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This research primarily focused on the development of a collective Thomson

scattering system for experiments on a 1 MA 100 ns pulsed power generator

at Cornell University (COBRA). This diagnostic is capable of determining, at a

minimum, the electron temperature, electron density and the flow velocity in

the plasma. It was used in experiments on plasma jets created using a radial

Al foil (thin disk of foil) load on COBRA. These jets served as a good load as

they were long-lasting and at the center of the experimental chamber. The first

set of experiments explored the rotation of the jet when an external magnetic

field is applied and found the jet to be rotating at about 20 km/s. During these

experiments, it was discovered that the Thomson scatter laser energy (10 J) was

sufficient to heat the 20 eV jet plasma by inverse bremsstrahlung. While this did

not affect the velocity measurements, it did significantly affect the measured

temperature of the plasma. To better study this perturbation, a streak camera

was set up to measure the changing temperature during the laser pulse. The

plasma was found to be heated from about 20 to 80 eV in the first half of the

laser pulse, before cooling down due to the expansion of the plasma. We also

started developing a system to record the high-frequency Thomson scattering

spectral feature to measure the density of the plasma. This showed some initial

promising results and suggested densities of at least 5×1018 cm−3. Finally, using



low enough laser energy to avoid laser heating of the plasma, the effect of cur-

rent polarity on the plasma jets was studied experimentally. It was found that

while jets with a radial outward current flow were denser and wider than jets

with a radial inward current, both jets had a similar electron temperature. These

experiments were also compared to extended magnetohydrodynamic (XMHD)

simulations. While experimental jets had about the same width as those in the

simulation, they were found to be slightly colder and significantly less dense

than the simulations.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

A key challenge to high energy density plasma physics (HEDP) is diagnosing

the plasma. This is difficult in HEDP plasmas due to the short time scales, ty-

pically on the order of 10 ps-100 ns, and high temperatures, which are often

10 eV or much higher. One useful diagnostic is Thomson scattering, as it has

the capabilities to simultaneously measure multiple parameters from a fixed

volume of plasma. Though optical non-collective Thomson scattering has been

used for many years in lower density plasmas, such as tokamaks (for example,

see [51, 52]), few facilities use optical collective Thomson scattering, which is

appropriate for the higher densities of HEDP plasmas. Even for plasmas appro-

priate for collective optical Thomson scattering it is primarily found in labs that

use lasers to produce the plasma, including at Lawrence Livermore National

Laboratory [57, 27] and at the Omega Laser facility at University of Rochester

[58, 42]. For plasma made by pulsed power devices the use of collective Thom-

son scattering is known to us to be used as a diagnostic only at Imperial College

[66] and here at Cornell University.

One of the primary interests of the field of HEDP and plasma physics in

general is a reliable fusion energy source, which would help address the gro-

wing problem of the world relying on nonrenewable energy sources that harm

the environment. Fusion, however, is a very challenging goal where the fu-

sion fuel, often deuterium-tritium, must be confined at a temperature of at least

50,000,000 K for a length of time that inversely depends on the plasma density.
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Plausible solutions range from relatively low-density plasmas that use magnetic

confinement, such as tokamaks and stellarators [69], all the way up to high den-

sity plasmas that use inertia to confine the plasma, such as laser driven plasmas

[45]. In the middle of this density range, which is where pulsed power machines

come into the picture, are a range of schemes that use both magnetic fields and

inertia to confine the plasma, which are called magnetoinertial fusion (MIF).

Examples of these include Magnetized Liner Inertial Fusion (MagLIF) [64] and

Plasma Liner Experiment–ALPHA (PLX-α) [38] . These experiments are both

very expensive and infrequent, due to the low rep rate of the machines. This

means that accurate modeling and prediction capabilities are very important in

order to help design and improve the experiments. Therefore, getting the most

complete picture of the plasma with different types of diagnostics is very impor-

tant to verify and improve the models. The field of HEDP also enables studying

materials in laboratory-based extreme pressure environments, which is useful

for a basic physics understanding of materials and for applications to astrophy-

sics. In these types of experiments, it is again important to have diagnostics that

can accurately measure what is happening in the plasma.

As will be discussed throughout this thesis, Thomson scattering can mea-

sure at least fluid velocity, electron and ion temperatures, and electron density.

As all diagnostics have challenges, it is important to compare similar diagnos-

tics and recognize the advantages and disadvantages of each technique. For

Thomson scattering the best techniques to compare it to are interferometry for

density measurements and spectroscopy, which can measure both the tempe-

ratures and density of the plasma [39]. One key advantage compared to these

diagnostic techniques is that Thomson scattering is fundamentally a local mea-

surement, determined by the scattering volume, while the other techniques are
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line integrated results. This enables measurements to be made without such

other assumptions as the symmetry of the plasma for an Abel inversion, or on

the location of emitting or absorbing ions for spectroscopy. Also, compared

to spectroscopy, where the wavelengths of the useful lines are both material

and temperature dependent, Thomson scattering spectra stay in the same ge-

neral wavelength region. Therefore, the spectrometer does not need to be sub-

stantially changed based on the plasma that is being studied. While Thomson

scattering does have its own challenges and difficulties, some of which will be

discussed in this work, its issues are different from other diagnostic techniques

that can measure the same plasma parameters and, therefore, is a key addition

to many diagnostic packages.

Most of the research presented in this thesis focuses on the initial develop-

ment and then two major expansions of the Thomson scattering system as a re-

liable diagnostic for experiments on the COBRA (COrnell Beam Research Acce-

lerator) pulsed power machine. The first expansion was using the system with

a streak camera to perform time resolved measurements of changing plasma

conditions on the 2.5 ns time scale of the laser pulse. Though time resolved

Thomson scattering has previously been used in laser produced plasma (for

example [59, 22]), the work presented in this thesis we believe is the first appli-

cation of this type of diagnostic capability to pulsed power plasmas. The second

major expansion was the use of the system to record the high frequency spectral

feature (electron plasma wave) from the Thomson scattering profile. Though

this feature is harder to see due to its being significantly weaker than the ion

acoustic wave spectral feature, it is useful as a measurement of the density of

the plasma and can also provide information on the electron temperature. This

again has been used for some time in laser produced plasmas. However, only
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recent experiments at Cornell and at Imperial College in London [34] have used

this diagnostic on pulsed power produced plasmas.

The load that was used for the COBRA experiments described in this the-

sis was a thin disk of aluminum foil (we will call it a radial foil) that was used

to create a plasma jet along the central axis of the radial foil. In addition to

the physics interests that will be discussed shortly, this was chosen as it was

a reliable load for diagnostic development. Many pulsed-power-driven HEDP

experiments can be challenging for the development of time and location sensi-

tive diagnostics as they tend to involve a Z-pinch, a plasma configuration that

can move and change quickly within the time scale of the experiment. This is

a complication, as even a few ns of jitter or changes in the current pulse could

result in the scattering volume not being in the plasma region of interest. Since

many of the experiments in this thesis used Thomson scattering in ways that

had not been done before on these types of plasmas it was desired to reduce the

inconsistency from the load so that the effectiveness of the Thomson scattering

system design could be more accurately diagnosed. Radial foils are a perfect

load for these tests, as they form plasma jets that are relatively long lasting,

over 100 ns, and are consistently very near the center of the chamber.

While developing this Thomson scattering diagnostic three key areas of the

plasma jet were explored. The first was the directional flow velocity of the

plasma jet when exposed to an external magnetic field, focusing on decoupling

the radial and azimuthal velocities [8]. This study followed earlier experiments

that used visible spectroscopy to measure that rotation and addressed some of

the difficulties of that work [62]. This part of the work was carried out in con-

junction with Tom Byvank’s experiments that explored the magnetic field effects
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on radial foil plasma jets [8].

The second major area explored on plasma jets was the effect of the Thomson

scattering laser on the plasma jet. While ideally a diagnostic should not affect

what you are measuring, sometimes this cannot be avoided. In the case of the

experiments presented in this thesis, the laser energy density initially needed to

get enough scattered signal was about 10 times the energy density of the plasma

jet [1]. This meant that the Thomson scattering laser was heating the plasma by

inverse bremsstrahlung [15, 16, 3] as we were trying to measure the plasma

properties. While this heating is unfortunate from a diagnostic perspective, it

did enable exploration of laser heating the plasma jet and showed a limitation

of the Thomson scattering diagnostic.

The final area that was explored was using Thomson scattering to help study

the effect of current polarity on the formation of the plasma jet. Previous experi-

ments and simulations have shown differences in the jet based on the direction

of current flow, both with and without an external magnetic field [9, 30, 31, 32].

The experimental work showed differences in the structure of the jet as well as

its density. These differences are caused by the fact that the Hall term in the ge-

neralized Ohm’s law (GOL) [63], proportional to J×B, does not change direction

based on the direction of the current while all other terms do, see Eq. 4.16. Here

J is the current density and B is the magnetic field. The previous experiments,

however, did not have the capability of measuring the electron temperature of

the plasma jet. By designing the experiment to avoid heating from the probe la-

ser it is possible to use Thomson scattering to measure the electron temperature

of the plasma jet. This gives a better experimental picture of the plasma jet and

provides data to help improve the physics models in computer simulations.
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1.2 Outline

Chapter 2 describes the experimental platform used in this thesis. Section 2.1

briefly describes the machine used to create the plasma jets, Sec. 2.2 gives an

overview of the load hardware as well as the basic physics that causes the for-

mation of the plasma being studied, and Sec. 2.3 discusses the diagnostics used

to study this plasma with a focus on the experimental setup for Thomson scat-

tering in Sec. 2.3.3.

Chapter 3 gives a theoretical overview of Thomson scattering. Section 3.1

derives the collective Thomson scattering profile and introduces the Salpeter

approximation, which helps provide intuition on what plasma properties affect

the Thomson scattering profile. Secs. 3.2 and 3.3 use the Salpeter approxima-

tion to show how plasma parameters affect the ion acoustic wave and electron

plasma wave Thomson scattering features. They also discuss complications to

the basic Thomson scattering model. Section 3.4 discusses the mathematical

calculation of the plasma dispersion function, a requirement for calculating the

Thomson scattering spectra. Section 3.5 discusses how best fits to experimen-

tal spectra were obtained using theoretical spectra. It also discusses sources of

error and how the error bars were found.

Chapter 4 gives a brief overview of the PERSEUS extended magnetohydro-

dynmic code that was used in this thesis in order to perform computer simula-

tions of the plasma jet.

Chapter 5 discusses the experimental results and compares them to the si-

mulations. This begins with a discussion of the rotation of the jet when exposed

to an external magnetic field in Sec. 5.1. Then the laser heating is discussed in
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Secs. 5.2 and 5.3. Results from two methods to use Thomson scattering to me-

asure the electron density are discussed in Sec. 5.4. Finally Sec. 5.5 focuses on

the importance of current polarity on the plasma jet; both experimental results

as well as comparison to simulations are discussed.

Chapter 6 is the conclusion, which summarizes the research and discusses

possible next steps for Thomson scattering diagnostic development. It also sug-

gests possible future physics experiments to study laboratory plasma jets.

Appendix A describes the code used to generate non-collisional Thomson

scattering profiles with a Maxwellian distribution function. Appendix B descri-

bes the code used to generate non-collisional Thomson scattering profiles with

a super Gaussian electron distribution function.
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CHAPTER 2

EXPERIMENTAL PLATFORM

2.1 COBRA

Experiments presented in this thesis were performed on the COBRA pulsed po-

wer generator [33]. COBRA can deliver up to 1.2 MA with a 100 ns rise time.

COBRA is designed with 2 Marx generator capacitor banks, as shown in Fig. 2.1,

which has the advantage of enabling one to shape the current pulse based on

the application. Each Marx bank contains 16 1.35 µF capacitors that are charged

in parallel up to 70 kV, resulting in 53 kJ of energy in each bank. The pulse shape

can be controlled by 2 different sets of switches, the main switches (labeled as

intermediate switch in the figure) and output switches shown in Fig. 2.1. Both

sets of switches are self-breaking, with the breakdown voltage being controlled

by the pressure within the switch. Current operating procedure uses the main

switches for pulse shaping. When a short pulse is desired (100 ns rise time,

which is used in this research) both main switches are set to break down after

the intermediate storage capacitor (ISC) has charged for 800 ns. If a long pulse

is desired (200 ns or longer rise time) the charging time of the south ISC is shor-

tened to 700 ns. For more information on COBRA see various theses written by

previous students [5, 10, 37, 12] as well as [33].
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Figure 2.1: CAD drawing of COBRA.

2.2 Plasma Jets

The load used for experiments performed in this thesis was a radial foil that

created a plasma jet on axis. A radial foil is a thin metal foil that is connected

between the anode and cathode through a ring on the outside and a supporting

pin in the center. For most of the experiments a 15 µm Al foil was used; it was

Reynolds wrap that you can buy at a grocery store. In addition, experiments

were performed with 15 µm Ti foil to see if material properties had significant

effects on the Thomson scattering profile or the plasma jet. For all experiments

reported here, the center pin was a 5 mm diameter brass pin mounted so that its

upper surface was slightly above the outer ring, as shown in Fig. 2.2, in order to

ensure good contact with the foil.

As a primary interest of this thesis research was the effect of current polarity
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Figure 2.2: Picture of radial foil load hardware in reverse current polarity. The
foil is held in the cathode ring and the anode pin is slightly higher than the
ring in order to make good contact with the foil. In order to switch to standard
polarity, the pieces labeled 1 and 2 are aligned (instead of being at 90◦) and the
outside ring is connected to the anode by 4 posts.

on the plasma jet, hardware was used to allow switching of the current polarity,

which we call the polarity convolute. Standard polarity (SP) is when the center

pin is the cathode and the current flows radially inward. If the center pin is

setup as the anode, we are in reverse polarity (RP) and, therefore, the current

flows radially outward. The hardware setup for RP is shown in Fig. 2.2. In order

to switch to standard polarity, the pieces labeled 1 and 2 in the figure need to be

aligned, causing the pin to be connected to the cathode instead of the anode.

Figure 2.3 shows the key physics involved in forming the plasma jet. At

the start of the current pulse the foil is heated ohmically by the current flowing

through it. This heating ablates the top of the foil, creating a layer of plasma.

This plasma then is driven onto the axis of the radial foil by the J×B force. This

driving force causes the plasma to collimate into a long-lasting plasma jet on

axis and is what is studied in this thesis [28]. This jet is collimated by a pres-
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Figure 2.3: Schematic of the plasma jet created from a radial foil in SP current
polarity

sure balance between the inward magnetic pressure and the outward thermal

pressure, forming a Bennett pinch [4]. Using the experimentally measured tem-

perature (15 eV), density (6 × 1017 cm−3), and radius (0.9 mm) for a typical jet,

we can estimate the required axial current from Bennett’s relation [4]

I2 =
8π2ner2kbT

µ0
, (2.1)

where r is the radius of the jet, and kb is Boltzmann’s constant. This results in

I = 27 kA, which is only 2.7% of the machine’s current at 170 ns into the pulse.

This calculation is slightly lower than earlier measurements of the jet current

being between 3 and 10% of the machine’s current, which were made using

B-dot probes on jets made from thinner foils and smaller pins [28, 29].
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2.3 Diagnostics

2.3.1 Extreme Ultraviolet Self-Emission Pinhole Cameras

An imaging diagnostic technique used during these experiments was extreme

ultraviolet (XUV) self-emission pinhole photography, which recorded time-

gated images of the XUV (10-100 eV) range of the plasma emission. In order to

record the XUV emission a microchannel plate (MCP), which creates an image

on a phosphor fluorescent screen, and a charge coupled device (CCD) camera,

which images that phosphor fluorescent screen, were used. The MCP is gold

coated and has 4 independently triggerable regions, arranged in the form of

quadrants, giving these cameras the jargon name, “quad cams”. The thickness

of the gold coating controls what photon energy the MCP is sensitive to, with lo-

wer energies being reflected off the surface, while higher energies are absorbed

by the MCP. The photons with energies that are absorbed by the gold coating

then enter the photomultiplier tubes (PMT) of the MCP where a photoelectron

initiates an electron avalanche when the PMT is gated on by an applied voltage

pulse of about 5 kV. These electrons then hit a phosphor fluorescent screen that

is viewed by an external CCD camera (a Canon camera in our case). For this

experiment the external voltage was applied to each quadrant of the MCP for

5 ns. Each of these MCP quadrants viewed the plasma though a different pin-

hole, with an example of light going through one pinhole and hitting a single

quadrant being shown in Fig. 2.4. Through the differences in cable lengths be-

tween the power supply and the MCP, successive frames were delayed by an

additional 10 ns relative to the first frame, which allowed a single quad-cam to

record a 30 ns time history of the plasma in XUV emission. Since we had two of
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these cameras it was possible to record the plasma for 70 ns with 10 ns between

each of the 5 ns frames.

The photon energies that were resolvable by the detector are function of both

the detector itself and the optical arrangement being used. Figure 2.4 shows the

general setup for the XUV pinhole cameras; for these experiments o = 53 cm,

i = 38 cm, D (the pinhole size) was 200 µm, and ∆L ( the resolution of the MCP)

was 27 µm. This 27 µm is a combination of the 12 µm size of the PMT channels

and the 15 µm separation between those channels. The minimum size feature

that can be resolved by our detector, ∆x, is determined by the larger of the values

obtained from the following two equations:

∆x =
o
i
∆L, (2.2)

∆x = (1 +
i
o

)D. (2.3)

The first is the limit of the detector and is 38 µm, while the second is a limit

because the pinhole will cause a point object to spread out and is 344 µm for our

setup. Using this and the diffraction limit of light we then can find what photon

energies are resolvable on the detector. The diffraction limit is

∆x = 1.22i
λ

D
(2.4)

with λ being the wavelength of the self-emission. Solving this using our resolu-

tion of 344 µm shows that photon energies levels above 8.3 eV (λ < 150 nm) are

resolvable by our detector.
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Figure 2.4: Schematic of the general setup for XUV self-emission pinholes.

2.3.2 Laser Interferometry and Shadowgraphy

In these experiments we used an EKSPLA laser to study the plasma density and

density gradients through laser interferometry and laser backlighting shadow-

graphy, respectively. The laser uses a Nd:YAG medium to produce a 1064 nm

beam that is frequency doubled to 532 nm. This “green beam” has a pulse width

of 148 ps, and energy of 140 mJ. We split this laser beam into 3 pulses which

were separated by 10 ns. Each pulse went through the plasma along a similar

path, giving a time history of the plasma. Each laser path could be used for both

interferometry and shadowgraphy measurements.

Key to understanding interferometry is that plasma changes the phase velo-

city, vph = ω/k, of an electromagnetic (EM) wave traveling through it, where

ω and k are the frequency and wave number of the EM wave in the plasma.

In a non-relativistic plasma, ω and k are related by the dispersion relation

ω2 = ω2
pe +k2c2, with c being the speed of light in a vacuum and ωpe =

√
nee2/ε0me

being the electron plasma frequency. This means the index of refraction of the

plasma is

np = c/vph =

√
1 −

ω2
pe

ω2 . (2.5)

This change in the index of refraction, or speed relative to c of the EM wave,

is important as it allows information to be gained by interfering two different
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Figure 2.5: Sample image of the fringe patterns before a shot (a) and during a
shot (b). These were taken from a large shift shearing interferometer configura-
tion.

parts of the same beam. If one part of the beam goes through the plasma and

another part does not, the optical path lengths of the two beams will be diffe-

rent, causing interference fringes to appear when the beams are recombined. By

comparing the fringe pattern before a shot to that during a shot (see Fig. 2.5) it is

possible to measure the changes in the index of refraction and, therefore, extract

the electron density.

The fringes in the interference pattern change based on the change in phase

∆φ which corresponds to the optical path length difference ∆L along the line of

sight

∆φ =
2π
λ

∆L, (2.6)

where λ is the wavelength of the laser. The optical path length difference can

be related to the difference in the index of refraction for the probe, np, and the

reference, which we will call 1 since it is very close to unity in both air and
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vacuum along the path of the laser,

∆L =

∫ (
np − 1

)
dx =

∫ 1 − ω2
pe

ω2

1/2

− 1

 dx = −
1
2

∫
ω2

pe

ω2 dx, (2.7)

where the last step assumed that ω2
pe � ω2.

From Eq. 2.5 we see that if ωpe > ω the laser will not be able to propagate

through the plasma, as the dispersion function becomes imaginary. The density

at which this occurs is called the critical density, ncr. For our laser frequency the

critical density is 4 × 1021 cm−3. While this creates a hard maximum for the den-

sity that can be found with interferometry, density gradients within the plasma

will diffract the laser, causing it to often be impossible to make measurements

even an order of magnitude below this limit.

We can now cancel all terms other than density between ω and ωpe which

gives

∆L = −
1
2

∫
ne

ncr
dx, (2.8)

and the resulting phase shift is

∆φ = −
π

ncrλ

∫
nedx. (2.9)

A phase shift of 2π corresponds to a single fringe shift, which means that

F =
1

2ncrλ

∫
nedx, (2.10)

where F is the number of fringe-shifts. This means that a shift of one fringe

corresponds to a line integrated density of 4.2 × 1017 cm−2 for λ = 532 nm.

One of two different experimental arrangements were used to record inter-

ferograms. The first configuration was a Mach-Zender interferometer, like that

shown in Fig. 2.6. In this type of interferometer, the reference beam path is sepa-

rated from the probe beam path using a beam splitter and is routed around the
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Figure 2.6: Schematic of a Mach-Zender interfrometer.

experimental chamber. After the probe beam passes through the chamber, the

two beams are recombined using a beam splitter and produce the interferome-

try pattern. The other technique used was a large shift shearing interferometer.

In this setup a single beam passes through the plasma and then the beam is split

by two 90◦ prisms with a small air gap between them [54]. These prisms split

the beam into two parts that are close enough together that they can interfere

with each other. By separating the images enough that the plasma region of

one of these beams overlaps with the vacuum region of the other beam, allows

analyzing the interferometry pattern as if it was a Mach-Zender interferometer.

Analysis of interferometry images produces a measure of the areal density of

the plasma. However, we are interested in the volumetric density of the plasma.

In order to extract the volumetric density from the data, an Abel inversion needs

to be performed. This inverse transform requires the assumption of axial sym-

metry, which is a reasonable first order approximation for our well collimated

jets. The Abel transform was performed using the onion peeling method [14]

from the PyAbel package in Python. As a note, inverse integration tends to have
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large error bars near the axis, but interferometry should give a good idea of at

least the general structure of the plasma, as well as a good comparison to den-

sity measurements from Thomson scattering, except perhaps near the plasma

axis.

The three laser beams were also used for laser shadowgraphy, which shows

gradients within the plasma volume. If there is a density gradient in the plasma

perpendicular to the laser propagation direction, the change in the optical path

length causes the laser to refract. This refraction of light causes bright and dark

regions to form in the image. Light is refracted into the bright region while

it is refracted away from the dark regions. We use these images primarily for

a qualitative image of the structure of the jet. For a more detailed discussion

of both of these laser diagnostics the reader is directed to Principles of Plasma

Diagnostics by I. H. Hutchinson [39].

2.3.3 Thomson Scattering

The primary diagnostic used in these experiments was Thomson scattering.

While a detailed theoretical description of Thomson scattering is provided in

Ch. 3, here we will outline the experimental arrangement and equipment used

to probe and diagnose the plasma. In order to perform Thomson scattering, one

needs an adequately powerful probe of EM radiation to overcome plasma con-

tinuum radiation, and a way to collect the scattered radiation from the plasma

in order to study its spectrum.

To probe our plasma, we used a laser that produces 10 J of radiation at

526.5 nm. The laser has a Nd-YLF diode-pumped master oscillator and 4
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flashlamp-driven amplifiers. This produces a 25 J beam of radiation at 1063 nm

that passes through a frequency doubling crystal in order to produce the final

output pulse at 526.5 nm. The resulting laser pulse is linearly polarized, with

a top-hat spatial profile, a beam diameter of 35 mm, and a Gaussian temporal

profile with a full width at half maximum (FWHM) of 2.3 ns. If less laser power

is desired it is possible to run the system with only 3 of the 4 amplifiers, which

produces a 1 J pulse at 526.5 nm.

Before the laser beam is focused to the center of the chamber, it is first passed

through a half-wave plate that enables rotation of the linear polarization (i.e.,

the direction of the electric field) of the beam. The laser is then focused by a

2.5 m f/50 plano-convex lens. When entering the vacuum chamber, the laser

passes through a Brewster window, which does not reflect one polarization of

light. The polarization of the laser is, therefore, set by rotating the half-wave

plate to minimize the reflection off of the Brewster window. The polarization is

set along the z-axis of the plasma when all the scattering directions and the laser

are in a plane perpendicular to that axis. However, if scattering along the z-axis

of the plasma is desired then the polarization must be changed since scattering

does not occur in the polarization direction of the probe beam. The final spot

size was measured to be 350 µm by moving a knife edge across the laser’s focus.

Due to 10 J being significantly more energy than was needed for many scatte-

ring experiments, when we wanted to probe the plasma over longer time scales

than a single laser pulse, the laser was split into two pulses using the optical

setup shown in Fig. 2.7. This design enables a time delay between the two laser

pulses, by having a path length difference between path A and path B. This path

length can be modified by changing the distance between the ‘X’ labeled optics
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Figure 2.7: Diagram of the optics and path used to delay part of the laser beam.
The path length difference, or the time delay, between paths A and B is con-
trolled by the distance between the ‘X’ labeled optics and the ‘Y’ labeled optics.
The orange part of the beam indicates that the infrared (IR) and the green be-
ams are both present. The upper two optics both allow the IR beam (in red)
to pass, thereby separating it from the frequency doubled green beam. The two
beam dumps collect the unused IR beam and the unused half of the green beam.
Reproduced from [2], with the permission of AIP Publishing.

and the ‘Y’ labeled optics. Based on space currently available on the 10 J laser

optics table, this time delay can be varied from 3 ns, for a continuous pulse, up

to about 14 ns in the space available next to the laser. The recombining beams-

plitter (labeled 2Y) enables the two split beams to be passed co-linearly into the

load region, meaning that the scattering volume is the same for both laser pul-

ses. One disadvantage of this setup is that it causes half of the available laser

energy to be lost and each of the laser pulses to be limited to 2.5 J.

To display the spectrum of the scattered light from the probe beam, a col-

lection lens and fiber bundle delivered the scattered light from the plasma into

the spectrometers that dispersed it as a function of wavelength, which will be

discussed shortly. Two different 18 m long fiber bundles were used in these ex-

periments. The first fiber bundle was made up of a linear array of twenty 100 µm

fibers with a numerical aperture of 0.1. At the input end of the fiber bundle, the

fibers had a center to center spacing of 125 µm, while on the spectrometer end,

the fibers had a center to center spacing of 500 µm to help reduce the cross talk
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between neighboring fibers. The other fiber bundle was similar in design, ex-

cept that on the input end the fiber was split into 2 separate bundles, which

enabled looking at scattered light from 2 different angles on the same detector.

To couple the light from the experiment into the fiber, a lens or lenses must be

used. Within the experiments performed here there were two primary designs.

The first, which was used in earlier experiments, utilized a single plano-convex

lens to collect the light from the plasma and then focus it into the fiber. The

magnification and focal length in this simple arrangement are controlled by the

following equations

m =
i
o

and
1
f

=
1
i

+
1
o
, (2.11)

where m, i, o, and f are the magnification, image distance, object distance, and

focal length, respectively. Therefore, if a lens with a known focal distance is

placed a certain distance from the load, the magnification would be

m =
f

o − f
. (2.12)

In order to keep the lens outside of the vacuum chamber, the minimum object

distance is about 55 cm. Therefore, changing the focal length is the most flexible

way to modify the field of view of a fiber bundle. A typical lens used in these

experiments had a focal length of f = 12.5 cm, which resulted in a field of view

for each fiber of 360 µm.

Though this was the easiest lens system to setup, it did have some major

disadvantages. The first was that a singlet lens has chromatic aberrations. As

early experiments looked near the laser wavelength this was not a major con-

sideration. Later experiments, however, required light collection over a wider

bandwidth, meaning that chromatic aberrations were not desired. In addition,

using a singlet lens for focusing also leads to significant spherical aberrations.
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These focus issues were resolved by using a pair of achromatic doublets. One

of the doublets was used to collect and collimate the scattered radiation from

the plasma, while the second doublet focused the collimated light into the fiber.

Since these lenses collected or focused the light at the focal length of the lens,

the magnification of the fibers is simply a ratio of the focal lengths of the two

lenses. Based on the numerical aperture of the fiber the best f/number of the fo-

cusing lens was f/5. Therefore, if we are using 50 mm diameter optics, the ideal

focal length is 25 cm. The collecting lens focal length can then be varied to get

the desired magnification. This scheme was used in all later experiments and

appeared to significantly improve the quality of focus over the singlet system.

Therefore, it is recommended to be used in all future experiments.

To spectrally resolve the scattered light, a Czerny-Turner spectrometer was

used. The basic setup of this type of spectrometer is shown in Fig. 2.8. The

diffracting element in this spectrometer is the diffraction grating, which can be

rotated to a certain angle based on the desired central wavelength at the exit slit.

Our lab has two different length spectrometers that can be used for various ex-

periments, one that is 330 mm long and two that are 750 mm long, both part of

the Andor Shamrock series. Each spectrometer has a rotating turret with 3 dif-

ferent diffraction gratings, which gives options for different spectral resolution

and bandwidth for each spectrometer.

To choose the best spectrometer and grating it is important to understand the

linear dispersion and resolving power of the spectrometer. Key to this problem

is the fundamental equation for grating spectrometers [44]

sin(α) + sin(β) = 10−6knλ, (2.13)

where α and β are the angles of incidence and diffraction as shown in Fig. 2.8,
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Figure 2.8: A schematic of a Czerny-Turner spectrometer [44].

k is the diffraction order, n is the number of grooves per millimeter, and λ is the

central wavelength in nanometers. Since the spectrometer has fixed entrance

and exit locations, α and β can be related by

Dv = β − α (2.14)

with Dv being a constant determined by the spectrometer.

Now we are interested in finding the dispersion of the spectrometer, which

is in the units of nm/mm. The smaller this number, the higher the dispersion,

which means it is easier to resolve finer spectral details. The linear dispersion

can be shown to be [44]
dλ
dx

=
106 cos β

knLB
(2.15)

with LB being the exit focal length of the spectrometer in mm. We clearly see

that we can increase the linear dispersion of our spectrometer by increasing

either the length of the spectrometer, or the number of grooves per millimeter.

Therefore, for high resolution application we want to use our longest

spectrometer with the most grooves per millimeter. This means for high re-

solution application the 750 mm spectrometer with 2400 l/mm was used. This

resulted in a spectral FWHM of 0.6 Å. In applications that did not need as high
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resolution, various combinations were used based on the desired bandwidth

and resolution for the application. A typical setup used the 330 mm spectrome-

ter with a grating of 150 l/mm, which gave a FWHM of 20 Å and allowed seeing

the entire visible light spectrum.

To record spectra from the spectrometer, two different devices were used.

One was a time-gated ICCD camera. This enabled capturing the scattered ra-

diation from the plasma from up to 18 different locations (using the previously

mentioned fibers) simultaneously. The camera captured a time integrated pic-

ture of the scattered light as well as radiation from the plasma during the length

of the gate pulse. Gate times were typically between 5 and 10 ns to capture the

entire laser pulse, though the camera gate could be reduced to 2 ns gate times if

continuum radiation was a problem. This setup gives a useful spatial picture of

what is happening within a single experiment. However, it does not give any

temporal information about the plasma during the laser pulse.

To record temporal information about the plasma a streak camera was used

to record the scattered spectrum, instead of the gated ICCD camera. The streak

camera causes the collected light from different moments in time to appear at

different location in the ”time direction” in the image. Using a full sweep time

of either 10 or 20 ns enables 150 ps or 250 ps time resolution, respectively, of the

scattered light spectral profile.

A disadvantage of using a streak camera to record the spectrum, however,

is that only one spatial location is viewed. To enable recording time-resolved

scattered radiation from two different locations a non-traditional setup can be

used to couple the fibers into the spectrometer [49]. This setup involves rotating

the fiber, so the linear array is perpendicular to the spectral slit. The spectral
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Figure 2.9: Schematic of the setup to allow light from two fibers to enter the
spectrometer. This setup is shown with four fibers being blocked by the tape.

slit is then open wide enough that light from multiple fibers passed through

it. To ensure that the spectrum from the fibers were clearly resolvable, several

of the middle fibers were blocked by a piece of tape, shown in Fig. 2.9. For

observing the ion acoustic feature, it was seen that blocking between 3 and 4

middle fibers would allow the spectrum from two fibers to be recorded without

overlap. Greater separation then 5 fibers was not possible due to the limits of

the size of the spectral entrance slit. Therefore, this method could only be used

to record spectra from two fibers simultaneously. These two fibers could be set

up to either collect from different volumes of plasma, or, as done in this thesis,

using 2 different scattering angles and the split fiber bundle.
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CHAPTER 3

THOMSON SCATTERING THEORY

3.1 Overview

A very important diagnostic technique in plasma physics that we have already

introduced, and a primary subject of this thesis, is Thomson scattering. Thom-

son scattering, the elastic-scattering of electromagnetic radiation off of an elec-

tron, can simultaneously measure several local plasma parameters. Though

a detailed description of Thomson scattering relative to our plasma will be

provided here, the reader is directed to the literature for more information

[25, 20, 39, 17]. For consistency with the principal references used here, CGS

units have been used unless otherwise noted, except that temperatures are in

eV.

The simplest place to start a description of Thomson scattering is the scat-

tering of a monochromatic plane wave off of a single low velocity (v/c � 1)

charged particle. We can then extend the scattering of the wave to a volume of

plasma. A schematic of the key vectors for the single particle scattering case is

shown in Fig. 3.1. Since we are observing these effects at some distance R′ from

the particle, we are interested in the state of the particle at some retarded time,

t′ = t − (R′/c). (3.1)

We will describe the position and velocity of this particle with a charge, q, and

mass, m, as r(t′) and v(t′). The incident plane wave can be described by

El(r, t′) = El0 cos(kl · r(t′) − ωlt′), Bl(r, t′) = l̂ × El, (3.2)
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Figure 3.1: Figure of a single particle scattering system.

where the laser wave number, wavelength and frequency are indicated by kl =

2π/λl, λl, and ωl. To find the power scattered from this charged particle, the

acceleration of the charge due to the plane wave must be determined. Taking

the Lorentz force equation

m
dv
dt′

= q
(
El(t′) +

v(t′)
c
× Bl(t′)

)
, (3.3)

and ignoring the magnetic field contribution since we are assuming v/c � 1,

gives [25]

m
dv
dt′

= qEl0 cos
[
kl · r

(
t′
)
− ωlt′

]
. (3.4)

The location of the electron can be described as

r(t′) = r(0) + vt′. (3.5)

Since R′ ≈ R − ŝ · r(t′) (as R � r(t′)), we can approximate the retarded time as,

t′ ≈ t −
|R − ŝ · r(t′)|

c
. (3.6)

Now by substituting Eq. 3.5 into Eq. 3.6 and solving for t′ gives

t′ =

(
t −

R
c

+
ŝ · r(0)

c

)
/ (1 − ŝ · β) , (3.7)
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where β = v/c. Plugging this into the cos term of Eq. 3.4 gives

kl · r
(
t′
)
− ωlt′ = ksR − ωst − (ks − kl) · r(0), (3.8)

where we have defined the following

ωs = ωl
1 − l̂ · β
1 − ŝ · β

and ks =
ωs

c
ŝ. (3.9)

We can now work in terms of the shift in frequency, ω, and wave-vector k which

are defined as

ω = ωs − ωl, (3.10)

k = ks − kl, (3.11)

which are statements of conservation of energy and momentum, respectively.

With these definitions, it can be shown that ω is related to the Doppler shift of

the particle along k

ω = ks · v − kl · v = k · v. (3.12)

Therefore, by measuring the frequency of the scattered radiation, it is possible

to know the velocity of the particle along k.

The equations for the electric field and power from an accelerating charge

can be found in literature (Jackson pg.665) [40]

Es(R, t) =
q

cR

[
ŝ ×

(
ŝ × β̇

)]
, (3.13)

dPs

dΩ
=

cR2

4π
E2

s . (3.14)

Solving for v̇ from Eq. 3.4) gives the scattered field and power from a single

charge as

Es(R, t) =
q2

c2mR
[ŝ × (ŝ × El0)] cos (ksR − ωst − k · r(0)) , (3.15)

dPs

dΩ
=

q4E2
l0

4πc3m2

[
ŝ ×

(
ŝ × Êl0

)]2
cos2 (ksR − ωst − k · r(0)) . (3.16)
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Focusing now only on electrons, because of the clear mass dependence in the

scattered power, the time averaged scattered power in the unit solid angle, dΩ,

from a single electron is

dPs(R)
dΩ

=
cE2

l0r2
0

8π

[
ŝ ×

(
ŝ × Êl0

)]2
, (3.17)

where r0 = e2/mec2 is the classical electron radius. The ending term is related to

the scattering angle, θ, and the angle between El0 and the projection of ks onto

the plane of the laser, φ, [
ŝ ×

(
ŝ × Êl0

)]2
= 1 − sin2 θ cos2 φ. (3.18)

Now integrating the scattered power over all viewing angles, and comparing

that to the incident intensity, Pl/A =
cE2

i
8π gives the Thomson cross section

σT =
8π
3

r2
0 = 6.65 × 10−25cm2. (3.19)

We now see that a big challenge in Thomson scattering is getting enough scat-

tered signal as the scattering cross section is so small.

While this single particle picture is useful for the foundation of the scattered

power, we are interested in scattered signal from a plasma. Assuming there

is negligible attenuation, so that each electron sees the same intensity of the

incident wave, as well as that the laser does not perturb the plasma, the total

scattered electric field is the vector sum of scattered electric fields from each

electron, where N is the number of electrons in the scattering volume. This

therefor, gives a total scattered power of

dPs

dΩ
=

cR2

4π

N∑
i=1

Eis ·

N∑
j=1

E js, (3.20)

which can be rewritten as

dPs

dΩ
=

cR2

4π
NE2

s +
cR2

4π
N(N − 1)(Ei · E j)i, j, (3.21)
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by separating the terms for which i = j and i , j. The first term here is the

power scattered from randomly distributed electrons, while the second term is

non-zero if the positions of the electrons are correlated. The primary source

of scattering, random electrons or correlated electrons, is determined by α =

1/kλDe, where λDe =
√

Te/4πnee2 is the electron Debye length. When α � 1,

the non-collective regime, the observed plasma fluctuations are small compared

to the Debye shielding length, and therefore the electrons appear random and

uncorrelated. The collective regime occurs when α & 1, and in this region the

observed plasma fluctuations are on a similar scale to, or larger than the Debye

shielding length. In this case the scattering is primarily from correlated electrons

within the plasma, and we are observing the effects of plasma waves. For our

laser wavelength of 526.5 nm and for scattering at 90◦ degrees α can be estimated

by

α ≈ 8
√

ne[1018cm−3]/Te[eV]. (3.22)

For our plasmas, typically around ne = 5 × 1018 cm−3 and Te = 20 eV, α ≈ 4,

which puts us in the collective regime. Though the non-collective region is

commonly used for electron density and electron temperature measurements

in lower-density plasma (for example, [51, 52]), because α for our plasmas is

over 1, we are interested in collective regime measurements in this thesis. The-

refore, in the discussion that follows, we will focus our attention on the scattered

spectral profile in the collective regime.

Now that the power scattered from each individual particle is known, and

the total scattered power is just the vector sum of the scattering from all parti-

cles, it is now time to build up the scattering problem for a volume of plasma.
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We now define an arbitrary distribution function for particles of species σ by

Fσ(r, v, t′) =

N∑
s=1

δ(r − rs(t′))δ(v − vs(t′)). (3.23)

We can take the first velocity moment of this distribution function to find the

density

nσ(r, t′) =

∫
Fσ(r, v, t′)dv. (3.24)

The total scattered electric field, ET
s can be expressed as the sum of the scattering

from each electron

ET
s (R, t) =

∫
drne(r, t′)Es(r, t), (3.25)

where Es is the scattering from a single particle found earlier, Eq. 3.15, and we

are still assuming the low velocity limit. Plugging this into the total scattered

power, and taking the time average, which we take over infinite time by assu-

ming that the time scale of the observation is much greater than the coherence

time of the plasma fluctuations, gives

∂Ps

∂Ω
=

cR2

4π
lim
T→∞

1
T

∫ ∞

−∞

dt
∣∣∣ET

s (R, t)
∣∣∣2 . (3.26)

Since we are interested in observing the scattered radiation over a particular

frequency range we can use Parseval’s theorem to go between the time and

frequency domains,
∫ ∞
−∞

dt|x(t)|2 = 1
2π

∫ ∞
−∞

dω|x(ω)|2. Taking the Fourier transform

of the scattered electric field,

ET
s (ωs) =

∫ ∞

−∞

dtET
s (t)e−iωst, (3.27)

gives
∂Ps

∂Ω
=

cR2

4π
lim
T→∞

1
2πT

∫ ∞

−∞

dωs

∣∣∣∣∣∫ ∞

−∞

dtET
s (R, t)e−iωst

∣∣∣∣∣2 . (3.28)

Since we are in the low velocity limit, we can say that dt = dt′. Rewriting the

integral in terms of t′ and plugging in the value for ET
s makes the integral over t
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become, ∫ ∞

−∞

dt′
∫

drne(r, t′)
e2El0

c2meR

[
ŝ ×

(
ŝ × Êl0

)]
× cos

(
kl · r(t′) − ωlt′

)
exp

[
−iωs

(
t′ −

ŝ · r(t′)
c

+
R
c

)]
. (3.29)

Now we are interested in taking the Fourier time and space transformation of

the density

ne(r, t′) =

∫
dk

∫
dω

ne(k, ω)
(2π)4 e−i(k·r(t′)−ωt′). (3.30)

Using this, and the fact that cos(x) = 1
2 (e−ix + eix) allows us to rewrite Eq. 3.29 as

a sum of two terms that have the following exponents

i
[
(ω − (ωs − ωl))t′ − (k − (ks − kl)) · r(t′) −

ωs

c
R
]
, (3.31)

i
[
(ω − (ωs + ωl))t′ − (k − (ks + kl)) · r(t′) −

ωs

c
R
]
, (3.32)

where ks = ωs ŝ
c . Looking at the first of these two functions and taking the integral

over t′ gives a delta function 2πδ[ω − (ωs − ωl)], and the integral over r gives the

delta function (2π)3δ[k − (ks − kl)]. This means that after integrating n(k, ω) over

k and ω we will get ne(ks − kl, ωs − ωl). Similar arguments can be used for the

second term, which gives a scattered power of

∂Ps

∂Ω
=

cE2
l0r2

0

4π

[
ŝ ×

(
ŝ × Êl0

)]2
lim
T→∞

1
8πT

×

∫ ∞

−∞

dωs |ne(ks − kl, ωs − ωl) + ne(ks + kl, ωs + ωl)|2 . (3.33)

We are interested in the ensemble average of the electrons since it is impos-

sible to model the exact state of the system. We define the ensemble average for

some parameter X as

〈X〉 ≡
allq

∫
dqX(q)P(q)

allq
∫

dqP(q)
, (3.34)
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where P(q) is the probability of being in a state q, and we are interested in aver-

aging over r and v, which are the electron positions and velocities. When taking

the ensemble average the cross-density term drops out, giving

∂Ps

∂Ω
=

Plr2
0

A4π

[
ŝ ×

(
ŝ × Êl0

)]2
lim
T→∞

1
T

×

∫ ∞

−∞

dωs〈|ne(ks − kl, ωs − ωl)|2〉 + 〈|ne(ks + kl, ωs + ωl)|2〉. (3.35)

Since |ne(k, ω)|2 = |ne(−k,−ω)|2 we can combine the two density terms in order to

get

∂Ps

∂Ω
=

Plr2
0

A4π

[
ŝ ×

(
ŝ × Êl0

)]2
lim
T→∞

1
T

∫ ∞

−∞

dωs2〈|ne(ks − kl, ωs − ωl)|2〉. (3.36)

By using k = ks − kl and ω = ωs − ωl as well as differentiating with respect to ωs

we can find the scattered power per unit scattering frequency along a scattering

length of L, which is

∂2Ps

∂Ω∂ωs
=

Plr2
0L

2π

[
ŝ ×

(
ŝ × Êl0

)]2
ne0S (k, ω). (3.37)

In this equation S (k, ω) is called the spectral density function and is defined as

S (k, ω) ≡ lim
T→∞,V→∞

1
VT

〈
|ne(k, ω)|2

ne0

〉
, (3.38)

where ne0 is the mean electron density, and V is the scattering volume.

While this serves as a good introduction to how the scattering problem

works, there are several key additions that need to be made before going further.

The first is that the full problem needs to be solved with a Laplace transform in

time instead of a Fourier transform. This is due to the poles in the susceptibility,

χσ, to be discussed shortly (see Eq. 3.57), which would make the form factor

ill-defined if only Fourier transforms were used. Approaching the problem in

this manner causes the spectral density function to be rewritten as [25]

S (k, ω) ≡ lim
γ→0

2γ
V

〈
|ne(k, ω − iγ)|2

ne0

〉
. (3.39)
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The second necessary correction is to account for lowest order relativistic ef-

fects. Assuming (v/c)2 � 1, it can be shown that the only correction needed is

a
(
1 + 2 ω

ωl

)
term in the scattered power [25]. This results in the scattered power

from the plasma being

∂2Ps

∂Ω∂ωs
=

Plr2
0L

2π

(
1 + 2

ω

ωl

) [
ŝ ×

(
ŝ × Êl0

)]2
ne0S (k, ω). (3.40)

This correction affects the intensity of the high frequency modes and accounts

for any small order relativistic effects that occur in our plasmas. As a reminder,

ω = ωs − ωl, and therefore, is the shift relative to the laser frequency.

Now having solved for the power scattered in terms of the form factor, or

spectral density function, S (k, ω), we now need to solve for the fluctuations in

the electron density, ne(k, ω). One approach follows a method similar to the

solution to the Landau problem [25]. Other methods include solving the Ny-

quist fluctuation-dissipation theorem [18] or the method of ‘dressed test par-

ticles’ [20]. We now will derive the fluctuations in density for a collisionless,

non-relativistic plasma without the influence of a magnetic field using Klimon-

tovich equation, following the procedure of Landau’s problem, and show the

resulting form factor [25]. To solve this problem, we need three fundamental

equations: Klimontovich Equation, Lorentz force equation (ignoring the v × B

as we assume no influence from the magnetic field), and Poisson equation

∂Fσ

∂t
+ v ·

∂Fσ

∂r
+ a ·

∂Fσ

∂v
= 0, (3.41)

a = (q/m)E, (3.42)

∇2φ = −
∑
σ

4πnσ. (3.43)

Where Fσ and nσ follow the same definitions as Eq. 3.23 and Eq. 3.24 and φ(r, t)

is the electrostatic potential. We will now linearize these equations terminating

34



at two-particle interactions. For this linearization we will define

F1σ(r, v, t) = Fσ(r, v, t) − F0σ(v), (3.44)

and

n1σ(r, t) = nσ(r, t) − n0σ, (3.45)

where F0σ and n0σ are the mean levels. Linearizing the fundamental equations

above gives
∂F0σ

∂t
+ v ·

∂F0σ

∂r
= 0, (3.46)

∂F1σ

∂t
+ v ·

∂F1σ

∂r
+

q
m

E1 ·
∂F0σ

∂v
= 0, (3.47)

∇2φ1 = −
∑
σ

4πn1σ, E0 = 0. (3.48)

In these equations for electrons q = −e, m = me, and F0σ(v) = n0e f0e(v), and for

ions q = Ze, m = mi, and F0σ(v) = (n0e/Z) f0i(v), where f0e and f0i are the single

particle mean distribution functions.

To solve these equations, we will need to take the Fourier transform in space

and Laplace transform in time of various functions. For an arbitrary function,

A(r, t), we will define these transforms as

A(k, ω − iγ) =

∫ ∞

0
dte−(iω+γ)t

∫ ∞

−∞

dreik·rA(r, t), (3.49)

and the inverse

A(r, t) =

∫ ∞

0

dω
2π

e(iω+γ)t
∫ ∞

−∞

dk
(2π)3 e−ik·rA(k, ω − iγ). (3.50)

We will first solve for the perturbed electric field from Poisson’s equation and

then use that in Klimontovich equation to find the fluctuations in density. The

potential of the plasma is given by

∇2φ1(r, t) = −4π(Zen1i − en1e) = −4πρ1(r, t) (3.51)
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where ρ1 is the charge density. Rewriting the charge density in terms of its

Fourier transform and then integrating the equation over r gives

φ1(r, t) =
4π

(2π)3

∫ ∞

−∞

dkρ1(k, t)
e−ik·r

k2 . (3.52)

This allows us to write the perturbed electric field, E1 = −∇φ1, as

E1(r, t) =
4πi

(2π)3

∫ ∞

−∞

dk
k
k2ρ1(k, t)e−ik·r. (3.53)

The next step is to substitute this for the electric field and take the Fourier-

Laplace transform of Eq. 3.47. It should be noted that since the system is assu-

med to be stationary, F0σ is not a function of time, and therefore, by Eq. 3.46, not

of position either. This allows us to write Eq. 3.47 as

−F1σ(k, v, 0)+ (iω+γ− ik)F1σ(k, v, ω− iγ)+
4πqi
mk2 ρ1(k, ω− iγ)k ·

∂F0σ(v)
∂v

= 0. (3.54)

Which can be solved for F1σ(k, v, ω − iγ) to give

F1σ(k, v, ω − iγ) =
−iF1σ(k, v, 0) − 4πq

mk2ρ1(k, ω − iγ)k · ∂F0σ(v)
∂v

ω − k · v − iγ
. (3.55)

This equation can then be integrated over velocity space to find the fluctua-

ting density of the species

n1σ(k, ω − iγ) = −i
Nσ∑
j=1

eik·r j(0)

ω − k · v j(0) − iγ
+
χσ(k, ω − iγ)

q
ρ1(k, ω − iγ). (3.56)

Here χσ is the susceptibility of the species, which is defined as

χσ(k, ω − iγ) =

∫ ∞

−∞

dv
4πq2nσ

mk2

k · ∂ f0σ
∂v

ω − k · v − iγ
. (3.57)

We will also define the dielectric function as ε = 1 +χe +χi. Plugging the density

of each species back into the equation for charge density allows us to solve for
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the fluctuating electron density

n1e(k, ω − iγ) = −i

 N∑
j=1

eik·r j(0)

ω − k · v j(0) − iγ
−
χe

ε

N∑
j=1

eik·r j(0)

ω − k · v j(0) − iγ

+
Zχe

ε

N/Z∑
l=1

eik·rl(0)

ω − k · vl(0) − iγ

 . (3.58)

We now have the fluctuating electron density spectrum expressed as a sum of

three terms. Before plugging this density into the form factor, several things

can be noted about each term in this density. The first term is scattering from

electrons that are not affected by other particles in the plasma. The second and

third terms scale as χe/ε, which can be shown to be proportional to α2. There-

fore, when α2 � 1, the first term will dominate the spectrum, which leads to the

non-collective scattering spectrum. The second and third terms are a result of

electrons trying to shield either a test electron or ion, respectively. Thus, these

terms include correlations in the plasma and result in the collective scattering

spectrum.

We are now interested in finding the form factor that was defined by Eq. 3.39.

Since n0e does not fluctuate, it does not affect the ensemble average of the density

fluctuations. Therefore,

S (k, ω) = lim
γ→0

2γ
Vn0e

〈∣∣∣∣∣∣∣
(
1 −

χe

ε

) N∑
j=1

−ieik·r j(0)

ω − k · v j(0) − iγ

−

(
Z
χe

ε

) N/Z∑
l=1

ieik·rl(0)

ω − k · vl(0) − iγ

∣∣∣∣∣∣∣
2〉
. (3.59)

In order to proceed, we will now assume that the charges are initially uncor-

related to simplify the problem. This assumption may seem inconsistent with

the problem at hand as we are trying to look for collective effects of the charges.

However, if the integration time, T , is much greater than the plasma time, 1/ωpe,

accounting for the charges being correlated will have the same result as this dis-
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cussion [25]. With initially uncorrelated charges, then, the ensemble average of

the cross terms goes to zero [25], which allows us to write

S (k, ω) = lim
γ→0

2γ
Vn0e

〈∣∣∣∣∣1 − χe

ε

∣∣∣∣∣2 N∑
j=1

eik·r j(0)

ω − k · v j(0) − iγ

N∑
m=1

e−ik·rm(0)

ω − k · vm(0) + iγ

+

∣∣∣∣∣Zχe

ε

∣∣∣∣∣2 N/Z∑
l=1

eik·rl(0)

ω − k · vl(0) − iγ

N/Z∑
n=1

e−ik·rn(0)

ω − k · vn(0) + iγ

〉
. (3.60)

Initially uncorrelated charges also allow us to drop the terms where j , m and

l , n, as their ensemble average will be zero. Looking now at just the first term

when j = m

lim
γ→0

2γ
Vn0e

∣∣∣∣∣1 − χe

ε

∣∣∣∣∣2 〈
N

1
(ω − k · v(0))2 + γ2

〉
. (3.61)

The ensemble average of this can then be found by multiplying by the probabi-

lity to be in the various velocities states, f0e(v), and then integrating over velocity

space

lim
γ→0

2γ
Vn0e

∣∣∣∣∣1 − χe

ε

∣∣∣∣∣2 N
∫ ∞

−∞

dv
f0e(v)

(ω − k · v(0))2 + γ2 . (3.62)

This integral is solvable analytically [25] allowing us to rewrite this equation as

lim
γ→0

2γ
Vn0e

∣∣∣∣∣1 − χe

ε

∣∣∣∣∣2 N
π f0e(ω/k)

kγ
, (3.63)

where f0e(ω/k) represents the one-dimensional electron velocity distribution al-

ong the k direction. Simplifying this (N/V = n0e), and then doing a similar thing

for the ion distribution in the second term, allows us to write the general form

of the form factor for a plasma with a single ion species as

S (k, ω) =
2π
k

∣∣∣∣∣1 − χe

ε

∣∣∣∣∣2 f0e

(
ω

k

)
+

2πZ
k

∣∣∣∣∣χe

ε

∣∣∣∣∣2 f0i

(
ω

k

)
. (3.64)

The form factor is challenging to solve due to the poles in χe and χi. However,

a Maxwellian distribution function, which is a reasonable approximation of a

plasma close to thermodynamic equilibrium, can lead to a numeric solution to
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these equations. The Maxwellian distribution function for the electrons and ions

are

f0e(v) =

√
1
πa2 exp

(
−v2/a2

)
and f0e(v) =

√
1
πb2 exp

(
−v2/b2

)
. (3.65)

We have allowed electrons and ions to have their own temperatures, and defi-

ned their mean thermal speeds as

a =

√
2Te

me
and b =

√
2Ti

mi
. (3.66)

Using this, χe and χi can be related related to the plasma dispersion function,

Z(x) [23], by

χe(k, ω) = −
α2

2
Z′(xe), (3.67)

χi(k, ω) = −
α2

2
ZTe

Ti
Z′(xi), (3.68)

where

xe = ω/ka and xi = ω/kb. (3.69)

The numerical solution to the plasma dispersion will be discussed in Sec. 3.4,

and a plot of the real and imagery parts of W(x) ≡ −Z′(x)/2 is shown in Fig. 3.2.

Using this we can now show that the solution for the form factor under a Max-

wellian distribution is

S (k, ω) =
2
√
π

ka

∣∣∣∣∣∣∣1 + α2 ZTe
Ti

W(xi)

ε

∣∣∣∣∣∣∣
2

e−x2
e +

2
√
πZ

kb

∣∣∣∣∣∣α2W(xe)
ε

∣∣∣∣∣∣2 e−x2
i , (3.70)

with

ε = 1 + α2W(xe) + α2 ZTe

Ti
W(xi). (3.71)

This complete form factor, though numerically solvable (see Sec. 3.4), is very

complicated, making it hard to get an intuitive picture of how different plasma

features affect the Thomson scattering spectral profile. At least around the reso-

nances (when ε = 0), S (k, ω) can be broken into two terms, one that is a function
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Figure 3.2: A plot showing the real and imaginary parts of W, and where the
resonances will occur for an arbitrary value of ζ. ζ is the subscript of the Γζ(x)
function, Eq. 3.75, and is either α or β, see Eq. 3.76, based on whether we are
looking at the electron or ion term.

of xe and another a function of xi. As will be discussed, these two terms will

dominate at the high-frequency electron plasma wave and at the low-frequency

ion acoustic wave, respectively. This approximation, known as the Salpeter ap-

proximation, is very useful for gaining intuition in how the Thomson scattering

spectrum depends on various plasma parameters [61].

3.1.1 Salpeter Approximation

The basic idea of the Salpeter approximation is that in the regions of interest,

around the resonances, when ε = 0, only one of the two terms in Eq. 3.70 will

be important. The first (electron) term, which we will label S e(k, ω), domina-

tes in the high-frequency region, while the second (ion) term, which we will

label S i(k, ω), dominates for lower frequencies. The ion term falls off at high

frequencies due to the exp(−x2
σ) dependence in each term. Since xi � xe, and in

the high frequency regime xe > 1, we can ignore S i(k, ω). In the low frequency
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regime, S i(k, ω) dominates, as the exponent terms tend to be similar, allowing

the kTi
mi

= b � a = kTe
me

difference to be the primary factor in the spectral feature

intensity of the two terms.

Looking more closely at the high frequency region of the spectrum, we can

make several approximations to remove the ion dependence in the electron

term. In this region xi � xe � 1, so we can ignore W(xi), as it will be much

smaller than either xe or 1 (see Fig. 3.2). This, therefore, gives for the electron

term,

S e (k, ω) ≈
2
√
π exp

(
−x2

e

)
ka

[(
1 + α2Wre (xe)

)2
+

(
α2Wim (xe)

)2
] , (3.72)

which has no dependence on xi.

In the low frequency regime, similar approximations can be made to remove

terms with the electron thermal velocity. In this case xi � 1, but xe � 1 means

that W(xe) ≈ W(0) = 1 + i0. This means we can rewrite S i(k, ω) as

S i (k, ω) ≈
2
√
πZα4 exp

(
−x2

i

)
kb

[(
1 + α2 + α2 (ZTe/Ti) Wre (xi)

)2
+

(
α2 (ZTe/Ti) Wim (xi)

)2
] . (3.73)

which has no dependence on xe.

Now by combining Eq. 3.72 and Eq. 3.73 into one equation, we get the com-

plete Salpeter approximation,

S (k, ω) ≈
2
√
π

ka
Γα (xe) +

2
√
π

kb
Z

(
α2

1 + α2

)2

Γβ (xi) , (3.74)

where

Γζ (x) =
exp

(
−x2

)[(
1 + ζ2Wre (x)

)2
+

(
ζ2Wim (x)

)2
] , (3.75)

and

β2 =
α2

1 + α2

ZTe

Ti
. (3.76)
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We now have S (k, ω) expressed as two terms, where the first term, S e(k, ω), is de-

pendent on xe and dominates at high frequencies and the second term, S i(k, ω),

is dependent on xi and is important at low frequencies.

Before going into a detailed discussion of both S e and S i, we will first discuss

the behavior of Γζ(x). In order to try to find the location of the resonances of this

function, we need to find the minimum of the denominator, |ε |2, of Γζ . This

minimum can be found by setting the real part of ε equal to zero. This means

that we are solving the following equation

1 + ζ2Wre(x) = 0, (3.77)

or when Wre(x) = −1/ζ2. Figure 3.2 shows a plot of Wim, Wre, and 1/ζ2. We see

that if 1/ζ2 < 0.29 then there are two solutions to this equation. However, the

higher x solution has a significantly smaller value for Wim(x), meaning it will

be the less damped mode and is the solution of interest. Since we are working

with large values of x, we can use the x � 1 approximation for Wre(x), which to

second order, is [25]

Wre(x) ≈ −
1

2x2

[
1 +

3
2x2

]
. (3.78)

Plugging this into the above equation and solving for x gives

x2 =
ζ2

2

(
1 +

3
2x2

)
. (3.79)

Now we are interested in the solution to this equation in frequency space. Using

xσ as defined by Eq. 3.69 for x give x = ω
√

2kvTσ
, where vTσ =

√
Tσ/mσ is the thermal

velocity. In addition, the second term on the right-hand side of Eq. 3.79 is a small

correction factor, and therefore we can replace the x2 there with the first order

solution, x2 = ζ2/2. Using all of this allows us to estimate the resonance of the

peaks as

ω2 = ζ2k2v2
Tσ + 3k2v2

Tσ, (3.80)
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where the ζ2 term can be replaced by either α2 or β2 (from Eq. 3.76) based on the

term being studied. This leads to a pair of peaks for the two spectral features as

there is both a positive and negative solution for ω.

The next thing of interest to consider is the shape of the profile near the

resonance. For this we should note that

Wim(x) =
√
πxe−x2

. (3.81)

This allows rewriting Γζ(x) as

Γζ (x) =
e−x2[(

1 − ζ2

2x2

(
1 + 3

2x2

))2
+

(
ζ2
√
πxe−x2

)2
] . (3.82)

If we say that x0 is a resonance, and assume that we are near it, we can use x0

instead of x, except when there is a difference involved, which is the first term

of the denominator. Therefore, we can rewrite Γζ(x) as

Γζ (x) =
e−x2

0[
1
x4

0

(
x2 − x2

0

)2
+

(
ζ2
√
πx0e−x2

0

)2
] . (3.83)

The first term in the denominator then can be manipulated to put Γζ(x) in the

form of a Lorentz profile

Γζ ≈
x2

0e−x2
0

4
[
(x − x0)2

−
( √

π

2 ζ
2x2

0e−x2
0

)2] . (3.84)

Being in this form means that the FWHM of the Lorentz profile is

δx =
√
πζ2x2

0e−x2
0 . (3.85)

Expressing this in terms of δω and ω instead of δx and x0, and using the value

for the resonance, Eq. 3.80, for ω, results in the frequency space FWHM of the

Lorenz profile,

δω =

√
π

2
ζ2kvTσ

(
ζ2 + 3

)
e−

ζ2+3
2 . (3.86)
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So now for either S e or S i we have a generic solution to the resonances and

the shape of the profile near the resonance. The location of the resonance is gi-

ven by Eq. 3.80 and the shape is Lorentzian with a FWHM given by Eq. 3.86. It

should be noted that these are approximations and that a full numerical solu-

tion to the form factor, Eq. 3.70, should be used for actual fitting measurements.

The Salpeter approximation however is very useful for building intuition on

the primary effects of different plasma parameters, as discussed in the next two

sections. The accuracy of these approximations is better for higher values of ζ2

as it will cause the resonance to occur at a location where the x � 1 approxima-

tion of Wre is more valid.

We will now look individually at how each of the terms of this approxima-

tion affect the resonances in their respective regions. Though the ion feature,

having a resonance at the ion acoustic wave (IAW) frequency, is the stronger

feature, and is the focus of most of this work, we will first look at the high-

frequency electron feature, which has a resonance at the electron plasma wave

(EPW) frequency, as that is the simpler spectrum.

3.2 Electron Plasma Wave

The EPW feature in the TS spectrum arises from the high-frequency resonance

and depends primarily on the S e(k, ω) term in the form factor. Thus, it is an

effect of the electrons interacting with each other. When looking at the peaks

caused by this resonance, we are looking at two features of interest, the location

of the peaks and the shape of the peaks. The generic solution to these were

found in the previous section (Eq. 3.80 and 3.86), but now we use ζ = α. We also
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discuss other things that can affect this profile, and when more complicated

theory is needed.

3.2.1 Peak Separation

To find the location of the peaks we need to use Eq. 3.80 with ζ2 = α2, and α > 1.

It should be also noted that ωpeλDe = vTe. Plugging these values into Eq. 3.80, we

see that the frequency of the EPW is

ω2
EPW ≈ ω

2
pe +

3Te

me
k2. (3.87)

This means that the location of the peak depends primarily on the electron den-

sity, in the ωpe term, and the second term gives a slight dependence on the elec-

tron temperature.

We can now use further approximations to estimate the density of the plasma

based on the separation of the two peaks. As most of the plasmas in this thesis

are of low temperature, 10-100 eV, we will assume that ωpe � 3k2v2
Ti and, there-

fore, we can ignore the second term when estimating the density based on the

peak separation. Solving the above equation for the separation of the two EPW

peaks in terms of scattered wavelength, ∆λepw, gives

∆λepw ≈
ωpeλ

2
l

πc
= 16.5

√
ne[1018cm−3]nm. (3.88)

where the last part is based on our laser wavelength. For a measured peak sepa-

ration this should give a maximum possible density, as the electron temperature

slightly increases the separation.
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Figure 3.3: Plots showing how the profile changes based on changes in ne or Te.
These profiles are normalized to 1 and show the longer wavelength peak when
the laser wavelength is 526.5 nm. In (a) Te = 50 ev and in (b) ne = 5 × 1018 cm−3.

3.2.2 Peak Shape

The other important EPW spectral feature is the shape, or the width, of the

peaks, which is controlled by how strongly the EPW is damped. In the colli-

sionless case this damping is Landau damping, which was found in the general

form for the Salpeter approximation in Eq. 3.86. Plugging in the appropriate

values we see that

δωepw =

√
π

2
ωpe

k3λ3
De

(
1 + 3k2λ2

De

)
e
− 1

2k2λ2
De
− 3

2
. (3.89)

From this we see that the peak width is largely dependent on the ne/Te term

included in the λ2
De factor in the exponent. Since the peak separation is largely

dependent on ne, this means that we can use the peak shape to find Te. As Te

increases the wave becomes more damped, and broader. Samples of how ne and

Te affect the EPW peak profile are shown in Fig. 3.3.

Though in the ideal non-collisional case, the widths of the profiles can de-

termine the electron temperature, other factors can also affect the widths of the

peaks of the EPW. The first of these factors is a density gradient in the scattering
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Figure 3.4: A plot showing two profiles of the EPW spectra based on including
a gradient or not. The blue profile is generated from a Te = 50 eV and a density
profile with 50 % of the scattering volume at ne = 5×1018 cm−3 and 25% at ± 20%.
The orange profile is a best fit to this profile, assuming no density gradients, and
measures Te = 55 eV and ne = 4.8 × 1018 cm−3. This shows that failing to account
for gradients causes the measured Te to be higher than the true value and ne to
be lower than the average value.

volume, which broadens the peaks due to the density dependence on the loca-

tion of the peak. As shown in Fig. 3.4, failing to account for a gradient will cause

the electron temperature to be lower than measured, and the average density to

be higher.

Another major factor that can affect the widths of the EPW is collisions,

as collisions tend to damp the wave even more [60]. The collisionality of the

plasma depends on how k times the mean free path of the collision, λab, com-

pares to 1, with a high value being non-collisional. Since for the EPW we are

interested in collisions involving electrons, and λei < λee, we will find λei to see

if we need to worry about collisions affecting the EPW. In general, λab = vTa/νab,

where νab is the collision frequency. We define the momentum transfer collision

frequency as [60]

νab =
4
√

2πnb(eaeb)2Λ

3m2
av3

Ta

and νaa =
4
√
πna(ea)4Λ

3m2
av3

Ta

, (3.90)

with Λ being the Coulomb logarithm. The Coulomb logarithm can be ap-
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proximated by Λ = 23.4 − 1.15 log10 ne + 3.45 log10 Te for Te < 50 eV, and

Λ = 25.3 − 1.15 log10 ne + 2.3 log10 Te for Te > 50 [6]. Using this then we see for

our plasma (Z = 6, ne = 5 × 1018 cm−3 and Te = 20 eV) kλei ≈ 5 which means that

collisions may slightly affect the EPW profile, but they should not be significant.

3.3 Ion Acoustic Wave

The other resonance of the non-collisional theory without including a magnetic

field is an effect of the electrons shielding the ions and occurs at the ion acou-

stic frequency. This is the low-frequency feature and primarily depends on the

S i(k, ω) term in the form factor. Because this is a lower frequency mode, the

shift relative to the laser frequency is small, and a higher spectral resolution is

required to resolve it than the EPW feature. This enables also seeing a Doppler

shift in the spectrum that corresponds to a fluid velocity in the plasma. In this

regime the relative drift velocity between the electrons and the ions also affects

the spectrum. Figure 3.5 shows a sample IAW spectral profile and how the ma-

jor plasma parameters affect it.

3.3.1 Peak Shifts

The most straightforward feature to measure in the spectrum is the Doppler

shift of the profile. If there is a net fluid velocity, v, within the plasma then

there will be a shift of the center of the scattering profile relative to the laser

wavelength based on ∆ωd = k · v. This shift is due to a Doppler shift of the

scattered photons by plasma either moving relative to the laser, kl · v, or the
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Figure 3.5: A diagram of a sample Thomson scattering IAW spectral profile.

collection optics, ks · v. Solving this in terms of a shifted wavelength gives

vk =
c∆λd

λl
√

2(1 − cos θ)
, (3.91)

where vk is the velocity of the particle along k and θ is again the scattering angle.

For our laser wavelength and a scattering angle of 90◦, a shift of 1 Å corresponds

to 40 km/s along k. This, therefore, can give a measure of the directed flow velo-

city of the plasma, either when the direction of motion is known (e.g., radial) or

through a comparison of shifts from two or more collection angles.

If the exact direction of motion is not known, then it is possible to use scat-

tering from two different viewing angles to decouple the components of the

velocity in the scattering plane [8]. For example, this can be used to differen-

tiate between a radial flow velocity, vr, and an azimuthal flow velocity, vθ. We

will start in xy-coordinates and then transform into polar coordinates as that is

the easiest way to set up the most general problem of solving for the velocity for

any location of the scattering volume. In this discussion we will call the scat-

tering angle θs to differentiate it from the polar θ coordinate. We will assume k

to be in the xy-plane and assume that kl is along ŷ. The k̂ direction in Cartesian
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coordinates, therefore, is defined as

k̂ = cos(θs/2)sign(x̂ · k̂s)x̂ − sin(θs/2)ŷ. (3.92)

Converting this into polar coordinates allows us to write k̂ as

k̂ = krr̂ + kθθ̂, (3.93)

kr = cos
(
θs

2

)
cos (θ) sign

(
x̂ · k̂s

)
− sin

(
θs

2

)
sin (θ) , (3.94)

kθ = − cos
(
θs

2

)
sin (θ) sign

(
x̂ · k̂s

)
− sin

(
θs

2

)
cos (θ) , (3.95)

θ = arctan(y/x), (3.96)

where y and x are the coordinates relative to the central axis of the plasma, the

center of the jet for the research in this thesis. This allows writing the velocity

of the plasma along the k direction as

vk = vrkr + vθkθ. (3.97)

This can be used to decouple the velocity components of the plasma by col-

lecting from any two scattering angles. Focusing on the case where we are col-

lecting scattered light at opposing θs = 90◦, and the laser passes through the axis

of the plasma, reduces these equations to

vk =
vr
√

2
sign(k̂ · r̂) +

vθ
√

2
sign(k̂ · θ̂). (3.98)

Therefore, it is possible to decouple the vr and vθ components of velocity as

sign(k̂ · θ̂) will change between the scattering angles, but sign(k̂ · r̂) does not.

Taking two scattering vectors k1 and k2 and if k̂1 · r̂ > 0 and k̂1 · θ̂ > 0 results in

vk1 = (vr + vθ) /
√

2, vk2 = (vr − vθ) /
√

2. (3.99)

Solving these give the following components of velocity

vr = (vk1 + vk2) /
√

2, vθ = (vk1 − vk2) /
√

2. (3.100)
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Similar techniques can also be used to measure vr and vz by collecting scattering

along the z-axis [8]. We will note that unlike the vθ and vr, this can be done

from a single viewing angle, assuming symmetry, as sign(k̂ · r̂) switches signs

but sign(k̂ · ẑ) does not.

3.3.2 Peak Separation

A prominent feature of the IAW scattering feature is the separation between the

two peaks. This can be approximated in a similar manner to the peak locations

for the EPW feature. However, now we are using the S i(k, ω) term, so we are

using β instead of α in Eq. 3.80, which gives

ω2
iaw = k2

 ZTe

mi

(
1 + k2λ2

De

) +
3Ti

mi

 . (3.101)

Since this is the low-frequency mode, we can say that |kl| ≈ |ks|, and therefore,

can use the following approximation for k

k ≈ 2kl sin
(
θ

2

)
. (3.102)

Using this and the location of the peaks, we can find an estimate of the separa-

tion between the ion-acoustic peaks as

∆λiaw ≈
4
c
λl sin (θ/2)

√
Te

mi

[
Z

1 + k2λ2
De

+
3Ti

Te

]
. (3.103)

We see that in this case if ZTe � 3Ti, and k2λ2
De � 1 then ZTe is the dominant

factor in peak separation. Therefore, if we know or have some estimate of Z we

can have a good estimate of Te by simply measuring the separation of the two

peaks. The first assumption is valid in our plasmas for high Z if Te ≈ Ti. The

second assumption is related to how collective the plasma is since k2λ2
De = 1/α2.
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Therefore, if we are in the highly collective regime, we do not have to worry

about ne affecting the peak separation.

We can make some approximations in Eq. 3.103 to estimate the minimum

possible density of the plasma based on the peak separation, as well as regions

where density should not affect the peak separation. For these assumptions we

rewrite k2λ2
De = aTe/ne, where a = (1486kl sin(θ/2))2, and assume that ZTe � 3Ti.

This allows us to rewrite Eq. 3.103 as

∆λiaw ≈
4
c
λl sin (θ/2)

√
Te

mi

[
Z

1 + aTe/ne

]
. (3.104)

To find the minimum density for a given peak separation, we rewrite the equa-

tion one more time

∆λiaw ≈
4
c
λl sin (θ/2)

√
Zne

mi

√
Te

ne + aTe
. (3.105)

In this equation, as Te approaches infinity the peak separation will increase to

an asymptomatic limit. Taking this limit gives

∆λiawmax ≈
4
c
λl sin (θ/2)

√
Zne

mi

√
1
a
≈ 0.387

√
Zne[1018cm−3]

A
. (3.106)

Where the last equation is for our laser wavelength and scattering at 90◦, and

A is the atomic number of the atom. For Al jets, with A = 27, Z = 6, and a

separation of 0.15 nm, the minimum value for ne is 8 × 1017 cm−3. This means

that for any lower density it would be impossible for the profile to reach a peak

separation of 0.15 nm.

To see how high the density needs to be to stop affecting the peak separation,

one can look at the denominator of Eq. 3.104, 1 + aTe/ne, and assume aTe/ne � 1,

for example aTe/ne ≤ 0.1. For our scattering at 90◦ this results in

Te[eV] < 6.3ne[1018cm−3], (3.107)
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which means that if the density is 5×1018 cm−3, it will not significantly affect the

peak separation unless Te is 30 eV or higher.

An interesting feature of this slight density dependence on the peak separa-

tion, is that in the right parameter region it can be used as a method to measure

the density of the plasma [24]. Through the collection from significantly dif-

ferent values of k, an experiment can be designed where one k-vector, k1, will

have significantly more density dependence than the other k-vector, k2. This se-

cond k-vector can be used to find Te as there is little dependence in that profile

on the density, and then use that temperature to find ne from the k1 scattering

profile. These two different values of k can be created by either collecting from

2 different angles, or by using two different laser wavelengths. For this idea to

work, the difference in peak separation due to density between the two angles

through the factor 1 + k2λ2
De must be significant.

3.3.3 Peak Widths

A third feature of the ion acoustic wave feature of the Thomson scattering pro-

file that can be used as a diagnostic is the peak shape or peak width. This feature

can be more complicated than the previously mentioned features. However, if

certain plasma conditions can be isolated, it can still prove to be useful. In basic

collisionless Thomson scattering theory, as for the EPW features, the IAW peak

width depends on how strongly Landau damped the waves are. Using Eq. 3.86,

which is valid when ZTe/Ti ≈ 1, causing the ion Landau damping to dominate

over the electron Landau damping, the widths of the ion-acoustic peaks can be
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estimated as

δωiaw =

√
π

2
kvTi

 ZTe

Ti

(
1 + k2λ2

De

)
2 1 +

3Ti

(
1 + k2λ2

De

)
ZTe

 e
−

ZTe
2Ti(1+k2λ2

De)
− 3

2
. (3.108)

As before, the Landau damping is dependent primarily on the exponential fac-

tor. Thus, the IAW peak width is related to ZTe/Ti. Since we already know ZTe

from the peak separation, the peak widths could be used to find Ti. Therefore,

if basic Thomson scattering is valid, the widths of the peaks can be used to me-

asure the ion temperature.

However, going beyond basic collisionless Thomson scattering theory, other

factors can significantly affect the shape of the peaks. These factors include

collisions [60, 71], velocity gradients, and turbulence [22, 26]. The factor that is

easiest to see affecting the spectral profile is a velocity gradient in the scattering

volume, which is illustrated in Fig. 3.6. In this figure we have accounted for a

flow velocity gradient by assuming that we could model the flow velocity as

a Gaussian profile, and then broke that profile into 10 different regions. We

then determined the Thomson scattering spectrum for each of the 10 regions

(the smaller peaks on the left figure) and added them up to get the resulting

Thomson scattering profile in blue. We see here that failing to account for this

spread in fluid velocity with a Gaussian profile and a FWHM of 10 km/s, will

cause the measured value of Ti to increase from 40 eV to 60 eV. This velocity

gradient could be reasonable in the jet region of the plasma, as plasma outside

the jet is converging onto the jet with a velocity of around 20 km/s. Though this

primarily affects the inferred ion temperature, we see that Te also drops some

due to the increase in Ti.

We have already discussed how collisions affect the EPW feature, and a simi-

lar discussion is relevant here. However, we are now interested in collisions that
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Figure 3.6: Plots showing the effect of a flow velocity gradient in the scattering
volume. (a) shows a plot of the 10 individual Thomson scattering profiles if
the flow velocity had a FWHM of 10 km/s, and the resulting profile. The tem-
peratures used for this profile were Te = Ti = 40 eV. (b) shows the composite
profile from the left image as well as an attempt to fit it without accounting for
gradients. In this case Ti = 60 eV, and Te = 31 eV.

involve ions. Since λii tends to be smaller than λei for high energy density plas-

mas, we will focus on λii. Our typical set of plasma parameters (Te = Ti = 20 eV,

ne = 5 × 1018 cm−3, and Z = 6) gives a value for kλii of 0.2. This suggests that

collisions will affect the widths of the ion-acoustic peaks.

While each of these factors can significantly contribute to the width of the

peaks of the ion acoustic wave, increasing the ion temperature inferred from the

width, they are challenging to model accurately. The first order way to account

for the three additional broadening mechanisms is to convolve the profile with

an additional Gaussian profile [22]. As we see in Fig. 3.7 this approach can

significantly improve the fit to the scattered profile, mainly the central dip.
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(a) (b)

Figure 3.7: A comparison of a fit without (a) and with (b) an additional Gaus-
sian profile. Blue is the raw data, green is the best fit result without any con-
volution, and red is the best fit, a result of convolving the green profile with
the instrumental function on the left, and both an instrumental and additional
Gaussian on the right.

3.3.4 Peak Intensities

The IAW spectral feature to be discussed here is that the two peaks can have dif-

ferent intensities. Most often this difference is attributed to a difference in flow

velocity between the electron and the ion fluids, which we will call the relative

electron-ion drift velocity, ud. Accounting for this relative drift velocity affects

the calculation of S (k, ω) by replacing all the xe terms with xe − xd. Here xd is

the relative drift velocity scaled to the electron thermal velocity, xd = ud/a cos χ,

where χ is the angle between ud and k. The ions are not affected by xd as the ion

velocity has already been accounted for in both the xi and xe terms. The primary

effect of the relative drift velocity is to cause electron damping to be shifted rela-

tive to the ion damping, see Fig. 3.8. This shift causes the two IAWs to be subject

to different damping. The less damped wave will produce stronger scattering.

Since this effect is a result of a shift in the electron damping of the wave rela-

tive to the ion damping of the wave, it is sensitive to both Te and Ti. Since Ti
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Figure 3.8: Shows the effect of having a relative drift velocity between the elec-
trons and the ions. For parts (a) and (c) the α2Wim(xe) and α2 ZTe

Ti
Wim(xi) are plotted

for the electrons and the ions, respectively. For ud = 0 ((a) and (b)) the imaginary
electron term is symmetric about the laser wavelength and so the peaks are the
same height. When ud = 25 km/s, though, ((c) and (d)) the imaginary electron
term has been shifted, causing the higher energy peak to become less damped,
and, therefore, the stronger of the two peaks.

from Thomson scattering can be unreliable, ud measurements are unreliable if it

is determined using only Thomson scattering-based plasma parameters.

The peak intensities can also be affected by the use of the finite sized op-

tics needed to collect and focus the light, which means we are really scattering

with a range of k vectors. This can affect the ratio of peak intensities when the

plasma is moving at a detectable velocity because the peak separation and the

peak shift both scale with k [21]. This means that as you increase k you will

get more Doppler shift from fluid motion, but the peaks will be farther apart,
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while the inverse will be true for smaller values of k. This means that the wa-

velength of the IAW peak closer to the laser wavelength will be about the same

for all observed values of k, while the peak that is further away from the laser

wavelength will have its wavelength shifted based on the values in the range of

k vectors. This will increase the intensity of the peak closer to the laser wave-

length, compared to the other peak, which is broadened. Due to the relatively

low velocities in the plasma jets and the fact that we use high f/number lenses,

this should not be a concern in this thesis. However, future experiments may

need to address this if they focus or collect with a smaller f/number lens or

observe plasmas with faster fluid velocities.

3.4 Analysis Techniques

Now that we have a good intuition of how Thomson scattering behaves under

various conditions, we proceed to detail the numerical calculation of the form

factor that was used to generate theoretical Thomson scattering profiles. More

details on these calculations can be found in Appendix D of D. Froula et al. 2011

and the code used to generate these profiles can be found in Appendix A [25].

As a reminder we are trying to solve the full equation for the form factor, S (k, ω),

i.e., Eq. 3.70. Since we are solving for the waves within the plasma where the

scattering occurs, we must use the dispersion relation for an EM wave within

the plasma. Since we are focused in this work on non-relativistic plasmas, we

can use the traditional dispersion relation for EM waves in a plasma

ω2
σ = c2k2

σ + ω2
pe, (3.109)
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Figure 3.9: Shows a representation of the three different k vectors.

which can be then used to find ks and kl. These wave vectors can then be used

to find k, see Fig. 3.9, by

k =

√
k2

s + k2
l − 2kskl cos θ. (3.110)

The difficulty in numerically evaluating the form factor is that the W

function, which is related to the plasma dispersion function, Z, is non-analytic,

and is needed to solve the electron and ion susceptibilities, Eq. 3.67-3.68. The

key advantage, however, is that W(x) is only a function of one variable, mea-

ning that it is possible to make a table of the solutions to W(x) as a function of

x and then interpolate from that table for a given problem. As a reminder, the

equation we need to solve numerically is

W(x) = −1/2
d
dx

Z(x), (3.111)

where

Z(x) =
1
√
π

∫ ∞

−∞

e−z2

z − x
dz, (3.112)

which is the plasma dispersion function. This problem cannot be solved ana-

lytically due to the pole at z = x, and not being able to close the integral in the
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complex plane. To approach this problem, we need to break the integral into

three parts

Z(x) =
1
√
π

∫ x−ϕ

−∞

e−z2

z − x
dz +

∫ ∞

x+ϕ

e−z2

z − x
dz +

∫ x+ϕ

x−ϕ

e−z2

z − x
dz

 , (3.113)

where ϕ is the distance away from the pole, and should be much smaller than x.

The last term in this integral represents the integral around and near the pole.

Since the integral goes to zero relatively quickly as z diverges from the pole, we

can solve each of the first two integrals numerically. To do this we will define

two arrays of steps of z values,

z−,m = x − ϕ − (m − 1)∆ and z+,p = x + ϕ + (p − 1)∆. (3.114)

In this equation ∆ is the step size for the integration and p or m are integers;

ideally ∆ is very small and both p and m go from 1 to infinity. However, since

the integral goes to 0 relatively quickly, we do not need to take p and m all the

way to infinity, and will define M and P as the maximum number of steps. We

write the first two parts of the integral as∫ x−ϕ

−∞

e−z2

z − x
dz +

∫ ∞

x+ϕ

e−z2

z − x
dz =

M∑
m=1

∆e−z2
−,m

z+,m − x
+

P∑
p=1

∆e−z2
+,p

z+,p − x
. (3.115)

The third part of the integral can be evaluated using the traditional integral

around a pole and a Taylor expansion to correct for the small portion of the

integral between ϕ and the pole,∫ x+ϕ

x−ϕ

e−z2

z − x
dz = iπe−x2

− 4xe−x2
ϕ. (3.116)

Rewriting this slightly, removing the x terms in the denominator, to make the

derivative easier gives

Z(x) =
1
√
π

 M∑
m=1

∆e−z2
−,m

−(ϕ + (m − 1)∆)
+

P∑
p=1

∆e−z2
+,p

ϕ + (p − 1)∆
+ iπe−x2

− 4xe−x2
ϕ

 . (3.117)

60



Now the derivative of this can be taken and used to get a final numerical solu-

tion for W,

W(x) =
1
√
π

 M∑
m=1

−∆z−,me−z2
−,m

ϕ + (m − 1)∆
+

P∑
p=1

∆z+,pe−z2
+,p

ϕ + (p − 1)∆
+ e−x2 (

iπx + 2ϕ − 4x2ϕ
) . (3.118)

This numerical solution to find W can be run a single time to generate a table of

solutions to W for different values of x. This table can then be referenced any

time one wants to generate a theoretical Thomson Scattering profile. Code for

generating this table, interpolating from this table, and generating a theoretical

Thomson scattering profile can be found in Appendix A.

3.5 Spectral Fitting Techniques

We have spent a lot of time discussing the theory of the Thomson scattering

spectrum, as well as approximations that help to gain intuition on how the dif-

ferent parameters affect the resulting spectrum. In doing this we have seen that

the full Thomson scattering profile depends on many different plasma parame-

ters (at least Te, Ti, Z, ne, vk and ud). However, all these parameters are interre-

lated, and we do not have the capability to determine all of them as there are

only 4 primary degrees of freedom for the IAW and 2 for the EPW. We will now

discuss the assumptions and techniques used to fit the scattering spectra from

plasma jets to determine several plasma parameters simultaneously. When per-

forming these fits we are using the full solution to the form factor, Eq. 3.70,

and not the Salpeter approximation already discussed, but that does help in

understanding how different plasma parameters affect the Thomson scattering

spectral profile. We will also discuss sources of errors and estimation of error

bars.
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3.5.1 Ion Acoustic Wave Fitting

As already discussed, there are 4 primary degrees of freedom (spectral shift,

peak separation, peak shape, and relative peak intensities) for the IAW spectral

feature, enabling its use to determine 4 fitting parameters. The spectral shift is

related only to the flow velocity, vk, so that is easy. The peak separation, howe-

ver, is determined by several parameters, Te, Ti, ne, and Z. However, the largest

dependence (see Eq. 3.103) is on the ZTe term. Since Z can be estimated using

tables such as the FLYCHK table [13], we can use Te as the primary fitting pa-

rameter affecting this feature. The FLYCHK table is an nLTE (non-local thermal

equilibrium) model of Z as a function of ne and Te. The density dependence is

handled by using the density measured from either interferometry or from the

EPW spectral feature, which normally puts it between 5×1018 and 1×1019 cm−3,

and the Ti dependence will be handled by the peak shape fitting term. The

relative peak intensities can be fit using the relative electron-ion drift velocity.

However, we note again that this term is sensitive to both Te and Ti and, there-

fore, is included more to allow the two peaks to have different intensities rather

than to model something actually physical. The final degree of freedom is the

peak shape, which is accounted for in one of two ways. The first way is to have

Ti be a fitting parameter, since the other terms in the basic collisionless theory of

broadening are already accounted for. The other method assumes that Ti = Te

and accounts for any additional broadening by convolving the resulting profile

with a Gaussian profile, as discussed earlier, as that seemed to significantly im-

prove the fit to the peak shape. This additional broadening can be justified by

the fact that we are in the collisional regime. From simulations, and since the

ion-electron transfer energy collision time [67] is around 2 ns (for Te = Ti = 20 eV,

Z = 6, and ne = 5×1018 cm−3), we do not expect the ions to be significantly colder
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than the electrons, so this is a good minimum value for Ti.

Before discussing error bars, it is important to discuss the effects of two de-

viations on the IAW spectral feature from basic non-collisional Thomson scatte-

ring theory, focusing primarily on how they affect the measurement of the elec-

tron temperature. The first is the effects of collisions on the spectrum. Though

several models have been developed to take the Thomson scattering spectrum

from the collisional to the non-collisional regime [60, 50, 7, 71], many tend to

be very complicated and to computationally expensive to include as a univer-

sal fitting technique for all of our data. In the intermediate collisional regime,

kλii ≈ 1, the general trend is for the peaks to broaden as well as move closer

together. The peak broadening should not influence the measured electron tem-

perature as we already accounted for this when we assumed that Ti = Te. The

peaks moving closer together, however, would cause an underestimation of the

electron temperature. To see the effect of collisions on the peak separation, look

back at Eq. 3.101 with the 3 being replaced with a Γi factor

ω2
iaw = k2

 ZTe

mi

(
1 + k2λ2

De

) +
ΓiTi

mi

 . (3.119)

This Γi term is determined by collisions, where Γi = 3 for the collisionless case

and it decreases to 5/3 when the plasma is strongly collisional. Using the as-

sumption now that α2 � 1, meaning that k2λ2
De � 1, and that Te = Ti we can see

that the peak separation scales by

ωiaw ∝
√

(Z + Γi)Te. (3.120)

If we assume that Z = 5, then Te can vary by 20% from collisionless to the

strongly collisional regime in order to keep the peak separation constant. A

first order way to correct for errors in this term, assuming all that we care about

is the electron temperature, is to still allow peak broadening to be accounted for
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with an additional Gaussian, but allow Ti to be lower than Te, which has the

effect of decreasing the Γi factor in this approximation.

The other possible deviation from non-collisional Thomson scattering is the

effect of a non-Gaussian profile of the electrons. The primary departure we

are interested in is the fact that a laser will preferentially heat slower electrons,

which will cause the electron distribution function to form a super-Gaussian

profile [70, 47, 43]. We define this velocity super-Gaussian distribution as [70]

fe0(v) =
m

4πv3
mTeΓ(3/m)

exp
[
−

(
v

vmTe

)m]
, (3.121)

where m is between 2 and 5, and

v2
mTe =

3Γ(3/m)
Γ(5/m)

v2
Te, (3.122)

where Γ(x) is the gamma function [68], and vTe =
√

Te/me is still the electron

thermal velocity. Here Te is defined as [70]

Te =
1
3

∫ ∞

−∞

mev2 fe0dv. (3.123)

Simulations have shown that m can be reasonably estimated, as a function of

laser energy and electron temperature, by the following equations [47]

m = 2 +
3

1 + 1.66/α0.724
l

, and αl = 3.74 × 10−16 I0λ
2
0A

Te
, (3.124)

with I0 being the laser power density (W/cm2), λ0 is the wavelength of the laser

(µm), Te is the electron temperature (keV), and A is the atomic number of the

plasma ions. Using I0 = 5 × 1012 W/cm2, and Te =15 eV results in m = 2.29,

meaning that a super-Gaussian profile will be induced by the laser.

Though a super-Gaussian electron distribution function is computationally

reasonable and will be discussed in Appendix B, here we will limit discussion
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Figure 3.10: A plot showing the effect of changing m on the Γ(1/m)Γ(5/m)
3Γ2(3/m) term in

the peak separation. We see by increasing m this term decreases, meaning that
the peaks are further apart for a given temperature.

to the general effect of a super Gaussian profile. In this case, the IAW frequency

can be found from [70]

ω2
iaw = k2

 ZTe
Γ(1/m)Γ(5/m)

3Γ2(3/m) + k2λ2
De

+ 3Ti

 . (3.125)

We see that the primary effect on the location of the peaks is the factor

Γ(1/m)Γ(5/m)/3Γ2(3/m), which is plotted in Fig. 3.10. We see that as m is incre-

ased this factor decreases, meaning that the peaks are further apart for a given

temperature. This means that failing to account for super-Gaussian effects will

in general overestimate the electron temperature of the plasma.

3.5.2 Electron Plasma Wave Fitting

As discussed previously, there are two primary features that can be seen in the

spectrum of the EPW, the peak separation and the peak width. These have

been shown to be dependent only on ne and Te, and so those are clearly two

parameters we want to use for our fitting. If we can fit each peak individually

and they are far enough away from the IAW scattering feature, that it has no

effect on the EPW spectrum, then this would be all that is needed to fit the
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spectrum. However, sometimes our peaks are so close to the laser line that the

wings of the IAW are important. This can be accounted for by changing the Ti in

the generation of the scattering profile. Changes to Ti have no effect on the EPW

feature as the plasma frequency is too high for the ions to respond. However,

as discussed, Ti does affect the IAW feature. Froula et al. [25] shows that the

intensity of the IAW increases with increasing Ti, and, therefore, we can use Ti to

account for the wings from the IAW in the EPW fitting routine. In addition, there

could possibly be useful information in the relative intensities of the two EPW

spectral peaks, which is accounted for by adding a scaling factor that enables

the two EPW peaks to have different intensities from non-collisional Thomson

scattering theory. A possible reason for this difference is instrumental errors.

Improving the relative calibration across the spectrum could help correct for

this error. Another possibility is heat flux within the plasma, which will cause a

slight modification to the electron distribution function that would change the

relative number of electrons in resonances with the two EPW. This modification

will cause the intensity of the two peaks to be different from non-collisional

Thomson scattering with a Maxwellian distribution function [35, 36].

3.5.3 Error Bars

In order to determine the error bars, the primary method used was a Monte

Carlo (MC) technique as many of the fitting parameters are closely coupled

through complex formulae, making standard error propagation challenging

[22, 1]. After finding a best fit profile to the raw data with any of the fitting

models discussed in the previous two subsections (Sec. 3.5.1 and 3.5.2), 100

synthetic spectra were generated by adding random noise to the best fit pro-
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Table 3.1: Table of the FWHM for the parameters that were varied for each synt-
hetic spectrum for the MC error bar calculations. Each of the columns represents
a different fitting model. All these fitting models assumed that the plasma was
non-collisional and Maxwillian. The N/A parts of the table do not apply to that
fitting model as the parameters in that row are used in the model to find the best
fit for each synthetic spectrum.

IAW feature EPW feature
fitting model v,Te,Ti, ud v,Te,width, ud ne,Te,Ti, relative intesity

ne 50% 50% N/A
Z̄ 10% 10% 10%

Te/Ti N/A 50% N/A
λl 0.2 0.2 0.2

instrumental width 20% 20% 20%
linear dispersion 1.5% 1.5% 1.5%

file based on the variance between the best fit and the raw data. Each of these

synthetic spectra was then fit with the same model as the raw data, but several

non-fitting parameters were varied by choosing a random point within a Gaus-

sian distribution. Table 3.1 list these parameters and the standard deviation of

their Gaussian distribution based on the fitting model used. For each of the

fitting parameters for the chosen fitting model, the results are reported as the

median of these 100 fits, with an error bar equal to the standard deviation of the

100 fits.

While the MC calculations above are a good way to get error bars, issues

arise when trying to compare the effect of various fitting methods or physical

effects that could contribute to the error that are non-Gaussian, as doing Gaus-

sian based MC calculations are then no longer appropriate. The key examples

of this are collisions and super Gaussian electron profiles, where we are initially

assuming one end of the extreme (non-collisional and Maxwellian electron dis-

tribution function) and, therefore, only have errors in one direction. Since we

are especially interested in the measured value of Te, we can study how chan-

67



ging various parameters will affect the measured Te and then group together

factors that only increase Te, giving a maximum value, and factors that only

decrease Te to obtain a minimum value.

Key to much of this discussion is the peak separation from the Salpeter ap-

proximation, Eq. 3.119. We will use the fitting model which assumed that Te = Ti

and added some extra Gaussian width. It is easy to see from Eq. 3.119 that in-

creasing either Z or Ti will force Te to decrease in order to keep the same location

of the peaks. In addition, increasing ne will reduce the denominator of the first

term, meaning that Te must decrease. As noted in the super Gaussian discus-

sion, above, increasing m (the power of the exponential term) will increase the

peak separation for a given Te, meaning that increasing m causes Te to decre-

ase. Additionally, accounting for the effects of collisions lowers the Γi term, and

therefore, causes the required Te to be higher.

In addition to these possible errors in the assumptions about the plasma, we

also need to account for possible errors in the instrument’s calibration, which

include the dispersion function (in nm/mm) and the instrumental width. If the

dispersion function is increased then the Thomson scattering peaks are farther

apart then the initial measurement, meaning that Te is increased. By decreasing

the instrumental width, we increase the width that is needed from the Thomson

scattering profile, which causes Ti to increase and therefore decreases Te.

Using the above facts about the effect of different parameter changes on Te,

together with assumptions about the amount of error we could have for each

parameter, we can put together modifications to these parameters to find the

minimum and maximum values for Te. These modifications are summarized in

Table 3.2. Some of them need additional discussion. For Z, we base the errors
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Table 3.2: Table of the values used for parameters to try to find a possible range
for Te.

Min Te Max Te

Z = 1.2Z Z = 0.8Z
ne = 1.5ne ne = 0.5ne

Ti fitting parameter Ti = 1 eV
m = 2.5 m = 2

additional width = 0.001 Å additional width is fitting parameter
0.8 * instrumental width 1.2 * instrumental width

0.98 * instrumental dispersion 1.02 * instrumental dispersion

on the temperature from the initial best fit, and not the extreme value found for

Te. This was done because if we are trying to find the minimum for Te, the value

found for Z if the new, lower value of Te is used to find Z, effectively cancels

out the effect of increasing Z in the first place. By allowing for very little extra

Gaussian width (0.001 Å) in the minimum Te case, we are effectively allowing

the entire profile width to be accounted for by Ti, which, therefore, finds not

only a minimum to Te but also a maximum to Ti. In the case of finding the

maximum of Te we set Ti to be small (only 1 eV) to try to account for not only

errors in Ti but also the effective decrease in the Ti contributions to the peak

separation because of ion-ion collisions.
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CHAPTER 4

PLASMA JET SIMULATION OVERVIEW

While most of this work was experimental, it is important to use simulations

alongside the experiment. Simulations can help design experiments by giving

ideas on regions in the plasma to explore, while the experimental results can

help develop the simulation code by providing data to help validate it. The si-

mulation code used was PERSEUS (Plasma as an Extended-MHD Relaxation

System using an Efficient Upwind Scheme), which is an extended magneto-

hydrodynamics (XMHD) code developed by Charlie Seyler and Matt Martin

[63, 46]. While some initial simulations were run by the author, many of the

improvements to the code discussed in this thesis were tested and developed

by Charlie Seyler.

4.1 Plasma Model

The basis for XMHD simulations is a set of velocity moment equations of the

Vlasov equation
∂ fσ
∂t

+ v ·
∂ fσ
∂r

+ a ·
∂ fσ
∂v

=
∑
σ′

Cσσ′( fσ), (4.1)

where fσ is the velocity distribution function, the acceleration term is the Lo-

rentz force, a =
qs
ms

(E + v × b), and
∑
σ′ Cσσ′( fσ) is a term to model collisional

effects in the plasma. We note that while the previous chapter was in CGS units

to be consistent with previous literature, this chapter is in SI units since the pu-

blications on PERSEUS are in SI [63, 46]. We now define the density and the

mean velocity of a single species, σ, as the zeroth and first moments of the dis-
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tribution function

nσ =

∫
fσ(x, v, t)dv, (4.2)

uσ =

∫
v fσ(x, v, t)dv

nσ
. (4.3)

With any moment approach, it is possible to continue to take higher and higher

moments of the Vlasov equation, each with a higher order effect on the resulting

distribution function. A kinetic solution is reached when an infinite number of

moments are taken. The main goal of an MHD or XMHD model is to be able to

solve a system of equations that is simpler than the full kinetic solution, but in-

cludes enough moments, so that the solution to the problem of interest reasona-

bly approaches the full kinetic solution. Therefore, the system of equations must

be closed at some point. For most of the simulations performed in this work, the

system was closed after the second moment by assuming that heat flow could

be ignored and that the pressure was isotropic, Pσ = nσkBTσ. The zeroth (con-

tinuity equation), first (conservation of momentum), and second (conservation

of energy) order moments for a single species, therefore, are

∂nσ
∂t

+ ∇ · (nσuσ) = 0, (4.4)

∂ (mσnσuσ)
∂t

+ ∇ ·

(
mσnσuσuσ + IPσ

)
= qσnσ (E + uσ × B) +

∑
σ′

Rσσ′ , (4.5)

∂εσ
∂t

+ ∇ · [uσ (εσ + Pσ)] = qσnσuσ · E +
∑
σ′

Kσσ′ . (4.6)

In these equations εσ is the energy density of the species,

εσ =
1
2

mσnσu2
σ +

Pσ

γσ − 1
, (4.7)

with γσ being the adiabatic index, and
∑
σ′ Rσσ′ and

∑
σ′ Kσσ′ being the first and

second moments of the collisional term, respectively. The adiabatic index for an

ideal gas is 5/3, but for a partially-ionized plasma it is lower and was assumed to
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be 1.15 for the aluminum plasma [46, 19]. In addition to the moment equations,

above, we also need Faraday’s and Ampere-Maxwell’s law

∂B
∂t

= −∇ × E, (4.8)

∂E
∂t

= c2∇ × B −
1
ε0

J. (4.9)

Above we have derived the standard two-fluid equations. XMHD and MHD

models further simplify these equations by combining the two separate fluids

into a single fluid. This allows us to define the total mass density, ρ, and center-

of-mass velocity, u, as

ρ =
∑
σ

mσnσ, (4.10)

u =
1
ρ

∑
σ

mσnσuσ. (4.11)

In addition, the current density, J, can be written as

J =
∑
σ

nσqσuσ. (4.12)

Now the two-fluid equations (Eqs. 4.4-4.6) for each species can be combined

together in order to get the standard MHD conservation equations

∂ρ

∂t
+ ∇ · (ρu) = 0, (4.13)

∂ (ρu)
∂t

+ ∇ · (ρuu) = −∇P + J × B, (4.14)

∂ε

∂t
+ ∇ · [u (ε + P)] = u · (J × B) + ηJ2. (4.15)

Here P and ε are the sum of the pressures and energies over all species, respecti-

vely, and η is the electrical resistivity. In addition to these equations, we also

need the generalized Ohm’s law (GOL) which is from the two-fluid electron
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equation of motion, Eq. 4.5, with σ = e. Since J/nee = ui − ue, and u ' ui all of

the ue can be replaced by u − J/nee. The full GOL is

me

nee2

(
∂J
∂t

+ ∇ ·

[
uJ + Ju −

JJ
nee

])
= E + u × B − ηJ −

J × B
nee

+
∇Pe

nee
. (4.16)

We note that this is where the primary difference between XMHD and MHD

codes exist. The electron inertial term (left hand side of the above equation) and

Hall term ( J×B
nee ) are computationally expensive due to the fast time scales needed

to fully resolve them. Therefore, because of the belief that they are important

only in low density plasma regions, MHD codes ignore these terms. However,

both XMHD simulations and several HEDP experiments carried out at Cornell

University have shown that these terms, primarily the Hall term, are impor-

tant in plasmas previously believed to be well modeled by just MHD physics

[9, 30, 31, 32]. PERSEUS, as well as other XMHD codes, must be able to effi-

ciently handle both the electron inertial and Hall terms to be computationally

competitive. In PERSEUS this is done by using a relaxation system that ena-

bles an implicit time advance of the electric field and the current density, which

enables running simulations on a time scale similar to MHD simulations.

4.2 Simulation Method

The simulations presented in this thesis were all 2-D simulations that were car-

ried out using one of 2 computational techniques. For both techniques we assu-

med the plasma to be azimuthally symmetric and modeled the r and z axis of

the plasma, as shown in Fig. 4.1. The first modeling technique used was a finite

volume (FV) method. We modeled the plasma on a grid of 20 mm (300 cells) in

r by 20 mm (300 cells) in z, which resulted in a spatial resolution of 67 µm. Since
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this is not high enough resolution to resolve the 15 µm foil, we had to scale the

thickness of the foil to a single cell thickness in the axial direction, and make it

less dense, 1.35 × 1022 cm−3, than solid density, 6 × 1022 cm−3, in order to match

the mass and keep the ablation rate similar to experimental conditions. Other

initial conditions were that everything started at a temperature of 0.026 eV, the

background vacuum had a density of 6 × 1013 cm−3 singly charged Al ions, and

the 2.5 mm radius center pin had a density of 6 × 1022 cm−3 which was masked

to assure that the particles had no momentum within the pin, ensuring plasma

would come only from the radial foil. This method also enabled separate tem-

peratures for the electrons and the ions. The foil was placed 4 mm above the

bottom of the computational grid. Current was driven through the foil by ap-

plying an azimuthal magnetic field along the bottom of the computational grid

outside of the pin radius according to Bθ = µ0I/2πr, where the sign of I determi-

ned the current polarity. The COBRA current pulse for these simulations was

modeled by the following piecewise continuous function

I(t) =


Imax sin2

(
πt[ns]
200

)
t < 110

Imax sin2
(
πt[ns]
200

)
+ 0.9Imax sin2

(
π(t[ns] − 110)

200

)
t ≥ 110.

(4.17)

We used Imax = 1.2 MA, and a comparison of this model with several short pulses

produced by COBRA is shown in Fig. 4.2.

The other computational method used was discontinuous Galerkin (DG),

which is significantly less numerically diffusive than the FV method. This code

again ran 2D simulations, this time with 720 points in the r direction (20 mm)

and 1080 points in the z direction (30 mm), which gave a spatial resolution of

27.8 µm as shown in Fig. 4.3. Switching to DG simulations, including the signi-

ficantly higher resolution, enabled more details of the jet to be resolved. Howe-
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Figure 4.1: Diagram of the simulation space at the start of the FV simulation.
The red region is the 2.5 mm radius pin, and the foil is 4 mm above the bottom
of the simulation grid. The line across the grid at 5 mm represents the height of
the Thomson scattering laser beam in the experiments.

Figure 4.2: Comparison between experimental current traces and the computa-
tional model of the current (in red) from Eq. 4.17. We see that the shape agrees
well with the experiment, though the intensity of the first peak could have been
increased slightly. We also show the temporal range during which most Thom-
son scattering measurements were taken in the experiments.
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Figure 4.3: Diagram of the simulation space at the start of the DG simulation.
The red region is the 2.5 mm radius pin, and the foil is 2.5 mm above the bottom
of the simulation grid, at z = 0. The line across the grid at 5 mm represents the
height of the Thomson scattering laser beam in the experiments.

ver, these simulations took days to run. The DG simulations also included more

physics than the FV simulations as they included more accurate ionization, re-

sistivity and transport models. However, it has a limitation not in the FV model,

as it treated the plasma as a single temperature, instead of carrying separate ion

and electron temperatures. Also, the current in the DG model was simpler than

in the FV method

I(t) =


Imax sin2

(
πt[ns]
200

)
t < 100

Imax t ≥ 100,

(4.18)

and Imax = 1 MA.

While we will present a detailed discussion on sources of possible errors in
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these simulations when they are compared to experimental results in Sec. 5.5.2,

some limitations of PERSEUS can be discussed currently. The first is that even

with the detailed DG simulations, we were not able to fully resolve the foil.

While the DG code does a better job at modeling the phase transitions of the

foil, not fully resolving it is an obvious source of error. In addition, neither of

these models included radiation effects, which, while expected to be small for

these plasmas, will have some effect on the plasma parameters. Other sources

of error include: closing the system after the second moment, the model for

ionization, and the model for various transport effects.

77



CHAPTER 5

THOMSON SCATTERING RESULTS

5.1 Jet Rotation Measurements

The first major interest in using Thomson scattering on plasma jets was to mea-

sure the rotation of the jet when exposed to an external magnetic field [8]. This

rotation is caused by the JrBz component of J × B caused by the external mag-

netic field and the current density in the foil. This research was an expansion

of earlier experiments using optical spectroscopy to measure the rotation of the

plasma [62]. These early experiments did not resolve the rotation inside the jet,

but were able to make measurements outside of the jet. In order to measure vθ of

the plasma, we needed to collect scattering from at least two different scattering

angles using the method discussed in Sec. 3.3.1. To achieve this comparison of

the shifts in the Thomson scattering profile, 3 scattering angles were used, two

in a plane that was perpendicular to the axis of the jet, and at opposite 90◦ to

the laser, and another looking straight down the axis of the jet. The first two

fibers are in what we will call the r − θ plane, while the third fiber is in what we

will call the r − z plane. This setup, including the resulting k vectors, is shown

in Fig. 5.1. The two fibers in the r − θ plane can be used to measure vr and vθ

through a comparison of the Doppler shifts. The single fiber in the r − z plane

can be used to measure vr and vz through the assumption of the jet being sym-

metric and comparing the Doppler shifts on each side of the jet. Figure 5.1a also

shows the simulation results for the density of a magnetized jet in RP, showing

how these jets are hollow on axis.

Sample spectra for the two fibers in the r − θ plane are shown in Fig. 5.2. As
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(a) (b) (c)

Figure 5.1: (a) shows an r-θ plane slice of the plasma at a height of 5 mm. It
shows a representation of the alignment of the fibers in the r-θ plane relative to
the jet and k,ks, and kl in this plane. (b) shows the same jet, but now in the r-z
plane. We see a representation of the alignment of the fibers that were along
the z-axis, as well as all k,ks, and kl that are in this plane. (c) shows the 3-D
representation of k for the 3 scattering directions, along with the representation
of vk along all three directions for an arbitrary ion velocity. Reproduced from
[8], with the permission of AIP Publishing.

a reminder, vr is obtained from a scaled average of the Doppler shifts of each

profile, while vθ is obtained from the scaled difference of the Doppler shifts.

We see here that on some of the fibers there are significant differences in the

centers of the profiles, indicating that there is indeed rotation in the plasma

jet. Figure 5.3 shows the results of these measurements for a typical shot in

RP. This measurement was taken 160 ns into the current pulse and the applied

magnetic field was −0.9±0.1 T (with the negative direction being defined as anti-

parallel to the direction of jet propagation). For these figures r = 0 is defined as

the center of the jet, r < 0 is the laser incoming side, and r > 0 is the laser

exiting side. For all of these measurements, r̂ points outward from the center

of the jet, while θ̂ points in the counter clockwise direction. We see that we

measured within the jet a rotation of 15-20 km/s. Confirmation that we are

indeed measuring the rotation of the jet is shown in Fig. 5.4. Here we see that
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Figure 5.2: Here we show the raw spectra from the individual fibers for a typical
shot in reverse polarity with -0.9 T Bz. The plots show the spectrum from the
fiber collecting scattering along ks1 in black, while the fiber along ks2 is in red,
and the laser wavelength is in blue. Reproduced from [8], with the permission
of AIP Publishing.
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Figure 5.3: Shows the measured velocity components, vr and vθ, at z = 5 mm,
for a typical shot in reverse polarity with −0.9 T Bz. The gray shaded regions
in this figure represents the dense conical shell of the jet, estimated from fibers
with increased Thomson scattering intensity. Reproduced from [8], with the
permission of AIP Publishing.

the direction of the rotation changes sign, as expected, if either the direction of

current flow or the magnetic field is switched. In addition, the region of rotation

is significantly narrower for the SP jet, but that is expected as those jets diverge

less. The directions of these rotations are consistent with the direction of the

JrBz component of the J × B force that is causing the rotation.

In addition to the ion flow velocities measured by fibers in the r − θ plane,
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Figure 5.4: Here we see the effect on vθ when changing either the direction of
Bz or the polarity of the current. The blue squares show the same results as
Fig. 5.3, and are in reverse polarity, RP, with −0.9 T Bz. The green circles show
the results when Bz changes signs, +0.9 T Bz, and the red diamonds show the
results of changing the current polarity (to standard polarity, SP, with a cathode
pin). We see that both of these changes switch directions of the plasma rotation,
consistent with the JrBz component of the J × B force that causes the rotation.
Reproduced from [8], with the permission of AIP Publishing.

a single fiber in the r − z plane was used to measure vr and vz. Results for mea-

surements of all three velocities for a reverse polarity shot is shown in Fig. 5.5.

We see in this result that the two methods for measuring vr agree and that the

plasma in the jet is moving up at a speed of between 50 and 100 km/s. Out-

side the jet the plasma tends to be moving up faster while it slows down as the

plasma approaches the axis. Comparing these results to simulations, Fig. 5.6,

we see several noticeable differences. The major difference is that near the axis

of the jet the simulation tends to predict a high axial and azimuthal velocity.

These high velocities, however, occur at a significantly lower density than the

rest of the jet. Measurements within the dense region as well as outside of the

jet appear to be in reasonable agreement with the simulations.

If the simulation results on axis of the jet are physical, they are difficult to

see experimentally due to the low density. Since the power scattered is propor-

tional to the density of the plasma, scattering from a region that has a density of
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Figure 5.5: Measure of ion flow velocity at 160 ns along all 3 axes for shot 4236.
We see that in the jet the ions are rotating at 15-20 km/s. Two measurements
for the radial component are shown with blue squares and cyan triangles. The
jet was moving upward at a velocity of between 40-90 km/s, with increasing
velocity going away from the center of the jet. The gray shaded region repre-
sents the location of the jet. Reproduced from [8], with the permission of AIP
Publishing.

Figure 5.6: Simulation ion velocities in the radial, axial, and azimuthal directi-
ons for a lineout 5 mm above the foil at 160 ns after the start of current rise.
Overlayed ion density (gray dotted line) helps to indicate the region of the jet.
Reproduced from [8], with the permission of AIP Publishing.

only ∼ 5× 1016 compared to scattering from a region with a density of ∼ 5× 1018

will be significantly weaker. With our spot size, 340 µm, if any of the higher

density jet region is within the scattering volume it would overwhelm the scat-

tering from the less dense region. Therefore, in order to test to see if this high

velocity region is indeed true, both tighter laser focus and a smaller collection

area would be needed. In addition, the smaller collection volume would incre-
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ase the signal relative to the continuum, increasing the opportunity to be able to

see the scattering at a lower density.

5.2 Preliminary Jet Heating

Though Thomson scattering is a very powerful diagnostic technique, ideally

the laser should not perturb the plasma. This is an important limitation since

if the laser perturbs the plasma, it can affect the measurements. Therefore, it is

important to know which measurements are affected by the perturbation and

which are not.

Early in our experiments, we noticed with other diagnostics that when the

Thomson scattering laser passed through the plasma the jet showed a bubble as

a result of the laser. An example from an XUV image of this effect is shown in

Fig. 5.7. The bubble lasts for 10s of ns after the laser pulse and moves up and

expands in time.

In order to see if we were perturbing the plasma on the time scale of the

laser pulse, two different sets of experiments were performed. The first set of

experiments used the full power of the Thomson scattering laser (10 J in 2.3 ns

FWHM), while the second set of experiments did not use the last amplifier of

the laser and operated at only 1 J. Results from the average velocity measure-

ments in these experiments as well as the average temperature measurements

are shown in Fig. 5.8. These graphs show the velocity measurements are largely

unaffected by the laser, as they are comparable between the two laser energies.

This means that the laser does not affect the overall fluid velocity and the results

from the previous section can be trusted. The electron temperature, however, is
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Figure 5.7: An XUV image of the plasma jet with the laser going through it. The
intensity bubble in the image is a result of the laser perturbing and heating the
plasma jet.

significantly different between the two probe laser energies. This means that the

jet is heating up from the probe laser, and that effect occurs on the time scale of

the laser pulse.

The primary mechanism for the laser to heat the plasma jets is known as

inverse bremsstrahlung. This occurs because electrons that are accelerated by

the laser’s electric field collide with ions, which randomizes the electron motion,

increasing the electron temperature. The ions will also be heated, but only by

the newly hot electrons, so they are heated on the ion-electron energy transfer

time, which is a few nanoseconds.

In order to see if it is reasonable for the laser to perturb the plasma jet by

inverse bremsstrahlung, one needs to compare the energy density of the plasma

jet and the energy density absorbed from inverse bremsstrahlung. If the ab-
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(a) (b)

Figure 5.8: Averaged results showing the radial velocity as a function of posi-
tion (a) and electron temperature (b) based on the probe laser energy and the
current polarity. Though Te is clearly affected by the input laser energy, there
does not seem to be any effect on the radial velocity of the plasma.

sorbed energy density is at least a significant fraction of the energy density of

the plasma jet, then the laser will influence the plasma. Since we are primarily

concerned with the interaction and heating of the electrons, we will estimate

the plasma electron energy density from E = 3neTe/2. If we use a density of

ne = 5 × 1018 cm−3 and Te = 20 eV, the energy density is 2.4 × 107 J/m3. The

absorbed laser energy density can be estimated from KE/A, where K is the in-

verse bremsstrahlung absorption coefficient defined by Dawson and Oberman

[15, 16, 41], E is the input laser energy, and A is the cross section of the laser. The

factor K term is given by [16, 41]

K =
64π3Z2nenie6 ln Λ(ωl)

3cω2
l (2πmekbTe)3/2(1 − ω2

pe/ω
2
l )1/2

, (5.1)

where Λ =
√

1 + (bmax/bmin)2 with bmin = Ze2/kbTe, as we are focusing on classical

effects, and bmax = vTe/ωl [53]. This equation in is CGS units, with temperature

in Kelvin, and kb is Boltzmann’s constant. We note that this is different from the

traditional value for the Coulomb logarithm, ln Λ, as we are using ωl (the laser

frequency) instead of ωpe. Using the same parameters as used for the jet above,
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we find that K = .019 cm−1. Then, taking E = 10 J and A = 9.08 × 10−4 cm2

gives an energy density of 2.1 × 108 J/m3. This is clearly higher than the energy

density estimated for the plasma, meaning that the laser will heat the plasma jet

by inverse bremsstrahlung.

5.3 Time Resolved Jet Heating

One then would want to use the laser with a low enough energy to not perturb

the jet, while providing a high enough signal-to-noise ratio (SNR) to measure

the Thomson scattering. This could be done by going to lower laser energies,

1 J, but we were struggling to get enough SNR to make good measurements.

In addition, we would not know if the jet was perturbed at 1 J without going to

even lower laser energies. Instead, we decided to gather time resolved Thomson

scattering, giving a time history of the plasma during the laser pulse.

These experiments were all performed with no magnetic field and at either

10 or 1 J of laser energy. The typical results for 10 J of laser energy is shown in

Fig. 5.9. For fitting we used the Ti = Te method, used ne = 5 × 1018 cm−3, and

calculated error bars by the MC method. Here the plasma is measured to heat

from 25 eV up to 85 eV within the first 2 ns of the laser pulse before cooling

down to 70 eV at the end of the laser pulse. This cooling occurs after the peak

of the probe laser energy. We also compared the results of a time gated image

taken on the same shot, and a time integration of the streak signal to see how

the measured temperatures compare. In this case we see that the measured tem-

peratures from the two viewing angles are different, though both show heating

compared to the starting measured temperature of the plasma. These differen-
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Figure 5.9: The electron temperature for a typical Al jet with 10 J of laser energy.
Time zero for all these plots is the peak intensity of the scattered radiation,
which in this figure is 170 ns after the start of the current pulse. The blue ci-
rcles are the data for each time segment (time width of 270 ps), the green line
and region is the best fit and error bars if the entire streak signal is time integra-
ted, and the red region is the measurement from the gated camera. The y-axis
error bars represent one sigma errors from the Monte Carlo simulation, while
the x-axis error bars are the time period of a single measurement. [1]. c©2018
IEEE

ces could be due to slight differences in alignment, or the fact the streak camera

had a field of view of 325 µm while for the gated camera, each fiber had a field

of view of 150 µm.

The mechanism for the heating has been discussed already, but the rapid

decrease in measured temperature of the plasma is also important to discuss

and there are two key contributions. The first is that the upward velocity of

the plasma jet causes colder electrons to enter the scattering volume, and those

may begin to dominate as the laser power decreases and heats the plasma less.

The plasma is moving on the order of 100 µm/ns, meaning that electrons pass

through most of the scattering volume within a single laser pulse. The other

possible cause for cooling is that, as explained by Dawson [16] and Basov and

Krokhin [3], as a plasma is heated by a laser, it also expands, and in the long

time limit, about 1/4 of the laser energy goes into heating the plasma, while the
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rest of the energy goes into expansion. In addition, the plasma becomes more

transparent to the laser as the density decreases and the temperature increases,

causing energy to be coupled less efficiently into the plasma in the scattering

volume. In this discussion it is important to remember that we are measuring

the average value of Te within the scattering volume.

To figure out which factor is more important to the cooling we can expand

a model developed by Basov and Krokhin [3] and Dawson [16]. They modeled

the plasma as an ideal gas of electrons and ions and found the average energy

within the region of both plasma and laser assuming a uniform density and

temperature. This enables the creation of the following equation for the conser-

vation of energy
d
dt

(
M̄

ṙ2

2
+ E

)
= Q, (5.2)

where M̄ is the average mass of the plasma, ṙ is the rate of the gas expansion,

E is the energy of the plasma, and Q is the absorbed power of the laser that is

heating the plasma. In order to get an equation for motion for the plasma, we

can set Q = 0 in the conservation of energy equation and have dE
dt = PdV

dt which

gives
d
dt

(
M̄

ṙ2

2

)
− P

dV
dt

= 0. (5.3)

Now assume that the plasma has a spherical volume, V = 4πr3/3, that P =

(NeTe + NiTi)/V , with Ne and Ni being the total number of electrons and ions,

respectively, and that E = 3/2(NeTe + NiTi). We have expanded on their model

by using separate values for Te and Ti and assuming that Ti will remain constant

as the ions should heat up slower than the electrons due to the fact that the ion-

electron energy transfer collision time is about 2 ns. These assumptions result

in the following coupled equations (with the first from Eq. 5.2 and the second
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from Eq. 5.3)

M̄r̈ṙ +
3Ne

2
Ṫe = Q and M̄r̈2 =

3(NeTe + NiTi)
r

. (5.4)

These two equations then can lead to an iterative numeric solution for both Te

and r that we can use to track the temperature of the plasma. The absorbed

laser power is Q = rKPl, where K is the absorption coefficient discussed earlier

(Eq. 5.1), Pl is the power of laser, and we assume that r starts at the radius of

the probe laser and uses r from the previous time step. As the laser pulse is

Gaussian in time, we model Pl by

Pl =
Eltot
√

2πσt

e
− t2

2σ2
t , (5.5)

where Eltot is the total laser energy, σt is the FWHM of the pulse, and t is the time

relative to the peak laser energy. In addition, we will account for the upward

motion of the plasma by creating an array of cells in the z direction, such that

the plasma will move up one cell in a single time step. Therefore both Te and r

will move one cell each time step, and the entering (initial) plasma conditions

will be added to the bottom cell.

Tracking the average value for Te over all cells for 100 time steps, assuming

that M̄ = Nimi, ne = 1 × 1019 cm−3, Te0 = 15 eV, r0 = 170 µm, and vz = 60 km/s,

gives the results shown in Fig. 5.10a. In this figure we see the results of this

calculation in red and the results from a typical shot in blue. There is remarkable

agreement between the model and the experiment, including the cooling at the

end of the laser pulse. Since we are interested here in the primary cause of

the plasma cooling, we can change vz to something very small, in this example

dropping it by a factor of 100. The results for this change are shown in Fig. 5.10b.

We see that even though there is a slight decrease in the heating of the plasma

overall the shape is still the same. Therefore, the motion of the plasma does not
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significantly affect the cooling of the plasma, which is primarily a result of the

expansion from the laser heating.

The less heating for the slow-moving plasma can be explained by looking

closer at the two cases. In the slow-moving case, all the plasma in the scattering

volume is at the same expanded density and heated temperature. However,

for the case of the faster moving plasma, there is consistently new (colder and

denser) plasma entering the scattering volume. Since the absorbed laser energy

scales by n2
eT−3/2

e , the newer plasma will be heated more rapidly than the already

hot expanded plasma, allowing more laser energy to be coupled into the plasma.

If the plasma jet is moving with a velocity such that transverses the laser focus

during the laser pulse, the extra heating from the new plasma adds more to

the average temperature of the plasma than is lost to hot plasma moving out

of the scattering volume. We note that there is very good agreement between

the model, when using experimentally reasonable values, and the experiments.

However, due to the simplicity of this model we have not attempted to use

this model to make detailed comparison with experimentally measured plasma

parameters or the measured laser focus.

In order to help confirm that this heating was indeed an effect of the 10 J

laser interacting with the plasma, two additional tests were performed. The

first (Fig. 5.11a) was to look about 20 ns later into the current pulse, at 190 ns.

It is apparent that even 20 ns later the Thomson scattering result is very similar

and, therefore, we are measuring an effect of the laser. In addition, shown in

Fig. 5.11b, experiments were performed using only 1 J of laser energy. From

these results it is clear that the plasma is not significantly heated when using 10

times less laser energy. In addition, the measured temperature is slightly less
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(a) (b)

Figure 5.10: Comparison between experimental data (blue) and a model (red)
of the laser heating the plasma. For part (a) the model had vz = 60 km/s and
for part (b) vz = 0.6 km/s. Both graphs show similar cooling, which means
that cooling is due to plasma expansion and not the heated plasma leaving the
scattering volume.

(a) (b)

Figure 5.11: Results for a 10 J shot at 190 ns (a) and 1 J shot at 180 ns (b). The
later time shot has a similar profile to that of the shot taken at 170 ns, showing
that the plasma jets have similar plasma parameters over a time scale of 10s of
ns. For the 1 J shot, the jet temperature stays relatively constant, unlike when
using 10 J of laser energy [1]. c©2018 IEEE

than the initial temperature of the 10 J shot. This means that the plasma may

be heated by the laser before we are even able to make our initial temperature

measurement with a 10 J laser pulse.
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5.3.1 Ti Results

In addition to the experiments performed with an Al foil, some of the initial

streaked experiments were performed using a Titanium (Ti) foil. It was shown

by Byvank et al. [10, 11] that the structure of the jet, at least in the presence of

a magnetic field, can be significantly affected by the choice of foil material. Fi-

gure 5.12a shows Te as a function of time from a typical experiment that used

a Ti foil and 10 J of probe laser energy. We see that the Ti jet was heated more

than a typical Al jet. Titanium jets started from 50 eV and rose to a peak elec-

tron temperature of 225 eV before leveling off at 150 eV. However, this 225 eV

temperature measurement occurred during a time when there were complex fe-

atures in the Thomson scattering signal, to be discussed shortly. When only 1 J

of laser energy, such as is shown in Fig. 5.12b, was used the plasma was shown

to be at about 50-70 eV. We note, however, that we are not able to measure Te

before the peak of the scattered radiation. This is due to a very sharp feature in

the spectrum and not being able to see two clear peaks, see Fig 5.13. While this

sharp feature will be discussed shortly, the IAW peaks do appear to be moving

apart in time, indicating heating. This means that the even for 1 J we are heating

the plasma, and that in the 10 J Ti shots we do not have enough SNR to measure

Te prior to the jet being perturbed by the laser. This suggests that there are sig-

nificant differences in the laser heating of the plasma jet based on the material.

One possible explanation of this is that the laser absorption coefficient, K, scales

with the ionization state Z. FLYCHK tables predicts a higher Z for Ti than Al at

comparable temperatures and densities (8.3 compared to 6.0 at Te = 23 eV and

ne = 1 × 1019 cm−3) [13].

Another interesting feature of the Thomson scattering profile from the Ti
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(a) (b)

Figure 5.12: The electron temperature for a typical Ti jet with 10 J of laser energy
in (a) and with 1 J of laser energy in (b) [1]. c©2018 IEEE

Figure 5.13: The raw data from the 1 J Ti shot. Shows that we have one bright
sharp peak for the start of the laser pulse, making it impossible to make mea-
surements of the electron temperature. Peaks could be moving apart at early
times, suggesting we are even heating the plasma with 1 J.

plasma jet is that there are often very sharp scattering features that are not ap-

parent in the Al spectrum. A comparison of typical scattering profiles is shown

in Fig. 5.14. This could suggest several possible key differences between the

plasmas created from these two materials. The first possibility is that Ti is sig-

nificantly smaller for the Ti jets than the Al jets, since a lower ion temperature

would cause weaker Landau damping, leading to sharper ion-acoustic peaks.
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(a) (b)

Figure 5.14: A comparison between the streaked spectra for an Al jet (a) and
a Ti jet (b). During the first half of the laser pulse the Ti jet has significantly
narrower ion-acoustic peaks than the Al jet does [1]. c©2018 IEEE

Another reason these peaks could be narrower is that the plasma outside the

jet could be coming into the jet slower for Ti than Al, which would cause lower

velocity gradients within the scattered volume and, therefore, narrow the peaks.

Measuring this flow velocity for magnetized Al jets was already discussed, but

further experiments are needed to compare the velocities of unmagnetized Al

and Ti jets. A third possibility is a collisional difference between the two plas-

mas. Though a full collisional model is challenging to add to Thomson scatte-

ring, basic models show that collisions can significantly affect the width of the

peaks [71]. Finally, since the sharp peaks in the Ti spectra last for a short period

of time, they could be scattering from some complex wave within the plasma

and not the result of traditional IAW Thomson scattering.

These sharp Thomson scattering features occur when the electron tempera-

ture appears to be rapidly increasing for the first nanosecond, before rapidly

dropping to a more stable temperature. After these sharp peaks disappear from

the spectrum, the electron temperature drops from 225 eV down to 150 eV. Look-
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Figure 5.15: Results from a Ti shot where there were possibly four IAW peaks.
This could suggest two different species in the scattering volume, or some com-
plex wave. Assuming they are all IAW features, the resulting electron tempera-
tures are 230 and 42 eV.

ing more closely at the region near the end of the sharp Thomson scattering

feature, we see that there are actually two pairs of Thomson scattering peaks,

Fig. 5.15. Fitting each pair of peaks with separate values for Te results in the two

electron temperatures being 230 and 42 eV. This continues to suggest that the

sharp Thomson scattering peaks may be the result of some complex feature of

the plasma, such as a non-linear wave or two species within the plasma. More

experimental data, possibly looking at the jet from different angles, are needed

to understand what is happening here.

5.4 Density Measurements

In addition to the measurements of electron temperature already discussed,

it was also desired to use Thomson scattering to measure the density of the

plasma. This would complement the interferometry measurements and ad-

dress two weaknesses of those measurements. The first is that in interferometry

the density measurements are limited by the ability to trace fringes. While in-
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terferometry is fundamentally limited by the critical density, tracing complex

fringe patterns can make measurements impossible well below the critical den-

sity. Thomson scattering is still limited by this critical density but should be able

to measure significantly higher densities. In addition, interferometry measures

the areal density of the plasma, i.e., line integrated density along the laser line

of sight. Therefore, it requires an Abel transform in order to find the volumetic

density, causing a limited capability near the axis of the plasma and the need

for the plasma to be axisymmetric. Since Thomson scattering measurements are

limited to the scattering volume, it makes a local measurement of the density

and, therefore, does not have these line integration issues. We will now discuss

two different techniques to use Thomson scattering to measure the density.

5.4.1 Ion Acoustic Wave Feature

The first technique used to attempt to measure the electron density was through

the IAW feature. Looking back at the equation for peak separation, Eq. 3.103

∆λiaw ≈
4
c
λl sin (θ/2)

√
Te

mi

[
Z

1 + k2λ2
De

+
3Ti

Te

]
, (5.6)

we see that there is both a density and scattering angle dependence through the

k2λ2
De term. Therefore, by looking at two different wave vectors and comparing

the peak separation, it may be possible to measure the density of the plasma

[24]. These wave vectors can be created by using two scattering angles, or two

different probing wavelengths. A key limitation with this approach, however,

is that k2λ2
De from the two scattering wave vectors must lead to a significant

difference in the (1 + k2λ2
De)
−1/2 term. For our laser heated plasma jets, with

Te = 50 eV and ne ≈ 5 × 1018 cm−3, scattering from 60◦ and 150◦ results in a
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Figure 5.16: Comparison of the ratio of the best fit electron temperature between
the two different scattering angles based on the assumed electron density. This
data was taken with 2.5 J of laser energy and the different colors show the ratio
at different times into the laser pulse. Reproduced from [2], with the permission
of AIP Publishing.

10% difference in peak separation as k2
60λ

2
De = 0.0786 and k2

150λ
2
De = 0.2934.

In order to check the validity of this method for our plasma, we compared

the ratio of the electron temperature fit from these two different scattering an-

gles for various assumed densities, with sample results being shown in Fig. 5.16.

The error bars assumed that the temperature fits had an error of 10%, and the

various colors show the results from different times into the laser pulse. The

density is found by looking at when the ratio is one, as that means that the fits

from the two angles give the same electron temperature within error bars. We

see that there is a problem of using this technique for our plasma: all of the

ratios above ne = 3 × 1018 cm−3 overlap with one, and the ratio is relatively con-

stant above ne = 1×1019 cm−3. This means that it is impossible to get an accurate

measure of the plasma density. The reason is that (1 + k2λ2
De)
−1/2 is not different

enough from the two scattering angles in the density and temperature range ex-

plored here. The data over several shots, however, did suggest that the density

was at least 2 × 1018 cm−3
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Figure 5.17: Plots showing the viability of using Thomson scattering from 2
different wave vectors in order to measure density of the plasma, with the viable
region in between the two blue lines, and the green dot being our estimated
plasma parameters. In (a) we see our current setup, using a laser wavelength of
526.5 nm and scattering angles of 60◦ and 150◦. (b) shows a proposed set up that
involves collecting from 2 different laser wavelengths (526.5 nm and 263.25 nm)
both at 150◦. Reproduced from [2], with the permission of AIP Publishing.

Though this technique clearly did not work for plasma jets, we can take what

was learned here in order to form a boundary region of where this technique

would be able to work. We know that (1 + k2λ2
De)
−1/2 = (1 + 1/α2)−1/2 needs

to be significantly different for the two wave vectors. As a reminder k2λ2
De ∝

k2
l sin2(θ/2)Te

ne
. For a lower limit to 1/α2, we can say the (1 + k2λ2

De)
−1/2 term for

two wave vectors must differ by at least 20%. For an upper limit we are limited

by the fact that we need to be able to see the IAW feature, meaning that α > 0.5.

Figure 5.17a shows the region where this is valid as well as where our plasma

currently resides, which we clearly see is out of the region of viability. In order to

make this technique viable for our plasma, two different probing wave lengths

could be used. An example of this is shown in Fig. 5.17b using a scattering angle

of 150◦ and 526.5 and 263.25 nm for laser wavelengths, in which case the plasma

parameters are in a valid region for this diagnostic.
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5.4.2 Electron Plasma Wave Feature

Though using Thomson scattering from the IAW feature at two different angles

did not result in accurate measurements of the density, the EPW feature of the

Thomson scattering spectrum can give an accurate measure of the plasma den-

sity. While this is, in principle, a better way to measure the plasma density, it is

difficult as the scattered intensity per unit wavelength from the EPW feature is

on the order of 100 times smaller than that from the IAW feature, causing plasma

continuum emission to be a problem. This means that careful design of the op-

tical system is needed to maximize the amount of scattered laser light collected

relative to the continuum. This encouraged the development of a significantly

improved collection optical system using achromatic doublets as discussed in

Sec. 2.3.3.

While we have not yet been able to record measurable EPW features inside of

the jet on every shot, we do have a few shots with spectra that can be analyzed.

We focus this discussion on a comparison between two different shots with jets

in the SP current configuration. The raw data for the first of these shots is shown

in Fig. 5.18; it was taken 170 ns into the current pulse. For a determination of

the electron density, we are measuring the separation between the peaks on the

opposite sides of the laser wavelength, which to first order is proportional to
√

ne. Therefore, we see by eye that near the axis of the plasma, where the jet is,

the plasma has a higher density than in regions outside of the jet. The density

results from fitting each of the spectra in Fig. 5.18 are shown in Fig. 5.19. We see

that outside of the jet the density is around 6 × 1017 cm−3, while in the jet region

the density increases to 5 × 1018 cm−3.

Since the goal of this is to complement the interferometry measurements of
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(a) (b)

Figure 5.18: (a) is the raw data from a single SP shot where clear EPW waves
were seen. We see that the density of the plasma increases as we approach the
axis of the plasma jet, as the EPW peaks are further apart there. (b) shows the
line outs from each fiber, with the red trace being on the axis of the plasma.

the electron density, we now will compare these two diagnostics, as shown in

Fig. 5.20. Here we see reasonable agreement between the density value bet-

ween the two measurement techniques. However, the interferometry suggests

a wider jet than shown by the EPW feature. This could be either due to scale

calibration errors in either of the measurements (though the EPW has error bars

to try to account for them) or the fact that, based on post shot realignment, the

Thomson scattering laser was not passing through the exact center of the jet,

meaning that it would have a shorter path through the jet. For example, using

a jet radius of 0.8 mm means that being off the jet axis by 0.5 mm, would cause

the jet to appear to have a radius of about 0.65 mm. We also note that in the

EPW feature there a appears to be a dip in the density of prior to reaching the

dense region of the jet.

The other shot that was studied was also a SP shot. The time was 15 ns later

in the current pulse, 185 ns. The laser was realigned to ensure it was going
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(a) (b)

Figure 5.19: Results from fitting the data shown in Fig. 5.18. (b) is just a zoomed
in version of (a) to focus on the low-density region. We see on axis, the density
of the jet is 5 × 1018 cm−3, while outside of the jet the density is about 6 × 1017

cm−3.

Figure 5.20: Results from both the EPW feature (blue dots) and the interferome-
try (solid lines). For the interferometry data the blue is the result of the fringe
trace and the orange and green traces are the upper and lower error bars from
the Abel inversion, which are removed near the axis. This is because Abel inver-
sion struggles near the axis. We see reasonable agreement between the density
measurements from the two diagnostic techniques.

through the center of the jet. The raw data is shown in Fig. 5.21, where the

peaks are harder to see above the continuum; however, they are there, as shown

in Fig. 5.21c. In the jet the peaks appear to be more spread out than the previous

shot, suggesting a higher density. In addition, we see an interesting feature

on the bottom fiber, where there appear to be two pairs of EPW peaks. An

explanation for this is that for that fiber we are collecting scattered light over
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(a) (b)

(c)

Figure 5.21: (a) shows raw data from a shot that was denser than the previous
shot, however, the EPW feature was harder to see. (b) shows the same shot but
with the intensity increased to emphasize the fact that one of the fibers appeared
to have two sets of EPW peaks. (c) shows the line outs from each fiber, with the
axis of the plasma being between the two red traces.

the boundary of the jet. This suggests that the edge of the jet has a very sharp

boundary as we can clearly resolve the two peaks, i.e., they are not spread out

into one very broad peak. The density measurements are shown in Fig. 5.22,

where the fiber with two peaks has two densities.

The comparison to the interferometry measurement is shown in Fig. 5.23.

We see from both interferometry and Thomson scattering that the density is cle-
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(a) (b)

Figure 5.22: Results from fitting the data shown in Fig. 5.21. (b) is just a zoomed
in version of (a) to focus on the low-density region. We see on axis, the density
of the jet is higher than for shot 5077, over 1 × 1019 cm−3, but outside of the jet
the density is still about 5 × 1017 cm−3.

arly higher than the previously discussed shot (shot 5077); however, Thomson

scattering suggests a significantly higher density (up to 1.4 × 1019 cm−3) relative

to the interferometry (only up to 8 × 1018 cm−3). This discrepancy could be cau-

sed by the fact that in this shot it appears that the Thomson scattering laser has

already begun to perturb the jet, see Fig. 5.24. This makes making accurate me-

asurements of the density of the plasma from interferometry difficult due to the

complex fringe pattern. An additional note is that this shot again suggests dif-

ferences in the width of the jet between the two different diagnostics. While we

are more sure that we are going through the center of the jet, errors in the sca-

ling or the magnification of the two different diagnostic could still be an issue.

Further investigation is needed to resolve this discrepancy.

In addition to measuring the density of the plasma, it is also possible to use

the EPW feature to measure the electron temperature through primarily a me-

asure of the widths of the peaks. The results of these measurements are shown

in Fig. 5.25a. The results from the on-axis streaked IAW feature is shown in

Fig. 5.25b . Te from both the EPW and IAW features was measured to be higher
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Figure 5.23: Results from both the EPW feature (blue dots) and the interfero-
metry (solid lines). In this shot we see differences in the measured density from
the two diagnostics, though both show higher density than shot 5077.

Figure 5.24: The raw interferogram from shot 5078, with the blue line being
where we believe the Thomson scattering laser is. We see in this shot that in the
region of the laser the fringes are complicated, suggesting that we have already
perturbed the plasma, which would cause this diagnostic to be inaccurate.

for shot 5078, which is not surprising due to the higher density. However, for

both shots the EPW feature measured a significantly higher temperature than

the IAW feature.

There are several key sources of error that could cause either the EPW to

overestimate the electron temperature or the IAW to underestimate it. The EPW

is susceptible to errors caused by a gradient in the electron density. As discus-

sed earlier, a density gradient would cause the peaks to broaden, and therefore,
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Figure 5.25: Comparison of the measured value for Te between the EPW feature
(a) and the IAW (b). The EPW was from 90◦ and was recorded on a gated ca-
mera. The IAW feature was recorded at 150◦ from the axis of the plasma jet and
was streaked in time. While both diagnostics measured higher temperatures for
shot 5078, the EPW spectral feature measured significantly higher temperatures
compared to the IAW spectral feature.

cause us to overestimate the electron temperature while simultaneously unde-

restimating the density. This density gradient could be caused by the expanding

plasma that is being heated by the laser. Physical effects that could cause us to

underestimate the electron temperature from the IAW feature are collisions and

the rapid laser heating of the electrons. The latter effect will cause the ioniza-

tion state to not agree with the NLTE model used for estimating Z. Since the

primary EPW error causes an overestimation and the primary IAW errors cau-

ses an underestimation, and both of these errors are reasonable expectations in

our plasma, the true value for Te is somewhere between the two measurements.

Another interesting feature of the EPW scattering data is that the red and

blue shifted EPW peaks had different relative peak intensities compared to basic

Thomson scattering theory. We see in most of the data that the red shifted peak

is about 0.7 to 0.8 times the intensity that it should be. This discrepancy between

the data and theory is apparent both inside and outside of the jet. One possible

cause is instrumental error as the spectrum was flattened by taking the slope
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of the continuum radiation. As we are looking over a large wavelength range,

the intensity of the continuum radiation will be affected by both the detector’s

sensitivity and the light emitted from the plasma. While the flattening of the

spectrum is a good first order approximation, a more careful calibration that

separated both factors could help to remove any instrumental errors. Another

possible explanation would be a heat flow in the plasma [35, 36]. Heat flow

could slightly modify the electron distribution function and, therefore, change

the relative intensities between the two Thomson scattering peaks. Since we are

collecting scattering in the r−θ plane, we would expect any effect from heat flow

to decrease the red shifted peak on one side of the jet and the blue shifted peak

on the other side of the jet. However, we consistently see that the red shifted

peak is relatively weaker than expected, meaning that heat flow is probably not

the cause of this discrepancy.

While we have shown that it was possible to collect scattering from the EPW

feature, it was still difficult and has not been observed consistently. In addi-

tion, it has been tried by others on other plasma loads (S. Rocco with gas puffs)

with no luck in seeing the EPW feature near pinch time. There are two major

areas of improvement that could lead to more consistent collection of the EPW

spectral feature. The first would be to tighten the focus of both the laser and

the collection optics. Under the current setup both the laser and the collection

fibers are focused down to a diameter of about 250 µm at the center of the cham-

ber. Assuming that the laser and the collection cross section stay matched, the

scattered light in a collection volume scales by the focus size while the conti-

nuum radiation in the same volume scales by focal size squared. This means

that if we decrease the focus diameter down to say like 125 µm we could drop

the continuum radiation by a factor of 2. As a note, this may not be as useful

106



for plasma jets as other loads, as the tighter focus will cause the plasma to heat

up more rapidly. As the scattered radiation is polarized, we could also add a

polarizer to help reduce the continuum radiation by a factor of 2. Both factors

will increase the strength of the EPW feature relative to the continuum radia-

tion. A factor currently preventing improvement of the focus is the size of the

vacuum chamber, as we are currently using optics placed right outside of the

chamber. Decreasing the focal spot size for both the laser and the fiber will re-

quire a lens closer to the plasma, meaning that optics would need to be used

inside the chamber, which then would require protection for the optics.

The other major factor that is causing problems for resolving the EPW peaks

is filamentation of the laser. If the laser power is above the critical power, then

it can be shown to self-focus as it travels though the plasma. The critical power

is found to be [48]

Pcr = 3 × 107 Te
[
keV

]
ne/ncr

. (5.7)

For our laser ncr = 4×1021 cm−3, and assuming Te = 15 eV and ne = 5×1018 cm−3,

the critical power is 0.36 GW. Since our laser power is 3.3 GW we see that inside

the plasma jet we are about a factor of 10 above the critical power, and therefore,

are causing the laser to self-focus and filament as it travels though the dense

region of the plasma. This filamentation is experimentally verified using a burn

card placed on the exit window which shows the plasma significantly disrupts

the incoming beam. While this will affect both the IAW and the EPW feature, we

are primarily concerned about the amount of light lost from the collection optics

focal volume by the filamentation and its effect on viewing the EPW feature.

Going to lower power could avoid the filamentation, but as discussed above,

we are already battling radiation from the continuum so cannot reasonably go

down a factor of 10 in laser energy. One solution to this is to use a distributed
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phase plate (DPP,) which increases the critical power by a factor of around 100.

This would allow using our current laser energy of 10 J without filamentation.

At the time of this writing, discussions were in process with LLE for the help in

the design and acquisition of a DPP, and so this will be an improvement to the

system in the near future.

5.5 Current Polarity Effects

One of the primary physics interests of this work was to help validate PERSEUS

simulations that showed differences in the plasma jet based on the direction of

current through the foil. Though, as will be discussed, previous research has

been done comparing the structure and density of the plasma jets, the electron

temperature has not been studied in detail. By using an experimental arrange-

ment that avoided laser perturbation, while still collecting a significant amount

of light, we have been able to measure an unperturbed electron temperature,

enabling comparison and improvements to the simulation.

5.5.1 Experimental Results

One noticeable difference between the two current polarities was the degree of

laser heating of the plasma jets. A comparison of typical results from shots with

10 J of laser energy is shown in Fig. 5.26a for data at 180 ns into the current pulse

and in Fig. 5.26b for data at 120 ns. Though all shots start out around 20 eV, the

experiments at 180 ns heat up to 65 eV in RP and 45 eV in SP, while the shots

at 120 ns have the RP shot heating to 50 eV and the SP shot heating only to
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(a) (b)

Figure 5.26: Comparison between Te vs. time for standard and reverse polarity
from Thomson scattering for shots centered at 180 ns (a) and 120 ns (b) into
the current pulse. We see that the shots at 180 ns heat more than the shots at
120 ns and that at both times the jet in RP is heated more. In addition, we
see relatively good agreement between the measured Te from the two different
scattering angles.

25 eV. Therefore, in both cases we see that the jet formed from RP appears to

heat up more than the SP jet, suggesting differences in the amount of absorbed

laser energy between the two plasma jets. Since the absorbed laser energy scales

Zn2
e/T

3/2
e , we expect the RP jets to be denser than SP jets. Looking at the results

from the interferometry for these shots, Fig. 5.27, we can clearly see that the RP

jets are more dense at both experimental times, which is in agreement with the

scaling of the laser heating.

One other interesting thing is that, though the late time SP shot appears to

be denser than the early time RP shot, it appears to heat less than the RP shot.

While these experiments do occur at different times, the primary factors in de-

termining the heating are Te and ne. Since the starting temperature appears to

be similar, it could suggest that there are other important differences than just

the density between the SP jet at 180 ns and the RP jet at 120 ns. Things to look

at would be the ionization state and the upward velocity. However, more data

would be needed to test for these differences.
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(a) (b)

Figure 5.27: Results of the density from interferometry measurements for the
same shots as shown in Fig. 5.26. We see that RP jets are denser than SP jets
and that the density increases as time progresses. This density difference agrees
with the difference we see in the heating of the jets. The cyan and magenta
colors represent the error bars on the Abel inversion for the interferometry.

The density results can also be compared to earlier research that looked at

plasma jets created from thinner foils (5 µm) and smaller diameter pins (1 mm)

[30]. Even with these experimental differences, these experiments showed si-

milar density trends as RP jets were denser than SP jets. One key difference

between the earlier experiments and those reported here is that we found the

RP jets to be wider than SP jets, which is opposite to the earlier research. This,

however, could be due to the significant differences between the thickness of

the foil as well as the pin size.

Though seeing the density differences using the amount of heating from

the Thomson scattering laser is a good confirmation of earlier density measu-

rements, the big advantage of the Thomson scattering diagnostic is that it ena-

bles accurate measurement of the temperature of the plasma if the plasma is not

perturbed by the laser. To reduce the perturbation from the laser a significantly

lower energy needs to be used than previous shots that clearly showed heating

at 2.5 J. Previous work had shown some data at 1 J, however the SNR was not
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great, and it was desired to try to go to even lower laser energies. This meant

that more effective collection of light was needed throughout the entire system.

While the collection optics between the load and the fiber had already been im-

proved by using an achromatic doublet system, little work had been done in

improving the coupling between the fibers and the spectrometer. This was cle-

arly an issue as the fibers were f/5, while the spectrometer was f/10, meaning

we were losing about 3/4 of the light. By sacrificing some spectral resolution,

the fiber could be coupled into the spectrometer using a 2:1 magnification, see

Fig. 5.28, in order to couple all of the light into the spectrometer. As will be

shown, this improvement enabled the recording of the IAW feature when only

0.5 J of laser energy was used.

In addition, a 200 µm acupuncture needle was used for alignment for each

shot. The alignment was performed before loading the foil by mounting the

needle on the center pin at the center of the load. The fiber bundle position

was then adjusted to maximize the collected reflected light off this needle. By

taking a picture of this needle on the shadowgraphy channels and comparing its

location to that of the jet, we found that the center of the jet is normally within

100 µm of where we aligned the laser. This means that our scattering volume

includes the center of the jet.

The results from these improvements are shown for 0.5 J in Fig. 5.29a and

for 1 J in Fig. 5.29b. The first thing that is apparent is that Te is about 15 eV for

both current polarities. As Te is consistent throughout the 0.5 J and 1 J shots,

and does not change based on laser energy, we conclude that we are no longer

in a region of detectable laser heating for 0.5 J of laser energy, and this may also

be true for 1 J. This means that we can be relatively confident that the measured
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Figure 5.28: Schematic of the coupling system used to improve the coupling
between the fiber bundle and the spectrometer in order to match the f-numbers.
This setup significantly improves the light collection. However, it decreases the
spectral resolution as the slit width is 200 µm instead of 100 µm.

value of 15 eV for Te is the unperturbed temperature. We note that there is

some variation in the measured Te that is outside of the MC error bars, which

is due to the challenges of fitting these low temperature IAW features as the

two peaks are relatively close together. These variations though, are within

the maximum possible range we expect for Te discussed in the next section.

If, however, we increase the laser energy to 2.5 J, see Fig. 5.30, we see that at

least RP shots have clear heating, in agreement with previously discussed data.

Figure 5.31 summarizes the data so far discussed in this section, by showing the

Te measurements if we bin in time the entire streak signal, effectively treating

it as a gated camera with a 10 ns gate width. We see that at low laser energies

Te agrees between RP and SP jets, but then, as the laser energy increases, Te

increases more rapidly for RP jets than for SP jets.

5.5.2 Comparison with Simulations

To compare the experimental Te to the simulations, we will take results from a

bin in time of the entire streak signal, effectively treating it as a gated camera,
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(a) (b)

Figure 5.29: Results from Te measurements with either 0.5 J (a) or 1 J (b) of laser
energy for both current polarities. RP shots are shown in blue and SP shots are
in red. Since the temperature is relatively constant throughout the laser pulse
and the temperature is similar between the two laser energies, we are no longer
in a region where the laser affects the measured value for Te. We see that Te is
similar between the two jets and is about 15 eV.

Figure 5.30: Results from Te measurements with 2.5 J of laser energy for both
current polarities. We see in this case we are heating the jet, and that the RP jets
heat up more than the SP jet, which agrees with previous results.
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Figure 5.31: Te measurements from an bin in time of the entire streak signal as
a function of laser energy. We see for low laser energies the temperature of the
two jets is very similar. As the laser energy increases both jets begin to heat up,
but RP jets heat up more.

for the 0.5 J and 1 J experiments, as we have shown Te to be constant throughout

the laser pulse. Instead of using the MC error bars that have been used for the

rest of the data, we will estimate the error bars using the possible range for Te

method (discussed in Sec. 3.5.3) to try to account for all possible sources of error,

such as density, collisions, and Ti. Figure 5.32 shows these results, which gives

us an experimental range for Te to be between 7 and 23 eV, with the base model

(which used Ti = Te and ne = 7 × 1018 cm−3) giving 15 eV. This range is larger

than experimentally expected error as it tries to maximize the contribution of

any possible error source, and therefore, we are confident that the true value for

Te is comfortably within this range

These electron temperature measurements of the plasma jet were compa-

red to two different computational methods for PERSEUS simulations [63, 46].

The first method is finite volume (FV) which was discussed in Sec. 4.2. Full

2D images of ne and Te at 170 ns are shown in Fig. 5.33, and line outs from

5 mm above the foil with a comparison to the experimental data are shown in

Fig. 5.34. Comparing Te between the experiments and simulations, we see that
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(a) (b)

Figure 5.32: Te measurements from time integrated streaked signals for 0.5 J
(a) and 1 J (b). This data does not use the MC method for the error bar calcula-
tion, but instead tries to find the maximum and minimum possible value for Te

within a reasonable range of fitting methods.

(a) (b)

Figure 5.33: (a) shows ne and (b) shows Te for FV simulations of the two jets
at 170 ns into the current pulse, with SP on the left and RP on the right. We
clearly see in these simulations the RP jet is hotter and wider than the SP jet. The
horizontal line is 5 mm above the pin, where we aligned the Thomson scattering
laser.

the simulation suggests somewhat higher temperatures (22-29 eV) compared to

the experiments (7-23 eV) and shows Te to be higher in RP jets, which was not

seen in experiments. While we see that the jet widths agree between the si-

mulations and the experiments, the simulations suggest both types of jets to be

significantly denser than the experiments. In addition, simulations find SP jets

to be denser than RP jets, which is the opposite of what the experiments show.

In addition to the FV simulations, we also compared experimental data to
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(a) (b)

Figure 5.34: Plots comparing experiments and FV simulation at 170 ns and
5 mm above the pin with ne in (a) and Te in (b). We see that the jet widths are in
good agreement, Te is slightly higher in the simulations, and ne is much higher
in the simulations.

DG simulations. As discussed in Sec. 4.2, DG simulations were significantly hig-

her resolution, less numerically diffusive, and included a more accurate model

of EOS effects than FV simulations, however, at the cost of computational time

and only having a single temperature. The 2D results are shown in Fig. 5.35 and

line outs 5 mm above the foil are shown in Fig. 5.36, again at 170 ns. While near

the axis of the plasma jet the temperature is significantly higher than what ex-

periments or the FV simulations suggest (60-70 eV), looking about 300 µm off of

the axis of the jet, but still in the jet region, suggests a temperature of only 20 eV

which would be comparable to the experimental data. In addition, we note that

the simulations now show significant differences in the widths of the jets, where

the RP jet has expanded to be much wider than the experiments, while the SP

jet is narrower than the experiments. Like the FV simulations, these simulations

suggest significantly higher densities than the experiments, and that the SP jets

are denser than RP jets.

Having seen how each simulation individually compares to the experiments,
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(a) (b)

Figure 5.35: (a) Shows ne and (b) shows T for the two jets at 170 ns into the
current pulse from DG simulations, with SP on the left and RP on the right.
We clearly see in these simulations that the RP jet is wider than the SP jet. The
horizontal line is 5 mm above the pin, where we aligned the Thomson scattering
laser.

(a) (b)

Figure 5.36: Plots comparing experiments and DG simulations at 170 ns and
5 mm above the pin with ne in (a) and T in (b). We see jet widths, densities, and
on-axis temperatures disagree between the simulations and experiments.

Fig. 5.37 now compares both simulations and the experiment simultaneously to

get a better picture of what is happening in our plasma. Comparing the on-

axis temperature of the jet between the two simulations, we see that the DG

simulations significantly overestimates Te. While the FV simulations are closer

to the experiments, they are still an overestimation. Having Te slightly higher in

the simulations could be explained by a lack of a radiation model, as radiation
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(a) (b)

Figure 5.37: Plots comparing experiments, FV simulations, and DG simulations
at 170 ns and 5 mm above the pin with ne in (a) and T in (b). These results
were shown separately in Fig. 5.34 and Fig. 5.36 but are repeated here for easy
comparison between the two different simulation techniques.

cools plasma. However, incorporating a line radiation model in PERUSES based

on a radiation model used in GORGON code at Imperial College [65] showed

only very minor modifications to the plasma parameters. The DG simulations

Te discrepancy is much larger and likely could not be explained by radiation.

As our scattering volume is comparable to, or even smaller than, the simulated

hot region, and we have never experimentally seen temperatures this high, we

doubt that the DG on-axis temperature is accurate for our plasmas. If we look at

the density profile, we see that while both simulation methods overestimate the

density in the jet, at least the FV simulations tend to match the widths of the jets,

while the DG simulations do not. Therefore, it appears that the FV simulations

captures the physics of our plasma jets better than the DG simulations.

The fact that the FV model appears to be better for our plasmas is interesting

as one would normally think the DG method would be a better model. This is

because DG simulations include most of the physics from the FV model, other

than only having a single temperature, and have more accurate ionization, resis-
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tivity, and transport models. In addition, the DG simulations shown have signi-

ficantly higher resolution (28 vs 67 µm) and are much less numerically diffusive.

There are two key areas that could be causing the DG to be less accurate than

the FV model, the numerical diffusion and the single temperature. The single

temperature could be causing issues if the electrons and ions are at significantly

different temperatures. While FV simulations around peak current do show Ti

to be 3-4 times higher than Te, the temperatures from the DG simulations are

even higher than that. Since we would expect the two-temperature model to

put rough bounds on T for the single temperature model, we do not believe this

is the primary reason for the high temperatures in the DG simulations.

The other possible cause for the discrepancy is numerical diffusion. The FV

method can effectively capture some physical diffusion in the numerical dif-

fusion inherent to that method, even though it does not physically model the

diffusion. The DG method, as it is not numerically diffusive, is not able to cap-

ture physical diffusion that is not explicitly part of the code. Lack of diffusion

being an issue is supported by the fact that DG simulations suggest more struc-

ture than these or other recent experiments seem to show. A possible source of

this diffusion would be resistive diffusion. We believe that this is the primary

issue with the DG code, and if so, then by identifying the physical sources of

diffusion, and finding a way to account for them, the DG code may be able to

create a more accurate picture of the plasma.

Since the FV model currently seems to be our best match to the data, we

will now discuss possible sources of errors between this simulation and the ex-

periments. The most obvious discrepancy is that the FV simulations suggest a

higher density than the experiments, and that the current polarity with the den-
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ser jet is opposite that of experiments. A possible reason for this discrepancy is

the fact that plasma jets from radial foil loads are very challenging to simulate,

primarily due to the sources of the BθJr force that is important for jet formation.

The Jr comes from the current flowing through the foil, and Bθ comes from the

current within the pin. This magnetic field, therefore, must diffuse through the

foil in order to be in the region above the foil and affect the formation of the

plasma jet, which is challenging to model. Additional difficulties come from the

fact that we do not resolve the foil or handle the initial phase transitions during

the FV simulations, which could cause errors in the amount or rate of ablated

plasma that is able to be swept up into the plasma jet region. These possible er-

rors could result in differences in the amount of plasma being available to form

the jet between the experiments and the simulations.

In a comparison of the widths of the jets, the simulations show the SP jets to

be narrower but denser than RP jets, while experiments show SP jets to be nar-

rower but less dense. If one can assume that a comparable amount of plasma is

swept into the jet region, the more compressed (smaller radius) jet would have

a higher density, which the simulations find but the experiments do not. As

already mentioned, earlier experiments, which had a smaller pin and a thinner

foil, showed RP jets to be narrower but also denser, which agrees with this as-

sumption [30]. This means, for our current experiments, some physics must be

causing more plasma to be available for RP jets. An explanation is XMHD ef-

fects, such as the Hall effect, affecting the amount of ablated plasma from the

foil. The Hall effect can be very strong just above the foil and could lead to these

results. Simulations failing to capture this can be explained by lack of resolu-

tion and not handling the initial phase transitions, as the region we are most

interested in for this effect is just above the solid foil and likely relatively thin.
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In addition to these density discrepancies, we also want to look more closely

at the temperature between the FV simulations and the experiments. We see

that the simulations overestimate the electron temperature. As already discus-

sed, one cause of this is that the simulations do not include radiation, which

would cool the plasma slightly. We also note that in general that higher density

corresponds with lower temperatures, which can be seen in the DG simulations,

Fig. 5.35, where Te decreases as ne increases. This is important, as the simulati-

ons have both a significantly higher density and a slightly higher temperature.

This means that too much energy in the simulations is going into the jet region

of the plasma. Therefore, when improving the FV simulations, we would want

to look for physical mechanisms that would lower the density of the plasma

without significantly changing the temperature or shape of the jet.

Overall, while we do not have a match between the simulations and expe-

riments, comparison between the two have provided useful insights. We have

shown that XMHD effects are important to our plasmas as both the density and

width of the jet are affected by the direction of current flow, though not the elec-

tron temperature. These comparisons with simulations also suggest primary

areas for improvement for future simulation work, which include accounting

for physical diffusion in the DG model and accurately handling the early time

plasma formation and magnetic diffusion. In addition, accounting for other ef-

fects could also improve the simulations. Some of the other primary areas of

interest for code expansion include: radiation, ionization model, and 3D simu-

lations.
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CHAPTER 6

CONCLUSION

6.1 Conclusion

This thesis discussed the development of a Thomson scattering system and its

use to study plasma jets formed on the COBRA (COrnell Beam Research Acce-

lerator) pulsed power machine. While collective Thomson scattering is a very

powerful diagnostic, it has been used rarely in pulsed-power-driven plasmas.

This research focused on expanding our Thomson scattering diagnostic in order

to get more information about the plasma and on developing a code base for

analyzing the Thomson scattering spectra. This included recording Thomson

scattering spectra as a function of time with a streak camera and recording the

electron plasma wave (EPW) feature as a function of radius with a time-gated

camera. By using a streak camera, we have been able to study the time evolu-

tion over a span of at least 3 ns. This was useful in the experiments to study the

laser perturbation of the plasma, and has also been useful for pinch time mea-

surements in gas puff z-pinch experiments (thesis research of S. Rocco) [56, 55].

The EPW feature enables measurement of the electron density but is harder to

observe as it is significantly weaker than the ion acoustic wave (IAW) feature.

While some effort is still needed to ensure that the EPW is recorded reliably, we

have seen promising initial results from the EPW feature.

These developments in the Thomson scattering diagnostic were performed

on plasma jets created from radial foils, which had interesting physics questions

to address in addition to providing a good test bed for diagnostic development.

The first area explored on radial foils was the azimuthal velocity in jets expo-
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sed to an external axial magnetic field, which was discussed in Sec. 5.1. This

rotation is due to the BzJr force created by this magnetic field. We were able to

successfully record the rotation near and inside the dense region of the plasma

jet, and found it to be about 20 km/s. The direction of rotation also agreed with

the direction of BzJr and changed directions if either Bz or Jr changed sign. We

compared the experimental velocity along all 3 axes to PERSEUS (Plasma as an

Extended-MHD Relaxation System using an Efficient Upwind Scheme) simu-

lations and saw reasonable agreement both outside and in the dense region of

the jet. Simulations, however, seemed to suggest that the hollow center of the

jet would have much higher axial and azimuthal velocities than seen in expe-

riments. This discrepancy could be due to not having enough scattering from

the low-density plasma in that region to see it over the nearby slower moving

denser plasma.

We also explored a limit to the capabilities of the Thomson scattering diag-

nostic in Secs. 5.2 and 5.3. Here we showed that for our plasma jets the Thom-

son scattering laser had sufficient energy to heat the plasma by inverse brems-

strahlung, as the absorbed laser energy density was about 10 times that of the

unperturbed plasma jet. While this was shown to affect the measured electron

temperatures, it did not affect the measured velocity. Using a streak camera, the

time resolved laser heating was recorded and showed the plasma jets to heat

from 20 eV up to about 80 eV before cooling at the end of the laser pulse. This

cooling was shown to be due to expansion caused by the laser heating of the

plasma. We also explored the heating of Ti jets in Sec. 5.3.1. We showed Ti jets

to heat more than Al jets from the Thomson scattering laser, likely due to the

higher value for Z in Ti. The Ti jets also showed sharp Thomson scattering fea-

tures early within the laser pulsethat were not seen in Al jets. Though they were
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in the spectral region of IAW features, their sharpness and relatively short life

spans could suggest that they resulted from scattering off of some other wave

or feature of the plasma.

Section 5.4 explores the results from two different techniques to measure the

electron density. The first method tried to use a sensitivity to scattering angle in

the IAW formula to measure the density by comparing the results from two dif-

ferent angles. We showed that there is a band of density and temperatures that

this method can work. Our plasma did not fall in this band, so it was not able to

provide more than a lower-limit of 2 × 1018 cm−3 in the plasma density. We also

used the EPW scattering feature to measure the electron density. While this met-

hod has not been able to record analyzable scattered spectra consistently, we did

obtain a few shots with useful spectra on them. These shots showed a plasma

density between 5 × 1018 and 1 × 1019 cm−3. They also showed that the EPW fe-

ature (80-200 eV) measured higher electron temperatures than the IAW feature

(30-70 eV), and, because of the primary causes of errors in the measurements

using the two features, the two measurements bound the true temperature.

Finally, in Sec. 5.5 we compared results from experiments under different

current polarities. These experiments used a range of laser energies to measure

both perturbed and unperturbed plasma. We found that the reverse polarity

(RP) jets, those with a radial outward current flow, heated up more at higher la-

ser energies due to the higher densities of the jets. Lower laser energies showed

that the two plasma jets had similar pre-laser-perturbation temperatures, about

15 eV.

These results were also compared to both finite volume (FV) and disconti-

nuous Galerkin (DG) simulations in PERSEUS. We found that in general the FV
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method compared better to experiments than the DG method, which we suggest

it is due to the numerical diffusion in the FV method capturing some physical

diffusion that is not captured in the non-diffusive DG method. The primary dis-

agreement between experiments and FV simulation is that the simulations have

significantly higher densities. We suggested that this disagreement could be

due to either challenges in modeling the diffusion of the magnetic field through

the foil or that the foil is not resolved. Comparisons like these are key to both

improving simulation models and understanding experiments. They have con-

tributed to improving our understanding of the physics we are trying to study.

6.2 Next Steps

6.2.1 Thomson Scattering Development

While this thesis research has laid the foundation for Thomson scattering to be

a routine diagnostic on COBRA experiments, there are still several key areas of

improvement that should be made for Thomson scattering to be an even more

robust diagnostic. The first major improvements would be for more reliable re-

cording of the EPW feature, which was discussed in detail at the end of Sec. 5.4.2

but will be summarized here for completeness. This would include adding a

distributed phase plate (DPP) to the optical path between the laser and the fi-

nal focusing lens, which would allow the Thomson scattering laser to operate

at maximum energy within most of our plasmas without filamenting. The sig-

nal from the EPW can also be improved by collecting from a smaller scattering

volume. This would require decreasing the focal spot of the Thomson scatte-
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Figure 6.1: A possible setup to collect IAW and EPW spectral features from the
same scattering volume. Using a beam splitter enables both spectral features to
be recorded from the same line of sight. Each fiber takes the light to a different
spectrometer.

ring laser and the fiber’s collection volume, which would increase the amount

of signal delivered to the spectrometer relative to the continuum.

If the EPW and IAW spectral feature could be both recorded routinely, then

it would be possible to record spectra from the same scattering volume for both

features, as shown in Fig. 6.1, giving a more complete picture of the plasma

conditions. A similar setup could be done with a single fiber bundle from the

load to the spectrometers and then a beam splitter between the fiber and the

spectrometers. This would have the advantage of avoiding errors in aligning

the two fibers with the load. However, in our lab there is limited space on the

spectrometer table, so it would be more difficult than splitting the beam on the

load side (Fig. 6.1). Having the EPW feature will give ne of the plasma, which

can be used to help improve the Te measurements from the IAW, which could

be further compared to Te measured by the EPW feature. If the plasma was in

a state that it could be well modeled by basic Thomson scattering theory (Max-

wellian, non-collisional, and small gradients), we would have a good measure

for Z of the plasma without having to base it on an outside table such as was

done here with FLYCHK tables.
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Figure 6.2: Figure demonstrating how we could split the beam into two pulses
without wasting half of the laser energy. The first prism splits the beam in half,
while the second prism acts as a retro reflector. This may have issues at focus as
the beam profile is no longer circular, but would allow most of the laser energy
to propagate along a nearly collinear path. To expand this system to enable 4
pulses, another pair of prisms would be needed, this time with the laser coming
out of the page, which would split the laser into quarters.

While we presented in this thesis a setup to record two Thomson scattering

pulses both with a laser energy of 2.5 J, plans have been discussed to try to take

advantage of the full laser energy, enabling scattering of either two pulses at

5 J or four pulses at 2.5 J, as shown in Fig. 6.2. These setups use the full beam

energy at the cost of degrading the quality of the beam by splitting it either in

half or into quarters. This would enable the recording over a period of about

12 ns as one continuous pulse or spread out over time with gaps between the

pulses. We believe that the sacrifice in beam quality is worth the extra energy,

but tests would be needed to confirm this design. We also note, based on the

latest improvements to the collection systems, that for at least some plasmas

1.25 J of laser energy is enough to get analyzable signal-to-noise ratio (SNR).

Therefore, basically repeating the process used in this research one more time

results in four beams all at 1.25 J with a non-degraded beam quality, as shown

in Fig. 6.3. Either of these setups could be very useful to study plasmas that may

be changing conditions over 12 ns, but are spatially in the same place, such as a

z-pinch at pinch time, or only moving through the collection volume of a single

fiber on that time scale.
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Figure 6.3: A setup that could be used to collect scattering from 4 pulses each
at 1.25 J of laser energy. This setup has less energy than Fig. 6.2, but does not
disrupt the shape of the beam. There would be 4 paths: AC, AD, BC and BD. A
possible setup for this would be to make B 6 ns longer than A and D 3 ns longer
than C to get a continuous 12 ns pulse.

In addition to the experimental side of the diagnostic, there can also be im-

provements to the analysis techniques of the plasma. For the research done

here we focused primarily on non-collisional Maxwellian Thomson scattering,

and briefly explored the effects of a super Gaussian electron distribution. Ho-

wever, there were clearly other effects on the IAW profiles, such as collisions,

and we just accounted for them by using an extra Gaussian profile. By inclu-

ding a full collisional model [60], it would be possible to better understand the

finer details of our Thomson scattering profiles. This would especially be im-

portant if research was continued in the plasma parameter range of this thesis,

where collisions clearly affect the scattering spectrum. Even if the model does

not run fast enough to be run on all the data, it would help to explain and track

errors introduced by using a collisionless model. In addition, the effect of using

an electron distribution function other than a Maxwellian could be done using

the code discussed in Appendix B.
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6.2.2 Thomson Scattering on Plasma Jets

There are also several areas of using Thomson scattering on plasma jets that

could be explored in future research. Some exploration would be enabled by the

advances discussed in the previous section, mainly by having a higher SNR with

the EPW scattering feature, which would give more reliable information about

the plasma. For example, it would be interesting to see the results from the EPW

feature streaked in time, showing how the density of the plasma changes as it

is heated by the laser. Going even further, streaking both the IAW and EPW

features from the same scattering volume would give a very good picture of

how the plasma jet changes as it is heated by the laser.

In addition, a wider area of the plasma jet could be explored, as these experi-

ments were limited to 5 mm above the surface of the foil. By changing the height

of the scattering volume above the pin, it would be possible to get a better map

of plasma parameters in order to compare to simulations. In addition, since we

now seen experimentally that 0.5 J is low enough energy to not perturb the jet,

these results could be recorded using multiple fibers on a gated camera, creating

a rough 2D map of Te for the plasma jet. This currently would have to be done

over multiple shots, so only a limited number of heights could be explored, but

it would still provide useful information for comparison to simulations. It may

even be possible to do this in a single shot if the laser is focused into a plane

along the axial direction with a cylindrical lens, and a fiber bundle is used that

has a grid of fibers instead of a linear array.

Taking advantage of unperturbed jets from low laser intensity, it could also

be useful to study other configurations, such as magnetized plasma jets, to make

unperturbed measurements of the Te in addition to the measurements of vθ re-

129



ported here. These magnetized jets show drastic differences based on the cur-

rent polarity and it would be very interesting to have data to compare to PER-

SEUS simulations to see if there are significant temperature differences between

RP and SP jets when there is an applied magnetic field.

Thomson scattering could also be used to continue to explore differences

between plasma jets formed from various material foils. We showed in this

thesis that the plasma formed from Ti and Al jets had significant differences in

the amount of heating and that the Ti jets had very interesting sharp features in

their scattering profiles. Identifying the root cause of these sharp features could

lead to better understanding of Thomson scattering theory, of the properties

of the jet, or both. Experiments could study different material foils, different

scattering angles, and different laser energies, to see when and where the sharp

features form in the scattering spectra.

Overall, while plasma jets did serve as a good test bed for developing the

Thomson scattering diagnostic, they do have their own challenges due to the

low laser energies needed to make unperturbed measurements of the plasma

jet. Before measurements were made at the lower laser energy it was difficult

to have any unperturbed measurement other than the velocity of the plasma.

While later experiments were able to avoid this issue, we note that we are close

to the threshold for heating of the plasma jet. Therefore, any future experiments

that tries to measure physics of plasma jets, or plasmas in a similar parameter

range, will have to keep this limit in mind to avoid heating the plasma and

perturbing what is being measured.

Finally, Thomson scattering is demonstrating itself to be a very useful di-

agnostic technique at these high energy densities, and the author hopes he has
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positioned the lab to be able to use this to make measurements on many dif-

ferent types of plasmas. So far, in addition to the research presented in this

thesis, experiments with our Thomson scattering system have also been done

on gas puff z-pinches (S. Rocco and N. Qi) [56, 55], bow-shock experiments (S.

Bott-Suzuki), and reconnection experiments (J. Greenly). We hope that it will

continue to be used with these experiments and new ones not yet designed.
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APPENDIX A

CODE FOR THOMSON SCATTERING PROFILE

This section contains the code used to generate non-collisional Thomson scat-

tering spectral profiles with a Maxwellian distribution function, and includes

3 different programs. This code was based on the Matlab code found in Ap-

pendix D of D. Froula’s book [25]. These programs were written in python 3.5.

The first program (Thomson) is used to calculate the power scattered as defined

by Eq. 3.40, but does not account for the input laser power Pl or the scattering

length, L. Into this program at least an array for the scattered wavelength must

be passed. In addition, any plasma parameter or Thomson scattering set up

parameter can be modified when the program is called. While this program is

calculating the scattered power it must calculate W(x) =
−Z′(x)

2 , which is done by

the second program (Zprime5). This program calculates W using the interpo-

lation from a table that is generated by the third program, or by using a limit

approximation when outside of the table’s range. The third program (wtable)

must be run only once, and creates tables to calculate W(x), using the method

discussed in Sec. 3.4. These three programs are all that are needed to generate a

synthetic non-collisional Thomson scattering profile.

1 """

2 Thomson

3 This file calculates the Thomson scattering form factor and requires

the tables generated by dwtable2.py and function Zprime.py. It

computes the Thomson scattering, per unit scattering volume, per

unit solid angle, per freq/2pi i.e. n_e*r_eˆ2(1-sinˆ2(sa)*sinˆ2(

dphi))S(k,omega)(1+2*omega/omegape). This code calculates the form

factor for Thomson scattering and is based off the matlab version

in appendix D of D. Froula’s book.
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4

5 All the parameters into the function their default values and meaning

6

7 lamdas : Array of wavelength values to find scattered single at [

cm]

8 Te=1 : electron temperature [KeV]

9 Ti=1 : ion temperature [KeV]

10 Z=np.array([5]) : ionization level of plasma

11 A=np.array([27]) : atomic number

12 fract=np.array([1]) : fraction of each ion species

13 ne=1e18 : plasma density [cmˆ(-3)]

14 V=0 : fluid velocity along k [cm/s]

15 ud=0 : relative drift velocity between the electrons and ions

along k [cm/s]

16 gamma=0 : the angle between k and the drift velocity ud [degrees]

17 sa=90 : scattering angle [degrees ]

18 dphi=90 : angle between the plane of polarization and the

scattering plane [degrees]

19 lamdaL=526.5*10**-7 : # laser wavelength [cm]

20 """

21

22 import numpy as np

23 import Zprime as Zprime

24

25 Zprime=Zprime.Zprime5

26 maxud=1e7 # A value to prevent ud from going to big when fitting

27

28 # Loads the tables for W(x)

29 rdWT=np.load(’rdWT2.npy’);

30 idWT=np.load(’idWT2.npy’);

31

32 def Thomson (lamdas, Te=1,Ti=1,A=27,Z=5,fract=np.array([1]),ne=1e18,V
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=0,ud=0,gamma=0,sa=90,dphi=90,lamdaL=526.5*10**-7):

33 # checks to make sure various parameters are reasonable, change

if needed

34 if(Te>0 and Ti>0 and abs(ud)<maxud):

35 #basic quantities

36 C=2.99792458e10; # velocity of light cm/sec

37 Me=510.9896/C**2; # electron mass KeV/Cˆ2

38 Mp=Me*1836.1; # proton Mass KeV/Cˆ2

39 Mi=A*Mp; # ion mass

40 re=2.8179e-13; # classical electron radius cm

41 e=1.6e-19; # electron charge

42 Esq = Me*C**2*re; # sq of the electron charge KeV-cm

43 constants = np.sqrt(4*np.pi*Esq/Me); # sqrt(4*pi*eˆ2/Me)

44 sarad=sa*2*np.pi/360; # scattering angle in radians

45 dphirad = dphi*2*np.pi/360; # dphi is the angle between the

plane of polarization and the scattering plane

46 gammarad = gamma*2*np.pi/360; # the angle between k and the

drift velocity ud

47

48 #calculating k and omega vectors

49

50 omgpe=constants*np.sqrt(ne); # plasma frequency Rad/s

51 omgL=2*np.pi*C/lamdaL # laser frequncey Rads/s

52 kL=1/C*np.sqrt(omgL**2-omgpe**2) # laser wavenumber in Rad/

cm

53

54

55 omgs=2*np.pi*C/lamdas #scattered frequency rad/s

56 ks=1/C*np.sqrt(omgs**2-omgpe**2) #scattered wave-number rad/

cm

57 k=np.sqrt(ks**2+kL**2-2*ks*kL*np.cos(sarad))

58 kdotv=k*V
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59 omg = omgs - omgL;# omega change between scattered and laser

60 omgdop=omg - kdotv; # Doppler shift in frequency

61

62 # plasma parameters

63

64 # electrons

65 vTe=np.sqrt(Te/Me); # electron thermal velocity

66 klde=(vTe/omgpe)*k; #k times debye lenght

67 alpha=1/klde

68

69 # ions

70 Zbar = sum(Z*fract); # average z

71 vTi=np.sqrt(Ti/Mi); # ion thermal velocity

72

73 #calculating normalized phase velocity (xi’s) for electrons

74 xd = ud/(np.sqrt(2.)*vTe)*np.cos(gammarad); #drift velocity

75 xie=omgdop/(k*np.sqrt(2.)*vTe) - xd; # find xi bassed on

doppler shift

76 Zpe = Zprime(xie,rdWT,idWT); # find Z’(xie)

77

78 #calculating normalized phase velocity (xi’s) for ions

79 xii=1/np.transpose((np.sqrt(2.)*vTi))*(omgdop/k); #find xii

80 Zpi = Zprime(xii,rdWT,idWT); # find Z’(xii)

81

82 # Formfactor

83 #the distribution is assumed to be Maxwellian

84 Ae = np.exp(-xie**2)*((1+alpha**2*Zbar*Te/Ti*Zpi[0])**2+(

alpha**2*Zbar*Te/Ti*Zpi[1])**2)

85 Ai = Zbar*(Mi*Te/(Me*Ti))**(1/2.)*np.exp(-xii**2)*((alpha**2*

Zpe[0])**2+(alpha**2*Zpe[1])**2)

86 epslon2=(1+alpha**2*(Zpe[0]+Zbar*Te/Ti*Zpi[0]))**2+(alpha**2*

Zpe[1]+alpha**2*Zbar*Te/Ti*Zpi[1])**2
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87 a=np.sqrt(2*Te/Me)

88 FF = 2*np.sqrt(np.pi)/(k*a)*(Ae/epslon2+Ai/epslon2);

89

90 r = (1+2*omgdop/omgL)*ne*(1-np.sin(sarad)**2*np.cos(dphirad)

**2)*FF*re**2*1/(2*np.pi);#correction for [sXsXE]ˆ2

91 formfactor = r

92

93 return formfactor

94 return -10e100+0*lamdas

1 """

2 Zprime

3 This function calculates W(xi)=-Z’(xi)/2 for a given an array of

normalized phase velocities (xi). For values of xi between -15 and

15 a table is used that can be generated by running the script

below dwtable2. Outside of this range the asymptotic approximation

is used.

4

5 This is based on Zprime.m in appendix D of D. Froula’s book note the

direction is switched in general as we are increasing in lambda (

decreasing in k).

6 """

7 import numpy as np

8

9 # returns Rw(xi) and Iw(xi) as defined in 5.2.7-.8 in D. Froula’s

book.

10 def Zprime5 (xi,rdWT,idWT):

11

12 ai=[]

13 bi=[]

14 npts = np.size(xi);

15 #check if part of xi is out of range
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16 if np.amin(xi)<-15 :

17 for i in range(1,npts):

18 if xi[npts-i]>-15:

19 ai=npts-i

20 break

21 if np.max(xi)>15 :

22 for i in range(0,npts):

23 if xi[i]<15:

24 bi=i

25 break

26

27 rZp=np.zeros(npts)

28 iZp=np.zeros(npts)

29

30 #find the real and imaginary parts of W based on interpolation or

approximations if out of range

31 if ((np.size(ai)==0) and (np.size(bi)==0)) :

32 rZp=np.interp(xi,rdWT[0],rdWT[1]);

33 iZp=np.interp(xi,idWT[0],idWT[1]);

34 elif np.size(ai)==0 :

35 rZp[bi:npts]=np.interp(xi[bi:npts],rdWT[0],rdWT[1]);

36 iZp[bi:npts]=np.interp(xi[bi:npts],idWT[0],idWT[1]);

37 rZp[0:bi]= xi[0:bi]**(-2)/2*-1;

38 iZp[0:bi]=0.0;

39 elif np.size(bi)==0 :

40 rZp[0:ai+1]=np.interp(xi[0:ai+1],rdWT[0],rdWT[1]);

41 iZp[0:ai+1]=np.interp(xi[0:ai+1],idWT[0],idWT[1]);

42 rZp[ai+1:npts] = xi[ai+1:npts]**(-2)/2*-1;

43 iZp[ai+1:npts]=0.0;

44 else:

45 rZp[bi:ai+1]=np.interp(xi[bi:ai+1],rdWT[0],rdWT[1]);

46 iZp[bi:ai+1]=np.interp(xi[bi:ai+1],idWT[0],idWT[1]);
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47 rZp[ai+1:npts]= xi[ai+1:npts]**(-2)/2*-1;

48 iZp[ai+1:npts]=0.0;

49 rZp[0:bi]= xi[0:bi]**(-2)/2*-1;

50 iZp[0:bi]=0.0;

51 Zp=np.zeros((2,npts))

52 Zp[0] = rZp;

53 Zp[1] = iZp;

54 return Zp

1

2 # wtable

3 # This file creates an ascii table W(xi) as a function of xi=omega/(

k*vt)/sqrt(2). This only needs to be run once to create the files.

It is based on 5.2.8 and 5.2.9 in D. Froula’s book.

4 import numpy as np

5 import matplotlib.pyplot as plt

6

7 ximin=-15;

8 ximax=15;

9 xi=np.linspace(ximin,ximax,(ximax-ximin)/.01+1)

10 L=np.size(xi);

11 N=4; # determines the precision of the numerical calculation (reduce

if your system has a memory issue)

12

13 IPV=np.zeros(L);

14 RP=np.zeros(L);

15

16 for i in range (0,L):

17

18 # defining how close to get to singularity

19 phi=.01*np.abs(xi[i])+1e-6;

20
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21 # integration step size is N times smaller than phi

22 dz=phi/N;

23

24 # defining arrays symmetrically around xi

25 zm=np.arange(xi[i]-phi,ximin-1,-dz);

26 zp=np.arange(xi[i]+phi,ximax+1,dz);

27

28 # performing integrals

29 Ip=dz*np.sum(zp*np.exp(-zp**2)/(zp-xi[i]));

30 Im=dz*np.sum(zm*np.exp(-zm**2)/(zm-xi[i]));

31

32 IPV[i]=Ip+Im;

33

34 #evaluating real pole contribution

35 RP[i]=2*phi*(1-2*xi[i]**2);

36

37 # putting together W(xii)

38 dW=1/np.sqrt(np.pi)*(IPV+np.exp(-xi**2)*(RP-1j*np.pi*xi))

39

40 # forming table

41 rdWT=np.matrix([xi, np.real(dW)]);

42 idWT=np.matrix([xi, -1*np.imag(dW)]);

43 plt.plot(xi,np.real(dW))

44 plt.figure()

45 plt.plot(xi,-1*np.imag(dW))

46 plt.grid()

47 np.save(’rdWT2’,rdWT)

48 np.save(’idWT2’,idWT)
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APPENDIX B

CODE FOR SUPER GAUSSIAN THOMSON SCATTERING PROFILE

This section contains the code used to generate non-collisional Thomson scatte-

ring spectral profiles with a super Gaussian electron distribution function and

is based on Matlab code from D. Froula’s group at LLE. These spectral profiles

were generated using 3 programs that were written in python 3.5. They follow

the same general form as the code discussed in Appendix A, but now with an

extra parameter, m, that indicates how super Gaussian the profile is. As was

discussed in Sec. 3.5.1, it ranges between 2 and 5 for laser heated plasmas. Ho-

wever, we primarily focused on the 2 to 3 range based on the calculations in the

main text. As a reminder the super Gaussian distribution function is

fe0(v) =
m

4π(CmvTe)3Γ(3/m)
exp

[
−

(
v

CmvTe

)m]
, (B.1)

with

Cm =
3Γ(3/m)
Γ(5/m)

, (B.2)

where Γ(x) is the gamma function. Since, for Thomson scattering, we are inte-

rested only in the velocity distribution along the k vector, we will integrate this

over two of the velocity dimensions, which results in

fe0(v) =
1

2CmvTeΓ(3/m)
Γ 2

m

(∣∣∣∣∣ v
CmvTe

∣∣∣∣∣m)
, (B.3)

where Γm(x) is the upper incomplete gamma function defined as

Γm(x) =

∫ ∞

x
tm−1e−tdt. (B.4)

This function is the standard one-dimensional Gaussian distribution

function if m = 2, but then goes super Gaussian as m increases. The first program
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(Thomsonsuper) is pretty similar to Thomson used in the previous appendix, but

now has separate tables for the different W(x)’s of the ions and electrons. We

should also note here that in this code xie is ω
kvTe

instead of ω
√

2kvTe
because of how

Eq. B.3 scales the velocities. In order to calculate W(x) we again call Zprime5,

which either interpolates the appropriate table from the wtablesuper program or

uses the large value limit for −Z′(x)/2 (which is equivalent to the Gaussian ver-

sion of this function) if x > 8. The wtablesuper program finds the solution for

W(x) based on the distribution function. As a reminder, the general form for

W(x) is

W(x) = v2
Te

∫ ∞

∞

k · ∂ fe(v)
∂v

ω − k · v − iγ
dv. (B.5)

This can be simplified by the fact the we can take the velocity along k and that

γ = 0. Using the one-dimensional velocity profile this gives

W(x) = −v2
Te

∫ ∞

∞

∂ fe(v)
∂v

v − ω/k
dv. (B.6)

Further simplifying this, saying that z = v/vTe and x = ω/kvTe, results in

W(x) = −

∫ ∞

∞

∂vTe fe(z)
∂z

z − x
dz. (B.7)

This can be solved similarly to Eq. 3.112, as discussed in Sec. 3.4, by breaking it

into 3 separate problems, but now with the numerator being ∂vTe fe(z)
∂z instead of

e−z2
√
π

, as in Eq. 3.113. In the code the Xe1NonMaxw and Xe2NonMaxw variables are

the results of the integration not near the pole. The final variable, Xe3NonMaxw,

contains the integration over the pole. This again contains the traditional value

for integration over the pole and a correction term from the Taylor expansion,

since the code can only get so close to the pole. This code generates a set of

tables based on the m parameter, which currently ranges from m = 2 to m =

3 in steps of 0.01. The tables generated from this program are then called by

the Thomsonsuper program based on what value for m was desired to be fit. To
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study a different electron distribution fnorm2 would need to be changed into the

appropriate 1D distribution function, and a Gaussian profile function would

need to be created for the ions as that is currently being done by fnorm2 with

m = 2.

1 """

2 Thomsonsuper

3 This file calculates the Thomson scattering form factor for a super

Gaussian electron distribution and requires the tables generated

by wtablesuper.m and the function Zprime.m. It computes the

Thomson scattering, per unit scattering volume, per unit solid

angle, per freq/2pi i.e. n_e*r_eˆ2(1-sinˆ2(sa)*sinˆ2(dphi))S(k,

omega)(1+2*omega/omegape).

4 This code calculates the form factor for Thomson scattering and is

based off the matlab version in appendix D of D. Froula’s book as

well as a Matlab code received from D. Froula’s group.

5

6

7 all the parameters into the function their default values and meaning

8

9 lamdas : Array of wavelength values to find scattered single at [

cm]

10 Te=1 : electron temperature [KeV]

11 Ti=1 : ion temperature [KeV]

12 Z=np.array([5]) : ionization level of plasma

13 A=np.array([27]) : atomic number

14 fract=np.array([1]) : fraction of each ion species

15 ne=1e18 : plasma density [cmˆ(-3)]

16 V=0 : fluid velocity along k [cm/s]

17 ud=0 : relative drift velocity between the electrons and ions

along k [cm/s]

18 gamma=0 : the angle between k and the drift velocity ud [degrees]
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19 sa=90 : scattering angle [degrees ]

20 dphi=90 : angle between the plane of polarization and the

scattering plane [degrees]

21 lamdaL=526.5*10**-7 : # laser wavelength [cm]

22 m=2 : super Gaussian parameter

23 """

24

25 import numpy as np

26 import ZprimesuperG as Zprime

27 from scipy.special import gamma, gammaincc

28

29 Zprime=Zprime.Zprime5

30

31 def fnorm2(x,m):

32 Cm=np.sqrt(3*gamma(3/m)/gamma(5/m))

33 preterm=1/(2*Cm*gamma(3/m))

34 integral=gammaincc(2/m,np.abs(x/Cm)**(m))*gamma(2/m)

35

36 return preterm*integral

37

38 def Thomson (lamdas, Te=1,Ti=1,A=27,Z=5,fract=np.array([1]),ne=1e18,V

=0,ud=0,gamma=0,sa=90,dphi=90,lamdaL=526.5*10**-7,m=2):

39 #chackes to make sure varous parmeters are resonable, change if

needed

40 if(Te>0 and Ti>0):

41

42 rdWTe=np.load(’rdWT2m{:.2f}.npy’.format(m))

43 idWTe=np.load(’idWT2m{:.2f}.npy’.format(m))

44

45 rdWTi=np.load(’rdWT2m2.00.npy’)

46 idWTi=np.load(’idWT2m2.00.npy’)

47
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48 #basic quantities

49 C=2.99792458e10; # velocity of light cm/sec

50 Me=510.9896/C**2; # electron mass KeV/Cˆ2

51 Mp=Me*1836.1; # proton Mass KeV/Cˆ2

52 Mi=A*Mp; # ion mass

53 re=2.8179e-13; # classical electron radius cm

54 e=1.6e-19; # electron charge

55 Esq = Me*C**2*re; # sq of the electron charge KeV-cm

56 constants = np.sqrt(4*np.pi*Esq/Me); # sqrt(4*pi*eˆ2/Me)

57 sarad=sa*2*np.pi/360; # scattering angle in radians

58 dphirad = dphi*2*np.pi/360; # dphi is the angle between the

plane of polarization and the scattering plane

59 gammarad = gamma*2*np.pi/360; # the angle between k and the

drift velocity ud

60

61 #calculating k and omega vectors

62

63 omgpe=constants*np.sqrt(ne); # plasma frequency Rad/s

64 omgL=2*np.pi*C/lamdaL # laser frequncey Rads/s

65 kL=1/C*np.sqrt(omgL**2-omgpe**2) # laser wavenumber in Rad/

cm

66

67 omgs=2*np.pi*C/lamdas #scattered freqcy rad/s

68 ks=1/C*np.sqrt(omgs**2-omgpe**2) #scattered wavenumber rad/cm

69 k=np.sqrt(ks**2+kL**2-2*ks*kL*np.cos(sarad))

70 kdotv=k*V

71 omg = omgs - omgL;# omega change between scattered and laser

72 omgdop=omg - kdotv; # doppler shif in frequency

73

74 # plasma parameters

75

76 # electrons
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77 vTe=np.sqrt(Te/Me); # electron thermal velocity

78 klde=(vTe/omgpe)*k; #k times debye lenght

79 alpha=1/klde

80

81 # ions

82 Zbar = sum(Z*fract); # average z

83 vTi=np.sqrt(Ti/Mi); # ion thermal velocity

84

85 #calculating normalized phase velocity (xi’s) for electrons

86 xd = ud/(vTe)*np.cos(gammarad); #drift velocity

87 xie=omgdop/(k*vTe) - xd; # find xi bassed on doppler shift

88 Zpe = Zprime(xie,rdWTe,idWTe); # find Z’(xie)

89 chiE=alpha**2*(Zpe[0]+1j*Zpe[1])

90

91 #calculating normilized phase velcoity (xi’s) for ions

92 xii=1/np.transpose((np.sqrt(2.)*vTi))*(omgdop/k); #find xii

93 Zpi = Zprime(xii,rdWTi,idWTi); # find Z’(xii)

94 chiI=alpha**2*Zbar*Te/Ti*(Zpi[0]+1j*Zpi[1])

95

96 epsilon=1+chiE+chiI

97

98 # Formfactor

99 # uses Maxwellian for the ion and super Gaussian for the

electrons

100 Se = 2*np.pi/k*np.abs(1-chiE/epsilon)**2*fnorm2(xie,m)/vTe

101 Si = 2*np.pi*Z/k*np.abs(chiE/epsilon)**2*fnorm2(xii*np.sqrt

(2),2)/vTi

102 FF = Se+Si

103

104 #zero out the laser wavelength to see just EPW

105 # for i in range (0,np.size(lamdas)):

106 # if(np.abs(lamdas[i]-lamdaL)<1e-7):
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107 # FF[i]*=0

108

109 r = (1+2*omgdop/omgL)*ne*(1-np.sin(sarad)**2*np.cos(dphirad)

**2)*FF*re**2;#correction for [sXsXE]ˆ2

110 formfactor = r

111

112 return formfactor

113 return -10e100+0*lamdas

1 """

2 Zprime

3 This function calculates W(xi) for a given an array of normalized

phase velocities (xi). For values of xi between -8 and 8 a table

is used that can be generated by running the script below,

wtablesuper. Outside of this range the asymptotic approximation is

used.

4

5 This is based on Zprime.m in appendix D of D. Froula’s book note the

direction is switched in general as we are increasing in lambda (

decreasing in k).

6

7 """

8 import numpy as np

9

10 def Zprime5 (xi,rdWT,idWT):

11

12 ai=[]

13 bi=[]

14 npts = np.size(xi);

15 #check if part of xi is out of rannge

16 if np.amin(xi)<-8 :

17 for i in range(1,npts):
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18 if xi[npts-i]>-8:

19 ai=npts-i

20 break

21 if np.max(xi)>8 :

22 for i in range(0,npts):

23 if xi[i]<8:

24 bi=i

25 break

26

27 rZp=np.zeros(npts)

28 iZp=np.zeros(npts)

29

30 #find the real and imaginary parts of Z basd on interpolation or

appoximation if out of range

31 if ((np.size(ai)==0) and (np.size(bi)==0)) :

32 rZp=np.interp(xi,rdWT[0],rdWT[1]);

33 iZp=np.interp(xi,idWT[0],idWT[1]);

34 elif np.size(ai)==0 :

35 rZp[bi:npts]=np.interp(xi[bi:npts],rdWT[0],rdWT[1]);

36 iZp[bi:npts]=np.interp(xi[bi:npts],idWT[0],idWT[1]);

37 rZp[0:bi]= xi[0:bi]**(-2)/2*-1;

38 iZp[0:bi]=0.0;

39 elif np.size(bi)==0 :

40 rZp[0:ai+1]=np.interp(xi[0:ai+1],rdWT[0],rdWT[1]);

41 iZp[0:ai+1]=np.interp(xi[0:ai+1],idWT[0],idWT[1]);

42 rZp[ai+1:npts] = xi[ai+1:npts]**(-2)/2*-1;

43 iZp[ai+1:npts]=0.0;

44 else:

45 rZp[bi:ai+1]=np.interp(xi[bi:ai+1],rdWT[0],rdWT[1]);

46 iZp[bi:ai+1]=np.interp(xi[bi:ai+1],idWT[0],idWT[1]);

47 rZp[ai+1:npts]= xi[ai+1:npts]**(-2)/2*-1;

48 iZp[ai+1:npts]=0.0;
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49 rZp[0:bi]= xi[0:bi]**(-2)/2*-1;

50 iZp[0:bi]=0.0;

51 Zp=np.zeros((2,npts))

52 Zp[0] = rZp;

53 Zp[1] = iZp;

54 return Zp

1

2 # wtablesuper

3 # This file creates an ascii table W(xi) as a function of xi=omega/(

k*vt), when the electron distribution is allowed to be super

Gaussian. This only needs to be run once to create the file.

4 # Note that this function file creates a range of tables based on the

m parameter, and currently setup to create tables from m=2 to 3

in 0.01 steps.

5 # This was based on Matlab code form D. Froula’s group.

6

7 import numpy as np

8 import matplotlib.pyplot as plt

9 from scipy.special import gamma, gammaincc

10

11 ximin=-8.1;

12 ximax=8.1;

13 Delta=.001

14 h=.001

15 xie=np.arange(-8.01,8.02+2*h,h)

16 L=len(xie)-2

17 m=np.arange(2,3.01,.01) #range of m values to make tables for

18

19 #1D super Gaussian disturbution

20 def fnorm2(x,m):

21 Cm=np.sqrt(3*gamma(3/m)/gamma(5/m))
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22 preterm=1/(2*Cm*gamma(3/m))

23 integral=gammaincc(2/m,np.abs(x/Cm)**(m))*gamma(2/m)

24

25 return preterm*integral

26

27 #makes a table for each value in the m array

28 for j in range(len(m)):

29 Xe1NonMaxw=np.zeros(L);

30 Xe2NonMaxw=np.zeros(L);

31

32 #calculates the integral away from the pole region

33 for i in range (0,L):

34

35 lowerArray=np.arange(xie[i],ximin,-Delta)

36 lowerArray=np.flip(lowerArray)

37 upperArray=np.arange(xie[i]+Delta,ximax+Delta,Delta)

38

39 dfdv_Low=np.diff(fnorm2(lowerArray,m[j]))/(Delta*(lowerArray

[:-1]-xie[i]))

40 dfdv_Upp=np.diff(fnorm2(upperArray,m[j]))/(Delta*(upperArray

[:-1]-xie[i]))

41

42 Xe1NonMaxw[i]=Delta*np.sum(dfdv_Low)

43 Xe2NonMaxw[i]=Delta*np.sum(dfdv_Upp)

44

45 #the integral part near the pole

46 Xe3NonMaxw=-1*(2*Delta*np.diff(np.diff(fnorm2(xie,m[j]))/h)/h-np.

pi*1j*np.diff(fnorm2(xie[:-1],m[j]))/h)

47

48 ## putting together W

49 dW=-1*(Xe1NonMaxw+Xe2NonMaxw+Xe3NonMaxw)

50
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51 ## forming table

52 rdWT=np.matrix([xie[:-2], np.real(dW)]);

53 idWT=np.matrix([xie[:-2], np.imag(dW)]);

54

55 #saves the tables if you need more percsion than 0.01 steps in m

need to change the naming scheme

56 np.save(’rdWT2m{:.2f}’.format(m[j]),rdWT)

57 np.save(’idWT2m{:.2f}’.format(m[j]),idWT)
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