. At greater distances
from the origin, the relative contribution decreases even further. The relative insignificance
of Eylec (7, t) provides an important consistency check of the plasma parameter models and

allows the total electric field to be well approximated by

E(7,t) & Emag (7, ) + Eion (T, 1) . (3.36)
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Figure 3.4: Spatiotemporal evolution of the debris ion densities in the blow-off plane, corre-
sponding to the parameters of “Run 1 (3D)” in Table 3.2. The color contour shows the total
debris ion density Y, nq (7, t) (Eq. 3.8), while the teardrops (dashed black lines) indicate

the positions of maximum density corresponding to each debris ion charge state.

In the subsequent analysis of this section, the electric field E (7,t) is computed via Eq. 3.36

and contributions due to electron pressure gradients are assumed to be negligible.

Fig. 3.4 and Fig. 3.5 together illustrate the spatiotemporal evolution of the laminar
electric field in relation to the magnetic field and the expanding debris plasma, based on
the parameters of “Run 1 (3D)” in Table 3.2. Specifically, Fig. 3.4 shows color contours of
the total debris ion density ), nq (7,t) (Eq. 3.8), as well as the teardrops corresponding to
the peak density position of each debris ion charge state, while Fig. 3.5 shows the vectors of

the total electric field E (7,t) (Eq. 3.36) superimposed on color contours of the magnitude
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Figure 3.5: Spatiotemporal evolution of the electric and magnetic fields in the blow-off plane,
corresponding to the parameters of “Run 1 (3D)” in Table 3.2. The vectors represent the
total electric field E (7, ¢) (Eq. 3.36), and the scale is indicated via the maximum vector
magnitude plotted at each time. The color contour represents magnitude of the magnetic
field B (7, t) (Eq. 3.17), which is directed into the page. The grayed-out teardrop corresponds
to the region where the magnetic field is not diagnosed and set to the background value of

710 G.

of the magnetic field B (7,t) (Eq. 3.17). The parameters are plotted in the blow-off plane
at various times between ¢t = 375 ns and ¢t = 1000 ns. At t = 375 ns, the peak density
of C VII (the fastest debris ion charge state) streams through the central region of the
ambient plasma column, reaching x =~ 35 cm along the blow-off axis. Because the C VII

ions outrun the magnetic compression and diamagnetic cavity and pass through a region of
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uniform magnetic field (at the background value of 710 G), the resulting electric field only
contains a clockwise azimuthal contribution Ei,m (7,t) from the cross-field ion current. By
t = 625 ns, the front of the magnetic compression reaches x ~ 35 cm along the blow-off axis.
While the radial streaming of the debris ions continues to produce a clockwise azimuthal
electric field via Ejp, (7,t), the gradient in the magnetic field magnitude at the front of the
compression now also contributes a radial-like outward electric field from Emag (7,t), and the
vector sum of the two contributions results in a complex, asymmetric field structure. By
t = 1000 ns, the diamagnetic cavity edge reaches x ~ 30 c¢cm along the blow-off axis. The
magnitude of the azimuthal electric field Eion (7, t) declines due to the slower time-of-flight
speeds associated with later times and the expulsion of the magnetic field, and the total
electric field is dominated by the radial-like inward contribution from Emag (7, t), produced
by the gradient in the magnetic field at the diamagnetic cavity edge. It is worth noting
that the simulated laminar electric field structure is consistent with the measured profile of
the deformed magnetic field, in accordance with the theoretical considerations of Chapter 1.
Specifically, the radial-like inward contribution from the magnetic pressure gradient is the
necessary electric field to drive the electrons into a clockwise azimuthal E x B drift and set
up a diamagnetic current that expels the magnetic field (the diamagnetic cavity). Similarly,
the radial-like outward contribution from the magnetic pressure gradient is the necessary
electric field to drive the electrons into a counter-clockwise azimuthal E x B drift, which

creates a current that adds to the magnetic field (the magnetic compression).

Fig. 3.6 further elucidates the evolution of the laminar electric field in relation to the
magnetic field and the expanding debris plasma by examining the behavior in time at a fixed
position in space, based on the parameters of “Run 1 (3D)” in Table 3.2. Specifically, this
figure compares the x and y components of the magnetic pressure gradient term Emag (7, 1),
the cross-field ion current term Ej, (7,), and the total electric field E (7,¢) to the debris
ion densities ng (7, t) corresponding to each charge state and the magnitude of the magnetic
field B (7,t). The evolution is plotted between t = 0 ns and ¢ = 1000 at the position (z,y) =

(30,0.5) cm, near the center of the ambient plasma column and just above the blow-off axis.
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Figure 3.6: Temporal evolution of the electric field in relation to the magnetic field and
the debris density at a fixed position, corresponding to the parameters of “Run 1 (3D)” in
Table 3.2. From top to bottom, the plots show the debris ion densities ng (7,¢) (Eq. 3.8), the
magnitude of the magnetic field B (7, t) (Eq. 3.17), and the x and y components of the cross-
field ion current term Ej,, (7,¢) (Eq. 3.32), the magnetic pressure gradient term Emag (7, 1)
(Eq. 3.27 and Eq. 3.29), and the total electric field E (7,t) (Eq. 3.36) at (x,y) = (30,0.5)

cm.

For comparison, the static ambient electron density at this position is ne meqs () = 6 X 10'2
cm 3. The fast C VII ions stream past the observation position between ¢t ~ 200 ns and
t =~ 400 ns, outrunning the magnetic compression. The associated ion current produces

Ejon (7, t), which is primarily directed in —y and achieves a peak magnitude of ~ 300 V/cm.
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The absence of gradients in the magnetic field during this time interval results in a negligible
Emag (7,t). By t &~ 500 ns, enough C V ions reach the observation position to comprise the
majority of the local debris ion density. Concurrently, the magnetic field magnitude begins
to increase, corresponding to the arrival of the magnetic compression front. The debris
ion currents continue to produce Ejon (7,t) directed in —y, though the magnitude decreases
to &~ 200 V/cm. In addition, the magnetic compression front now generates Emag (7, 1),
which initially has positive  and y components of =~ 200 V/cm each. Correspondingly,
the y component of the total electric field E (7, t) nearly cancels completely at this time.
Between ¢ ~ 600 ns and ¢ ~ 800 ns, C V continues to dominate the debris density and
the magnetic field magnitude rapidly decreases, corresponding to the arrival of the trailing
side of the magnetic compression and the diamagnetic cavity edge. Debris ion currents
continue to produce Ejon (r,t) directed in —y, though the magnitude declines further due
to the expulsion of the magnetic field and the slower time-of-flight speeds associated with
later times. The cavity edge, which has a gradient in the opposite direction of the magnetic
compression front, reverses the direction of Emag (7,t), which now has negative x and y

components with peak magnitudes of ~ 700 V/cm and ~ 400 V/cm, respectively.

Several important observations follow from Fig. 3.4, Fig. 3.5, and Fig. 3.6. First, both
the radial-like Emag (7,t) and the azimuthal Eion (7, t) contribute significantly to the total
clectric field E (7,t), with typical magnitudes in the hundreds of V/cm. This is consistent
with the theoretical considerations of Chapter 1, which indicate that the magnitude ratio of
Eion (7, t) to Emag (7, t) should scale as the Alfvénic Mach number M 4. The marginal current
value of M4 = 2 (corresponding to the time of flight of the magnetic compression, as detailed
in Chapter 2) thus signifies an intermediate regime in which both terms participate. Second,
the sum of the radial-like Emag (7,t) and the azimuthal Eiyn (7, t) results in an asymmetric
structure in the vector field of E (7,t) between the upper and lower portions of the blow-off
plane, most clearly evident between t = 500 ns and ¢ = 875 ns in Fig. 3.5. Specifically,

E (7,t) is characterized by small +y components in the upper half of the blow-off plane

(y > 0 cm) and large —y components in the lower half (y < 0 cm). Fig. 3.7 schematically
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Figure 3.7: Schematic demonstration of the cause of the asymmetry in the total electric field
E (7,t) (Eq. 3.36). The dashed teardrop denotes the position of the peak magnetic com-
pression. Just ahead of the peak compression, the gradient in the magnetic field magnitude
produces a radial-like outward electric field Emag (7,t) at an angle pp with respect to the
blow-off axis, in accordance with Eq. 3.27 and Eq. 3.29. Simultaneously, the radially outward
debris ion currents generate a clockwise azimuthal electric field Eion (7,t), in accordance with
Eq. 3.32. Above the blow-off axis (y > 0 cm), the y components of the two contributions act
to cancel each other. Below the blow-off axis (y < 0 cm), the y components add. Provided
that the magnitude of Emag (7, t) somewhat exceeds that of Eion (7, t), the total electric field
E (7,t) has a small +y component above the blow-off axis and a much larger —y compo-

nent below the blow-off axis. The asymmetry only becomes apparent provided that the

magnitudes of Emag (7, t) and Eion (7, t) are comparable.

illustrates how the asymmetry arises. Third, in the central region of the ambient plasma
column between z ~ 20 cm and x =~ 40 cm along the blow-off axis, the total debris density
is comparable to the ambient density. At (x,y) = (30,0.5) cm, for example, the debris ion

-3

density never exceeds ~ 1 x 10'2 cm™3, similar to the measured ambient electron density of
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Figure 3.8: Temporal evolution of the electric field in relation to the magnetic field and
the debris density at a fixed position, corresponding to the parameters of “Run 2 (10X)” in
Table 3.2. From top to bottom, the plots show the debris ion densities ng (7,¢) (Eq. 3.8), the
magnitude of the magnetic field B (7, t) (Eq. 3.17), and the x and y components of the cross-
field ion current term Ej,, (7,¢) (Eq. 3.32), the magnetic pressure gradient term Emag (7, 1)
(Eq. 3.27 and Eq. 3.29), and the total electric field E (7,t) (Eq. 3.36) at (x,y) = (30,0.5)

cm.

~ 6 x 102 cm~? at the same position. This verifies that the condition 3. < 1 continues to

hold as the debris expands into the ambient plasma.

By analogy to Fig. 3.6, the temporal evolution corresponding to the parameters of “Run

2 (10X),” “Run 3 (0.1X),” and “Run 4 (2D)” from Table 3.2 is shown in Fig. 3.8, Fig. 3.9,
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Figure 3.9: Temporal evolution of the electric field in relation to the magnetic field and the
debris density at a fixed position, corresponding to the parameters of “Run 3 (0.1X)” in
Table 3.2. From top to bottom, the plots show the debris ion densities ng (7,¢) (Eq. 3.8), the
magnitude of the magnetic field B (7, t) (Eq. 3.17), and the x and y components of the cross-
field ion current term Ej,, (7,¢) (Eq. 3.32), the magnetic pressure gradient term Emag (7, 1)
(Eq. 3.27 and Eq. 3.29), and the total electric field E (7,t) (Eq. 3.36) at (x,y) = (30,0.5)

cm.

—

and Fig. 3.10, respectively. As before, each figure plots ng (7, t), B (7,t), and the = and
y components of Epqg (7)), Eion (7,1), and E (7,t) at the position (z,y) = (30,0.5) cm.
Comparison to the results of “Run 1 (3D)” reveals highly differentiated behavior. In Fig. 3.8,

corresponding to “Run 2 (10X),” the factor of 10 increase in the total ablated ion number
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Figure 3.10: Temporal evolution of the electric field in relation to the magnetic field and
the debris density at a fixed position, corresponding to the parameters of “Run 4 (2D)” in
Table 3.2. From top to bottom, the plots show the debris ion densities ng (7,¢) (Eq. 3.8), the
magnitude of the magnetic field B (7,¢) (Eq. 3.17), and the z and y components of the cross-
field ion current term Ej, (7,¢) (Eq. 3.32), the magnetic pressure gradient term Emag (7,t)
(Eq. 3.27 and Eq. 3.29), and the total electric field E (7,t) (Eq. 3.36) at (x,y) = (30,0.5)

cim.

Nio¢ results in a comparable increase in the densities ng (7,t) of each debris ion charge
state. Moreover, due to the energy-conserving factor of ~ 3 decrease in the debris expansion
speeds, the debris arrives at the observation position later in time. The late arrival of the

debris postpones the appearance of the ion current term Eion (7,t) and lowers the local
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total plasma density, thereby increasing the magnitude of Emag (7,t) through the inverse
density dependence in Eq. 3.29. In Fig. 3.9, corresponding to “Run 3 (0.1X),” the factor
of 10 decrease in the total ablated ion number N, results in a comparable decrease in the
densities ny (7,t) of each debris ion charge state. Moreover, due to the energy-conserving
factor of ~ 3 increase in the debris expansion speeds, the debris arrives at the observation
position earlier in time. The earlier arrival of the debris causes E;-m (7, t) to develop sooner.
However, despite the faster expansion speeds, the magnitude is smaller. To understand why,
it is necessary to recall that the magnitude of Eion (7, t) depends on both the debris expansion
speed and the ratio of debris to ambient density, in accordance with Eq. 3.32. In this case,
the smaller number of ablated ions causes the latter effect to win, causing a drop in the
magnitude. The smaller number of ions also lowers the local total plasma density, thereby
increasing the magnitude of Emag (7, t) through the inverse density dependence in Eq. 3.29.
In Fig. 3.10, corresponding to “Run 4 (2D),” the ablated ion number Ny, and the expansion
speeds remain unchanged. However, the debris densities are nearly two orders of magnitude
larger due to the two-dimensional debris expansion. The increased debris density results
in a dominant Ejp, (7,t) (which escalates with increasing ratio of the debris density to the
ambient density) and a negligible Emag (7,t) (which declines with increasing total plasma
density). In summary, the comparison of the four parameter sets of Table 3.2 reveals that a
dominant Emag (7, t) characterizes “Run 2 (10X)” and “Run 3 (0.1X),” a dominant E;,, (7, 1)
characterizes “Run 4 (2D),” and comparable Emag (7,t) and Ej,, (7,t) characterize “Run 1

(3D).”
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3.3.2 Simulation of Initial He II Ion Response

The spatiotemporal models of the total laminar electric field E (7,¢) (Eq. 3.36) and the
magnetic field B (7,t) (Eq. 3.17) allow for a simulation of the initial He II ion response to

the explosive debris plasma via the Lorentz force,

d*7 (t) _du(t) € (E" (7, t) + %ﬂ X B(F, t)) . (3.1)

a2 dt MHe

As detailed in Section 3.2, the symmetry of the blow-off plane (z = 0 cm) requires that
E (7,t) only has z and y components (parallel to the plane), while B (7,t) only has a z
component (perpendicular to the plane). Because the vector 7 (t) x B (7,t) is necessarily
perpendicular to B (7,t), it follows that the Lorentz force of Eq. 3.1 must also have only
x and y components (parallel to the plane). The trajectory of an initially stationary He
IT ion located anywhere in the blow-off plane is therefore confined to the plane and can be

described via two coordinates (x and y).

Utilizing this simplifying principle, a custom simulation code computes the planar tra-
jectories of a distribution of He II ion test particles, each of mass my, = 6.647 x 1072 g
and charge number Z = 1. Initially, N = 10* particles are normally distributed through-
out the plane. The distribution follows a two-dimensional Gaussian with the center at
(%¢,ye) = (32,6) cm and a standard deviation of o, = 0, =9 cm, designed to approximately
match the measured electron density profile of the unperturbed ambient plasma from Fig. 2.3
of Chapter 2. However, particles with initial positions outside of the Langmuir sweep re-
gion, where the ambient density is unknown, are not included in the simulation. The test
particles are also initially assigned a Maxwellian velocity distribution corresponding to a
root-mean-square speed of v,,s &~ 3 km/s, consistent with the observed Doppler broadening
in the unperturbed background. The initial thermal motion only takes place in the plane
along x and y, such that the particles remain stationary along z. To perform the simulation,
the position 7; (t) of the i’th test particle at time ¢ is used to evaluate the local electric and
magnetic fields E (75,t) and B (75,t) via Eq. 3.36 and Eq. 3.17, respectively. This, in turn,

d*7i(t)

allows for a calculation of the acceleration —

of the ¢'th particle via Eq. 3.1. The position
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particle type He II ion

particle mass Mmpe = 6.647 x 10724 g
particle charge number Z =1

number of particles N = 10*

time step At = 0.8 ns

init. spatial distribution — Gaussian: (z,y.) = (32,6) cm, 0, =0, =9 cm

init. velocity distribution Maxwellian: v,,s &~ 3 km/s

Table 3.3: Parameters of the custom simulation used to compute the trajectories of a distri-

bution of He II ion test particles.

7; (t) and velocity ¥; () are then evolved over a small time step, from ¢ to t + At, via the

standard linearized equations

B (t+ AL) = 7 (1) + [dj;gﬂ At, (3.37)
Rt AL = 7 (8) + 5 (£) At + % {dQZf)} (A1) (3.38)

The procedure then repeats at the updated positions and velocities of each particle and at the
new time. The time step is set to At = 0.8 ns, corresponding to the temporal resolution of
the measured magnetic field profile. By comparison to the ~ 100 ns time intervals associated
with significant variations in the plasma parameters (see Fig. 3.6, for example), this time step
is sufficiently small for an accurate computation of the trajectories. Table 3.3 summarizes

the custom simulation parameters.

Up to this point, the parameter models derived in Section 3.2 have invoked the assump-
tion that the explosive debris does not significantly disturb the ambient density profile.
Consequently, the ambient electron density has been represented by the time-independent
function 7 meqs (7), corresponding to the measured electron density profile of Fig. 2.3 in
Chapter 2. The present He II ion test particle trace attempts to improve upon this as-

sumption by allowing the ambient density to evolve in time along the trajectories of the test
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particles. Specifically, for a particle located at position 7; (t) at time t, the evolving ambient
electron density 7 time (73, t) follows from the original static profile, evaluated at the initial

position 7; (0) of that same particle:
Ne time (7:;7 t) = Ne,meas (Fz (0)) . (339)

Thus, in the context of Eq. 3.39, “patches” of the initial ambient density profile move with
the test particles. While this model ignores the possibility of compression and rarefaction in
the ambient density, it nevertheless improves upon the static assumption and eliminates the
problem of test particles that move outside of the Langmuir sweep region of Fig. 2.3, where
the ambient density is not measured. In the calculation of the test particle trajectories, the
evolving ambient density ne ime (7, t) of Eq. 3.39 is used in place of 7 meqs (7) to evaluate
the local E (7, t) and B (7,1).

Fig. 3.11 illustrates the simulated response of the He II ion test particles in relation to
the magnetic field and the expanding debris plasma, based on the parameters of “Run 1
(3D)” in Table 3.2 and the simulation configuration of Table 3.3. Specifically, this figure
superimposes a random 10% sample of the total test particles over color contours of the
magnitude of the magnetic field B (7,t) and teardrop contours corresponding to the peak
density position of each debris ion charge state. The parameters are plotted in the blow-off
plane at various times between ¢ = 375 ns and ¢ = 1000 ns. Initially, at ¢ = 375 ns, most
of the test particles experience an impulse from only the clockwise azimuthal electric field
Eion (7,t), which develops well ahead of the magnetic compression due to the fast C VII ion
current. By ¢ = 625 ns, the magnetic compression reaches the central region of the ambient
plasma column and causes the particles in that region to experience an additional impulse
from the radial-like Emag (7,t), which develops due to the magnetic field gradients. By this
time, the motional response of the particles becomes clearly apparent at the plotted spatial
scale. Between t = 625 ns and ¢t = 1000 ns, the particles in the vicinity of the propagating
magnetic compression experience acceleration due to both the azimuthal Eion (7,t) and the
radial-like Emag (7,t). As calculated in Fig. 3.5 and schematically illustrated in Fig. 3.7, the

vector sum of the two contributions results in an asymmetrically structured total electric field
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Figure 3.11: Spatiotemporal evolution of the He II ion test particles (blue dots), correspond-

ing to the parameters of “Run 1 (3D)” in Table 3.2 and the simulation configuration of
Table 3.3. Only 10% of the total test particles are plotted. The particles are superimposed
on a color contour of the magnitude of the magnetic field B (7,t) (Eq. 3.17), which is directed
into the page. The teardrops (dashed black lines) indicate the positions of maximum density
corresponding to each debris ion charge state, in accordance with Eq. 3.8. The outermost
teardrop represents C VII (the fastest charge state), the next teardrop represents C VI (the
second fastest charge state), and so on. The grayed-out region represents where the magnetic

field is not diagnosed and set to the background value of 710 G.

86



E (7, t), characterized by small 4y components in the upper half of the blow-off plane (y > 0
cm) and large —y components in the lower half (y < 0 cm). The effect of this asymmetry
becomes fully apparent by ¢t = 1000 ns, as the particles in the lower half of the plane have
acquired large velocity components in the —y direction, while the particles in the upper half
of the plane have acquired relatively small velocities in the +y direction. In addition to the
impulse from the electric field, the test particles also experience a o X B magnetic Lorentz
force that causes gyration. However, because the plotted time interval corresponds to only
about one-quarter of a gyro-period (7' = %j{)’ec ~ 4 ps for By = 710 G), the motion is
dominated by the initial electric field impulse. It should also be noted that, while most of

the test particles accelerate ahead of the magnetic compression, a small subset appears to

become confined within the diamagnetic cavity.

By analogy to Fig. 3.11, the He II ion test particle response corresponding to the pa-
rameters of “Run 2 (10X),” “Run 3 (0.1X),” and “Run 4 (2D)” from Table 3.2 is shown in
Fig. 3.12, Fig. 3.13, and Fig. 3.14, respectively. Comparison to the results of “Run 1 (3D)”
reveals highly differentiated behavior. In both Fig. 3.12 and Fig. 3.13, corresponding to “Run
2 (10X)” and “Run 3 (0.1X),” the final configuration of the test particles at ¢ = 1000 ns ap-
pears roughly symmetric about the blow-off axis. More specifically, the particle population
splits into two groups in the upper and lower halves of the plane, which acquire comparable
velocity components in +y and —y, respectively. This results from the dominant radial-like
contribution from Emag (7,t), as demonstrated in the temporal evolution plots of Fig. 3.8 and
Fig. 3.9. In Fig. 3.14, corresponding to “Run 4 (2D),” nearly all of the test particles acquire
a large velocity in the —y direction, ending up in the lower half of the plane by ¢t = 1000
ns. This is attributed to the dominant clockwise azimuthal contribution from Eion (7,t), as
demonstrated in the temporal evolution plots of Fig. 3.10. The comparisons reveal that only
in the case of Fig. 3.11, corresponding to “Run 1 (3D),” do the comparable magnitudes of
Ejon (7,t) and Emag (7, t) result in a distinct asymmetry, with large velocity components in
the —y direction and small velocity components in the +y direction. As will be demonstrated

in Section 3.4, this asymmetry accounts for the observed Doppler broadening.
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Figure 3.12: Spatiotemporal evolution of the He II ion test particles (blue dots), correspond-

ing to the parameters of “Run 2 (10X)” in Table 3.2 and the simulation configuration of
Table 3.3. Only 10% of the total test particles are plotted. The particles are superimposed
on a color contour of the magnitude of the magnetic field B (7,t) (Eq. 3.17), which is directed
into the page. The teardrops (dashed black lines) indicate the positions of maximum density
corresponding to each debris ion charge state, in accordance with Eq. 3.8. The outermost
teardrop represents C VII (the fastest charge state), the next teardrop represents C VI (the
second fastest charge state), and so on. The grayed-out region represents where the magnetic

field is not diagnosed and set to the background value of 710 G.

88



B, (G)

0 250 500 750 1000 1250
30_ T 2l T T ” T 30_ I, T —l_‘- ™ -‘-~ 30_ 1’2 A T T T
P oo - J
[ (@) t=475ns Hellions [ (b) & 500 [ (c),f=#55ns
L ,/ .- --\--.C_miax‘ density A L .
20,0 .- no B data 120 7,7
v, . ° S [ se
5 w4
Lye
o=
’
DR,
Las
g+ s'::'
SR I
YN
LOIEN
A Y
\
P
0 10
30 VAl T T T T 30 ’l, T

o ’
L ’ o
:(d) t£750ns &:

L’

(ef & 875ns

Figure 3.13: Spatiotemporal evolution of the He II ion test particles (blue dots), correspond-

ing to the parameters of “Run 3 (0.1X)” in Table 3.2 and the simulation configuration of

Table 3.3. Only 10% of the total test particles are plotted. The particles are superimposed

on a color contour of the magnitude of the magnetic field B (7,t) (Eq. 3.17), which is directed

into the page. The teardrops (dashed black lines) indicate the positions of maximum density

corresponding to each debris ion charge state, in accordance with Eq. 3.8. The outermost

teardrop represents C VII (the fastest charge state), the next teardrop represents C VI (the

second fastest charge state), and so on. The grayed-out region represents where the magnetic

field is not diagnosed and set to the background value of 710 G.
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Figure 3.14: Spatiotemporal evolution of the He II ion test particles (blue dots), correspond-
ing to the parameters of “Run 4 (2D)” in Table 3.2 and the simulation configuration of
Table 3.3. Only 10% of the total test particles are plotted. The particles are superimposed
on a color contour of the magnitude of the magnetic field B (7,t) (Eq. 3.17), which is directed
into the page. The teardrops (dashed black lines) indicate the positions of maximum density
corresponding to each debris ion charge state, in accordance with Eq. 3.8. The outermost
teardrop represents C VII (the fastest charge state), the next teardrop represents C VI (the
second fastest charge state), and so on. The grayed-out region represents where the magnetic

field is not diagnosed and set to the background value of 710 G.
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3.4 Comparison of Model Results to Experimental Data

This section compares the modeled results from Section 3.3 to the experimental data pre-
sented in Chapter 2, providing a quantitative evaluation of the theoretical framework of
laminar collision-less coupling. Utilizing the simulated He II ion test particle motion in
combination with collisional-radiative modeling, synthetic wavelength profiles of a He II
ion spectral line are constructed for all four parameter sets of Table 3.2 and compared
to the spatially and temporally integrated spectroscopic measurements. In addition, the
computed electric field corresponding the four parameter sets is compared to the experimen-
tally measured magnetic field via the Maxwell-Faraday equation in order to investigate the
self-consistency of the computational approach. Finally, the validity of the ballistic debris

expansion model is examined through the requirement of energy conservation.

3.4.1 Comparison to Spectroscopic Data

As demonstrated in Fig. 2.11 and Fig. 2.12 of Chapter 2, spectroscopic measurements of the
He II 468.6 nm line reveal significant, asymmetric Doppler broadening in response to the
explosive debris plasma, indicative of He II ion acceleration. Specifically, the predominant
blue shift detected in the first spectrum (time-integrated from ¢ = 500 ns to ¢ = 1000 ns
and line-integrated along y at x = 30 cm) demonstrates an initial impulse transverse to
the debris expansion in the —y direction, qualitatively consistent with the cross-field ion
current term of the laminar electric field (Eq. 1.9). The predominant red shift measured in
the second spectrum (time-integrated from ¢ = 4000 ns to ¢ = 4500 ns and line-integrated
along y at x = 45 cm) then corresponds to the subsequent gyration of the accelerated He 11
ions in the magnetic field. However, the interpretation based on the cross-field ion current
term alone cannot fully account for the results, as the predominantly blue-shifted spectrum
also contains a small red-shifted component and vice versa. In addition, the spatially and
temporally integrated spectra sample a large population of ions of differing trajectories,

making it difficult to interpret the atypical Doppler-broadened profiles. In order to better
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understand the measurements and examine consistency with the theoretical framework of
laminar coupling, synthetic wavelength profiles of the He II 468.6 nm line are constructed by
utilizing the test particle simulations of Section 3.3 in combination with collisional-radiative
modeling. Because the simulations rely on the assumption of a ballistic debris expansion,
the validity of the calculated results deteriorates as the debris expends an increasing amount
of its initial kinetic energy, primarily through coupling to the ambient plasma and expulsion
of the magnetic field. The present analysis thus confines itself only to the reconstruction
of the earliest, predominantly blue-shifted spectrum, when the ballistic condition is best

approximated.

As detailed in Chapter 2, generation of a synthetic wavelength profile of the He II 468.6
nm line requires knowledge of the three primary line broadening mechanisms: the instru-
ment function S, the fine structure splitting Sy,, and the Doppler broadening Sp,,. As
before, S;,s follows from an experimental measurement of a calibration line with an intrin-
sic width smaller than the resolution limit of the spectroscopic setup, while Sy, is derived
from collisional-radiative simulations in PrismSPECT.? However, the Doppler contribution
Spop 1o longer follows from the Maxwellian profile of the unperturbed, thermalized ambient
plasma but instead depends on the complex velocity distributions of the accelerated, fluo-
rescing He II ions along the optical collection axis. Presently, the velocity distributions are
obtained from the simulated trajectories of the He II ion test particles. To match the config-
uration of the temporally and spatially integrated spectroscopic measurement, the extracted
distribution samples only the subset of particles located at x = 30 £ 0.5 cm between ¢t = 500
ns and ¢ = 1000 ns. Because the fiber probe collects light along the y axis, the distribution
samples only the y component of the particle velocities. However, this subset of the veloci-
ties is still insufficient for an accurate reconstruction of the He II 468.6 nm profile because
it potentially includes particles outside of the intensified region, which do not contribute to

the measured spectrum. From Fig. 3.3, it follows that the He II intensification boundary

5The PrismSPECT simulations assume the steady-state, ambient conditions of Table 2.2 in Chapter 2
and do not take into account the complex density and temperature fluctuations introduced by the explosive
debris plasma. As a result, the simulated fine structure profile Sy, is only an approximation. However, this
has little consequence on the final synthetic spectrum, which is dominated by the Doppler contribution.
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Figure 3.15: He II ion test particle simulation corresponding to the parameters of “Run 1
(3D)” in Table 3.2, showing the subset of emitting particles (white dots) located within the
region bounded by § = 2 ¢cm past the peak magnetic compression (dashed black line) and
the dark particles (blue dots) outside of the intensified region. The gray line at x = 30 £ 0.5
cm denotes the optical collection axis. The synthetic He II 468.6 nm spectrum is constructed
by sampling the velocity y components of just the emitting subset of particles that overlap

the collection axis.

in the blow-off plane roughly corresponds to the teardrop extrapolation of the peak mag-
netic compression. Thus, to construct the synthetic spectrum, only the subset of “emitting”
test particles located within the intensified region bounded by the magnetic compression is
used.® The extraction of the test particle velocity distributions is demonstrated in Fig. 3.15,
which shows the test particle simulation corresponding to “Run 1 (3D)” in Table 3.2 and
highlights both the optical collection axis at x = 30 £ 0.5 cm and the subset of emitting

particles located within the peak compression.

Fig. 3.16 shows the resulting distributions of the velocity y components for all four pa-
rameter sets of Table 3.2, extracted analogously to Fig. 3.15. Both the distribution of all

the particles within z = 30 £ 0.5 cm and the distribution of just the emitting subset of those

6More accurately, the boundary of the intensified region is assumed to be slightly ahead of the teardrop
corresponding to the peak magnetic compression. This distance ahead of the compression, denoted 9, is
treated as a free parameter and set to § = 2 cm in the results presented here, consistent with Fig. 3.3.
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Figure 3.16: Distributions of the velocity y components from the He II ion test particle
simulations corresponding to all four parameter sets of Table 3.2. The distributions are
temporally integrated from ¢ = 500 ns to ¢ = 1000 ns and spatially integrated along y at
x = 30+£0.5 cm. Both the distribution of all the particles within x = 30+ 0.5 cm (gray solid
line) and the distribution of just the emitting subset of those particles (dashed blue line) are

shown.

particles are shown. A common feature of all four runs is that the emitting test particle
population is significantly slower than the fastest particles, which quickly escape the intensi-
fication region. For example, in “Run 1 (3D),” the fastest particles of the entire distribution
acquire a velocity component of &~ 400 km/s in the —y direction, while the emitting particles
that actually contribute to a Doppler-broadened spectrum only achieve ~ 200 km/s in the
same direction. The velocity distributions also generally correspond to the previously as-
sessed behavior of the electric fields. In “Run 1 (3D),” the asymmetric electric field structure
caused by the comparable magnetic pressure gradient and cross-field ion current terms (see
Fig. 3.5 and Fig. 3.7) causes particles to acquire faster velocities in the —y direction and
relatively slower velocities in the 4y direction. In “Run 2 (10X)” and “Run 3 (0.1X),” the

dominant radial-like contribution from the magnetic pressure gradient term, in combination
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with the small offset of the initial test particle distribution above the blow-off axis, results
in fast velocities in the +y direction and relatively slower velocities in the —y direction. In
“Run 4 (2D),” the dominant azimuthal contribution from the cross-field ion current term
causes all of the particles to acquire velocity components in the —y direction. In all of the
distributions, the test particles acquire speeds significantly faster than the initial thermal

average of v,,s = 3 km/s, indicative of significant acceleration due to the electric field.

The velocity y component distributions of Fig. 3.16 corresponding to just the emitting
subset of the test particles define the function f (v,). Under the assumption that all of the
particles embodied in the distribution emit at equal intensities, the wavelength profile of the

Doppler contribution Sp,, follows from the standard Doppler shift relation

Spop(A) =C x f {vy = (A ;A)} : (3.40)

where A is the independent variable indicating the wavelength, \. is the central wavelength
of the spectral line, c is the speed of light, and C' is a normalization constant.” Test particles
with velocity components in the —y direction (towards the collecting fiber probe) contribute
a blue-shifted spectrum (A < \.), while those moving in the +y direction (away from the
collecting fiber probe) contribute a red-shifted spectrum (A > A.). The total synthetic wave-
length profile S;; of the He IT 468.6 nm line then follows from a convolution of the exper-
imentally measured Sjq, the PrismSPECT-simulated S¢,, and the test particle-generated
Spop of Eq. 3.40, such that

Stot = Sinst @ Sts @ Spop- (2.2)

Fig. 3.17 demonstrates the construction of the synthetic spectrum S;, in accordance with
Eq. 2.2 for the parameters corresponding to “Run 1 (3D)” in Table 3.2. The spectral width

of the Doppler contribution Sp,, significantly exceeds that of Sj,s and Sy, and consequently

"Because the He II 468.6 nm line actually consists of a closely spaced series of lines due to fine structure,
each with a slightly different central wavelength A., the Doppler relation of Eq. 3.40 must technically be
applied to each fine structure component individually. The profile Sp,, (A) then follows from an intensity-
weighted sum over all the components. However, it was verified that Spo, (M) can be equivalently obtained by
assuming just a single component with a suitable weighted average value for A.. In the present analysis, the
utilized PrismSPECT fine structure profile in combination with NIST wavelength values yields A, = 468.5735
nm.
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Figure 3.17: Construction of the synthetic spectrum Sy, corresponding to the parameters
of “Run 1 (3D)” in Table 3.2. The simulated spectrum is generated via a convolution of (a)
the experimentally measured instrument function Sy,s;, (b) the PrismSPECT-simulated fine
structure profile Sy, and (c) the Doppler profile Sp,, of Eq. 3.40, which follows from the
emitting test particle velocity distributions of Fig. 3.16. In (d), the total simulated line shape
Siot (dashed blue line) is compared to the corresponding measured profile of the He II 468.6
nm line (solid red line), time-integrated from ¢ = 500 ns to ¢ = 1000 ns and line-integrated

along y at z = 30 cm. The comparison reveals excellent agreement.

dominates the final line shape of S;,;. Comparison to the corresponding spectroscopic mea-
surement of the He II 468.6 nm line in Fig. 2.11 of Chapter 2 (time-integrated from ¢ = 500
ns to ¢t = 1000 ns and line-integrated along y at = = 30 cm) reveals an excellent agreement.
The simulated spectrum reproduces all the salient features of the measured wavelength pro-
file, including the non-Maxwellian asymmetric broadening, the predominant blue shift, and

the small red shift.

By analogy to Fig. 3.17, Fig. 3.18 compares the synthetic spectra corresponding to all
four parameter sets of Table 3.2 to the same measured wavelength profile. The comparisons

reveal that the best agreement follows from the experimentally realistic parameters of “Run 1
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Figure 3.18: Comparison of the synthetic spectra (dashed blue lines) corresponding to all
four parameter sets of Table 3.2 to the measured profile of the He II 468.6 nm line (solid red
line), by analogy to Fig. 3.17. The best agreement follows from the experimentally realistic

parameters of “Run 1 (3D).”

(3D),” where the comparable contributions of the radial-like magnetic pressure gradient term
and azimuthal cross-field ion current term result in an asymmetric electric field structure
(see Fig. 3.5 and Fig. 3.7) that generates a predominant blue shift and a small red shift. By
contrast, in “Run 2 (10X)” and “Run 3 (0.1X),” the dominant radial-like magnetic pressure
gradient term results in an excessive red shift, while in “Run 4 (2D),” the dominant azimuthal

cross-field ion current term results in an excessive blue shift.

The excellent agreement corresponding to “Run 1 (3D)” in Fig. 3.18 demonstrates that
the strong asymmetric Doppler broadening observed in the He II 468.6 nm line (Fig. 2.11
of Chapter 2) is not only qualitatively but also quantitatively consistent with initial He II
ion acceleration due to the laminar electric field (Eq. 1.9), which develops as a result of the
explosive debris plasma expansion. However, in contrast to the simplified qualitative picture
of Fig. 2.12, both the cross-field ion current term and the magnetic pressure gradient term of

the laminar field must be taken into account in order to fully explain the observed spectrum.
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Furthermore, the significantly worse fits produced by the parameters of “Run 2 (10X),” “Run
3 (0.1X),” and “Run 4 (2D),” which intentionally deviate from the HELIOS results utilized
by “Run 1 (3D),” indicate self-consistency between the HELIOS computations, the plasma
parameter models derived in Section 3.2, and the measured He II 468.6 nm spectrum. The
consistency of the modeled results with the experimental measurements also suggests that,
while the observed Doppler broadening implies maximum He II ions speeds of ~ 200 km/s,
the measurements fail to capture an optically invisible population accelerated above ~ 400

km/s (see Fig. 3.15 and Fig. 3.16).

3.4.2 Consistency with Maxwell-Faraday Equation

By contrast to the methodology of hybrid simulation codes, which evolve the plasma pa-
rameters, the electric field, and the magnetic field self-consistently via Maxwell’s equations,
the computational approach of this chapter has utilized imposed predetermined plasma pa-
rameter models that allow for a calculation of the electric field via Eq. 1.9. As a result, the
electric field is not guaranteed to be Maxwell-consistent. In order to investigate its validity,
the computed electric field is compared to the experimentally measured magnetic field via

the Maxwell-Faraday equation:

Y x B (1) = —%%. (3.41)

Substitution of Eq. 3.36 for E (7, t) and Eq. 3.17 for B (7, t) into the left-hand and right-hand
sides of Eq. 3.41 yields

V x E(7t) = V x (Emag (71) + Eion (7, t)) , (3.42)
108 (7, t) 10B. peas (2, 1) . r
o tremes e g = 4
c Ot c ot = exp (—0/6p) cos 6§’ (343)

where Ej,, (7, t) follows from Eq. 3.32, Emag (7, t) follows from Eq. 3.27 and Eq. 3.29, and
B, imeas (z,t) corresponds to the measured magnetic field profile along the blow-off axis.
Eq. 3.43 is understood to be valid only in the blow-off plane, where the magnetic field only

has a z component.
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Figure 3.19: Consistency of the calculated electric field with the Maxwell-Faraday equation
for all four parameter sets of Table 3.2. The plots compare the curl of the calculated electric
field (dashed blue line, Eq. 3.42) to the time derivative of the measured magnetic field (solid
red line, Eq. 3.43) at the position (x,y) = (30,0.5) cm. The best agreement follows from the

experimentally realistic parameters of “Run 1 (3D).”

Fig. 3.19 compares the temporal evolution of the curl of the computed electric field
(Eq. 3.42) to the time derivative of the measured magnetic field (Eq. 3.43) at a fixed position
in space for all four parameter sets of Table 3.2. The evolution is plotted between t = 0
ns and ¢ = 1000 ns at the position (z,y) = (30,0.5) cm, near the center of the ambient
plasma column and just above the blow-off axis. The comparisons reveal that, while none
of the computed electric fields corresponding to the four parameter sets perfectly satisfy the
Maxwell-Faraday equation, the experimentally realistic parameters of “Run 1 (3D)” provide
the best agreement. In fact, with the exception of the large perturbation in the curl of
the computed electric field between t ~ 200 ns and t ~ 400 ns, “Run 1 (3D)” satisfies the
Maxwell-Faraday equation reasonably well. The significantly worse agreement produced by
the parameters of “Run 2 (10X),” “Run 3 (0.1X),” and “Run 4 (2D),” which intentionally
deviate from the HELIOS results utilized by “Run 1 (3D),” indicates self-consistency between

the HELIOS computations, the plasma parameter models derived in Section 3.2, and the
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measured magnetic field profile.

The source of the early-time discrepancy corresponding to “Run 1 (3D)” in Fig. 3.19 can
be inferred from Fig. 3.6, which plots the temporal evolution of the debris densities, magnetic
fields, and electric field components at the same position. According to the debris expansion
model, the fast C VII ions (charge number Z = 6) stream at average speeds of V; ~ 1000
km/s, arriving at the observation position (z,y) = (30,0.5) cm between ¢ ~ 200 ns and
t =~ 400 ns. Moreover, because the ions outrun the magnetic compression and diamagnetic
cavity, they primarily stream through a uniform background magnetic field with a magnitude
of By = 710 G. In the model, the cross-field ion currents produce an electric field Ejpn (7, 1),
which necessarily contributes to the computed curl. However, a quick calculation of the C VII
gyro-radius corresponding to the expansion speed and magnetic field yields p = ”}i—ggd ~ 29
cm. Thus, in the actual experiment, most of the C VII ions fail to reach the observation
position due to Lorentz gyration, and as a result, an electric field due to Eion (7, t) does not
develop there at this time. The discrepancy thus corresponds to the limitation of the ballistic

debris expansion model, which does not take into account debris deceleration or gyration.®

3.4.3 Energy Considerations

As previously described, the computational approach utilized throughout this chapter as-
sumes a ballistic debris plasma expansion, such that the debris ions freely steam from the
origin at constant velocity and the total debris kinetic energy remains unchanged. Because
the explosive debris plasma in the actual experiment gradually expends its initial kinetic
energy, the validity of the simulated results necessarily deteriorates at later times. In order
to investigate the soundness of the ballistic approximation, a rough estimate of the energy

balance is extracted from the modeled results corresponding to the experimentally realistic

8Though the C VII ions fail to reach the position (z,7) = (30,0.5) cm due to gyration, it is not valid
to completely disregard this debris charge state in the previously described construction of the synthetic
spectrum at x = 30 & 0.5 cm. This is because the C VII ions can nevertheless accelerate ambient He II ions
at positions closer to the origin (z < 30 cm), causing the ambient ions to stream through the collection axis
and contribute to the spectrum later in time. Stated more generally, the spatially and temporally integrated
spectra depend on highly non-local effects.
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parameters of “Run 1 (3D)” from Table 3.2. In accordance with the theoretical considera-
tions of Chapter 1, the debris plasma loses kinetic energy predominantly through coupling
to the ambient plasma and expulsion of the magnetic field. Under the assumption that the

electrons carry negligible kinetic energy, the debris ion kinetic energy FEy (t) thus follows from
E;(t)=FEx — E,(t)— Ep(t), (3.44)

where F is the initial debris ion kinetic energy, F, (¢) is the extra kinetic energy acquired by
the ambient ions as a result of debris-ambient interaction, and Ep (t) is the energy expended
on expulsion of the magnetic field. Eq. 3.44 ignores energy losses due to plasma waves,
instabilities, electron acceleration, and radiation. In addition, the energy stored within the
laminar electric fields that arise in the course of debris-ambient interaction is assumed to
be negligible, as easily verified for the ~ 1 kV/cm magnitudes expected under the present

conditions.

The initial C debris ion kinetic energy Ex = 94 J follows directly from Eq. 3.34 and
Eq. 3.35 and the parameters of “Run 1 (3D)” in Table 3.2. The expelled magnetic field
energy Ep (t) is approximated by assuming full expulsion of the background magnetic field

By = 710 G within the time-dependent volume Vj (t),

Fp (1) = (%) Vi (), (3.45)

where Vj (t) corresponds to the three-dimensional teardrop of Eq. 3.5 with the cusp position
o (t) set to the measured position of the peak magnetic compression. Finally, the extra
kinetic energy F, (t) acquired by ambient He ions due to debris-ambient interaction follows

from

Ea(t):%mHeZa / ng (7, 1) 02 (F, 1) d*F| (3.46)

T

In Eq. 3.46, n, (7, t) and v, (7, t) are the density and speed of each ambient ion charge state,
the integral is taken over the perturbed region of space in which He ions have been accelerated
above their initial thermal speeds as a result of the explosive debris, the sum is taken over the

charge states He IT and He III, and m g, is the atomic mass of He. The expression also assumes
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that the initial kinetic energy of the of the thermal, unperturbed ambient ions is relatively
negligible. Evaluation of Eq. 3.46 is highly non-trivial, as it requires detailed knowledge of the
spatiotemporal response of the ambient ions. In order to obtain an approximate solution, the
test particle simulation of Fig. 3.11 is utilized, along with several simplifying assumptions.’
First, the integration region is assumed to span the teardrop volume of Eq. 3.5 with the cusp
7o (t) set to the position of C VII maximum density along the blow-off axis. (In other words,
He ions located outside the reach of the fastest C VII charge state are assumed to be largely
unaffected by the debris-ambient interaction). Second, the ambient plasma is assumed to
consist entirely of He II ions (charge number Z = 1), such that the ambient ion density
ng (7, t) follows directly from the evolving ambient electron density profile of Eq. 3.39 by
quasi-neutrality. And third, because the test particle simulation contains only the blow-off
plane (z = 0 cm), ambient ion velocities and densities are assumed to be invariant along the
z direction. Utilizing these assumptions, Eq. 3.46 is then evaluated by visiting each volume
element within the C VII teardrop, computing the average kinetic energy per test particle
within that volume element based on the simulation of Fig. 3.11, and multiplying the average

kinetic energy by the actual number of He II ions expected to inhabit that volume element

based on the ambient density profile.

Fig. 3.20 shows the temporal evolution of the magnetic energy Ep (t) (Eq. 3.45), the
extra acquired He II ion kinetic energy E, (t) (Eq. 3.46), and the remaining debris kinetic
energy F;(t) (Eq. 3.44) between ¢t = 500 ns and ¢ = 1000 ns, based on the parameters of
“Run 1 (3D)” in Table 3.2. The results demonstrate that the debris ions lose ~ 36% of their
initial kinetic energy by ¢ = 1000 ns, which corresponds to a ~ 20% decrease in speed on
average. This non-negligible amount highlights the limitation of the ballistic approximation
and very roughly suggests that the computed test particle velocities between ¢ = 500 ns
and ¢t = 1000 ns (the time interval used to construct the synthetic spectra) are only valid

to within &~ 20%. The analysis also reveals that a comparable amount of energy couples

9The test particle simulations presuppose the ballistic debris expansion model, which is the very assump-
tion being questioned presently. Their use in this context provides only a first-order approximation of the
ambient ion kinetic energy.
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Figure 3.20: Energy balance corresponding the parameters of “Run 1 (3D)” in Table 3.2. The
plot compares the temporal evolution of the magnetic energy Ep (t) (green circles, Eq. 3.45),
the extra He II ion kinetic energy F, (t) (orange squares, Eq. 3.46), and the remaining debris
kinetic energy Fy(t) (red triangles, Eq. 3.44). The initial debris ion kinetic energy Ex is
also shown for comparison (dashed gray line). The step-like behavior of Ep (t) results from

the limited (1 ¢m) spatial resolution of the magnetic field measurements.

to the He II ions and the expulsion of the magnetic field, consistent with the theoretical
considerations of Chapter 1 corresponding to the marginally super-Alfvénic regime of the

experiment (M4 = 2 based on the speed of the peak magnetic compression).

3.5 Summary

This chapter has investigated whether the observed He II ion Doppler shifts of Chapter 2 are
quantitatively, as well as qualitatively, consistent with an initial impulse due to the laminar
electric field (Eq. 1.9). Due to the spatially and temporally integrated nature of the spectro-
scopic measurements, this investigation has demanded the development of a computational
approach capable of simulating the trajectories and velocities of a distribution of ambient

He II ions in response to the explosive debris plasma. Two-dimensional hybrid simulation
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codes fail to take into account the three-dimensional expansion of the debris plasma in the
actual experiment, while the recently developed three-dimensional hybrid code demands su-
percomputer processing power, which motivates an alternative, simplified approach. In the
present analysis, radiation-hydrodynamic simulations of the laser-target interaction in HE-
LIOS, wavelength-filtered imaging, limited measurements of the magnetic field and ambient
density profiles, and a number of simplifying assumptions lead to spatiotemporal models of
the electron density, the ion current density, the magnetic field, and the electron pressure
based on a ballistic, drifting Maxwellian, teardrop-shaped debris plasma expansion. The
derived models allow for a direct calculation of the electric field via Eq. 1.9 and an extrapo-
lation of the measured magnetic field profile throughout the blow-off plane, thus permitting
a simulation of the ambient He II ion response via the Lorentz force (Eq. 3.1). Four differ-
ent parameter sets are utilized in the simulations, with one set corresponding to the actual
experimental conditions and the three other sets corresponding to intentionally unrealistic
variations, in order to examine the self-consistency of the approach. The modeled results

yield the following important conclusions:

e In the central region of the ambient plasma column for ¢ < 1000 ns, the experimentally
realistic parameter set of “Run 1 (3D)” in Table 3.2 predicts that both the magnetic
pressure gradient term and cross-field ion current term contribute significantly to the
total laminar electric field, while the electron pressure gradient term is negligible. This
is consistent with the marginally super-Alfvénic (M4 = 2), low electron beta (5. < 1)
regime of the experiment. The vector sum of the two contributing terms produces an
asymmetric structure in the total electric field characterized by small +y components
in the upper half of the blow-off plane (y > 0 cm) and large —y components in the
lower half of the blow-off plane (y < 0 cm). Typical electric field magnitudes in the

hundreds of V/cm are achieved.

e The He II ion test particle response corresponding to the experimentally realistic
parameter set of “Run 1 (3D)” reflects the asymmetric electric field structure. By

t = 1000 ns, test particles in the lower half of the blow-off plane (y < 0 cm) acquire
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large —y velocity components, while test particles in the upper half of the blow-off
plane (y > 0 cm) develop small or negligible +y velocity components. Moreover, the
fastest He II ion test particles, which reach speeds upwards of ~ 400 km/s, quickly es-
cape the intensification region containing the energetic electrons and become optically
invisible. The expectation is therefore that the observed Doppler-broadened spectra
fail to capture the fastest He II ions and only include the intensified population, which

achieves peak speeds of only ~ 200 km/s.

Synthetic temporally and spatially integrated spectra of the He II 468.6 nm line are
constructed by sampling the simulated velocity distribution of the intensified, emitting
subset of test particles within the optical collection region. The simulated spectrum
corresponding to the realistic parameter set of “Run 1 (3D)” excellently reproduces
the initial measured profile (time-integrated from ¢ = 500 ns to ¢ = 1000 ns and
line-integrated along y at x = 30 cm), confirming that the observed Doppler shift
quantitatively, as well as qualitatively, corresponds to initial He II ion acceleration via
the laminar electric field of Eq. 1.9. The predominant blue shift and small red shift in
the measured spectrum ultimately arise due to the asymmetric electric field structure
produced by the vector sum of the magnetic pressure gradient term and the cross-
field ion current term. Analogous synthetic spectra corresponding to the other three
unrealistic parameter sets reveal significantly worse agreement to the data, indicating
self-consistency between the HELIOS computations, the derived plasma parameter

models, and the measured He IT 468.6 nm spectrum.

The consistency of the computed electric field is examined by comparing it to the
measured magnetic field via the Maxwell-Faraday equation. The electric field cor-
responding to the experimentally realistic parameter set of “Run 1 (3D)” reasonably
satisfies the Maxwell-Faraday equation, apart from a large initial disparity correspond-
ing to the failure of the ballistic debris expansion model to take debris ion gyration
into account. The other three unrealistic parameter sets reveal considerably more se-

vere deviations from the Maxwell-Faraday equality, indicating self-consistency between
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the HELIOS computations, the derived plasma parameter models, and the measured

magnetic field profile.

The validity of the ballistic debris expansion model is assessed via energy conservation
for the experimentally realistic parameter set of “Run 1 (3D).” An estimate of the en-
ergies coupled into magnetic field expulsion (from the measured magnetic field profile)
and into acceleration of the ambient He IT ions (from the test particle simulations)
reveals that the debris loses a non-negligible amount of its initial kinetic energy by
t = 1000 ns. Consequently, the expectation is that the calculated test particle veloc-
ities between ¢ = 500 ns and ¢ = 1000 ns (the time interval used to construct the
synthetic spectra) are valid only to within ~ 20%. The analysis also reveals that a
comparable amount of energy couples to the He II ions and to the expulsion of the
magnetic field, consistent with the marginally super-Alfvénic regime (M, = 2) of the

experiment.
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CHAPTER 4

Conclusion

The collision-less transfer of momentum and energy between explosive debris plasma and
magnetized ambient plasma characterizes a wide variety of astrophysical and space envi-
ronments. In an effort to better understand the detailed physics of collision-less coupling
mechanisms, compliment in situ measurements, and provide validation of previous com-
putational and theoretical work, the present research has utilized a unique experimental
platform at the University of California, Los Angeles (UCLA) to study the interaction of
explosive debris plasma with magnetized ambient plasma in a reproducible laboratory set-
ting. Specifically, by jointly employing the LAPD and Phoenix facilities, the super-Alfvénic,
quasi-perpendicular expansion of laser-produced carbon (C) and hydrogen (H) debris plasma
through preformed, magnetized helium (He) ambient plasma has been monitored via a variety
of sophisticated diagnostics, including emission spectroscopy, wavelength-filtered imaging, a
magnetic flux probe, and a Langmuir probe. The subsequent data analysis has utilized var-
ious computational tools, including radiation-hydrodynamic modeling, collisional-radiative
modeling, synthetic wavelength spectrum generation, and custom simulations, in order to
compare the experimental data to the theoretical framework of collision-less coupling. The

key conclusions of this work are as follows:

e Spectroscopic measurements of the He IT 468.6 nm line collected perpendicular to both
the blow-off axis and the magnetic field reveal significant, asymmetric Doppler broad-
ening in response to the explosive debris plasma. A closer analysis indicates an initial
acceleration of He II ions in the direction transverse to the debris plasma expansion

and a subsequent gyration in the magnetic field. He II ion velocity components of up to
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~ 160 km/s are measured, nearly two orders of magnitude faster than the root-mean-
square speed of ~ 3 km/s in the unperturbed ambient plasma. The inferred trajectory
qualitatively agrees with the cross-field ion current term of the laminar electric field
(Eq. 1.9), which is theoretically expected to be the dominant debris-ambient coupling
mechanism in the super-Alfvénic (M4 > 1), low electron beta (5. < 1), collision-less

(Ada > D) regime that characterizes the experiment.

A custom computational approach is developed in order to assess whether the observed
Doppler broadening of the He II 468.6 nm line quantitatively agrees with laminar
collision-less coupling. Radiation-hydrodynamic simulations of the laser-target inter-
action in HELIOS, wavelength-filtered imaging, limited measurements of the magnetic
field and ambient density profiles, and a number of simplifying assumptions lead to
spatiotemporal models of the electron density, the ion current density, the magnetic
field, and the electron pressure based on a ballistic, drifting Maxwellian, teardrop-
shaped debris plasma expansion. The derived models allow for a direct calculation of
the electric field via Eq. 1.9 and an extrapolation of the measured magnetic field profile
throughout the blow-off plane, thus permitting a simulation of the ambient He II ion
response via the Lorentz force (Eq. 3.1). Four different parameter sets are utilized in
the simulations, with one set corresponding to the actual experimental conditions and
the three other sets corresponding to intentionally unrealistic variations, in order to

examine the self-consistency of the approach.

In the central region of the ambient plasma column for ¢ < 1000 ns, the experimentally
realistic parameter set predicts that both the radial-like magnetic pressure gradient
term and the azimuthal cross-field ion current term contribute significantly to the
total laminar electric field, while the electron pressure gradient term is negligible. This
is consistent with the marginally super-Alfvénic (M4 =~ 2), low electron beta (5. < 1)
regime of the experiment. The vector sum of the two contributing terms produces an
asymmetric structure in the total electric field characterized by small +y components

in the upper half of the blow-off plane (y > 0 ¢cm) and large —y components in the
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lower half of the blow-off plane (y < 0 cm). Typical electric field magnitudes in
the hundreds of V/cm are achieved. The modeled electric field is also shown to be
reasonably consistent with the measured magnetic field through the Maxwell-Faraday
equation, apart from a large initial disparity corresponding to the failure of the ballistic

debris expansion model to take debris ion gyration into account.

The He IT ion test particle response corresponding to the experimentally realistic pa-
rameter set reflects the asymmetric electric field structure. By ¢ = 1000 ns, test
particles in the lower half of the blow-off plane (y < 0 ¢m) acquire large —y velocity
components, while test particles in the upper half of the blow-off plane (y > 0 cm)
develop small or negligible +y velocity components. Moreover, the fastest He II ion
test particles, which reach speeds upwards of ~ 400 km/s, quickly escape the intensi-
fication region containing the energetic electrons and become optically invisible. The
expectation is therefore that the observed Doppler-broadened spectra fail to capture
the fastest He II ions and only include the intensified population, which achieves peak

speeds of only &~ 200 km/s.

Synthetic temporally and spatially integrated spectra of the He II 468.6 nm line are
constructed by sampling the simulated velocity distribution of the intensified, emitting
subset of test particles within the optical collection region. For the experimentally
realistic parameter set, the simulated spectrum excellently reproduces the initial mea-
sured profile (time-integrated from ¢ = 500 ns to ¢ = 1000 ns and line-integrated along
y at z = 30 cm), confirming that the observed Doppler shift quantitatively, as well as
qualitatively, corresponds to initial He II ion acceleration via the laminar electric field
of Eq. 1.9. The predominant blue shift and small red shift in the measured spectrum
ultimately arise due to the asymmetric electric field structure produced by the vector

sum of the magnetic pressure gradient term and the cross-field ion current term.

Analogous synthetic spectra corresponding to the unrealistic parameter sets reveal

significantly worse agreement to the measured spectrum. Similarly, the calculated
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electric fields corresponding to the unrealistic parameter sets deviate more severely
from the Maxwell-Faraday equation. This demonstrates self-consistency between the
HELIOS-computed debris plasma parameters, the derived plasma parameter models,

the measured magnetic field profile, and the measured He II 468.6 nm spectrum.

e Wavelength-filtered imaging observes a considerable and long-lasting (> 10 us) inten-
sification of the He II 468.6 nm emission in response to the explosive debris plasma,
indirectly indicating the continual generation of electrons with kinetic energies > 51 eV.
Comparison to magnetic flux probe measurements suggests that the energetic electrons
first develop within the magnetic compression as it sweeps through the ambient plasma
and remain confined primarily within the diamagnetic cavity until its collapse. Biased
Langmuir probe measurements at positions field-aligned to the intensified He II region
confirm the long-lasting duration of fast electrons that stream along the magnetic field

lines with directed kinetic energies > 50 eV.

To distill the above conclusions even further, the most important result of this research
is that the observed initial He II ion response to the explosive debris plasma agrees both
qualitatively and quantitatively with the laminar electric field (Eq. 1.9). In other words,
the data provides clear evidence of laminar collision-less debris-ambient coupling. This is
theoretically consistent with the super-Alfvénic (M, > 1), low electron beta (8. < 1),
collision-less (Agy > D) regime of the experiment and validates the “hybrid” approach
employed by previous theoretical and computational studies, which utilize a fluid electron
model and use equations analogous to Eq. 1.9 to compute the electric field. The second
key result of this work is that the debris-ambient interaction results in the generation of
energetic electrons. However, this observation falls outside the scope of laminar coupling
theory. At present, the energetic electron generation mechanism is not understood, though
the possibility of certain instabilities driven by the slower, sub-Alfvénic debris ion charge

states offers a promising starting point (see Appendix A or [9]).
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A number of future pursuits can significantly expand upon the results of this investigation.
Because the custom computational methods developed throughout this analysis assume a
ballistic debris plasma expansion, the accuracy of the modeled results necessarily deteriorates
with time as the debris ions undergo deceleration and gyration. Thus, while this approach
suffices for a reasonable prediction of the initial ambient ion response, an assessment of
late-time data will require supercomputers to run fully three-dimensional hybrid code simu-
lations. Furthermore, the teardrop debris expansion geometry utilized in this study relies on
the assumption of symmetry, since wavelength-filtered images of the debris plasma are only
taken in the plane perpendicular to the magnetic field. A more accurate expansion model
will require additional imaging in the plane parallel to the magnetic field. Alternatively, the
planar laser-induced fluorescence diagnostic (see Appendix B or [8]) can potentially provide
a three-dimensional map of the debris ion spatial distribution. Future experiments with the
new high-repetition rate Peening laser will also extend this work tremendously by allowing
for detailed volumetric measurements that are unfeasible with Raptor due to its lengthy
cool-down time. In particular, volumetric scans with magnetic flux probes and emissive
probes can yield direct spatiotemporal measurements of the magnetic and electric fields.
This will ultimately allow for accurate test particle simulations of the ambient ion response
that, in contrast to the present analysis, will not rely on specific debris expansion models
and parameters. While Peening cannot access the high energy regime of Raptor, such exper-
iments will nevertheless yield important results on the physics of debris-ambient coupling.
A detailed investigation of the mechanisms responsible for generating the observed energetic
electrons will also substantially compliment this research. Such studies can make head-
way by utilizing biased Langmuir probes to perform spatiotemporal scans of the energetic
electron distribution and emissive probes to search for characteristic frequencies of certain
candidate mechanisms like the modified two-stream instability. Eventually, the development
of ion-based diagnostics such as Faraday cups and Thomson parabolas will allow for a direct
measurement of the velocity distributions and abundances of the debris and ambient ions.

These future pursuits will significantly build upon the results presented in this work, leading
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to an improved understanding of the physics of collision-less momentum and energy transfer

between explosive debris plasma and magnetized ambient plasma.
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APPENDIX A

Preliminary Evidence of Instabilities

A.1 Overview

The experimental results of Chapter 2 and the computational analysis of Chapter 3 con-
clusively demonstrate that the observed initial response of the He II ambient ions to the
explosive debris plasma agrees qualitatively and quantitatively with the laminar electric
field (Eq. 1.9). This is consistent with the theoretical considerations of Chapter 1, which
indicate that laminar collision-less coupling mechanisms predominate in the super-Alfvénic
(M4 > 1), low electron beta (8. < 1) regime. It is important to recall, however, that the
explosive debris plasma consists of a mixture of ion charge states with average expansion
speeds segmented by the charge-to-mass ratios [7]. As a consequence, while the fastest debris
charge states exceed the Alfvén speed of the ambient plasma, the slower charge states may
fail to do so, and the physics relevant to the sub-Alfvénic (M4 < 1) regime can also become
important. In particular, as detailed in Chapter 1, turbulent collision-less coupling mecha-
nisms associated with the magnetized ion-ion two-stream instability [47] and the modified

two-stream instability [40] become effective provided that

N |=

My < (1 + ﬁe) (14)

Since (., < 1, Eq. 1.4 implies that sub-Alfvénic components of the explosive debris plasma
can potentially excite these instabilities. This appendix presents preliminary experimental

evidence that such instabilities develop in the context of debris-ambient interaction.

Emission spectroscopy provides a species-selective, non-interfering diagnostic for assess-

ing the strong, oscillatory electric fields associated with instabilities via the Stark effect [26].
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Conventionally, Stark broadening of spectral lines is associated with dense plasmas in which
emitting atoms or ions experience time-varying “micro-fields” due to ions and electrons lo-
cated within approximately a Debye radius from the emitters. In this type of “pressure”
Stark broadening, the width and shape of spectral lines can be used to extract various plasma
parameters, including electron temperature and density [58]. However, Stark broadening can
also be attributed to long-range, collective electric fields corresponding to plasma waves and
turbulence [27]. This type of “wave field” Stark broadening can significantly exceed pres-
sure broadening in lower density, non-equilibrium plasmas. In addition, the electric field
oscillations corresponding to plasma waves and turbulence can generate detectable sideband
spectral lines, or “satellites” [3]. Provided that all other significant broadening mechanisms
are taken into account, wave field Stark broadening models can yield the magnitude, fre-
quency, and direction of the electric field from the spectral line shape and separation between
the satellites. This diagnostic has thus proven to be a valuable tool in the investigation of

plasma turbulence in a number of studies [1, 23, 42].

In this appendix, an experiment analogous to that of Chapter 2 utilizes emission spec-
troscopy and wave field Stark broadening theory to study the electric fields associated with
the quasi-perpendicular expansion of laser-produced carbon (C) debris plasma through a
preformed, magnetized helium (He) ambient plasma. Spectral profiles of the He II 468.6
nm line measured at the maximum extent of the diamagnetic cavity are observed to in-
tensify, broaden, and develop equally spaced modulations in response to the explosive C
debris plasma, indicative of an energetic electron population and strong oscillatory electric
fields. The profiles are analyzed via time-dependent Stark effect models corresponding to
single-mode and multi-mode monochromatic (single frequency) electric fields for hydrogen
(H)-like ions, yielding temporally resolved (1 us) electric field magnitudes (~ 10? kV/cm)
and frequencies (~ 10'' rad/s). The measured magnitudes and frequencies exceed those
of the laminar electric field (see Chapter 3) and the turbulent collision-less coupling mech-
anisms described previously by orders of magnitude, indicating a secondary effect. The

proximity of the measured frequencies to the expected electron plasma frequency suggests
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the development of the electrostatic electron beam-plasma instability, and a simple satura-
tion model demonstrates that the measured electric field magnitudes are reasonable provided
that a sufficiently fast electron population (~ 10° cm/s) is generated during debris-ambient
interaction. This is consistent with independent evidence of energetic electrons derived from
biased Langmuir probe measurements and wavelength-filtered imaging of He II ion inten-
sification in Chapter 2. Potential sources of the fast electrons are briefly addressed. In
particular, the modified two-stream instability (one of the candidate turbulent collision-less

coupling mechanisms) offers a promising explanation.

It is important to point out that the results described in this appendix were obtained and
analyzed prior to the experiment of Chapter 2. At that time, it was believed that debris-
ambient coupling was insufficient to significantly accelerate He II ions and cause considerable
Doppler shifts, so the observed broadening in the He IT 468.6 nm line was attributed primarily
to the wave-field Stark effect. The more recent results of Chapter 2 and the detailed analysis
of Chapter 3 found that significant He II ion acceleration does, in fact, occur. Therefore, in
any future extensions of the investigation described in this appendix, the possibility that the
observed broadening is simply the Doppler effect must be considered. Nevertheless, there are
two reasons to believe that wave-field Stark broadening is actually occurring. The first reason
is the detection of equally-spaced modulations at a frequency near the expected electron
plasma frequency. Unless the measured spectrum contains significant noise at a highly
coincidental frequency, this effect is very difficult to explain via Doppler broadening. The
second reason is that the spectroscopic measurements described in this appendix are collected
along the magnetic field (in contrast to the perpendicular measurements of Chapter 2) and
focused to image the blow-off plane. As detailed in Chapter 3, He II ions in the blow-off
plane accelerate perpendicular to the magnetic field in response to the debris and therefore
do not cause Doppler broadening in spectra measured along the field. However, because
the spectra also contain defocused contributions along the collection axis, they may include
Doppler broadening due to the acceleration of He II ions offset from the blow-off plane. A

fully three-dimensional hybrid code simulation is necessary to investigate this. In the analysis
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of this appendix, it is assumed that no significant He II ion acceleration occurs along the

magnetic field.

Section A.2 begins by outlining the experimental configuration. Section A.3 describes
the extraction of electric field magnitudes and frequencies from spectral profiles via time-
dependent Stark effect models. Section A.4 demonstrates the consistency of the measure-
ments with the electron beam-plasma instability and briefly discusses the potential sources

of the necessary fast electrons. Finally, Section A.5 summarizes the results.

A.2 The Experiment

The present experiment utilizes the platform detailed in Chapter 2, combining the Large
Plasma Device (LAPD) [24] and the Raptor high-energy laser [43]. A similar co-ordinate
system is employed, differing only in that the axial magnetic field now defines the +2z direc-
tion rather than the —z direction. A schematic of the configuration is shown in Fig. A.1.
The LAPD generates He ambient plasma via two simultaneous cathode-anode discharges at
opposite ends of the machine. The main discharge from a large barium oxide (BaO) coated
nickel (Ni) cathode produces a 60 cm diameter plasma column with an electron density
of &~ 2 x 10'2 em—3, while a second discharge from a smaller, higher-emissivity lanthanum
hexa-boride (LaBg) cathode increases the electron density of the central 20 cm diameter to
~ 4 x 102 cm™3. The center of the plasma column is approximately aligned to (z,y) =
(30 ¢cm, 0 cm), corresponding to the central axis of the machine. A uniform magnetic field
of 300 G in the +z direction magnetizes the plasma. At the machine center, the electron
temperature is ~ 5.5 eV and the ion temperature is < 1 eV. A long, rectangular graphite
target is submerged into the LAPD and the target face normal is oriented in the +z direc-
tion. The Raptor laser, operating at 100 + 5 J per pulse, is focused onto the surface of the
target at (z,y,2) = (0.6 cm, 0 cm, 0 cm) through a 1.8 m focal length lens to a spot size of
~ 2 mm?, yielding average surface intensities of 200 & 10 GW /cm?. Because laser-ablated

plasma is primarily directed along the target surface normal independent of the laser angle
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Figure A.1: Schematic of the experimental setup, showing the utilized section of the LAPD
and the quasi-perpendicular expansion of laser-produced C debris plasma through the pre-
formed, magnetized He ambient plasma. A spectroscopic fiber probe monitors the debris-
ambient interaction with the collection axis oriented parallel to the magnetic field. The inset

defines the co-ordinate system.

of incidence, the present target orientation ensures that the C debris expands primarily in
the +x direction along the blow-off axis defined by (y, z) = (0 cm, 0 cm), across the magnetic
field, and through the maximal volume of ambient plasma. The target is moved up or down

between every laser shot to provide a fresh, flat surface for ablation. Table A.1 summarizes

the experimental parameters.

A custom-built spectroscopic fiber probe is placed at coordinates (z,y, z) = (30 cm, 0 cm,
—30 cm) and oriented to collect line-integrated light emission along the +z direction, parallel

to the background magnetic field and perpendicular to the primary blow-off direction. (By
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laser energy 100£5J
laser intensity 200 + 10 GW /cm?
background magnetic field 300 G

debris plasma species C

ambient plasma species He

ambient plasma diameter ~ 20 cm (LaBg), ~ 60 cm (BaO)
ambient electron density ~4x 102 cm™3

ambient electron temperature = 5.5 eV

Table A.1: Parameters of Stark broadening experiment.

contrast, the spectroscopic configuration of Chapter 2 collects emission perpendicular to both
the background magnetic field and the primary blow-off direction.) A 75 mm focal length
lens at the probe’s collection end projects an image from the blow-off plane (z = 0 cm) onto a
vertically oriented linear array of 20 200 pm fused silica optical fibers. In this configuration,
the imaged field of view is centered at x = 30 cm on the blow-off axis, spanning ~ 0.1
cm along x and ~ 1.5 cm along y. However, the collected signal also contains defocused
contributions along the entire line of sight. The fibers are directly coupled into a 0.75 m
SPEX spectrometer containing a 3600 g/mm UV holographic grating. The spectrum is
centered on the He I 468.6 nm line and projected onto a Princeton Instruments (PI) MAX
2 intensified charge-coupled device (ICCD) camera, yielding a spectral resolution of ~ 0.02
nm. Light emission collected during laser shots is time-integrated for 1 us at various delays
after the laser pulse. Additional diagnostics, including a differentially wound magnetic flux
probe [22] and a Thomson scattering system [50], are employed at various locations along

the blow-off axis, though they are not shown in Fig. A.1.
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A.3 Spectroscopic Measurements of Electric Fields

This section describes the extraction of time-resolved electric field magnitudes and frequen-
cies from measured spectral profiles of the He II 468.6 nm line via wave field Stark effect
theory. First, context is established by reviewing the basic features of laser-produced debris
plasma expansion into magnetized ambient plasma and identifying the spatial and tem-
poral extent of the spectroscopic measurements with respect to measured magnetic field
profile. Second, the effect of explosive C debris plasma on the emission profile of the He II
468.6 nm line is assessed, yielding evidence of the development of oscillatory electric fields.
Third, the theoretical spectral profiles of H-like ions subjected to single-mode and multi-
mode monochromatic electric fields are described in accordance with the wave field Stark
effect, and the inclusion of other spectral line broadening mechanisms is discussed. Finally,
the theoretical spectral models are applied to the measured profiles, yielding time-resolved

electric field magnitudes and frequencies from the best fits.

A.3.1 Spatial and Temporal Extent of Spectroscopic Measurements

In order to put the spectroscopic measurements into context, it is useful to review the
basic features of the quasi-perpendicular expansion of laser-produced debris plasma through
preformed, magnetized ambient plasma [64]. In the present experiment, an energetic laser
pulse at time t = 0 us ablates the surface of a graphite target, producing explosive C debris
plasma expanding radially, quasi-perpendicular to the background magnetic field (B, = 300
G). At times much earlier than an ion gyro-period, the effectively free-streaming C debris
ions outrun the magnetically confined debris electrons, resulting in a radial electric field.
This causes an azimuthal E x B drift of the electrons, which, in conjunction with ﬁpe x B
electron pressure gradient flows, generates a diamagnetic current that expels the background
magnetic field within the current layer (the diamagnetic cavity). More complicated effects
[64] set up an additional, oppositely directed current layer just ahead of the cavity, which

increases the magnetic field magnitude over a small region (the magnetic compression). As

119



the C debris plasma continues to expand, it propagates the magnetic compression forward
and the diamagnetic cavity increases in size. The C debris ions also transfer momentum and
energy to the He ambient ions through collision-less, collective, electromagnetic processes,
primarily in the vicinity of the magnetic compression and diamagnetic cavity edge, though
the efficiency of the coupling depends on a number of parameters [49, 14]. Doppler shift
measurements of the dominant C V debris charge state indicate an initial expansion speed
of (1.60 & 0.20) x 107 cm/s [48]. At the background magnetic field, this corresponds to a
marginally super-Alfvénic (M4 ~ 1.1) expansion on average, though a significant fraction of
the debris is sub-Alfvénic (M4 < 1) due to the large spread in the velocity distribution. The
C debris ions decelerate due to interactions with both the magnetic field and He ambient
plasma, and the diamagnetic cavity growth eventually stops. Late in time, the magnetic

field returns to its background value via diffusion.

Fig. A.2 demonstrates the temporal and spatial extent of the spectroscopic measurements
with respect to profiles of the magnetic field’s z-component (B,), measured via the differen-
tially wound magnetic flux probe during C debris expansion through the He ambient plasma.
The temporal profile shows the evolution of B, at x = 30 cm along the blow-off axis, which
is the imaged spatial location of the spectroscopic measurements. The peak compression
occurs at t &= 1.6 us and the field is fully expelled by t =~ 2.8 us. By ¢t = 4.6 us, magnetic
diffusion has restored the field to its background value. Continued growth of the field above
the background value at later times is an artifact of the numerical integration used in the
analysis. The shaded region from ¢ = 2 us to 8 us represents the time range during which
time-resolved (1 us) spectroscopic measurements of the electric field are obtained. The spa-
tial profile shows the structure of B, along the blow-off axis at t = 3 us, the approximate
time at which the diamagnetic cavity reaches its maximum extent of x ~ 30 cm. The peak
magnetic compression can be seen ahead of the cavity at x ~ 45 cm. The imaged spatial
location of the spectroscopic measurements, highlighted at = 30 cm, is thus at the ap-
proximate maximum extent of the diamagnetic cavity edge. It is important to recall that

defocused emission along the entire line of sight also contributes to the spectroscopic signal.
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Figure A.2: Profiles of the magnetic field’s z-component (B,) during debris-ambient inter-
action. The temporal profile (a) shows the evolution of B, (in G) at x = 30 cm along
the blow-off axis, corresponding to the imaged location of the spectroscopic measurements.
The spatial profile (b) shows the structure of B, (in G) along the blow-off axis at ¢t = 3
us, when the diamagnetic cavity reaches its approximate maximum size. The highlighted
regions correspond to the temporal range (¢t = 2 pus to 8 us) and position (z = 30 cm) of the

spectroscopic measurements.

A.3.2 Evidence of Oscillatory Electric Fields

The explosive expansion of laser-produced C debris plasma through magnetized He ambient
plasma significantly affects the emission profile of the He IT 468.6 nm line. Specifically, the
line intensifies, broadens, and develops equally spaced modulations immediately after the
magnetic compression passes through the collection field of view at ¢t ~ 1.6 us, and these
effects are detectable until ¢ ~ 8 us, long after the collapse of the diamagnetic cavity. Fig. A.3
shows the wavelength profiles obtained with and without C debris plasma at x = 30 cm along

the blow-off axis, time-integrated from ¢ = 3 us to 4 us. Comparison of the non-normalized
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Figure A.3: Comparison of the observed He II 468.6 nm line profiles with and without
explosive C debris plasma. The profile with C debris (solid line) intensifies (factor of ~ 500
in wavelength-integrated intensity) and broadens (factor of ~ 2 in FWHM) relative to the
non-normalized (dash-dotted line) and normalized (dashed line) profiles without C debris,

respectively, and becomes modulated by subsidiary peaks.

profiles reveals that the wavelength-integrated intensity increases by a factor of ~ 500, while
comparison of the normalized profiles demonstrates that the FWHM increases by a factor
of ~ 2. Additionally, in the presence of C debris, the broadened profile appears to become

modulated by subsidiary peaks.

While the line intensification indicates an energetic electron population that excites
ground state He II ions via collisions and causes additional fluorescence, the line broad-
ening and formation of equally spaced modulations can be understood from the wave field
Stark effect. A well-known characteristic of H-like ions subjected to an oscillating, monochro-
matic (single frequency) electric field is the formation of a series of sideband spectral lines, or
“satellites,” symmetrically located on either side of the original line center and spaced apart
at the electric field frequency [46] (discussed in detail in the following subsection). If the
frequency is high enough for the satellite separation to exceed the resolution limit of the spec-
troscopy apparatus, the individual satellites are, in principle, observable. However, if other
effects (e.g., Doppler broadening) are substantial enough to overlap the individual satellites,
the resulting profile can resemble a single broadened, modulated peak. This is consistent

with the observed He II 468.6 nm line profile of Fig. A.3, suggesting that the interaction
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of explosive C debris plasma with magnetized He ambient plasma generates monochromatic
electric fields. Qualitatively similar broadened, modulated profiles of the He IT 468.6 nm line

have been observed in previous studies [1, 23] investigating plasma turbulence.

It is necessary to verify that the modulations are equally spaced and not an artifact of
noise. Fig. A.4 demonstrates the use of Fourier transforms and low-pass filtering to identify a
specific wavenumber corresponding to the modulations. It shows the broadened, modulated
He II 468.6 nm line profile of Fig. A.3 low-pass filtered above and below a distinct peak in
the Fourier transform with a wavenumber of 35 nm~!. The modulations disappear when the
low-pass filter cuts off the peak in wavenumber space, confirming that the embedded pattern
is equally spaced with a separation of Alg = 1/35 nm~! ~ 0.029 nm between consecutive
modulations. At the transition wavelength \. = 468.6 nm, this separation corresponds to an
electric field frequency of wp ~ 2rcANg/A? ~ 2.5 x 10! rad/s. Fourier transforms of dark
frames do not exhibit a distinct peak at any wavenumber, eliminating the possibility of a
detector artifact. In addition, the modulations are not present in He II 468.6 nm line profiles
measured without C debris plasma. The modulations are thus concluded to be a result of

monochromatic electric fields arising during debris-ambient interaction.

A.3.3 Theoretical Spectra of H-like Ions in Monochromatic Electric Fields

From the wave field Stark effect on H-like ions, analytic expressions for the spectral profiles
arising in various time-dependent electric fields can be obtained as a function of frequency,
magnitude, and direction. Best fits of the theoretical spectra to the data can thus yield
measurements of one or more of these parameters. Though the observed modulations suggest
the development of monochromatic electric fields during debris-ambient interaction, their
exact functional form is not known a priori. In an effort to obtain the best possible fit, this
study considers both single-mode monochromatic fields, represented by a single sinusoid, and
multi-mode monochromatic fields, represented by a super-position of sinusoids of different

amplitudes and phases.
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Figure A.4: Demonstration that the modulations embedded in the He II 468.6 nm line profiles
measured with explosive C debris plasma are equally spaced, indicative of monochromatic
electric fields. In this profile, the modulations disappear when a low-pass filter moves from
(a) just above to (b) just below a distinct peak in the Fourier transform (insets) at 35 nm™?,

corresponding to a wavelength spacing of AAg ~ 0.029 nm and an electric field frequency of

wp ~ 2.5 x 10" rad/s.

Single-mode model: The theoretical spectral profile of H-like ions under the influence of

a one-dimensional, single-mode, monochromatic (frequency wg) electric field of the form
E(t) = Eycos (wgt) (A.1)

was first derived by Blochinzew [6, 46]. Ignoring all other line broadening mechanisms, the

intensity profile Sgy; in wavelength space has the form

+oo

Ssu(AN) = C x> 6(AX = pAXg) Lon (p, €, X, fi)- (A.2)

p=—00
Here, C'is an arbitrary normalization constant, and A\ is the independent variable indicating

the wavelength interval from the center transition wavelength A.. The profile Sg,, is thus
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characterized by an infinite series of d-function satellites symmetrically located about the
transition center and separated by A\g, which is directly proportional to the electric field
frequency wp & 2mcAXg/N2. The relative satellite intensities are determined by the function

Isyr, which has the form

km
Isn(ps €, Xi, ) = C X <f05po + 22 kap2(€Xk)> : (A.3)

k=1
Here, p is the satellite order, 9, is the Kronecker delta, J, is the Bessel function of the first
kind of order p, and the X} and f; coefficients are tabulated [61] lateral Stark component

shift parameters and relative intensities, respectively. The parameter € is defined by

. 3€a0E0
© T 2Zhwy

(A.4)

where Ej is the electric field amplitude, wg is the electric field frequency, Z is the nuclear
charge number (2 for He), e is the electron charge, a is the Bohr radius, and £ is the reduced
Planck’s constant. To obtain the full theoretical profile, it is necessary to convolve Eq. A.2
with a line shape function F' that takes into account all other significant line broadening
effects (e.g., Doppler broadening). The convolution is particularly simple because of the
o-function, yielding

+oo
Ssarer(AN) &= C x Y F(AX = pAlp)Isu(p, e, X, fi). (A.5)

p=—o00
Thus, the full single-mode profile Sgy;4F is characterized by an infinite series of broadened
satellites symmetrically located about the transition center, separated by AAg, and weighted
by Isp;. The separation between the satellites only depends on wg, while the satellite
intensity envelope Iy, depends on wg, Ey, and the electric field direction. The electric field
directionality is implicitly included in the sum over k in Eq. A.3, which selectively includes
o- and m-polarized lateral Stark components depending on the direction of observation with

respect to the direction of the electric field.

Multi-mode model: The theoretical spectral profile of H-like ions under the influence of
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a one-dimensional, multi-mode, monochromatic (frequency wg) electric field of the form

N
E(t) = Z E; cos (wrt + ¢;) (A.6)

j=1
was first obtained by Lifshitz [37, 46] in the limit N' — co. Ignoring all other line broadening
mechanisms, the intensity profile Sy in wavelength space has the form
+00
S (AN) & C x> 6(AX = pAXNg) Ly (p, ., fi). (A7)
p=—o00
Just as in the single-mode case, the profile Sy, is characterized by an infinite series of §-
function satellites symmetrically located about the transition center and separated by A\g.

The relative satellite intensities are determined by the function I,;,,, which has the form

km
IMM(pa gka fk) =(C x <f05p0 +2 Z kap|(€7c)€€k> . (AS)

k=1

Here, I, is the modified Bessel function of the first kind of order |p|. The parameter €, is

fi
defined by ) BB 2
~ Y2 E M
€ = QXk (—2 . ) , (A.9)

where Egryrs is the root-mean-square electric field magnitude Eryrg = (Zf; Ejz)% All of the
other parameters have the same definitions as in the single-mode case. The full theoretical
profile is obtained by convolving Eq. A.7 with a line shape function F' that includes all of

the other line broadening mechanisms, yielding

+oo
Sunr(AN) & C x Y F(AN = pAXg) Iy (D 6k fr)- (A.10)

p=—00
Thus, the full multi-mode profile Sy;p4r is characterized by an infinite series of broadened
satellites symmetrically located about the transition center, separated by A\g, and weighted
by Inar. As in the single-mode case, the separation between the satellites only depends on
wg, while the satellite intensity envelope I/, depends on wg, Erys, and the electric field

direction, which is embedded in the sum over k in Eq. A.8

In order to utilize the theoretical profiles corresponding to single-mode and multi-mode

monochromatic electric fields (Eq. A.5 and Eq. A.10), it is necessary to determine the line
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Figure A.5: Determination of the line shape function F' that is employed in Eq. A.5 and
Eq. A.10. A synthetic profile of the He IT 468.6 nm line generated via PrismSPECT (solid
line) is fit to a profile measured without C debris plasma (dashed line). The best-fit synthetic
spectrum (at an ion temperature of ~ 0.4 eV) includes Doppler broadening, instrumental
broadening, pressure Stark broadening, and fine structure splitting, and defines the smooth,

noise-free line shape function F'.

shape function F'. This is accomplished by fitting a synthetic profile of the He II 468.6 nm
line generated via a steady-state, non-local thermal equilibrium (non-LTE) simulation in the
collisional-radiative code PrismSPECT [38] to a profile measured without the presence of
explosive C debris plasma, which does not contain the satellite effects from monochromatic
electric fields and only includes contributions from other significant broadening mechanisms.
Since only a rough estimate of the He II ion temperature exists, it is treated as a free pa-
rameter in the fit. The rest of the background plasma parameters used in the simulation
follow from Section A.2. Fig. A.5 shows the best-fit synthetic spectrum (at an ion temper-
ature of ~ 0.4 eV) to a measured profile. Doppler broadening, instrumental broadening,
pressure Stark broadening, and fine structure splitting are taken into account. The fit does
not include Zeeman splitting, but this effect is undetectable at the experimental resolution
for magnetic fields smaller than ~ 10* G. The best-fit synthetic profile defines the smooth,

noise-free line shape function F'.
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A.3.4 Application of Theoretical Spectra to Data

Theoretical profiles corresponding to single-mode and multi-mode monochromatic electric
fields (Eq. A.5 and Eq. A.10) are now fit to He II 468.6 nm line profiles measured with
C debris plasma. In the fitting process, only the electric field magnitude is treated as a
free parameter. The modulation separation AAg and the electric field frequency wgp ~
2mcANp /A2 are locked to their determined values from the Fourier transforms of the measured
wavelength profiles, as demonstrated in Fig. A.4. The direction of the electric field, unknown
a priort, is fixed to either perpendicular or parallel to the optical collection axis through the
sum over k in Eq. A.3 and Eq. A.8. In total, there are thus four types of fits: single-mode
perpendicular, single-mode parallel, multi-mode perpendicular, and multi-mode parallel. To
eliminate noise artifacts and improve the fit quality, the measured profiles are low-pass
filtered just above the modulation wavenumber. Fig. A.6 demonstrates the construction of a
single-mode perpendicular theoretical best fit to the broadened, modulated He II 468.6 nm
line profile of Fig. A.3. First, a series of d-function satellites spaced by AAg is constructed
in accordance with Eq. A.2. Next, each d-function satellite is replaced with the line shape
function F' of Fig. A.5. Finally, the broadened satellites are added together and the result is
re-normalized, yielding the final theoretical profile of Eq. A.5. A Levenberg-Marquardt mean-
squared error minimization algorithm varies the electric field amplitude Ej, which modifies
the relative intensities of the broadened satellites through Isy, (Eq. A.3) until a best fit to
the measured profile is achieved. The single-mode perpendicular model replicates the general
shape of the profile quite well, yielding a best-fit amplitude of Ey = 26+ 6 kV /cm. However,
the model fails to reproduce the observed modulations, which are “washed out” due to the
overlap of the individual broadened satellites. In order to better reproduce the observations,
a more rigorous treatment of fine structure [66] and consideration of resonant non-adiabatic
features [45] in the context of the time-dependent Stark effect may be necessary, which is

outside the scope of this study.

The process demonstrated in Fig. A.6 is repeated for a time series of He II 468.6 nm line

profiles with the four different types of theoretical fits (single-mode perpendicular, single-
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Figure A.6: Generation of a theoretical best fit (dash-dotted line) to a He II 468.6 nm

wavelength profile measured with explosive C debris plasma (solid line), assuming a single-

mode, perpendicular electric field. In (a), a series of d-function satellites is spaced apart

by AMg from the Fourier transform, in accordance with Eq. A.2. In (b), each d-function

satellite is replaced with the line shape function F. In (c), the final profile is generated by

adding the broadened satellites and re-normalizing, in accordance with Eq. A.5. The best

fit yields an electric field amplitude of Ey = 26 £ 6 kV /cm.
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mode parallel, multi-mode perpendicular, and multi-mode parallel). The time series spans
from ¢t = 2 pus to 8 us, the interval during which the intensification of the He IT 468.6 nm line
is sufficient to yield a strong signal over the 1 us integration time. Fig. A.7 shows the root-
mean-square electric field magnitudes, frequencies, and intensification factors (the factors
by which the collected, wavelength-integrated signal intensifies relative to the background
level in the presence of explosive C debris) plotted versus time. For the single-mode fits, the
root-mean-square electric fields are obtained by multiplying the best-fit amplitudes Ey by the
standard factor of \/75 for sinusoidal functions. From the results, it is clear that the different
types of fits yield considerably different magnitudes. The single-mode perpendicular model
yields the weakest fields (8 - 26 kV/cm), while the multi-mode parallel model yields the
strongest fields (49 - 182 kV/cm). The measured frequencies are in the range 2.2 - 4.6 x 10
rad/s. The data suggests some reduction in magnitudes over time, though there is no obvious
correlation to the behavior of the magnetic field. The line intensification ranges from two to
three orders of magnitude above the background level and persists until at least ¢ ~ 8 us.
The intensities fluctuate significantly in time, likely due to the dependence of the collected
signal on the time-varying spatial distribution of the excited He II ions with respect to the

fiber probe.

Because the difference in the quality of fits between the four models is minor, it is
challenging to extract the functional form and direction of the electric field from the spectral
profiles. For most profiles, the single-mode models yield a slightly better match at the
profile wings than the multi-mode models (up to 3% higher R? goodness-of-fit coefficient).
Furthermore, reasonable fits of the multi-mode parallel model are not obtainable from ¢ =
3 ws to 6 ps. Thus, the present data weakly suggests that the electric fields are better
represented by the single-mode form of Eq. A.1. However, there is no significant difference in
the quality of fits between the single-mode perpendicular and single-mode parallel cases and
therefore no indication of electric field direction. In this study, the results of all four models
are considered feasible. The task of conclusively determining the electric field functional

form and direction directly from the observed spectral profiles is left for a future experiment,
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Electric Fields, Frequencies, and Intensification Factors (x=30 cm)
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Figure A.7: Best-fit electric field magnitudes (in kV/cm), frequencies (in 10! rad/s), and
intensification factors versus time (in ps), extracted from a series of He II 468.6 nm line
profiles obtained with C debris plasma present and integrated for 1 us each. The plots
show (a) perpendicular single-mode (circles) and multi-mode (squares) root-mean-square
magnitudes, (b) parallel single-mode (circles) and multi-mode (squares) root-mean-square
magnitudes, (c) frequencies, and (d) intensification factors (the factors by which the collected,
wavelength-integrated signal intensifies relative to the background level) measured between

t =2 ps and 8 pus.
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discussed in Section A.4.

It is important to acknowledge two subtleties of the fitting process used to extract elec-
tric field magnitudes. First, because the line shape function F' is derived from a best fit
to a He II 468.6 nm line profile measured without C debris plasma (Fig. A.5), its appli-
cation to spectral profiles measured with C debris (as in Fig. A.6) implicitly assumes that
the C debris does not affect the four broadening mechanisms included in F' (Doppler broad-
ening, instrumental broadening, pressure Stark broadening, and fine structure splitting).
This assumption requires some justification. Instrumental broadening only depends on the
spectroscopy apparatus and is obviously unaffected by the presence of C debris, eliminating
it from consideration. Pressure Stark broadening due to interactions of the He II emitter
ions with nearby C debris ions and electrons can also be neglected due to the low electron
density. Tabulated Stark broadening data for the He IT 468.6 nm line [26] indicates that
the electron density must be larger than ~ 10'® ecm™3 in order to detect this effect at the
present resolution, while an estimate of the actual electron density (utilizing Thomson scat-
tering measurements [48] and assuming a spherical debris expansion that stops at 30 cm
from the target) yields only ~ 10'® cm™. In fine structure splitting, the relative intensities
of the different fine structure components can change as a result of a sudden increase in elec-
tron temperature due to the explosive C debris plasma, modifying the line shape. However,
PrismSPECT simulations have verified that this effect is minor even at electron temperatures
of ~ 1 keV, resulting in less than 5% variation in the extracted electric field magnitudes.
Finally, Doppler broadening is the least trivial mechanism to consider because the explosive
C debris plasma can accelerate the He II ions (as in Chapter 2) or heat them above their
estimated background temperature of T; ~ 0.4 eV. Without spectral profiles of an additional
He II line or an independent ion velocity diagnostic, an accurate assessment of the Doppler
contribution cannot be made. However, in accordance with the analysis of Chapter 3, He
IT ion acceleration due to laminar coupling in the blow-off plane (z = 0 c¢m) is primarily
perpendicular to the magnetic field. As the collection axis is presently oriented along the

magnetic field (and thus perpendicular to the acceleration), additional Doppler broadening
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should not be significant. Moreover, in the framework of the single-mode and multi-mode
theoretical models presented in the previous subsection, the detectability of modulations in
the measured profiles places an upper limit on ion heating because an excessive amount of
Doppler broadening would overlap neighboring satellites to the point that the modulations
would be completely “washed out.” To estimate this upper limit, a rough criterion for the
detection of modulations is defined as follows: the FWHM of the broadened satellites cannot
exceed the spacing AAg between them. Considering only Doppler and instrumental broad-
ening for the moment and approximating both effects as Gaussians, a satellite separation of
AXg =~ 0.029 nm (as measured from the wavelength profile analyzed in Fig. A.3, Fig. A.4,
and Fig. A.6) places the upper limit on the ion temperature at T; = 1.4 eV. Inclusion of other
broadening mechanisms only acts to further reduce the upper limit. This small increase from
the background temperature of T; ~ 0.4 €V results in less than 1% variation in the extracted
electric field magnitudes. Thus, the determination of the line shape function F' from a best

fit to a He II 468.6 nm line profile measured without C debris plasma is well justified.

The second subtlety of the fitting process is that even though the theoretical best fits
match the general shape of the observed broadened peaks quite well, they often fail to
replicate the modulations, as evidenced by Fig. A.6. More specifically, in most of the fits, the
overlap of the individual broadened satellites is sufficient to “wash out” the modulations. One
possible explanation for this discrepancy is the oversimplified approach used in the derivation
of the theoretical profiles of Eq. A.5 and Eq. A.10. To obtain fits that better reproduce the
observations, a more rigorous treatment of fine structure [66] and consideration of resonant
non-adiabatic features [45] may be necessary. Another possibility is that neither single-mode
nor multi-mode monochromatic electric fields (Eq. A.1 and Eq. A.6) perfectly represent the
actual electric field structure that arises during debris-ambient interaction. A better fit
might therefore require the derivation of theoretical spectra corresponding to more complex
forms of oscillatory electric fields. Modifying or completely abandoning the framework of
the single-mode and multi-mode models presented here would also require a revision to the

previous argument for why additional ion heating (and thus Doppler broadening) cannot be
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significant. Such issues are outside the scope of this study.

A.4 Interpretation of Electric Fields

In order to interpret the spectroscopic electric field measurements, they are first compared
to the theoretical fields expected to arise in the interaction between explosive debris plasma
and magnetized ambient plasma. As detailed in Chapter 1, an expanding debris plasma can
couple momentum and energy to magnetized ambient plasma via collision-less, collective
processes associated with two types of electric fields: laminar and turbulent [5]. The laminar

electric field follows from

1 —
vpe -
ene 4men,

. Lo 1 L
Blam = — B (VxB) - o Jix B (1.9)
Under the experimental plasma parameters, the strongest laminar fields arise in the vicinity
of the magnetic compression and diamagnetic cavity edge, where the magnetic pressure
gradient and cross-field ion current terms are large and the electron pressure gradient term
is relatively insignificant. Utilizing the measured magnetic field profiles of Fig. A.2, the
maximal laminar fields are estimated to be ~ 1072 kV/cm, orders of magnitude smaller

than the measured ~ 10> kV/cm. The discrepancy indicates that the laminar field of Eq. 1.9

does not correspond to the measurements.

Turbulent electric fields associated with collision-less debris-background coupling arise
due to certain instabilities. Two candidates are the ion-ion streaming instability [47] and
the modified two-stream instability [40]. In accordance with Eq. 1.4 and the satisfied con-
dition S, < 1 (outside of the diamagnetic cavity), these instabilities can only develop for
sub-Alfvénic (M4 < 1) debris expansions. The marginally super-Alfvénic (M4 ~ 1.1) ex-
pansion on average and large velocity spread in the present experiment thus indicate that
the candidate instabilities can potentially exist. Under the experimental parameters, the
characteristic frequencies of the ion-ion streaming instability (on the order of the ion plasma
frequency) and the modified two-stream instability (on the order of the lower-hybrid fre-

quency) are ~ 10° rad/s and ~ 107 rad/s, respectively. Again, these fall considerably short
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of the measured ~ 10" rad/s. Thus, turbulent electric fields associated with collision-less

debris-ambient coupling mechanisms also do not account for the measurements directly.

It follows that the measured electric fields must correspond to a secondary effect, likely
driven by the laminar or turbulent electric fields discussed previously. The estimated total
electron density at the observation position provides insight into the nature of this effect.
Assuming a spherical debris expansion that stops at the diamagnetic cavity edge, Thomson
scattering measurements [48], in combination with the known LAPD background, infer a
total electron density of ~ 5.1 x 10® cm™ at 30 cm from the target. At this density,
the electron plasma frequency is ~ 10 rad/s, consistent with the measured frequencies
of Fig. A.7. The most plausible explanation for strong electric fields with frequencies in
this range is the electrostatic electron beam-plasma instability, which is a Langmuir mode
strongly excited by a tenuous beam of fast electrons. The growth rate of the most unstable
mode is on the order of the electron plasma frequency, corresponding to a characteristic
“e-folding” time of ~ 107 s. Saturation can thus be easily achieved on the ~ 1 s time

scales of the measurements.

To further motivate the plausibility of the electron beam-plasma instability, a simple non-
linear saturation model [20] demonstrates that the measured electric field magnitudes and
frequencies are consistent and feasible provided that sufficiently fast electrons are generated
during debris-ambient interaction. Assuming a cold electron beam of density n;, and speed V},
injected into a cold, stationary plasma of electron density ng, and requiring the beam density
fraction f = Z—g < 1, the instability saturates by beam electron trapping at an electric field
magnitude

Esa = (2%7Tmen0f%v;)2)%- (All)

Utilizing Eq. A.11 initially appears problematic because it contains three variables (ng, f,
and V3). Although an estimate of the total electron density exists, the portions of that total
density that participate as the fast electron beam n;, and as the stationary background ny are
unknown. However, a self-consistent solution can be obtained for ng and f by simultaneously

solving two independent equations that relate them, leaving only the beam speed V, as a
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variable. The first equation follows from the definition of the total electron density nsua =

ng + nyp, allowing the beam density fraction f to be written as

§ = Motal (A.12)
No

The second equation follows from the oscillation frequency of the most unstable mode in the

electron-beam plasma instability, given by
I 1
WE, fast = Wpe 1— Q_Qfs . (A13)
3

Using the definition of the electron plasma frequency w,. = 1/% and solving for f in

Eq. A.13 yields
3
[ Me
f =16 (1 — WWE7faSt) . (A14)

In order to solve for f and ng simultaneously, Eq. A.12 utilizes nu = 5.1 x 10% ecm™3
from Thomson scattering measurements, while Eq. A.14 obtains wg, fes = 3.0 x 10* rad/s
from the average of the measured electric field frequencies of Fig. A.7, implicitly assuming
that the measured frequencies correspond to the most unstable mode. This yields f ~ 0.14
and ng ~ 4.5 x 10 em™3. Fig. A.8 shows a plot of the saturation electric field E,,; of
Eq. A.11 versus the remaining variable Vj, using the determined values of f and ng. The
saturation field is compared to the maximum measured root-mean-square electric field mag-
nitudes corresponding to the four models (single-mode perpendicular, single-mode parallel,
multi-mode perpendicular, and multi-mode parallel). It follows that, within the framework
of the simple saturation model, the measured electric field magnitudes and frequencies of
Fig. A.7 are consistent with the electron beam-plasma instability provided that sufficiently
fast electrons exist. For example, the maximum electric field of 134+48 kV /cm inferred from

the spectroscopic measurements (corresponding to the multi-mode parallel model) requires

an electron beam speed of Vj, = (2.6 £ 0.9) x 10° cm/s.

There is, in fact, additional evidence for the existence of such fast electrons. Emission
of the He II 468.6 nm line requires a population of He II ions to spontaneously transition
from energy levels with principal quantum number n = 4 to n = 3. The observed orders-

of-magnitude intensification of the line, both in the spectra of this experiment and in the
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wavelength-filtered images of He II ions in the experiment of Chapter 2, therefore indicates
a comparable increase of the n = 4 level population. The vast majority of the He II ions in
the steady-state background plasma of the LAPD are initially in the n = 1 ground state, as
verified by the collisional-radiative code PrismSPECT [38]. This implies that the interaction
of explosive C debris with He background populates the n = 4 level via collisional excitation
primarily from the n = 1 ground state, which requires free electrons with at least ~ 51 eV
of kinetic energy, corresponding to a speed of at least 3.0 x 10® cm/s. As expected, this
significantly exceeds the LAPD ambient electron thermal speed of 1.7 x 10® ¢cm/s and is
comparable to the beam speeds necessary to produce the measured electric field magnitudes,
in accordance with Fig. A.8. Moreover, the orders-of-magnitude intensification persists for at
least 7 us in this experiment (as shown in Fig. A.7) and for at least 13 s in the experiment
of Chapter 2 even though the characteristic spontaneous decay time from n =4 ton = 3
is only ~ 10 ns, indicating that the n = 4 level is continually repopulated via collisions
with energetic electrons. More direct evidence of energetic electrons streaming along the
magnetic field lines also follows from the field-aligned biased Langmuir probe of Chapter 2,

which measures directed kinetic energies of > 50 eV.

The results of this study lead to the following general picture: as the explosive C debris
plasma expands through the magnetized He ambient plasma, the resulting laminar or turbu-
lent electric fields accelerate a small fraction of the total electron population to speeds much
greater than those of the debris expansion and the thermalized LAPD ambient electrons.
The fast electrons excite ground state He II ions via collisions, causing intensification in the
He IT 468.6 nm line. Additionally, the streaming of the fast electrons through the relatively
slow debris and background plasmas leads to the development of the electron beam-plasma
instability. The strong electric fields associated with this instability, which oscillate near the
electron plasma frequency, then broaden and modulate the profile of the He II 468.6 nm
line, in accordance with the wave field Stark effect. It should be noted that the laminar or
turbulent fields that generate the fast electrons can be relatively small. For example, a field

of only 5 x 1072 kV /cm acting over a distance of 5 cm (reasonable parameters for a laminar
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Figure A.8: Plot of the saturation electric field Eyu; (in kV/cm) versus the remaining variable
beam speed Vj, (in 10® cm/s), using the calculated values of f &~ 0.14 and ng ~ 4.5 x 103
ecm™® in Eq. A.11 (solid line). The result is compared to the maximum measured electric
field magnitudes corresponding to the four models (dashed lines). The measured electric field
magnitudes are feasible provided that a beam of fast electrons (~ 10° cm/s) is generated

during C debris - He background interaction.

electric field based on estimates from Fig. A.2) accelerates an initially stationary electron to
a sufficient speed of 10° cm/s. Electric fields of such small magnitudes do not produce an
observable effect on the He II 468.6 nm line, and only the much stronger fields associated

with the resulting electron beam-plasma instability are detected.

The exact mechanism responsible for generating the fast electron population remains to
be determined. However, the persistence of the measured electric fields until at least ¢ ~ 8 us,
long after the collapse of the diamagnetic cavity at ¢ = 5 us, offers some insight at late times.
Because the electron beam-plasma instability is electrostatic, the electric field that generates
fast electrons must have a component parallel to the magnetic field. For quasi-perpendicular
debris expansion, the laminar electric field of Eq. 1.9 is unlikely to produce such a component.
After the collapse of the diamagnetic cavity, the only remaining significant contribution is
the cross-field ion current term, which primarily generates an azimuthal field. The modified
two-stream instability [40], one of the candidates for turbulent debris-background coupling,
offers a more promising explanation. In low electron beta plasma (. < 1), this instability

develops due to a relative sub-Alfvénic (M4 < 1) drift between the expanding debris ions
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and magnetically confined electrons in the direction perpendicular to the magnetic field,
resulting in a transfer of ion perpendicular drift energy into electron parallel energy. It is
typically assumed that this leads to a bulk heating of the electrons along the magnetic field.
However, particle simulations [57] have shown that, under certain conditions, a small fraction
of the electron population can be monotonically accelerated along the magnetic field over
multiple oscillations of the instability to almost an order of magnitude above the electron
thermal speed, resulting in a supra-thermal tail in the velocity distribution rather than
a bulk heating. In the present experiment, a sub-Alfvénic debris ion population arriving
in the collection field of view after the collapse of the diamagnetic cavity can potentially
drive the modified two-stream instability and generate a fast tail in the parallel electron
velocity distribution. The tail would then effectively constitute the fast, tenuous electron
beam that drives the electron beam-plasma instability, as in the simple non-linear saturation
model employed previously. Prior to the diamagnetic cavity collapse, both turbulent and
laminar electric fields can potentially be involved in the generation of fast electrons, though

consideration of this more complicated case is outside the scope of this work.

Future experiments will investigate the nature of the electric fields associated with debris-
ambient interaction in greater detail. Specifically, simultaneous observation of the interaction
via two orthogonal spectroscopic probes will allow for a measurement of electric field direction
and possibly the functional form by correlating best fits of parallel and perpendicular wave
field Stark effect models. In combination with Langmuir probe detection of fast electrons, the
results will yield conclusive confirmation of the electron beam-plasma instability. Correlation
of spectroscopic measurements of this instability to a detailed mapping of the C debris ion
distribution via wavelength-filtered high-speed imaging or planar laser-induced fluorescence
(see Appendix B or [8]) will provide insight into the laminar or turbulent electric fields
involved in the generation of the necessary fast electrons and shed light on collision-less

coupling mechanisms between explosive debris plasma and magnetized ambient plasma.
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A.5 Summary

This appendix has presented preliminary evidence of instabilities associated with the interac-
tion of explosive debris plasma and magnetized ambient plasma. Utilizing the experimental
platform detailed in Chapter 2 under a similar configuration, the electric fields associated
with the marginally super-Alfvénic (M4 ~ 1.1), quasi-perpendicular expansion of laser-
produced C debris plasma through a preformed, magnetized He ambient plasma have been
investigated via emission spectroscopy and wave field Stark effect theory. The spectroscopic

measurements and a detailed analysis yield the following important results:

e Spectral profiles of the He II 468.6 nm line measured at the spatial position correspond-
ing to the maximum extent of the diamagnetic cavity are observed to intensify, broaden,
and develop modulations immediately after the magnetic compression passes through
the collection field of view, and the effects persist long after the diamagnetic cavity
collapse. While the line intensification indicates energetic electrons above background
thermal levels, the modulations suggest the development of monochromatic electric
fields, and Fourier analysis verifies the existence of a distinct modulation wave num-
ber (corresponding to a distinct electric field frequency) embedded in the wavelength

profiles.

e Time-dependent Stark effect models corresponding to single-mode and multi-mode
monochromatic electric fields, in combination with PrismSPECT-generated synthetic
spectra that take all other line broadening mechanisms into account, are applied to
the He II 468.6 nm line profiles, yielding a time series (1 us resolution) of electric
field magnitudes (~ 10% kV/cm) and frequencies (~ 10" rad/s). The variation in the
quality of the fits of the different models is too small to conclusively determine the
electric field direction and functional form, and every model is considered feasible at

present.

e The proximity of the measured frequencies to the expected electron plasma frequency
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suggests the development of the electrostatic electron beam-plasma instability, and a
simple saturation model verifies that the measurements are feasible provided that a
sufficiently fast electron population (~ 10° cm/s) is generated during debris-ambient
interaction. This is consistent with the observed orders-of-magnitude intensification
in both the spectra of this experiment and the wavelength-filtered images of Chap-
ter 2. The field-aligned biased Langmuir probe measurements of Chapter 2 confirm

the existence of such energetic electrons streaming along the magnetic field lines.

A possible source of the energetic electrons is the modified two-stream instability,
driven by a sub-Alfvénic debris ion population arriving in the collection field of view
after the collapse of the diamagnetic cavity. This instability can accelerate electrons

along the magnetic field lines, forming a supra-thermal tail in the velocity distribution.
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APPENDIX B

Feasibility of Laser-Produced Plasma Characterization

via Planar Laser-Induced Fluorescence (PLIF)

B.1 Overview

Exploding, energetic plasmas produced by laser ablation of solid targets have been exten-
sively utilized in the field of laboratory astrophysics. Laser-ablated plasmas expanding into
ambient magnetic fields are highly useful to the study of diamagnetic cavity formation,
anomalous magnetic diffusion, and plasma instabilities [15, 18]. In addition, super-Alfvénic
ablation plasma explosions into magnetized background plasmas are indispensable for labora-
tory investigations of astrophysical collisionless shocks and high-altitude nuclear explosions
[49, 56, 21]. In order to better characterize ablation plasmas, planar laser induced fluo-
rescence (PLIF) imaging has been proposed as a diagnostic. PLIF is a noninvasive optical
technique that has been widely employed to obtain qualitative visualizations, concentrations,
and velocities of specific ions, atoms, and molecules [36, 28, 2]. Its application to laser-ablated
plasmas can yield the three-dimensional spatial distribution and temporal evolution of spe-
cific ion charge states. In the context of super-Alfvénic ablation plasma expansions into
magnetized background plasmas, PLIF imaging can generate visualizations of diamagnetic
cavity formation and assess coupling between ablated and background plasma ions, poten-
tially providing an experimental evaluation of recent hybrid and kinetic simulation studies

(63, 29].

We consider here the application of PLIF imaging to carbon plasmas produced by ener-

getic laser ablation of graphite. As a first step, we confine ourselves to the case of plasma
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expansion into vacuum with no external magnetic field. In previous studies, PLIF has been
applied to carbon atoms [60] and molecules [30], and its feasibility with C III ions [41] and
C V ions [55] in tokamak edge plasmas has been analyzed. However, to our knowledge,
this is the first study examining the feasibility of PLIF with carbon ions in laser-ablated
plasmas. We first employ a hydrodynamics code to simulate the temperatures and densities
of the expanding ablation plasmas. Next, we input these plasma parameters into a detailed
collisional-radiative code, yielding the time-dependent energy level populations of the various
ion charge states. By examining the level populations, we identify several promising schemes
accessible to commercially available tunable lasers for the C I atom, the C II ion, and the C
V ion. We then employ a two-level model of optical pumping to estimate the signal-to-noise

ratios yielded by the identified schemes under reasonable experimental configurations.

B.2 Hydrodynamic and Collisional-Radiative Simulations

In standard PLIF imaging, a pulsed laser tuned to a specific transition line irradiates a sheet
of plasma, exciting a particular species and causing intensified fluorescence from the irradi-
ated plasma region. The fluorescence is collected perpendicular to the beam sheet through
a narrow-bandwidth spectral filter and imaged onto a gated ICCD camera. Background
subtraction yields a spatially and temporally resolved image of the probed species within
the laser-irradiated volume. Repetition of the experiment at successive beam sheet positions
and times thus generates a visualization of the three-dimensional spatial distribution and

temporal evolution of the species.

For successful imaging, the tuned laser must cause a significant increase in the upper
energy level population of the pumped transition, such that the resulting intensification in
fluorescence can be separated from background emission. However, the maximum population
that can be attained by the upper level via optical pumping is limited by saturation, at which
the ratio of the upper to lower level populations approaches the ratio of the corresponding

statistical weights (Nupper/Miower = Gupper/Giower)- Typically, this ratio is of order unity. A
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Parameter Plasma A | Plasma B
wavelength 1064 nm 1064 nm
peak irradiance 1 TW/ecm? | 10 TW /cm?
pulse width (FWHM) 50 ns 5 ns
peak time 50 ns 10 ns

Table B.1: Ablation laser configurations for the two carbon plasmas simulated by HELIOS.

suitable PLIF transition therefore requires the lower level to initially be highly populated and
have a significantly greater population (by orders of magnitude) than the upper level. For
laser-ablated plasmas, the identification of transitions that satisfy these criteria is compli-
cated by spatial and temporal gradients in temperature and density, which cause significant
variations in energy level populations. In an attempt to determine useful PLIF schemes
under such highly non-uniform plasma conditions, hydrodynamic and collisional-radiative

simulations are employed in combination.

The radiation-hydrodynamics code HELIOS [39] is utilized to model the spatially and
temporally dependent temperatures and densities of carbon plasmas produced via energetic
laser ablation of a graphite target. HELIOS evaluates plasma parameters along a one-
dimensional set of spatial points. These points correspond to boundaries of constant-mass
zones and are initially configured ~ 2 pum apart from each other. During ablation, the zone
boundary points move with the plasma fluid (i.e., Lagrangian hydrodynamics), preserving
the total mass between them. A hemispherical ablation plasma expansion is assumed, and
only the four mass zone boundaries that move significantly from the initial target surface
(> 0.5 cm) during the simulation time are considered. Two different plasmas are simulated
with the laser parameters given in Table B.1, and the results for one of the simulations

(Plasma A) are shown in Figure B.1.

The time histories of electron temperatures and ion densities corresponding to each HE-

LIOS mass zone boundary are individually fed into the collisional-radiative code Prism-
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Figure B.1: HELIOS simulation results for Plasma A, showing the temporal evolution of (a)
mass zone boundary positions relative to the initial target surface, (b) electron temperatures,

and (c) ion densities of the carbon plasma for ~ 1000 ns after the start of the ablation laser.

SPECT [38]. Each zone is thus treated as a separate, temporally dynamic, spatially uniform
plasma with the temperatures and densities predicted at its HELIOS boundary. Prism-
SPECT calculates the time-dependent energy level populations of the various carbon charge
states by utilizing a detailed atomic model and solving sets of rate equations that include
all population and de-population mechanisms. From these results, transitions for which the
lower level population significantly exceeds that of the upper level are identified for the C
I atom, the C II ion, and the C V ion. The schemes are summarized in Table B.2, and
the corresponding level populations are plotted in Figure B.2. For each of the schemes, the

excitation and fluorescence wavelengths are equivalent (i.e., two-step schemes).

The simulations demonstrate that the applicability of PLIF to specific charge states is
highly dependent on the ablation laser configuration, location within the plasma, and time
after ablation. The C V ion is most prevalent only within the outermost and hottest mass
zone of the first simulated ablation plasma (Zone 1, Plasma A), whereas the C I atom and C
IT ion are only populous within the innermost and coolest mass zone of the second simulated
ablation plasma (Zone 4, Plasma B). Furthermore, the lower level populations significantly

exceed those of the upper level (by over an order of magnitude) only during certain time
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Figure B.2: PrismSPECT simulation results, showing the lower (solid line) and upper
(dashed line) energy level population fractions as a function of time for the identified (a) C

V 227 nm scheme, (b) C I 248 nm scheme, and (c¢) C II 284 nm scheme.

intervals. For C V and C I, the slow decay of the metastable lower levels generates favorable
conditions for PLIF after ~ 300 ns and ~ 900 ns, respectively. For C II, favorable PLIF
conditions exist after ~ 1000 ns. Only time intervals within these favorable ranges are

considered for signal-to-noise analysis.

B.3 Estimation of PLIF Signal-to-Noise Ratio

The signal-to-noise ratios yielded by the identified PLIF schemes are estimated by calculating
the total detected fluorescence with and without tuned laser pumping under reasonable
experimental configurations. The results are stated in Table B.2. The rate of detected
signal photo-electrons from the additional fluorescence caused by laser pumping is given by
dS/dt = Au(nyp(t) — nunp(t)) Voeam (2/47) f1, and the rate of detected photo-electrons from
background plasma fluorescence is given by dB/dt = Ay np(t)Vier(2/47) fn+ C. In these
equations, A,; is the rate of spontaneous emission of the fluorescence transition (extracted
from NIST data [34] and given in Table B.2), 2/47 is the solid angle fraction spanned by

the collection optics (5 x 107*), n is the detector quantum efficiency (0.14), and f is the
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spectral filter transmissivity (0.10). C represents the photo-electron rate from all other
transition lines within the assumed £10 nm bandwidth of the spectral filter and is estimated
from spectra simulated by PrismSPECT. V,,; is the total optical collection volume, which
is assumed to be a cubical section of the corresponding HELIOS mass zone. Vi, is the
volume of the tunable laser beam, which irradiates a 0.5 cm thick sheet of Vip. 7yn,(t) is the
time-dependent population density of the upper level outside of the laser-irradiated volume
Vieam and is extracted directly from the corresponding PrismSPECT simulation. n,,(t) is
the time-dependent population density of the upper level within the laser-irradiated volume
Viearn and is approximated via a two-level model of optical pumping, with the pump laser
parameters based on commercially available optical parametric oscillator (OPO) tunable
systems (2 mJ per pulse, 5 ns pulse length, ~ 1 x 1072 eV spectral bandwidth). The OPO
laser pulse is applied during the time intervals specified by the beam time parameter in Table
B.2. The pumped and non-pumped time-dependent population densities 1, ,(t) and n,, (%)
are inserted into the equations for dS/dt and dB/dt, and these rates are integrated over the
45 ns time intervals specified by the collection time parameter in Table B.2 to obtain the
total number of collected signal (.S) and background (B) photo-electrons. The signal-to-noise
ratios are then calculated by assuming only Poisson shot noise and using S/v/S + B. Figure
B.3 shows the simulated effect of the OPO laser on the upper level population density for
the C V 227 nm scheme.

The signal-to-noise ratios stated in Table B.2 are determined under the assumption that
the signal and background photo-electrons are collected by a single detector (e.g., a pho-
tomultiplier tube). All three identified schemes provide more than sufficient signal for this
type of detection. For PLIF imaging, however, multiple detectors (e.g., a pixel array) are
necessary. For an n x n element array, the signal-to-noise ratio of each element is approx-
imated by dividing the stated signal-to-noise value by n. From this, it follows that for a
30 x 30 element array, the C V 227 nm and C I 248 nm schemes yield an uncertainty of
< 10% within just one dataset. The C II 284 nm scheme yields the same level of uncertainty

by averaging over ~ 50 datasets.
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Figure B.3: Two-level model simulation of the effect of an OPO tunable laser system on the
upper 152p(3P,) level of the C V 227 nm scheme between ~ 800 —900 ns in Zone 1 of Plasma
A. The laser pulse increases the upper level population density by two orders of magnitude,

nearly to the saturation limit.

Parameter: cvVvV CI CII
excitation A (nm) 227.001 247.856 983.671
fluorescence A (nm) 227.091 247.856 283.671
Ay (s7Y 5.67 x 107 | 2.80 x 107 | 3.30 x 107
lower level config. 1s2s(3S1) | 2s%2p?(1Sy) 252p2(25%)
upper level config. 1s2p(*Py) | 25?2p3s(*P1) | 25*3p(*Ps)
HELIOS ablation plasma | Plasma A Plasma B Plasma B
HELIOS mass zone Zone 1 Zone 4 Zone 4
beam volume Vieap (cm?) 50 1.125 1.125
total volume Vjy; (cm?) 1000 3.375 3.375
beam time (ns) 802-807 3880-3885 2030-2035
collection time (ns) 802-847 3880-3925 2030-2075
signal S (photoel.) 9.459 x 10° | 3.831 x 10° | 3.580 x 10*

background B (photoel.) | 3.251 x 10° | 1.842 x 10° | 3.312 x 10°
signal-to-noise S/vS + B 839 509 59

Table B.2: Identified PLIF schemes for laser-ablated carbon plasmas and estimated signal-

to-noise ratios for specific ablation plasma conditions, mass zones, and simulation times.
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B.4 Summary

We conclude that PLIF imaging of certain laser-ablated carbon plasma species using com-
mercially available OPO tunable lasers is feasible. Even though the applicability of PLIF
to ablation plasmas is highly sensitive to local conditions, we have succeeded in identifying
two-step schemes that yield sufficient signal-to-noise ratios within specific spatial regions and
time intervals for the C I atom, the C II ion, and the C V ion. This analysis motivates fur-
ther development of the PLIF diagnostic for the eventual visualization of diamagnetic cavity
formation and assessment of ion coupling in the context of ablation plasma expansions into

magnetized background plasmas [43].
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